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Abstract 

The transition metals tungsten and molybdenum are the heaviest metals found in 
biological systems and are embedded in the cofactor of several metalloenzymes. As a 
result of their redox activity, they provide great catalytic power in these enzymes and 
facilitate chemical reactions that would not occur using only the functionalities of natural 
amino acids. For their functionality these enzymes depend on a metal cofactor, which 
consists of at least one metal binding pterin (MPT) and a tungsten or molybdenum ion, 
but the complete make-up of the cofactor differs per enzyme group. One of these 
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enzyme groups comprises the AOR-family enzymes. These enzymes have the ability to 
oxidize a range of aldehyde substrates into their corresponding carboxylic acid products. 
Next to this, they are also the only known catalysts able to perform the thermo
dynamically challenging reduction reaction of carboxylic acids to aldehydes. These 
enzymes are currently obtained by purification from the hyperthermophilic archaeon 
Pyrococcus furiosus. This process, however, does not yield a large amount of enzyme, 
since it is naturally expressed at moderate levels. For that reason, other production 
methods need to be considered if the enzyme is to be used on a large scale. These 
alternatives include the use of a recombinant expression system. The recombinant 
expression of W-dependent enzymes in different host organisms, such as Escherichia coli, 
has already been attempted for different enzymes, but with varying success. This shows 
that more research on the production, and especially incorporation of the metal 
cofactor, is necessary to achieve a successful production and use of recombinant AOR- 
family enzymes.

1. Introduction

Metal-containing enzymes (metalloenzymes) contain a metal ion, a 
metal ion containing organic complex (e.g. heme) or an inorganic complex 
(e.g. FeS clusters) as cofactor, and can be used to catalyse a variety of chemical 
reactions under mild conditions (Cordas & Moura, 2019). Transition metals in 
biology are highly interesting due to their redox activity, which allows them to 
accept and donate electrons and thereby facilitate chemical reactions that 
would not occur using only the functionality of amino acid side chains. These 
transition metals include molybdenum (Mo) and tungsten (W) (Hille, 2002). 
Molybdenum is the most widely used metal amongst these two and more than 
50 different Mo-enzymes have been identified to date (Hille, 2002; Mendel & 
Oliphant, 2024). Some organisms only have Mo-containing enzymes, some 
use an alternative metal with remarkably similar chemical properties, tungsten, 
and some organisms contain both Mo- and W-enzymes. Molybdenum and 
tungsten are separated in the periodic table by a group of elements called the 
lanthanides. These elements decrease in size of the ionic radii with an 
increasing atomic number. This phenomenon, which is called the lanthanide 
contraction, is the reason why the ionic radii of tungsten and molybdenum are 
very similar, despite tungsten being a much heavier element. Next to that, 
tungsten and molybdenum occur in nature in the same valence states and can 
therefore donate and receive the same number of electrons, giving them 
similar chemical properties (Cui & Gomes, 2021; King, 1969). Tungsten- and 
molybdenum-dependent enzymes can be found in various enzyme families 
including dehydrogenases, hydroxylases, and oxidases. Generally, these 
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enzymes catalyse redox reactions that are important for the metabolism of the 
host organism and thereby help to maintain a homeostasis of available nutrients 
(Arndt et al., 2019). For their functionality, these enzymes share a similar 
cofactor consisting of a metal centre (Mo, W) coordinated by one or two 
organic ligands, called metallopterins (or metal binding pterin cofactor, MPT) 
(Cordas & Moura, 2019).

W- and Mo-containing enzymes have been categorized into different 
families according to the structure of the Mo/W-cofactor they contain. 
W-enzymes can be divided into the DMSO reductase (DMSOR) and 
aldehyde oxidoreductase (AOR) families. Mo-containing enzymes can be 
separated into three families, namely the DMSOR, xanthine oxidase (XO), 
and sulphite oxidase (SO) families (Schut et al., 2021). As a result of the similar 
chemical properties of the two metals, some enzymes (e.g. DMSORs) are able 
to incorporate either metal into their cofactor, forming a W-cofactor or 
Mo-cofactor (Wco or Moco). Not all enzyme families, however, have this 
ability, and therefore some almost exclusively contain a Wco, such as AORs, 
and some apparently exclusively contain a Moco, such as the XO and SO 
families (Seelmann et al., 2020; Stewart et al., 2000). In the enzyme families 
that contain a Wco, two MPT molecules are present that provide four 
dithioline sulphur ligands to the metal. The complete make-up of the cofactor 
differs slightly depending on the enzyme class. In the cofactor of the DMSOR 
family a guanine nucleotide is added to each MPT, forming two metallopterin 
guanine dinucleotides (bis-MGD). Next to that, DMSORs contain an amino 
acid provided by the protein backbone, which serves as an additional ligand 
(Cys, Sec, Asp, or Ser). The other W-dependent enzyme family, AORs, only 
contain two MPT moieties (bis-MPT) per W without any additional ligands 
(Chan et al., 1995; Maia et al., 2015; Winiarska et al., 2023). To facilitate 
electron transfer within the protein, most W- or Mo-dependent enzymes 
contain additional cofactors such as an iron-sulphur (Fe-S) cluster, flavin, or 
heme (Seelmann et al., 2020).

In nature, the soluble forms of tungsten and molybdenum are the oxy
anions tungstate (WO4

−) and molybdate (MoO4
−), respectively. These oxo- 

anions are actively transported across the membrane via specific high-affinity 
transport systems (ABC transporters). Several ABC transporters are known: 
the TupABC system which exclusively transports tungstate, the WtpABC 
system which is able to transport tungstate as well as molybdate, but has a 
higher affinity for tungstate over molybdate, and the ModABC system which 
is generally recognized as a molybdate transporter, but has been shown to be 
able to bind both tungstate and molybdate in Escherichia coli (E. coli) 
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(Aguilar-Barajas et al., 2011; Bevers et al., 2011). The A components of all 
transport systems, which bind the oxyanions, share low sequence similarity. 
For instance, WtpA of Pyrococcus furiosus only has a 30% sequence similarity 
with ModA of E. coli and no homology with TupA. The other components 
of the transport systems, B and C, have a higher sequence similarity with 
homologous proteins. WtpB has a sequence similarity of 53% and 50% with 
ModB and TupB, respectively, and WtpC has a sequence similarity of 51% 
and 56% with ModC and TupC, respectively (Bevers et al., 2006).

