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1 Introduction 

1.1 The element molybdenum and the molybdenum cofactor 

Molybdenum (Mo) is a chemical element belonging to the sixth group and fifth 

period of the periodic table with the atomic number 42. In seawater, with an occurrence of 

10 ppb, Mo is the 25th most common element and, with 1.5 ppm, it is the 54th most abundant 

element in the Earth’s crust (reviewed by Butler, 1998; Emsley, 2001; Hille, 2002; Considine, 

2005). Despite its rather scarce deposit, Mo is indispensable for biogeochemical carbon, 

nitrogen, and sulfur cycles (reviewed by Stiefel, 1993). Here, it is bioavailable in the form of 

the oxyanion molybdate (Bortels, 1930). Molybdate itself is not biological active, thus Mo 

needs to be coordinated by either a pyranopterin scaffold called molybdopterin (MPT) or, 

in the case of nitrogenase, iron-sulfur clusters. The so formed prosthetic groups are called 

molybdenum cofactor (Moco) and iron-molybdenum cofactor (FeMoco), respectively 

(reviewed by Mendel, 2013; Hoffman et al., 2014). In the following, this work will focus 

entirely on Moco and Moco-containing enzymes. 

1.2 Molybdenum cofactor biosynthesis in eukaryotes 

Moco biosynthesis is an evolutionary old multi-step pathway found in all kingdoms 

of life. In general, this pathway consists of four different steps, which are highly conserved 

among all organisms (Figure 1) (reviewed by Mendel, 2013). The eukaryotic cell separates 

the first step spatially from the other, cytoplasmic localized Moco biosynthesis reaction steps 

by a mitochondrial import of its proteins (Teschner et al., 2010). While plants have two 

distinct genes encoding for this first reaction (cnx2 and cnx3), humans and the filamentous 

fungus Neurospora crassa (N. crassa) fused these two catalytic activities into one gene, 

namely MOCS1 and nit-7, respectively (Reiss, Christensen, et al., 1998; Reiss, Cohen, et al., 

1998; Probst et al., 2014).  The nit-7 gene consists of two exons (exon 1 and exon 2), encoding 

for two different protein domains and flanking a single intron (intron 1). In the current model 

of Probst et al. (2014), the translation of the non-spliced nit-7 variant leads to the protein 

product NIT-7A, encoded by nit-7 exon 1 and, to a small part, by intron 1. By splicing intron 

1, the information for the catalytic important double glycine motif of NIT-7A, as well as its 

stop codon, are not part of the open reading frame anymore. Instead, the ribosomes translate 

both nit-7 exons, resulting in the production of NIT-7AB, which incorporates inactive NIT-7A 
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fused to NIT-7B. The bacterial NIT-7A ortholog MoaA catalyzes the S-Adenosyl methionine-

dependent first sub-step of Moco biosynthesis, i.e., the conversion of guanosine-5’-

triphosphate (GTP) to (8S)-3′,8-cyclo-7,8-dihydroguanosine 5′-triphosphate (3′,8-cH2GTP) 

(Hänzelmann and Schindelin, 2006; Hover et al., 2013). The labile 3′,8-cH2GTP serves as 

the substrate for the subsequent catalysis performed by MoaC, the NIT-7B orthologous 

protein, gaining cyclic pyranopterin monophosphate (cPMP) (Hover et al., 2013). In 

eukaryotes, an ATP binding cassette transporter, called ATM3 in plants, exports cPMP into 

the cytoplasm afterward (Teschner et al., 2010). 

The introduction of the dithiolene motif into cPMP defines the second step of Moco 

biosynthesis (Johnson et al., 1991). Two sulfur carrier subunits (NIT-8) and two catalytic 

subunits (NIT-12) form the heterotetrameric MPT synthase complex needed for this 

stoichiometric conversion to yield MPT (Pitterle and Rajagopalan, 1989; Probst et al., 2014). 

After each sulfur-transfer reaction, the MPT synthase sulfurase NIT-1 resulfurates NIT-8 

(Pitterle and Rajagopalan, 1989; Zurick et al., 1991; Pitterle et al., 1993; Probst et al., 2014). 

The two-domain protein NIT-9, originated from another gene fusion, catalyzes the 

ensuing and final steps of Moco biosynthesis (Probst et al., 2014). Initially, the G-domain of 

NIT-9 (NIT-9G) adenylates MPT (Kuper et al., 2004; Llamas et al., 2004). The produced 

MPT-AMP is the substrate of NIT-9E, which inserts the molybdate into the dithiolene motif 

and hydrolyzes the phosphate-phosphate bound in MPT-AMP to finally obtain the prosthetic 

group Moco (Stallmeyer et al., 1995; Llamas et al., 2006; Hercher et al., 2020). Depending 

on the user enzyme, Moco-binding leads directly to catalytic activity, or the Moco-sulfurase 

needs to modify Moco in order to gain a fully functional enzyme (Leon-Kloosterziel et al., 

1996; Schwartz et al., 1997; Bittner et al., 2001). 



Simon Wajmann  Introduction 

3 

 

Figure 1 | The molybdenum cofactor biosynthesis of Neurospora crassa. The first step of molybdenum cofactor (Moco) 
biosynthesis takes place in the mitochondria of the cell (grey box). Here, NIT-7A and NIT-7AB convert guanosine-5’-
triphosphate (GTP) to cyclic pyranopterin monophosphate (cPMP). After translocation into the cytoplasm, the 
heterotetrameric molybdopterin (MPT) synthase complex, consisting of the sulfur carrier subunit (NIT-8) and the catalytic 
subunit (NIT-12), catalyze the insertion of the dithiolene motif into cPMP, yielding MPT. The MPT synthase sulfurase NIT-1 
resulfurates NIT-8 after each reaction. Finally, the NIT-9 G-domain adenylates MPT (MPT-AMP) and subsequently, NIT-9E 
inserts molybdate into the dithiolene motif and hydrolyzes the phosphate-phosphate bound in MPT-AMP to gain Moco 
(adapted from Mendel, 2013; Probst et al., 2014). 
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1.3 Eukaryotic user enzymes of the molybdenum cofactor 

The present literature describes over 50 molybdenum-containing enzymes (Mo-

enzymes), but only five among them are eukaryotic proteins (reviewed by Mendel and 

Kruse, 2012; Mendel, 2013). These five enzymes differ in the coordination of the Mo-center 

and thus belong to two different groups. In the xanthine oxidoreductase/xanthine 

dehydrogenase (XO/XDH) family, the prosthetic group contains a sulfido- and an oxido-

ligand, while the sulfite oxidase (SO) family coordinates Moco with two oxido-ligands and a 

cysteine residue (reviewed by Hille, 1996). 