In E. coli. tungsten can actively enter the cells through the transporter 
ModABC and passively through the sulphate transport system when a 
sufficiently high tungstate concentration is present in the surrounding 
medium (Grunden & Shanmugam, 1997).

To understand the assembly of the Wco, generally the Moco biosynthesis 
is used as an example, since this is the better explored biosynthesis pathway. 
The fact that almost all genes required for Moco synthesis are also found in 
genomes of organisms that exclusively produce W-containing enzymes, 
already shows the high similarity of the two pathways. For that reason, it is 
generally assumed that the biosynthetic pathway leading to the Moco and 
Wco includes the same intermediates and is catalysed by the same, or similar, 
enzymes (Bevers et al., 2008; Seelmann et al., 2020). Moco (and Wco) 
synthesis proceeds via a four- or five-step process, depending on the cofactor 
(Fig. 1). (1) First, a guanosine-5′-triphosphate (GTP) is converted to the 
intermediate cyclic pyranopterin monophosphate (cPMP) using the enzymes 
MoaA and MoaC. MoaA is a radical S-adenosyl-L-methionine (SAM) 
enzyme that contains two iron-sulphur clusters. The enzyme uses these iron- 
sulphur clusters and a SAM to rearrange the GTP and liberate a 5′-deox
yadenosyl radical. The second enzyme, MoaC, subsequently catalyses the 
cyclization of the product formed by MoaA to cPMP (Hänzelmann & 
Schindelin, 2004; Pang & Yokoyama, 2018). (2) Next, two thiol groups are 
added to the cPMP by MoaD and MoaE, forming the compound MPT. 
(3) The formed MPT molecule is, subsequently, adenylylated by MoaB or 
MogA. (4) Finally, MoeA catalyses the insertion of the metal and mediates 
the release of the AMP molecule forming the compound Mo-MPT, which 
is the cofactor found in enzymes of the SO family (Bevers et al., 2008; 
Leimkühler, 2020; Mendel & Leimkühler, 2015). A cytidine monopho
sphate (CMP) molecule can be added to the Mo-MPT by the enzyme 
MocA to form Mo-MCD. If a second MPT molecule is added by the 
enzyme MobA, the Mo-bis-MPT cofactor is formed that is found in 
AOR-family enzymes, amongst others. Further attachment of two guanosine 
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monophosphate (GMP) moieties by MobA results in the formation of the 
Mo-bis-MGD cofactor found in, for example, DMSOR family enzymes 
(Reschke et al., 2013). The enzyme MobB has also been believed to play a 
role in the Mo-bis-MGD formation, but the specific function and interaction 
of this enzyme still remains unclear (Leimkühler, 2014).

Most characterized W-containing enzymes are from hyperthermophilic 
archaea, such as Pyrococcus furiosus (P. furiosus). Two of these are the 
homodimeric aldehyde oxidoreductase (AOR) and the monomeric gly
ceraldehyde-3-phosphate oxidoreductase (GAPOR) (Arndt et al., 2019; 
Mukund & Adams, 1991, 1995). AOR can catalyse the oxidation of var
ious aldehydes to their corresponding carboxylic acids, while GAPOR 
specifically converts D-glyceraldehyde-3-phosphate to 3-phosphoglyce
rate, with ferredoxins or viologen dyes as final electron acceptors (Fig. 2).

Since aldehydes are toxic to the cell in large quantities, it is believed that 
the main role of AOR enzymes is the elimination of excess aldehydes 
(Winiarska et al., 2023). Besides the removal of aldehydes through an 
oxidation reaction, AORs were shown to catalyse the reverse reduction 
reaction. This reversibility makes these enzymes the only known bioca
talysts to catalyse the thermodynamically challenging reduction of non- 
activated carboxylic acids to aldehydes (E′≈ −560 mV), if low-potential 
electron donors are available (Mukund & Adams, 1991; Seelmann et al., 
2020; White et al., 1989). This activity of AOR enzymes has attracted 

Fig. 1 Molybdenum and tungsten cofactor biosynthesis. The steps in the Moco/ 
Wco biosynthesis and the responsible genes, from GTP to Mo-MCD, Mo-bis-MPT, or 
Mo-bis-MGD. 
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attention to be used in the production of aldehydes from carboxylic acids 
originating mainly from recycling processes. These aldehydes can subse
quently be used in several industrial processes including the production of 
pharmaceutical and agricultural products. Due to lack of alternatives, these 
intermediates are currently obtained via chemical reactions that require the 
use of chemical catalysts at high temperatures and pressures, resulting in 
unsustainable processes (Venkitasubramanian et al., 2008).

2. Purification of AOR from Pyrococcus furiosus

2.1 Preparation of P. furiosus growth medium
Typically, AOR enzymes can be obtained from their native host, such as the 
hyperthermophilic archaeon P. furiosus, of which the AOR family enzymes 
have been best characterized. P. furiosus is cultivated in a batch culture and 
subsequently the enzymes are purified from the cell-free extract (CFE) using 
several consecutive column chromatography steps (Roy et al., 2001). P. furiosus 
is an extremophile, it grows at temperatures ranging from 70 to 105 °C, with 
an optimum at approximately 100 °C (Verhagen et al., 2001). The high cul
tivation temperature is energy demanding and requires specialized fermentation 
equipment that can handle liquid at a boiling temperature, e.g. stainless steel 
fermenters that can be sterilized in place.