Members of the XO family are XDH and the aldehyde oxidase (AO). XDH catalyzes 

reactions in the purine and pyrimidine metabolism. It is an essential enzyme of the nitrogen 

assimilation since it breaks down hypoxanthine to xanthine and subsequently to uric acid 

(reviewed by Wang et al., 2016). AO originated from a gene duplication of the xdh gene, 

explaining its allocation to the XO family (Terao et al., 1998; Rodríguez-Trelles et al., 2003). 

As XDH, AO also has a broad range of substrates, including different nitrogen- and 

aldehyde-containing aromatic compounds (Beedham et al., 1990; Panoutsopoulos and 

Beedham, 2004). 

The SO family includes, next to the eponymous enzyme SO, the nitrate reductase 

(NR) and the mitochondrial amidoxime reducing component (mARC). The latter one is the 

newest member of the family (Chamizo-Ampudia et al., 2011), first described by Havemeyer 

et al. (2006), who found out that mARC catalyzes the reaction of the prodrug benzamidoxime 

to its active form benzamidine. Today, the present literature also reports many other 

molecules accepted by mARC for reduction (Wahl et al., 2010; Jakobs et al., 2014). SO is 

best known for its pathological deficiency in humans caused by the accumulation of sulfite 

(Claerhout et al., 2018). Besides the detoxifying oxidation of sulfite to sulfate, Wang et al. 

(2015) demonstrated that SO is also able to reduce nitrite to nitric oxide, contributing to this 

signaling pathway in mammals. In eukaryotes, nitrite originates from the reduction of nitrate, 

catalyzed by the third enzyme of the SO family, NR (reviewed by Campbell, 1999). This 

reaction is not only the first but also the rate-limiting step of nitrate assimilation (reviewed by 

Chamizo-Ampudia et al., 2017). In the last decades, extensive studies on the fungal model 

organism N. crassa shed light on the regulation and mechanistic of NR-dependent nitrogen 



Simon Wajmann  Introduction 

5 

assimilation (e.g., Evans and Nason, 1952; Subramanian and Sorger, 1972; Okamoto et al., 

1991; Ringel et al., 2013, 2015).  

1.4 Neurospora crassa as model organism 

The first description of N. crassa as red bread molt goes back to Payen (1843). Nearly 

1oo years later, Neurospora became the first model organism to trace back biochemical 

processes on the genetic level via X-ray induced mutations (Beadle and Tatum, 1941), which 

led to the Nobel Prize in Physiology or Medicine in 1958. N. crassa is a heterothallic, haploid 

filamentous fungus with a growth rate of 4 mm h-1 (Ryan et al., 1943), and thus it is an easy 

to manipulate organism for genetic analyses (reviewed by Roche et al., 2014). Since 2003, 

N. crassa has a completely sequenced genome with a size of 40 megabases and ~10,000 

protein-coding genes (Galagan et al., 2003). Next to studies on, e.g., the circadian clock 

(reviewed by Hurley et al., 2016) and cell fusion (reviewed by Fleißner et al., 2008), early 

on, cell extracts of many different organisms served for the reconstitution of the N. crassa 

nit-1 ko mutant for the analysis of the nitrate assimilatory and Moco biosynthesis pathways 

(Nason et al., 1970, 1971; Amy, 1981; Claassen et al., 1981; Mendel et al., 1981; Warner and 

Finnerty, 1981). 

1.5 The nitrate reductase of Neurospora crassa 

The N. crassa NR is an enzyme with an atomic mass of ~100 kDa, consisting of five 

domains. Four of these domains bind respectively reduced nicotinamide adenine 

dinucleotide (phosphate) (NAD(P)H) as electron donor, flavin adenine dinucleotide (FAD), 

heme, and Moco (Figure 2). The fifth domain shares eleven residues with the Moco binding 

domain and is necessary for the dimerization of the homodimeric protein (Redinbaughs and 

Campbell, 1985; Ringel et al., 2013). In the two-electron transfer redox reaction, NAD(P)H 

transmits the electrons to the FAD-domain, from where the electrons first flow to the heme 

group, and subsequently to the Mo-center, the active site of the enzyme, to reduce its 

substrate (reviewed by Campbell, 1999). 
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Figure 2 | Domain structure of the Neurospora crassa nitrate reductase. The Neurospora crassa nitrate reductase (NR) uses 
reduced nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) as the electron donor to catalyze the conversion of 
nitrate to nitrite in a two-electron transfer redox reaction. The electrons flow to the flavin adenine dinucleotide (FAD) 
cofactor, afterward to the heme group, and finally to the molybdenum center, the active site of the enzyme. The 
dimerization and molybdenum cofactor (Moco) domain share eleven amino acids. The cytochrome b reducing fragment 
(CbR) contains the NAD(P)H and the FAD domain, while the cytochrome c reducing fragment (CcR) additionally includes 
the heme domain. The numbers indicate the first and last amino acids of the domains. White boxes show the N-terminal 
extension and the hinge regions. The domain structure is drawn to scale (adapted from Ringel et al., 2013). 

As postulated by Aberg (1947), NR is not only able to convert nitrate to nitrite, but 

also chlorate to chlorite (Pichinoty, 1966; McDonald and Coddington, 1974). This 

interference of chlorate with the nitrogen assimilatory pathway leads to chlorate sensitivity of 

nitrate-reducing organisms (Lewis and Fincham, 1970; Solomonson and Vennesland, 1972; 

Cove, 1976a), although the exact mechanism of chlorate toxicity remains controversial 

(Cove, 1976b; Yaeesh Siddiqi et al., 1992; Prieto and Fernández, 1993). However, different 

groups used chlorate-resistance screenings to yield Moco deficient strains, which naturally 

lack NR activity (Pateman et al., 1967; Cove, 1976a; Probst et al., 2014). 

The regulation of NR activity happens, depending on the organism, on different 

levels. Whereas post-translational mechanisms regulate the plant NR (Nussaume et al., 1995), 

Premakumar et al. (1979) and Fu and Marzluf (1987a) showed that, in the fungal system, 

transcription of the NR encoding gene nit-3 occurs upon demand, i.e., in the absence of 

glutamine and the simultaneous presence of nitrate. 