To start the fermentation, P. furiosus is grown as an overnight batch culture 
in 20 L fermenters (ADI 1065, Biobench, Applikon, The Netherlands) at 
90 °C. The fermenters are inoculated (2 vol%) with pre-cultures grown 
anaerobically overnight in incubation bottles. The following stock solutions 
are used to prepare medium to grow pre-cultures: (1) Solution 1 (in g L–1): 
NaCl, 150; yeast extract, 1.25. (2) Solution 2 (in g L–1): NaHCO3, 10; 

Fig. 2 Reaction catalysed by glyceraldehyde-3-phosphate oxidoreductase 
(GAPOR). Oxidation of D-glyceraldehyde-3-phosphate to 3-phosphoglycerate. Fdox: 
oxidized ferredoxin. Fdred: reduced ferredoxin. 
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KH2PO4, 1.4; CaCl2·H2O, 1.4; NH4Cl, 2.5; MgCl2·6H2O, 27; 
MgSO4·7H2O, 34; KCl, 3.3; NiCl2, 0.005; Na2WO4·2H2O, 0.033. To 
minimize precipitation, NaHCO3 is dissolved separately before it is mixed 
with the solution containing the other compounds. (3) Solution 3 (in g L–1): 
ethylenediaminetetraacetic acid (EDTA), 0.5; ZnCl2, 0.05; CoSO4, 0.05; 
FeCl2·4H2O, 8; MnCl2·4H2O, 0.5; H3BO3, 0.05. 1 mL HCl (37%) and 
EDTA are added before adding the metals. (4) Solution 4 (in mg per 
100 mL): biotin, 2; folic acid, 2; pyridoxin, 10; riboflavin, 5; thiamine/HCl, 5; 
nicotinamide, 5; cyanocobalamin, 5; p-aminobenzoate (4-aminobenzoate), 5; 
calcium-d-pantothenate, 5; lipoic acid 5. Solution 1 and 2 are sterilized 
using an autoclave, whereas solution 3 and 4 are sterilized using filters (pore 
size 0.20 µm).

In a laminar flow cabinet, 100 mL solution 1, 50 mL solution 2, 0.5 mL 
solution 3, and 0.05 mL solution 4 are mixed. Subsequently, 0.25 mL resazurin 
(0.2 g L–1), 2.5 g potato starch (Koopmans, Amersfoort), and Milli-Q water are 
added up to a volume of 0.5 L. This solution is referred to as “Pfu medium”. 
Best results were obtained using starch that is highly soluble, such as potato 
starch, as commercially available corn starch was found to be less suitable.

2.2 Cultivation of pre-cultures of P. furiosus
For the cultivation of P. furiosus, cryostocks are used that were previously 
made using a fresh P. furiosus culture. To prepare the cryostocks, 0.15 mL of 
sterile 100% glycerol (anaerobic) and 0.85 mL P. furiosus culture were added 
to a small (2–5 mL) crimp-cap vial under anaerobic conditions. The sample 
was mixed, the vial capped and subsequently stored in a −80°C freezer.

To start the cultivation, sterile glass serum bottles of approximately 
120 mL are filled with 30 mL Pfu medium. The bottles are capped and 
sealed with black rubber septa and aluminium crimp caps. Subsequently, 
the bottles are made anoxic by using an Argon/vacuum manifold (Merck, 
Darmstadt, Germany), using 5 cycles that last 5 min in total. Subsequently, 
a needle is briefly pierced through the septa to release most of the over
pressure. Hereafter, 0.5 mL of an anoxic L-cysteine solution (0.05 g mL–1) 
is added using a syringe, resulting in medium with a slight pinkish colour 
(caused by reduction of resazurin) that turns colourless after static incu
bation at 80 °C for 1 h in a drying oven (Binder 9010–0001, model E28). 
Finally, the bottles are aseptically inoculated by adding 1 mL P. furiosus 
cryostocks per bottle and subsequently incubated statically in the drying 
oven at approximately 90 °C for 16–20 h, resulting in an optical density 
measured at 600 nm (OD600) of 0.6–0.7 and visible turbidity (Fig. 3). 
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Hereafter, the bottles are incubated statically at room temperature until 
further use. For optimal microbial growth it is imperative that the tem
perature inside the oven does not become too high or too low. Accord
ingly, a thermocouple probe is used to check the temperature throughout 
the incubation.

2.3 Cultivation of P. furiosus in a 20 L batch fermenter
Prior to the growth of P. furiosus in a 20 L fermenter, the fermenter is ster
ilized in place using pressurized steam. Hereafter, the fermenter is filled with 
approximately 15 L demineralized water and the temperature is increased to 
90 °C. Hereafter, the pH and DO2 probe are calibrated and the reactor is 
made anoxic by sparging with N2 while stirring at 750 rpm. Subsequently, 
the following ingredients are sequentially added and dissolved in the fer
menter (in g per 15 L water): NaCl, 434; starch, 75; NaHCO3 15; KH2PO4, 
2.1; CaCl2·H2O, 2.1; NH4Cl, 3.75; MgCl2·6 H2O, 40.5; MgSO4·7 H2O, 
51; KCl, 4.95. Hereafter, 7.5 mg NiCl2 and 49 mg Na2WO4·2 H2O are 
added. Finally, 3.75 g yeast extract, 3.75 mg resazurin, 15 mL solution 3 and 
1.5 mL solution 4 are added. After a few minutes, the medium turns pink, 
after which 7.5 g L-cysteine is added, turning the medium colourless in circa 
10 min. The stirrer speed is decreased to 50 rpm and the N2 gas flow is set at 
1 L min–1 headspace flushing (i.e., instead of sparging the medium, which 
would negatively affect growth due to oxygen traces in the nitrogen gas). A 
bottle containing 4 M NaOH is connected to the fermenter for automated 
base titration and pH control is activated. Then, 300 mL pre-culture is added 
as inoculum and the starting pH is approximately 8.2  ±  0.1. As P. furiosus 
cells grow, the medium becomes acidified due to organic acid production and 
the base is automatically titrated to keep the pH at 7.0. It is not necessary to 
acidify the medium (to the set pH 7.0) at the start as this may disturb the 
inoculum. By measuring the pH and base weight on a balance, the growth 