1.6 Regulation of nitrogen metabolism in Neurospora crassa 

In N. crassa, the cell regulates the genes expressing NR (nit-3) (Nason and Evans, 

1953), the nitrite reductase (nit-6) (Exley et al., 1993), and the nitrate transporter (nit-10) (Gao-

Rubinelli and Marzluf, 2004) tightly (Figure 3) (Arst and Cove, 1973; Coddington, 1976; Fu 

and Marzluf, 1987b). The expression of these genes requires both nitrogen derepression (N-

derepression; lack of primary N-sources) and nitrate induction (availability of nitrate) 

(Premakumar et al., 1979; Fu and Marzluf, 1987a). For N-assimilation, nit-2 is the global 

positive-acting transcription factor (Reinert and Marzluf, 1975). Its protein product contains 
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a zinc finger motif for binding to GATA recognition sites in the promoter region of different 

genes involved in the assimilation of secondary N-sources under N-derepressing conditions 

(Fu and Marzluf, 1987a, 1990; Chiang and Marzluf, 1994). In the absence of glutamine, NIT-2 

binds to three different sites in the promoter region of nit-3. Glutamine originates from direct 

import into the cell or conversion of N-containing compounds, e.g., ammonium 

(Premakumar et al., 1979; Chiang and Marzluf, 1994). 

Next to these, the nit-3 promoter sequence comprises two additional binding sites for 

the regulatory protein NIT-4. Other than NIT-2, NIT-4 contains GAL4-like Cys-6 zinc clusters 

for the binding of DNA (Yuan et al., 1991; Fu et al., 1995). This pathway-specific transcription 

factor promotes the expression of nit-3 under N-derepressing and nitrate inducing conditions 

(Coddington, 1976; Tomsett and Garrett, 1980; Fu and Marzluf, 1987b). All six binding sites 

of NIT-2 and NIT-4 assist the optimal regulation of nit-3 (Marzluf, 2001). 

Two different research groups discovered independently another regulatory factor of 

the nitrate assimilation, which negatively influences the nit-3 expression in the presence of 

glutamine, namely nmr-1 (for nitrogen metabolic regulation) (Premakumar et al., 1980; 

Dunn-Coleman et al., 1981; DeBusk and Ogilvie, 1984). NMR, the protein product of nmr-1, 

binds specifically to the zinc finger motif and an α-helix at the C-terminus of NIT-2 (Xiao et 

al., 1995), and thus regulating indirectly the transcription of the nit-3 gene (Fu and Marzluf, 

1987b, 1988; Pan et al., 1997). 

After the expression of nit-3, the nitrate assimilation is dependent on the Moco 

biosynthesis, since active NR requires the incorporation of Moco (Redinbaughs and 

Campbell, 1985; Ringel et al., 2013). In contrast to the detailed knowledge about the 

eukaryotic regulation of N-assimilation, our understanding of Moco biosynthesis control 

mechanisms is sparse and, to a great extent, limited to prokaryotes (reviewed by Zupok, 

Iobbi-Nivol, et al., 2019). 
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Figure 3 | Simplified scheme of the nit-3 expression regulation in Neurospora crassa. Under nitrogen-derepressing (N-
derepressing) and nitrate inducing conditions, the transcription factors NIT-2 and NIT-4 promote the expression of nit-3, 
encoding the nitrate reductase (NR). NMR inhibits the binding of NIT-2 to the promoter region of nit-3 in the presence of 
glutamine, which originates from direct import or conversion of N-containing compounds. After the expression of nit-3, NR 
incorporates the molybdenum cofactor (Moco) (see text for details and references). 

1.7 Aims of this study 

This work aims to gain knowledge about the underlying mechanisms of Moco 

biosynthesis regulation in eukaryotes. For this, I will take advantage of the model organism 

Neurospora crassa, which has a fully described Moco biosynthesis pathway. I will trigger the 

regulation of Moco biosynthesis using the cross-talk to N-assimilation under N-derepressing 

and nitrate inducing conditions to analyze the effect on the transcriptional machinery. The 

quantitative description of the Moco deficiency phenotype will lay the foundation to decipher 

the sophisticated expression of the first step of Moco biosynthesis encoded by nit-7. The 

combination of biochemical, cell biological, and genetic methods will reveal how the 

different splice variants and proteins of this Moco biosynthesis step work together to 

orchestrate the cPMP production. Here, I will analyze the subcellular localization and 

translocation mechanisms of the NIT-7 proteins. In the end, this study will show how the 

fungal cell adjusts the cPMP synthesis to achieve ideal amounts of Moco. 
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2 Material and methods 

2.1 Material 

2.1.1 Equipment 

The devices and equipment used in this work are listed in Table 1. 

Table 1 | Devices and equipment used in this work. 

Device Manufacturer 

Acrylamide gel electrophoresis unit Hoefer 

Agarose gel electrophoresis unit Bio-Rad Laboratories 

Autoclave Fedegari 

Centrifuges Beckman Coulter, Heraeus, Sigma-Aldrich, 

Thermo Fisher Scientific 

Confocal laser scanning microscope Carl Zeiss 

Electroporator Bio-Rad Laboratories 

Fluorescence microscope Leica, Nikon 

French-Press homogenizer Aminco 

Gel documentation system Bio-Rad Laboratories, Intas Mitsubishi 

Heat blocks and Vortex mixers Eppendorf, Scientific Industries 

Homogenizer Avestin, MP Biomedicals 

HPLC Agilent 1100 series 

Incubator Infors HT, Memmert 

Laminar Flow Hood Heraeus, Thermo Fisher Scientific 

Microplate reader Tecan, Thermo Fisher Scientific 

PCR cycler Analytik Jena, Bioer, Hybaid 

UV/Vis-spectrophotometer Amersham Biosciences, Perkin Elmer 
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2.1.2 Chemicals and enzymes 

All chemicals used were purchased from AppliChem, Bio-Rad Laboratories, Brandt, 

Carl Roth, Duchefa, IBA, Invitrogen, Macherey-Nagel, Merck, Promega, Roche Diagnostics, 

Sigma-Aldrich, and Thermo Fisher Scientific. Enzymes, DNA, and protein ladders were 

purchased from Fermentas, Invitrogen, New England Biolabs, Peqlab, Promega, Roche 

Diagnostics, Sigma-Aldrich, and Thermo Fisher Scientific. 

2.1.3 Buffers, media, and solutions 

If not stated elsewhere, buffers, media, and solutions were prepared with distilled 

water. Media and buffers were autoclaved or filtrated (0.2 µm membrane filter) for 

sterilization. All liquids used for high-performance liquid chromatography (HPLC) were 

filtered with 0.8 µm membrane filters and degassed before adding organic solvents and usage 

for chromatography. 