Fig. 3 P. furiosus pre-culture. Typical colour and turbidity of a P. furiosus pre-culture 
after 20 h static incubation in a 120 mL serum bottle at 90 °C. 
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characteristics of P. furiosus can be observed over time (Fig. 4). In this 
example, the cells were harvested in late exponential phase (18.2 h after 
inoculation), prior to the start of the stationary phase. If another batch fer
mentation is started afterwards, 300 mL cells are collected for inoculation 
directly from the fermenter by draining hot culture into sterile (Scott) glass 
flask with a screwcap by filling the flask completely. If the culture becomes 
pink there is oxygen contamination.

2.4 Cell collection, storage, and preparation of cell-free 
extract

To collect P. furiosus cells, the fermenter is drained 20  ±  3 h after inoculation, 
with an average yield of 1.5  ±  0.3 g cells (wet weight) per L and OD600 of 
0.7  ±  0.1. Cells are collected by centrifugation at 15,000 × g at 10 °C for 
10 min, after which the supernatant is discarded. The pellet is observed as a 
light brown slimy paste with a sulphuric smell and with some black pre
cipitates (possible metal sulphides) that can easily be scraped off from the 
centrifugation bottles. Subsequently, the pellets are stored in plastic containers 
under ambient conditions at −80 °C without snap-freezing. The fully grown 
culture and cell paste have a lot of reducing power, so the collection does not 
require anaerobic conditions. During and after cell lysis strict anaerobic 
conditions are necessary. CFE of P. furiosus cells is obtained by osmotic shock 
by mixing thawed cells with anoxic lysis buffer (30 mM Tris-HCl pH 8.4, 
1 g L–1 MgCl2, 1 mM L-cysteine, 1 mM dithiothreitol) at a 1:8 (w/v) ratio in 

Fig. 4 Batch fermentation growth profile of P. furiosus. Acidification of the medium and 
base titration during typical growth of P. furiosus in a 20 L batch fermenter.  
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the glovebox. In addition, the lysis buffer contains a spatula tip of DNAse, 
RNAse and a tablet of protease inhibitor mixture. The cells are stirred for 3 h 
at RT in the glovebox after which the suspension is centrifuged anoxically at 
20,000 × g for 1 h at RT. The supernatant obtained is the CFE which is 
stored at −80 °C under anoxic conditions until further use. Typically, 20 g of 
cells yield approximately 170 mL CFE with a total protein concentration of 
7  ±  1 mg mL–1.

2.5 Purification of AOR
AOR is purified inside a Coy anaerobic chamber (O2 < 2 ppm) using an 
ÄKTAgo™ FPLC system (Cytiva, Marlborough, USA). All buffers are 
made anoxic prior to use by sparging with N2 for 1 h. Reducing agents 
are freshly added to the buffers as powders inside the glovebox. All columns 
are run at 5 mL min–1 unless stated otherwise. CFE (typically 100 mL 
containing approximately 700 mg protein) is diluted twice in buffer A 
(30 mM Tris/HCl, pH 8.0, 1 mM dithiothreitol (DTT) and 1 mM 
L-cysteine) and loaded onto a 58 mL DEAE column equilibrated in buffer 
A. Hereafter, the column is washed with 2 column volume (CV) buffer A. 
Subsequently, a linear gradient of 5 CV to 0.5 M NaCl in buffer A is 
applied. Active AOR fractions eluting at 160–255 mM NaCl are pooled. 
The active fractions (approx. 22 mL) are diluted ten times in buffer A and 
loaded onto a 57 mL pre-equilibrated CHT ceramic hydroxyapatite 
column (Bio-Rad, Hercules, USA). Hereafter, the column is washed with 
2 CV buffer A. Subsequently, a linear gradient of 5 CV to 0.3 M KPi in 
buffer A is applied. Active AOR fractions eluting at 15–60 mM KPi are 
pooled. The active fractions (approx. 10 mL) are diluted 10 times in buffer 
A and loaded onto an 8 mL pre-equilibrated SourceQ column. Hereafter, 
the column is washed with 2 CV buffer A. Subsequently, a linear gradient 
of 40 CV to 0.5 M NaCl in buffer A is applied. Active AOR fractions 
eluting at 160–180 mM NaCl are pooled. The active fractions (approx. 
10 mL) are concentrated to approx. 0.5 mL using spin filters (Amicon® 
Ultra Centrifugal Filter, 30 kDa MWCO) and loaded onto a 24 mL 
Superdex 200 Increase 10/300 GL column pre-equilibrated in 30 mM 
Tris/HCl, 0.15 M NaCl, pH 8.0, 1 mM dithiothreitol (DTT) and 1 mM 
L-cysteine at 0.4 mL min–1. Active AOR fractions (approx. 2 mL) are 
pooled and stored in elution buffer at −80 °C under anoxic conditions after 
snap-freezing in liquid nitrogen (Fig. 5).

The use of P. furiosus to produce AOR brings about some challenges 
including the cultivation at 90 °C, but also a relatively low enzyme yield, 
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since the enzyme is not highly expressed in the organism. This requires the 
cultivation of a 20 L batch reactor with 30 g wet cell weight, to obtain 
approximately 2.5 mg AOR, with an average enzyme activity of 1 U mg–1 

protein at 60 °C.
This relatively low enzyme yield could be overcome by homologous 

expression of the desired AOR enzyme in P. furiosus, but unfortunately few 
expression methods are available to be used in this archaeon (Lipscomb et al., 
2011). Some efforts have already been made to investigate the possibility of 
recombinant expression in organisms of which expression methods are not 
widely available. These organisms include P. furiosus and the bacterium 
Aromatoleum evansii (A. evansii) (Haja et al., 2020). The AOR from Aroma
toleum aromaticum was heterologously expressed in A. evansii, yielding an 
active protein with a specific activity of 18 U mg–1 protein at 30 °C. The 
research indicates that it is possible to create an active enzyme through 
recombinant expression in this not so thoroughly explored organism, but it is 
still rather laborious and not scalable yet (Winiarska et al., 2023).