2.1.4 Organism strains 

2.1.4.1 Escherichia coli 

Table 2 lists all Escherichia coli (E. coli) strains used in this work. E. coli strains DH5α, 

NEB® 5-alpha, NEB® 10-beta, and XL-1 blue were used for cloning and multiplying 

plasmids, while BL21(DE3) and TP1000 were used for gene expression (see 2.2.2.1). 

StellarTM cells were used for 5’-rapid amplification of cDNA ends (5’-RACE) (see 2.2.1.15). 
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Table 2 | Escherichia coli strains used in this work. 

Strain Genotype Reference 

BL21(DE3) F- ompT gal dcm lon hsdSB(rB
-mB

-) λ(DE3 

[lacI lacUV5-T7 gene1 ind1 sam7 nin5]) 

Studier and Moffatt, 1986 

DH5α supE 44Δlac U169 (Δ80lacZΔM15) hsdR17 

recA endA1 gyrA96 thi-1 relA1 

Hanahan, 1983 

NEB® 5-alpha fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 

Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 

thi-1 hsdR17 

New England Biolabs 

NEB® 10-beta Δ(ara-leu) 7697 araD139  fhuA ΔlacX74 

galK16 galE15 e14-  ϕ80dlacZΔM15  recA1 

relA1 endA1 nupG  rpsL (StrR) rph spoT1 

Δ(mrr-hsdRMS-mcrBC)  

New England Biolabs 

StellarTM F– endA1 supE44 thi-1 recA1 relA1 gyrA96 

phoA Φ80dlacZΔM15 Δ(lacZYA -argF) 

U169 Δ(mrr -hsdRMS -mcrBC) ΔmcrA, λ– 

Takara 

TP1000 F´ ΔlacU169 araD139 rpsL150 relA1 ptsF 

rbsR flbB Δ(mobAB) 

Palmer et al., 1996 

XL-1 blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 lac [F ́´proABlacIqZ∆M15 Tn10 

(Tetr)] 

Stratagene 

 

2.1.4.2 Neurospora crassa 

All N. crassa strains used in this work are listed in Table 3. Except for strains 

expressing genes fused to the enhanced green fluorescent protein (egfp), all strains were 

tested for being homokaryotic (see 2.2.3.4). In the present thesis, the gene and protein 

nomenclatures rely on the guidelines suggested by the Fungal Genetics Stock Center (FGSC, 
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http://www.fgsc.net/fgn46/perkins.htm). If the FGSC nomenclature guidelines did not cover 

individual cases, the Sequence Variant Nomenclature (http://varnomen.hgvs.org/) was used. 

Table 3 | Neurospora crassa strains used in this work. For ccg-1 driven genes, the encoded protein product is given in 
parenthesis. mts: mitochondrial targeting signal, eGFP: enhanced green fluorescent protein. 

Strain number Genotype Origin 

FGSC 2489 74-OR23-1V; mat A  FGSC 

FGSC 4317 fl; mat A FGSC 

FGSC 4347 fl; mat a FGSC 

FGSC 9720 his-3-; Δmus52::bar+; mat A FGSC 

G200 (ATP-1-Preseq-

mCherryNC) 

his-3::Pccg1-atp1.1_120-mcherry; 

Δmus52::bar+; mat A 

Wirsing et al., 2015 

G218 Δmus52::bar+; nit-9.1391G>A Corinna Probst 

(unpublished) 

G253 Δmus52::bar+; Δnit-7::hph+;  mat a Probst et al., 2014 

G546 his-3-; Δmus52::bar+; Δnit-7::hph+; mat A This study 

G554 his-3::nit-7+(EC); Δmus52::bar+;  Δnit-7::hph+; 

mat A 

This study 

G555 his-3::nit-7.1461T>C(EC); Δmus52::bar+;  

Δnit-7::hph+; mat A 

This study 

G556 his-3::nit-7.2104_2105AT>GC(EC); 

Δmus52::bar+;  Δnit-7::hph+; mat A 

This study 

G557 his-3::nit-7.1470T>C(EC); Δmus52::bar+;  

Δnit-7::hph+; mat A 

This study 

G569 his-3::nit-7.1_2AT>GC(EC); Δmus52::bar+;  

Δnit-7::hph+; mat A 

This study 
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Strain number Genotype Origin 

G571 his-3::nit-7.-232T>C(EC); Δmus52::bar+;  

Δnit-7::hph+; mat A 

This study 

G581 his-3::nit-7.1759_1760insG(EC); 

Δmus52::bar+; Δnit-7::hph+; mat A 

This study 

G552 (NIT-7A) his-3::Pccg1-nit-7.1_1467; Δnit-7::hph+; 

Δmus52::bar+; mat A 

This study 

G553 (NIT-7AB) his-3::Pccg1-nit-7.1_1459+1697_2664;  

Δnit-7::hph+; Δmus52::bar+; mat A 

This study 

G558 (NIT-7B’) his-3::Pccg1-nit-7.2104_2664; Δnit-7::hph+; 

Δmus52::bar+; mat A 

This study 

G572 (mts of NIT-7A 

fused to NIT-7B’) 

his-3::Pccg1-nit-7.1_162+2104_2664;  

Δnit-7::hph+; Δmus52::bar+; mat A 

This study 

G542 (NIT-7A-eGFP) his-3::Pccg1-nit-7.1_1464-egfp; Δmus52::bar+; 

mat A 

This study 

G544 (NIT-7AB-

eGFP) 

his-3::Pccg1-nit-7.1_1459+1697_2661-egfp; 

Δmus52::bar+; mat A 

This study 

G550 (NIT-7B’-eGFP) his-3::Pccg1-nit-7.2104_2661-egfp; 

Δmus52::bar+; mat A 

This study 

G575 (NIT-7A 

without mts-eGFP) 

his-3::Pccg1-nit-7.163_1464-egfp; 

Δmus52::bar+; mat A 

This study 

G576 (NIT-7AB 

without mts-eGFP) 

his-3::Pccg1-nit-7.163_1459+1697_2661-egfp; 

Δmus52::bar+; mat A 

This study 

G577 (Linker-NIT-

7B-eGFP) 

his-3::Pccg1-nit-7.1459+1697_2661-egfp; 

Δmus52::bar+; mat A 

This study 
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2.1.5 Oligonucleotides 

Table 4 lists all primers used in this work. 

Table 4 | Primers used for this work. 