We believe that one of the most promising solutions could be the use of 
another host organism of which various genetic modification methods are 
available, such as E. coli, for the heterologous expression of AOR (Rosano & 
Ceccarelli, 2014). The choice of a suitable host organism is an important step 

Fig. 5 SDS-PAGE gel (4–15% polyacrylamide) of protein samples obtained at 
various stages of the purification process. Ladder: protein standards of known size 
in kDa; CFE: cell-free extract; DEAE, HA, SourceQ and S200 indicate samples obtained 
after pooling AOR-active fractions eluting from the DEAE, hydroxyapatite, SourceQ 
and Superdex 200 Increase 10/300 GL columns, respectively. Red and green rec
tangles indicate bands containing phosphoenolpyruvate synthase and AOR, respec
tively. All lanes contain approx.10 µg protein. 
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and each available organism has its own advantages and disadvantages. A 
range of prokaryotic and eukaryotic organisms that can be used are currently 
available, including E. coli, Bacillus subtilis, Aromatoleum evansii, Pseudomonas 
fluorescens, yeast, insect cells and even mammalian cells (Pouresmaeil & Azizi- 
Dargahlou, 2023). When deciding on the host organism of choice, all criteria 
for the production of a functional enzyme need to be addressed, which 
eliminates for example the yeast Saccharomyces cerevisiae, which is often used 
for the heterologous production of proteins. This organism does not contain 
a Moco biosynthesis pathway, as it does not naturally contain Mo-dependent 
enzymes (Perli et al., 2021). The use of, for example, an E. coli expression 
system could offer several advantages such as the option to insert gene 
modifications. This way protein variants can be created by the insertion of 
mutations, or fusion tags can be added to facilitate a simpler protein pur
ification. Another big advantage of the use of E. coli is the high scalability of 
the process. This offers the possibility for a large scale cultivation and a 
resulting high amount of protein. Since E. coli is a mesophile, using this 
organism would also eliminate the need for cultivations at extremely high 
temperatures, which makes the whole process easier to handle and more 
sustainable. In addition, the protein production can be increased by placing 
the gene of interest under the control of a strong promotor, increasing the 
protein yield even more (Kim & Lee, 2008).

3. Recombinant expression of W-dependent enzymes

3.1 Hyperthermophilic archaeal protein expression
The use of microbial systems for the recombinant production of proteins 
has revolutionized the field of biochemistry. Because of the versatility of 
the process and the ability to produce virtually any protein and include 
genetically encoded tags and labels, this technique is used by almost all 
researchers that need to obtain a high amount of purified protein, while 
enabling protein engineering. In theory, the process to obtain a recom
binant protein is pretty straightforward, but in practice several things can go 
wrong that affect the success of the protein production. Some examples of 
these risks are poor growth of the bacteria, the formation of inclusion 
bodies upon overexpression of the protein, and protein inactivity often 
caused by difficulty to incorporate (metal) cofactors (Rosano & Ceccarelli, 
2014). These challenges are even more prominent if a protein from a 
different species is expressed (heterologous expression), for which the 
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bacteria do not have the right cofactor biosynthesis and protein maturation 
machinery. When expressing proteins from hyperthermophilic archaea in 
E. coli they are often produced as inclusion bodies (Kim & Lee, 2008). 
These inclusion bodies are the result of misfolded or unfolded proteins and 
end up as insoluble aggregates. As a result of the difference in protein 
structure between bacteria and archaea, over 50% of the recombinantly 
expressed protein can end up in inclusion bodies in a single cultivation 
(Kim & Lee, 2008). Besides misfolding, the inactivity of archaeal enzymes 
can also be due to the improper formation and insertion of other com
ponents, including cofactors and Fe-S clusters. In the case of AOR, for the 
protein to be active the Wco needs to be properly assembled, but E. coli 
does not naturally contain W-dependent enzymes but has a complete 
Moco biosynthesis pathway. As described previously, the method by which 
Moco and Wco are made is highly similar, but differences in the metal 
insertion have been reported (Schwarz et al., 2000).