Name Sequence (5‘ - 3‘ direction) Purpose 

#1050 CTGAGGGTATTGCTGGTGAGAG Amplification of nit-7 after RT-PCR 

#1053 CTCCACCGACGGGACTTCTC Reverse primer for #1050 

#1231 CAATCAGCTCTGTCCCTCGG Amplification of nit-1 after RT-PCR 

#1232 GAAGGTGGGTGATGAGGGAC Reverse primer for #1231 

#1233 TGATCCCTTTGCGTTGGAGA Amplification of nit-8 after RT-PCR 

#1234 CGTTATCCTCGCCGTCTTCA Reverse primer for #1233 

#1235 GGCAACTCAACAACCAACCC Amplification of nit-12 after RT-PCR 

#1236 GGTGAGAATGGAGCGGCATA Reverse primer for #1236 

#1237 AGCCTACCACGTTTGCTACC Amplification of nit-9 after RT-PCR 

#1238 TCTCTGTCCTCCTGTGCTGA Reverse primer for #1237 

#1083 CTCTCAGGTACCCCATCGAG Amplification of act-2 after RT-PCR 

#1194 GTAGATGGGGACGACGTGAG Reverse primer for #1083 

#1291 GATTACGCCAAGCTTGGCCCTC

TCCAAATCTTCTGACCCCGCA 

5'-RACE of nit-7 (pRACE vector) 

#1659 GGCCCTCTCCAAATCTTCTGAC

CCCGCA 

5'-RACE of nit-7 (pJET vector) 

#810 CCAGCGTCGGTTTCTTGTGCTT

AC 

Amplification of nit-7 

#811 AAATGGATGGGAGCCGCACGC

A 

Reverse primer for #810 
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Name Sequence (5‘ - 3‘ direction) Purpose 

#1660 GCTGTCTTTGAACTGAGTGACT

TCTGGTAGCTGC 

NEBuilder assembly of nit-7 with 

flanking regions in pCCG (DNA #698, 

N. crassa G554) 

#1661 CACTCAGTTCAAAGACAGCCAA

CTTGAGACCG 

See above 

#1662 GAAGTAGCGCTGCCTACCTAGC See above 

#1663 TAGGCAGCGCTACTTCTAAGGA

ATGTCTGAGGTGCAC 

See above 

#1664 CCCCGGGAGGTAGGCGTGATA

AGAAATGGATGG 

See above 

#1665 GCCTACCTCCCGGGGTGGCATC

CC 

See above 

#1614 GAGCACTTTTAAAGTTCTGCTA

TGTGGC 

Split ampR-cassette of pCCG for 

NEBuilder assembly 

#1621 GCAGAACTTTAAAAGTGCTCAT

CATTGGAAA 

Reverse primer for #1621 

#1514 CGAACATCACCCGCCAATCAAG

ATCATTGGCCG 

Insertion of mutation nit-7.1461T>C in 

DNA #698 with QuikChange II (N. 

crassa G555) 

#1515 GATCTTGATTGGCGGGTGATGT

TCGTCCTCCTC 

See above 

#1734 TGGTTATGGAGACCGCGTGAGC

TTC 

Insertion of mutation nit-

7.2104_2105AT>GC in DNA #698 

with NEBuilder (N. crassa G556) 

#1735 CGCCTACCTCCCGGGGTGGC See above 
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Name Sequence (5‘ - 3‘ direction) Purpose 

#1736 GAAGCTCACGCGGTCTCCATAA

CC 

See above 

#1737 CCCCGGGAGGTAGGCGTGAT See above 

#1783 GGGTGATGCTCGTCCTCCTC Insertion of mutation nit-7.1470T>C in 

DNA #698 with NEBuilder (N. crassa 

G557) 

#1784 AGGACGAGCATCACCCACCA See above 

#1901 AGCAGACGCGATTGATGGCT Insertion of mutation nit-7.1_2AT>GC 

in DNA #698 with NEBuilder (N. 

crassa G569) 

#1902 TCAATCGCGTCTGCTGTGG See above 

#1897 GACTAAACTAGCGAGAATTGAT

ATGAAGCAGC 

Insertion of mutation nit-7.-232T>C in 

DNA #698 with NEBuilder (N. crassa 

G571) 

#1898 TCAATTCTCGCTAGTTTAGTCT

ACCCT 

See above 

#2009 GGGGAGTAAGGAGGAATGTCC

GCCTGG 

Assembling of the plasmid for N. crassa 

G572 generation with NEBuilder 

#2010 CATTCCTCCTTACTCCCCATCCT

GTCTCCTTGG 

See above 

#2011 GAGACCATGTTCCGGACTATCG

ATGCTGG 

See above 

#2014 TCCGGAACATGGTCTCCATAAC

CACCAAGACG 

See above 
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Name Sequence (5‘ - 3‘ direction) Purpose 

#1504 GGATTTGATGTTCTGTTGTGGT

TCAGTGACTGG 

Insertion of mutation nit-7. 

1759_1760insG in DNA #698 with 

QuikChange II (N. crassa G571) 

#1505 TGAACCACAACAGAACATCAAA

TCCATTGGAAT 

See above 

#2001 GAAGCCATTCGCGATTTGGTTG

ATGTGAGG 

NEBuilder assembly of nit-7 in pCCG 

for expression of NIT-7A- and NIT-

7AB-eGFP fusions without mts (N. 

crassa G575, G576) 

#2004 TGGTGGGGGAGGAATGTCCGC

CTGG 

Reverse primer for #2001 (N. crassa 

G575) 

#2006 ATTCCTCCCTCCCCATCCTG Reverse Primer for #2001 (N. crassa 

G576) 

#1327 TTGGATCCATGGTCTCCATAAC

CACCAAG 

Amplification of nit-7.2104_2661 for 

insertion into pCCG via restriction 

digest (N. crassa G550, G558) 

#1329 AAACTAGTCTCCCCATCCTGTC

TCC 

Reverse primer for #1327 (N. crassa 

G550) 

#2108 ATTCCTCCCTCCCCATCCTG NEBuilder assembly of nit-7 exon 2 in 

pCCG (N. crassa G577) 

#2109 TGGGGAGGGAGGAATGTCC Reverse primer for #2108 

#1278 TATAAGATCTATGTCTGCTGTG

GCCCG 

Amplification of nit-7 exon 1 for 

insertion into pCCG via restriction 

digest (N. crassa G552) 
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Name Sequence (5‘ - 3‘ direction) Purpose 

#1279 ATATCACGTGTCACCCACCAAT

CAAGATCATTG 

Reverse primer for #1278 

#1341 TATACTCGAGATGTCTGCTGTG

GCCC 

Amplification of nit-7 exon 1 for fusion 

PCR with exon 2 and insertion into 

pCCG via restriction digest (N. crassa 

G553) 

#1342 CTGAAATATAGCATTGGTATTG

GTATCAATCAAGATCATTGGCC 

Reverse primer for #1341 (N. crassa 

G553) 