3.2 Assays
If an AOR-family enzyme has been recombinantly expressed and a protein 
indeed has been produced, the functionality of the enzyme has to be 
assessed. This can be done using several assays that quantify the enzyme 
activity, MPT content, and the metal content of the protein. The activity 
of the enzyme can be assessed using a spectrophotometric assay with benzyl 
viologen (BV) as electron acceptor under anaerobic conditions (e.g. inside 
a glovebox using anaerobic solutions). Benzyl viologen changes from a 
transparent to blue coloured substance upon reduction. This allows for a 
tracking of the AOR activity by following the reduction of BV at 600 nm 
(ɛ = 7400 M−1 cm−1). The assay is performed under anoxic conditions in a 
50 mM EPPS buffer at pH 8.0 containing 50 µM sodium dithionite and 
3 mM benzyl viologen. Sodium dithionite is added to the solution to check 
if anaerobic conditions have been achieved, since the solution will return 
to a colourless substance if oxygen is still present in the surrounding 
atmosphere or the solutions used. If it is certain an anaerobic environment 
has been achieved, the addition of sodium dithionite can be omitted from 
the assay. First, 10–100 µL CFE is added to the cuvette and the change in 
absorbance is measured to visualize the background activity. Then, the 
reaction is initiated by the addition of crotonaldehyde, with final con
centrations ranging from 0.2–5 mM (Arndt et al., 2019; Heider et al., 1995; 
Reschke et al., 2019).
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To analyse the MPT content of the enzyme, a fluorometric assay can be 
performed. The molybdopterin cofactor can be oxidized into a stable 
fluorescent derivative called Form A (Johnson & Rajagopalan, 1982; 
Meckenstock et al., 1999; Rauh et al., 2004; tenBrink et al., 2011). Form A 
is an oxidized pterin with a 6-alkyl substituent that can be measured 
fluorometrically using an excitation wavelength (λex) of 375 nm and an 
emission wavelength (λem) of 445 nm. A 50 µL sample of enzyme 
(1–2 mg mL–1) is added to 200 µL 55 mM KMnO4 in 0.1 M NaOH. The 
sample is boiled at 100 °C in a water bath for 20 min to oxidize the 
molybdopterin to Form A. Subsequently, 700 µL ice-cold ethanol is added 
to precipitate the excess KMnO4. Finally, the precipitates are removed by 
centrifugation at 15,000 × g for 15 min and the supernatant is directly 
analysed. The pterin content in the sample is calculated by comparison 
with a calibration curve made using commercially available pterin-6-car
boxylic acid and commercial xanthine oxidase, purchased for example from 
Sigma Aldrich, can serve as a positive reference for the presence of MPT 
(Johnson & Rajagopalan, 1982; Meckenstock et al., 1999; Rauh et al., 
2004; tenBrink et al., 2011). Finally, the metal content of the protein can 
be analysed using an Inductively coupled plasma mass spectrometry 
(ICP-MS) analysis, or alternatively, using an electroanalytical procedure to 
simultaneously measure Mo and W in biological samples (Hagedoorn et al., 
2001). For the ICP-MS analysis the metals need to be extracted from the 
protein sample and the sample needs to be diluted in nitric acid. For that 
reason, 100 µL sample (5 mg mL–1) is mixed with 50 µL 65% HNO3 and 
350 µL H2O, diluting the sample 5x. This mixture is sonicated in a ultra
sonic bath for 10 min and afterwards centrifuged for 5 min at 13,500 RPM. 
400 µL of the resulting supernatant is mixed with 3600 µL 2% HNO3, 
resulting in a final 10-fold dilution, reaching a sample concentration of 
approximately 0.1 mg mL–1. The samples are subsequently analysed using 
an PerkinElmer NexION 2000 ICP mass spectrometer (nebulizer: glass, 
injector: glass) and can be measured with a sensitivity starting from 2 ppm.

3.3 Acetylene hydratase
The W-dependent enzyme acetylene hydratase (AH) from the mesophile 
Pelobacter acetylenicus (P. acetylenicus) is a member of the DMSOR family and 
stands out because of its ability to catalyse a non-redox reaction despite 
containing typical redox cofactors, the formation of acetaldehyde from 
acetylene by the addition of a H2O molecule (Fig. 6).
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To analyse its unique chemistry, a protocol was developed to express 
AH in E. coli and produce active site variants. To produce a functional 
enzyme, tenBrink et al. (2011) used a chaperone system for the insertion of 
the Wco in the enzymes, called the TorD superfamily (tenBrink et al., 
2011). This family of chaperones has been shown to facilitate the cofactor 
incorporation in certain molybdoenzymes and these proteins are therefore 
necessary to connect the last steps in the synthesis of the Moco or Wco to 
the incorporation of the cofactor (Ilbert et al., 2004). First, the chaperones 
bind to an N-terminal signal sequence which causes a delay of both the 
export and folding of the protein until the cofactor has been inserted. 
Second, the chaperones bind to another, still unknown site, to actively 
facilitate the incorporation of the cofactor. The chaperones that aid in the 
cofactor incorporation form a pair with a specific protein and cannot be 
exchanged for different chaperones if the original chaperone is absent 
(Ilbert et al., 2004). When analysing the amino acid sequence of AH, 
tenBrink et al. (2011) found that an N-terminal signal sequence was 
missing in the P. acetylenicus gene. To make use of this chaperone system, 
tenBrink and coworkers fused the N-terminal binding sites of two com
monly used TorD superfamily chaperones to the AH gene, NarJ and TorD. 
NarJ is the chaperone used for the maturation of the nitrate reductase NarG 
and TorD for the trimethylamine-oxide reductase TorA (Genest et al., 
2008). To make use of this chaperone system, tenBrink and coworkers 
therefore fused the N-terminal amino acid sequences of the NarG and 
TorA genes, 108 bp and 117 bp, respectively, to the AH gene. Both of 
these variants were cloned into a pET24a expression vector forming a 
NarG-AH and TorA-AH plasmid (tenBrink et al., 2011). These plasmids 
were used to transform three different types of E. coli cell lines; BL21(DE3), 
BL21(DE3) pLysS, and Rosetta (DE3). Different results were obtained using 
the three strains, indicating that the type of bacterial strain influences the protein 
production. The yield of the TorA-AH protein was significantly lower than the 
NarG-AH protein and was therefore not used for further experiments. The 
highest soluble expression of active AH was seen using the NarG-AH plasmid 
in E. coli Rosetta (DE3) in anaerobic minimal medium (100 mM KPi buffer, 
10 mM NH4Cl, 2 mM MgCl2, and 0.5 g L–1 protein hydrolysate) supplemented 

Fig. 6 Reaction catalysed by AH. AH catalyses the non-redox hydration of acetylene 
to acetaldehyde. 
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with 1 mL L–1 SL10 (antifoam), 10 mM Na2WO4, 1 mM Na2S, 1 mL L–1 

seven-vitamin solution, 0.5% glycerol, and 50 mM Na-fumarate (Widdel & 
Pfennig, 1981). The cells were grown anaerobically at 37 °C to an OD600 of 
1.0, after which the expression was induced at 25 °C using 100 µM isopropyl-β- 
d-thiogalactopyranoside (IPTG) for 24 h (tenBrink et al., 2011).

With the addition of the NarJ chaperone binding site, the protein yield 
increased 1.3-fold and the specific activity of the enzyme increased 3.7-fold. 
When analysing the cofactor and metal content of the proteins, it was 
observed that the use of a chaperone system increased the MPT content from 
0.17  ±  0.08 to 0.31  ±  0.09 mol MPT per mol of enzyme, the iron content 
increased from 1.22  ±  0.26 to 3.17  ±  0.49 mol Fe per mol protein, and the 
amount of tungsten increased from 0.06  ±  0.02 to 0.14  ±  0.06 mol W per 
mol protein. These results indicate that while the amount of correctly 
formed protein increased and an active enzyme was obtained, the amount of 
cofactor and incorporated metals remained substoichiometric. These findings 
suggest that the assistance of the chaperones help, but are not sufficient for a 
complete assembly and incorporation of the cofactor, which will require 
further investigation (tenBrink et al., 2011).

3.4 Formate dehydrogenase
Another example of the recombinant expression of a tungsten-containing 
DMSO reductase family enzyme is the production of the formate dehy
drogenase (FDH) from Clostridium ljungdahlii in E. coli (Fischer et al., 2010). 
FDH is an enzyme that catalyses the reversible oxidation of formate to 
carbon dioxide with the help of an external electron acceptor for electron 
transfer (Fig. 7).

The activity of this enzyme is critical for the maintenance of a cellular 
redox balance and a proper energy metabolism. FDH is therefore widely 
conserved from bacteria to eukaryotes (Park et al., 2024). Because of its 
ability to perform a reversible oxidation of formate, FDH has recently 
gained interest to be used as a method to reduce atmospheric CO2 levels by 
reducing the greenhouse gas CO2 to formate, which could serve as a 
platform chemical for industry. To be able to do so, Moon et al. (2022)
started out to characterize the FDH from Clostridium ljungdahlii (FDHCI) by 
expressing the protein in E. coli (Moon et al., 2022).

The gene encoding FDHCI was codon-optimized for expression in 
E. coli and placed on a pET22b(+) vector. To ensure a simple purification, 
the gene was fused to a C-terminal His6-tag. The plasmid was used to 
transform E. coli BL21(DE3) cells and the cells were subsequently grown in 
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LB medium containing 100 μg mL−1 of ampicillin, 5 mM of sodium 
tungstate, and 100 μM of IPTG. The OD600 at which the expression is 
induced with IPTG is unfortunately not described. After a cultivation for 
24 h at 30 °C and 130 RPM, the cells were harvested by centrifugation 
(Min et al., 2020). The resulting FDHCI protein was shown to contain 
1.76  ±  0.17 mol W per FDHCl. FDHCI has been predicted to be a 
monomeric protein and therefore contains one W per FDHCI (Li et al., 
2023). The obtained value of 1.76 mol W/FDHCI is therefore relatively 
high, but could be caused by the margin of error in the ICP-MS analysis. 
While testing if the protein was catalytically active, Moon and coworkers 
found an activity for both the formate oxidation and CO2 reduction, 
which were 58 mU mg−1 and 9.1 mU mg−1, respectively. Even though the 
protein originates from a strictly anaerobic organism, these specific activ
ities were independent of the assay being performed under aerobic or 
anaerobic conditions. These findings show that the W-containing FDHCI 

could be produced in E. coli BL21(DE3) without the need of co-expressing 
any chaperone or accessory protein for the metal uptake or cofactor 
assembly (Moon et al., 2022).

3.5 Glyceraldehyde-3-phosphate oxidoreductase expressed 
as a Mo-containing enzyme

Several attempts to overexpress AOR or DMSOR family enzymes in a 
different host organism have already been performed. Park et al. (2007)
recombinantly expressed the enzyme GAPOR from the mesophile 
Methanococcus maripaludis (GAPORMm) in E. coli (Park et al., 2007). This 
enzyme is a homolog to the GAPOR isolated from P. furiosus with 47% 
sequence identity, but was shown to be a Mo-dependent enzyme in 
contrast to its W-dependent homolog in archaea. The gene encoding 
GAPORMm was cloned into a pET46 Ek-LIC vector and used this vector 
to transform E. coli BL21(DE3) and Rosetta-Gami 2(DE3). Rosetta-Gami 
2(DE3) cells have a double trxB/gor mutation and contain a pRARE2 
plasmid, which supplies seven rare tRNAs. The trxB/gor mutation causes 
the thioredoxin and glutathione reductases to be inactive. Both thioredoxin 

Fig. 7 Reaction catalysed by FDH. FDH catalyses the reversible oxidation of formate 
to carbon dioxide. EDox: oxidized electron donor. EDred: reduced electron donor. 
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and glutaredoxin are able to reduce disulphide bonds in proteins. By 
inactivating their reductases, the proteins stay in their oxidized state which 
favours the formation of disulphide bonds during protein folding (Cassland 
et al., 2004; Novagen, n.d.).

Both strains were grown in M9 minimal medium including either 
100 µM sodium molybdate, 100 µM sodium tungstate, or both. The cells 
were grown at 37 °C until an OD600 of 0.5–0.6 had been achieved, after 
which the protein production was induced using 1 mM IPTG. The bac
teria were grown for another 12 h at 37 °C. The authors tested if an aerobic 
or anaerobic cultivation had an effect on the resulting enzyme activity, but 
this did not seem to be the case.