#1343 GGCCAATGATCTTGATTATACC

AATACCAATGCTATATTTCAG 

Amplification of nit-7 exon 2 for fusion 

PCR with exon 1 and insertion into 

pCCG via restriction digest (N. crassa 

G553) 

#1344 TATAAGATCTCTCCCCATCCTG

TCTCC 

Reverse primer for #1343 

#1328 AAACTAGTTTACTCCCCATCCT

GTCTC 

Reverse primer for #1327 (N. crassa 

G558) 

#823 TTTTTTTTTTTTTTTTTT Oligo-d(T)18 for reverse transcription 

#1622 TGGGAAATGGTGTCTTTTAGCA Validation of integration into his-3 

#1623 GATTTGACGGGGTAGCTTGG Reverse primer for #1622 

 

2.1.6 Plasmids 

Plasmids generated in this work are derivatives from four different standard 

backbones (Figure 4). Blunt end PCR products (see 2.2.1.1) were inserted into the pJET1.2 

plasmid using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific) for sequence 

analysis (see 2.2.1.16). Positive PCR products were subsequently transferred into the pTWO-

C plasmid (see 2.2.1.2 and 2.2.1.3), allowing gene expression in E. coli (see 2.2.2.1). For the 
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integration of DNA into the genome of N. crassa (see 2.2.3.3), PCR products were inserted 

into the pCCG-C backbone. If necessary, the ccg-1 and egfp nucleotide sequences were 

removed or a stop codon was added. Linear DNA originated from 5’-RACE was integrated 

into the pRACE vector using the SMARTer® RACE 5’/3’ Kit (Takara) for sequencing (see 

2.2.1.15 and 2.2.1.16). 

 

Figure 4 | Plasmids used in this work. a, Shown is the pJET1.2 backbone used for sequence analysis of PCR products. b, 
Expression of recombinant genes fused to Strep-tag® II coding sequence was performed with the pTWO-C backbone. c, For 
the integration of DNA into the his-3 locus of the Neurospora crassa genome, the pCCG-C vector was used. d, The SMARTer® 
RACE 5’/3’ Kit (Takara) uses the pRACE vector for ligation and sequencing of PCR products. The homology region is 
complementary to the 5’ end of the gene-specific primer. In (a), (b), (c), and (d), the abbreviations are bom: basis of mobility, 
eGFP: enhanced green fluorescent protein, MCS: multiple cloning site, and ori: origin of replication. Arrows of promoter 
regions (white) and coding sequences point toward the transcription start and the 3’ end, respectively. Numbers along the 
nucleotide sequences indicate base pair positions and numbers beneath the vector names show the total number of base 
pairs of the vector. 
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2.2 Methods 

2.2.1 Molecular biology methods 

2.2.1.1 Polymerase chain reaction 

Polymerase chain reactions (PCR) were routinely used for isolation, amplification, 

and linearization of DNA fragments. For this, generally, the Q5® high-fidelity DNA 

polymerase and the Taq DNA polymerase (New England Biolabs) were used. Defined 

primer pairs for targeting specific DNA fragments were designed using Primer3web 

(http://primer3.ut.ee/) or SnapGene® (GSL Biotech LLC) and purchased from Sigma-

Aldrich. The next tables show typical reaction mixes and PCR programs (Table 5; Table 6). 

While PCR products derived from a PCR with Q5® high-fidelity DNA polymerase are 

naturally blunt-ended, linear DNA products amplified by Taq DNA polymerase need an 

additional blunting reaction step for further cloning steps using the CloneJET PCR Cloning 

Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. For colony PCRs, 

single E. coli colonies were picked with a pipet tip and were transferred into the reaction 

mix. Here, the initial denaturation step was extended to 10 min. 

Table 5 | PCR reaction compositions for Q5® high-fidelity DNA polymerase and Taq DNA polymerase (New England Biolabs). 

Component Q5® DNA polymerase Taq DNA polymerase 

5x Q5® reaction buffer 4 µl - 

10x Taq reaction buffer - 2 µl 

10 mM dNTPs 0.4 µl 0.4 µl 

10 µM forward primer 1 µl 0.4 µl 

10 µM reverse primer 1 µl 0.4 µl 

Template DNA 1 pg - 1 µg 1 pg - 1 µg 

DNA polymerase 0.2 µl 0.1 µl 

Nuclease-free water ad 20 µl ad 20 µl 
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Table 6 | PCR programs used in this work. 

 Q5® DNA polymerase Taq DNA polymerase  

Step Temperature Time Temperature Time Cycles 

Initial denaturation 98 °C 30 s 95 °C 30 s  

Denaturation 98 °C 5 - 10 s 95 °C 15 - 30 s  

Anneal 50 - 70 °C 10 - 30 s 45 - 68 °C 15 - 60 s 20 - 35 

cycles 

Extension 70 °C 30 s kb-1 68 °C 1 min kb-1  

Final extension 70 °C 2 min 68 °C 5 min  

Hold 12 °C ∞ 12 °C ∞  

 

2.2.1.2 Restriction digestion of DNA 

Endonuclease restriction digestion of plasmid DNA or purified DNA obtained from 

PCR (see 2.2.1.1) was used for cloning (preparative digest) or analysis (analytical digest). 

Here, FastDigest Restriction Enzymes (Thermo Fisher Scientific) were used. Table 7 shows 

a typical reaction composition for a restriction digest. If necessary, 1 µl FastAP 

thermosensitive alkaline phosphatase (Thermo Fisher Scientific) (1 U µl-1) was added after 

digestion to prevent the recirculation of linearized DNA. The sample was incubated for 10 

min at 37 °C and subsequently, the FastAP thermosensitive alkaline phosphatase was 

inactivated by incubation for 5 min at 75 °C. 
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Table 7 | Typical endonuclease restriction digestion using the FastDigest restriction enzymes (Thermo Fisher Scientific). 

Component Preparative digest  Analytical digest 

10x FastDigest buffer 2 µl 1 µl 

FastDigest restriction enzyme 1 1 µl 0.2 µl 

FastDigest restriction enzyme 2 1 µl 0.2 µl 

Template DNA < 1 µg 2 µl 

Water ad 20 µl 6.6 µl 

 

2.2.1.3 Ligation of linearized DNA fragments 

Blunt-end PCR products were ligated into the pJET1.2 plasmid (see 2.1.6) using the 

CloneJET PCR Cloning Kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Sticky-end ligation was performed with T4 DNA ligase (Thermo Fisher 

Scientific). Table 8 depicts a typical ligation reaction. The reaction mix was incubated for 

30 min at room temperature (RT) before the transformation of up to 5 µl of the ligated vector 

(see 2.2.1.9). 