When analysing the produced recombinant enzymes, Park and cow
orkers found that GAPORMm is catalytically active when cultured in 
medium containing Mo and no W, indicating a preference for Mo as metal 
cofactor. Also, when equal concentrations of Mo and W were added to the 
medium, an inactive GAPORMm enzyme was formed, suggesting that the 
presence of W may even inhibit the formation of the Mo-containing Moco 
(M.-O. Park et al., 2007). Next to that, the production of recombinant 
GAPORMm in Rosetta-Gami 2(DE3) cells resulted in a 67-fold higher 
enzyme activity compared to GAPOR produced in BL21(DE3). Similar to 
the results of ten Brink et al. on AH, the specific cell-type or host used 
affects the enzyme production (tenBrink et al., 2011). Even in the better 
performing cell type Rosetta-Gami 2(DE3), a metal incorporation of 
maximally 0.74 W/protein was achieved. Finally, only one-fifth of the 
GAPOR proteins produced in BL21(DE3) has acquired an MPT cofactor 
and iron-sulphur cluster (M.-O. Park et al., 2007). The MPT and iron- 
sulphur cluster content of GAPOR produced in Rosetta-Gami 2(DE3) 
cells has unfortunately not been reported.

3.6 YdhV – the AOR family homolog of E. coli
This last example of an overexpression of an AOR-family enzyme in E. coli 
is different from the previous examples in the way that a protein is 
homologously expressed in E. coli, as it is a native protein from E. coli itself. 
It is of relevance to see how the researchers were able to obtain this enzyme 
and to have a better understanding of the mechanism by which the cofactor 
is being assimilated.

In E. coli, numerous MPT-containing enzymes are identified which are all 
shown to be Mo-containing enzymes. These enzymes can, as stated pre
viously, be categorized into three groups; the DMSOR, SO and XO families. 
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Between the three families, the Moco differs from a bis-MGD in DMSOR to 
a single MPT in the SO family, and to an MPT with an additional CMP 
nucleotide (MCD) in the XO family. The proteins encoded by the 
ydhYVWXUT operon in E. coli were also grouped into the DMSOR family 
(Iobbi-Nivol & Leimkühler, 2013). The YdhV protein encoded, amongst 
others, by this operon has been predicted to be an oxidoreductase belonging to 
the family of Moco/Wco containing enzymes. Based on sequence homology 
of ∼45% with P. furiosus AOR and Geobacter metallireducens BamBC YdhV it is, 
however, believed to bind a bis-MPT-cofactor, instead of the bis-MGD 
cofactor usually found in DMSORs. To characterize YdhV in detail, Reschke 
et al. (2019) performed an overexpression of YdhV in E. coli strain BW25113 
by transforming the cells with a pTrcHis vector containing the ydhV gene 
fused to an N-terminal His6-tag (Reschke et al., 2019). E. coli BW25113 is a 
strain in which gene disruptions can be made by using the bacteriophage λ red 
recombination system, which is based on homologous recombination. This 
strain served as the parent strain for the Keio collection, which consists of 
approximately 4000 single-gene deletion mutants (Grenier et al., 2014). To 
analyse which cofactor is being formed in the protein, mutation strains with 
one or two deletions were created and the formed protein was compared to 
the wild-type YdhV protein. These strains contained deletions of the proteins 
MobA and MocA involved in the formation of the bis-MGD and MCD 
cofactors and are called ΔmobA, ΔmocA, and ΔmobA/ ΔmocA. Precultures 
were grown in LB medium containing 1 mM Na2MoO4, 20 μM IPTG, and 
150 μg mL–1 ampicillin. Expression cultures were started with 2 mL L–1 of 
overnight preculture in LB medium containing similar concentrations of 
IPTG and ampicillin, and incubated at 30 °C and 130 RPM for 24 h. The 
OD600 at which the protein expression was induced is unfortunately not 
described. To test the incorporation of the different metals, the medium 
contained varying amounts (0–100 µM) of Na2WO4

2– or Na2MoO4
2– in the 

presence of either 10 µM Na2MoO4
2– or 10 µM Na2WO4

2–, respectively. To 
test an anaerobic production of YdhV similar conditions were used, but 
instead the cultures were incubated statically at 30 °C for 24 h.

The produced proteins were analysed using ICP-MS and a fluorometric 
assay to determine the MPT content. These analyses showed that the levels 
of molybdenum and iron present in the ΔmobA/ΔmocA deletion strains were 
comparable to the wildtype strain, the amount of MPT formed was similar 
or even higher, and no MPT with an attached nucleotide (MPT-NMP) was 
detected. This indicates that the formation of the cofactor in YdhV does not 
depend on the activity of the proteins MobA or MocA. Also, when looking 
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at the amount of MPT to molybdenum present in the proteins, the data 
showed a ratio of 2:1. Together, these findings suggest that it is possible that a 
bis-Mo-MPT cofactor is being formed in YdhV, a form of Moco that has 
not previously been found in any Mo-containing enzyme.

Finally, by varying the amount of either sodium tungstate or sodium 
molybdate in the medium a preference was shown for the binding of 
molybdenum over tungsten. Only in the absence of molybdate tungsten was 
incorporated in the enzyme to a level of 0.2 W/protein. Increasing the 
amount of molybdate in the medium resulted in a decreased amount of 
incorporated tungsten until no tungsten was incorporated at all. This suggests 
that the enzyme is indeed able to bind and incorporate tungsten into the 
cofactor, but has a preference for Mo insertion (Reschke et al., 2019).

4. Conclusion

As has been shown by the different investigations described above, the 
strain and medium used seem to have a significant effect on the formation of a 
functional tungsten enzyme. Homologous expression from natural W-enzyme 
producing organisms has been most successful and heterologous expression 
typically leads to substoichiometric metal incorporation. Especially the E. coli 
Rosetta and Rosetta Gami strains likely have a beneficial effect on the enzyme 
activity, however so far only for Mo-containing variants of the normally 
W-containing AOR family enzymes. For that reason our future approach 
includes, amongst others, the variation of cell lines and media to see the effect 
on protein expression. Perhaps the re-engineering of the MPT biosynthesis 
pathway in E. coli to make it more suitable for tungsten may solve the current 
problem. We think that by mutating and expressing several enzymes that are 
involved in the synthesis of the Wco, a solution might be found for this 
difficult heterologous expression.
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