Table 8 | T4 DNA ligase reaction mix. 

Component Amount 

Linear vector DNA 20 - 100 ng 

Insert DNA 1:1 to 5:1 molar ratio over vector 

10x T4 DNA ligase buffer 2 µl 

T4 DNA ligase (Thermo Fisher Scientific) 1 U 

Nuclease-free water ad 20 µl 

 

2.2.1.4 Seamless cloning 

More sophisticated cloning strategies were performed with the seamless cloning 

technique Gibson Assembly®, commercially available as NEBuilder® HiFi DNA Assembly 
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Kit (New England Biolabs). For in silico assembly and primer design, SnapGene® (GSL 

Biotech LLC) was used. Primers were designed with an overall Tm of 60 °C and a specific 

Tm of 50 °C for the 15 to 25 overlapping bases. DNA assembly and E. coli transformation 

were performed as described in the manufacturer’s manual, but no water was added to the 

reaction mix to lower the total reaction volume. 

2.2.1.5 Mutagenesis of DNA sequences 

Preferably, mutations were inserted into DNA fragments during amplification using 

a standard PCR with mutated primers (see 2.2.1.1) or Gibson Assembly® (see 2.2.1.3). For 

already assembled plasmids, the Q5® Site-Directed Mutagenesis Kit (New England Biolabs), 

according to the manufacturer’s instructions, or the QuikChange II Site-Directed 

Mutagenesis Kit (Agilent), altered for the use of partially overlapping primers (Xia et al., 

2015), was used. Rarely, mutations were achieved by commercial synthesis of nucleotide 

sequences and successive restriction digestion and ligation (see 2.2.1.2 and 2.2.1.3). 

2.2.1.6 Agarose gel electrophoresis 

Agarose concentrations ranging from 0.6 to 2 % (w/v) in TAE buffer were used in this 

work. For visualization of DNA bands, Midori Green Advance (Biozym) (0.05 µl ml-1 agarose 

solution) was added. DNA samples were mixed with 6x Purple Gel Loading Dye (New 

England Biolabs) before gel loading. An appropriate DNA ladder (New England Biolabs or 

Thermo Fisher Scientific) was loaded on every gel to allow the size determination of samples 

after the gel electrophoresis. The gel electrophoresis ran at 75 V for 45 min and gels were 

documented using the ChemiDocTM XRS+ (Bio-Rad Laboratories) imager with UV light 

excitation. If DNA fragments shall be used for cloning afterward, the XcitaBlueTM 

Conversion Screen (Bio-Rad Laboratories) was employed to excite Midori Green Advance 

with blue light to avoid DNA radiation damages. 

2.2.1.7 DNA extraction from agarose gels 

DNA fragments derived from PCR amplification (see 2.2.1.1) or endonuclease 

restriction digest (see 2.2.1.2) were extracted from agarose gels (see 2.2.1.3) with the 

Monarch® DNA Gel Extraction Kit (New England Biolabs) according to the manufacturer’s 

instructions. After the addition of Monarch Gel Dissolving Buffer, samples were incubated 
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for 10 min at 50 °C and mixed occasionally. 1.5 volumes of water were added after gel slices 

were dissolved. The DNA was eluted with 12 - 15 µl DNA Elution Buffer pre-heated to 50 °C. 

2.2.1.8 Cultivation and storage of Escherichia coli 

E. coli colonies were grown at 37 °C in Lysogeny Broth (LB) medium containing 

100 µg ml-1 ampicillin for selection. To start liquid cultures for recombinant gene expression 

or multiplying plasmid DNA, single colonies were transferred into a reaction tube with 3 ml 

or into a flask with 50 ml LB medium with 100 µg ml-1 ampicillin. The liquid medium was 

shaken at 160 rpm for 12 - 16 h. For solid medium, 1.5 % (w/v) agar-agar were added. E. coli 

strains were routinely stored at -80 °C. For this, E. coli cultures were diluted 1:2 in a 65 % 

(v/v) glycerol solution containing 100 mM MgSO4 and 25 mM Tris-HCl pH 8.0. 

2.2.1.9 Transformation of Escherichia coli 

The transformation of chemically competent E. coli cells was achieved by heat shock. 

50 µl E. coli cell aliquots were thawed on ice. 1 pg - 100 ng plasmid DNA in a volume of 

1 - 5 µl was added and E. coli cells were incubated for 30 min on ice after flicking the tube 

carefully. The heat shock was done at 42 °C for 30 s. The cultures were incubated for 5 min 

on ice and 950 µl of NEB 10-beta/Stable Outgrowth medium or SOC medium (New England 

Biolabs), warmed up to RT, was added. Subsequently, the cultures were placed to 37 °C for 

1 h at 160 rpm. 10 - 100 µl of the cultures were spread on LB plates containing 100 µg ml-1 

ampicillin. If a low transformation efficiency was expected, the E. coli suspension was spun 

down for 30 s at 11,000 x g and the supernatant was discarded, leaving ~50 µl medium in 

the tube. The pellet was resuspended in the remaining medium and spread on an LB plate 

containing 100 µg ml-1 ampicillin. After overnight incubation at 37 °C, colonies were tested 

via colony PCR (see 2.2.1.1) for successful transformation and were transferred into liquid 

LB medium for storage (see 2.2.1.8), recombinant gene expression (2.2.2.1), or plasmid DNA 

purification (2.2.1.10). 

2.2.1.10 Purification of plasmid DNA from Escherichia coli 

Plasmid DNA was extracted using the Monarch Plasmid Miniprep Kit® (New 

England Biolabs) according to the manufacturer’s instructions. DNA was eluted with 40 µl 

DNA Elution Buffer pre-heated to 50 °C. 
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2.2.1.11 Purification of genomic DNA from Neurospora crassa 

For N. crassa genomic DNA (gDNA) extraction, two different methods were used, 

depending on the purity of gDNA needed for downstream experiments. 

To determine the genotype of N. crassa strains (see 2.2.3.4), the gDNA isolation was 

generally done via PCR according to the K. lactis Protein Expression Kit (New England 

Biolabs). 2 - 4 cm2 mycelium were picked with a wooden stick from N. crassa strains grown 

on slants. The cell material was transferred into 100 µl 0.2 M lithium acetate with 1 % (v/v) 

sodium dodecyl sulfate (SDS) and incubated for 15 min at 70 °C. 300 µl ice-cold ethanol 

absolute was added and the sample was mixed with a vortex mixer. Subsequently, the 

sample was centrifuged at 15,000 x g for 3 min at RT. The supernatant was removed, the 

pellet was air-dried for 10 min, and 50 µl Tris buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA) 

was added. After resuspension, the sample was centrifuged at 13,000 x g at RT for 30 s to 

remove insoluble material. 30 µl of the supernatant was transferred into a fresh reaction tube 

and kept on ice. The gDNA was used for PCR on the same day. 

For long-term storage of gDNA, also 2 - 4 cm2 mycelium were picked with a wooden 

stick from N. crassa strains grown on slants and transferred into a 2 ml microtube with a 

screw cap containing 800 µl N. crassa gDNA extraction buffer (50 mM Tris-HCl pH 7.5, 

50 mM EDTA, 3 % (w/v) SDS, 1 % (v/v) freshly added ß-mercaptoethanol) and ~0.5 g 

zirconium oxide beads (1.4 mm size). The sample was homogenized two times for 30 s at 

6.5 m s-1 using the FastPrepTM-24 (MP Biomedicals). Afterward, the sample was centrifuged 

for 5 min at 13,000 x g at RT. 80 µl 3 M sodium acetate pH 6.3 and 500 µl 

phenol:chloroform:isoamyl alcohol (25:24:1) were added and the sample was mixed with a 

vortex mixer. After centrifuging for 5 min at 13,000 x g at RT, 450 µl of the supernatant was 

transferred into a new reaction tube. 1 ml ice-cold ethanol absolute was added to the 

supernatant and, after mixing, the sample was centrifuged for 12 min at 16,000 x g at 4 °C. 

The supernatant was removed carefully and the pellet was resuspended in 300 µl 70 % (v/v) 

ethanol absolute. After a 5 min centrifugation step at 13,000 x g at RT, the pellet was dried 

in a vacuum concentrator centrifuge (Univapo 150H, Uniequip). The pellet was resuspended 

in 50 µl TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) containing RNase A. 
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2.2.1.12 Purification of RNA from Neurospora crassa 

Total RNA was extracted using the Direct-zolTM RNA Miniprep Plus Kit (Zymo 

Research). N. crassa mycelium was shock frozen in liquid nitrogen and briefly ground 

afterward. ~100 mg mycelium was resuspended in 600 µl TRI Reagent® and transferred into 

a NucleoSpin® Bead Tube Type C (Macherey-Nagel). Subsequently, the mycelium was 

homogenized two times for 30 s at 6.5 m s-1 using the FastPrepTM-24 (MP Biomedicals). The 

DNase I on-column treatment was skipped and the RNA was eluted in 50 µl nuclease-free 

water. All centrifugation steps were performed at 16,000 x g. To remove co-purified DNA, 

the TURBO DNA-freeTM Kit (Invitrogen) was used according to the manufacturer’s 

instructions. 30 µl RNA solution was treated with the TURBOTM DNase and incubated for 

30 min at 37 °C. Afterward, pure RNA was recovered with the RNA Clean & 

ConcentratorTM-25 Kit (Zymo Research). Routinely, RNA samples were checked for gDNA 

contaminations by running a PCR (see 2.2.1.1) with the RNA and a suitable positive control 

as templates. The template volume used for PCR was 1/10 of the total PCR reaction mix. 

RNA samples were used for complementary DNA (cDNA) synthesis immediately (see 

2.2.1.13 and 2.2.1.15) or were diluted in DNA/RNA ShieldTM (Zymo Research) and stored 

at -80 °C. Stored samples were thawed and purified with the RNA Clean & ConcentratorTM-

25 Kit (Zymo Research) again before use. 

2.2.1.13 cDNA synthesis 

cDNA of N. crassa mRNA was synthesized via SuperScript® IV Reverse 

Transcriptase (Thermo Fisher Scientific) according to the manufacturer’s instructions. An 

oligo d(T) primer (#823, Table 4) and 5 µg RNA template were used for the reaction mix, 

which was incubated for 10 min at 53 °C. After cDNA synthesis, the RNA was removed by 

incubating the reaction mix for 20 min at 37 °C with the addition of 1 µl RNase H  

(5 U µl-1). 

2.2.1.14 Quantification of Neurospora crassa cDNA 

After cDNA synthesis (see 2.2.1.13), 2 µl of the cDNA was used in a 20 µl PCR with 

Taq DNA polymerase (see 2.2.1.1). For quantification, PCR mixes were loaded on a 2 % 

(w/v) agarose gel (see 2.2.1.6). The electrophoresis ran for 45 min at 75 V. Signals derived 

from amplification of cDNAs of interest were documented and quantified using the 

ChemiDocTM XRS+ (Bio-Rad Laboratories) imager and Image Lab (Bio-Rad Laboratories). 
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The signals from Moco biosynthesis cDNAs were normalized to the respective signal of act-2 

cDNA first (Bohle et al., 2007) and to the signal of the same gene expressed under nitrogen 

repressing conditions afterward. Primer pairs used for these experiments can be found in 

Table 4 (see 2.1.5). 

2.2.1.15 5’-rapid amplification of cDNA ends 

To perform 5’-RACE of N. crassa RNA isolations, the SMARTer® RACE 5’/3’ Kit 

(Takara) was used according to the manufacturer’s instructions. After isolation of N. crassa 

RNA (see 2.2.1.12), 1 µg RNA was used for first-strand cDNA synthesis. Afterward, 10 µl 

Tricine-EDTA buffer from the kit was added to the reaction. For the 5’-RACE reaction, 

primer #1291 or #1659 (see 2.1.5) was added. Touchdown PCR was applied according to 

the manual with 4 min amplification steps and 30 cycles in the third amplification round. 

2.2.1.16 DNA sequence analysis 

Plasmids generated in this work were validated via Sanger sequencing. The 

companies Eurofins Genomics and Microsynth Seqlab were commissioned for this. The 

sequencing was done using standard primers offered by the companies or using primers 

designed for this purpose with Primer3web (http://primer3.ut.ee/). Sequence analysis was 

carried out with SnapGene® (GSL Biotech LLC).  

2.2.2 Protein biochemistry 

2.2.2.1 Recombinant gene expression in Escherichia coli 

Recombinant genes were expressed in the E. coli BL21 (DE3) or TP1000 strain for 

Moco containing proteins derived from eukaryotes. Flasks containing 500 ml LB medium 

with ampicillin (50 µg ml-1) were inoculated with 8 - 10 ml of an E. coli pre-culture and were 

cultivated at 37 °C and shaking at 130 rpm. After the cell density reached OD600 = 0.5, the 

gene expression was induced by the addition of 500 µl 0.1 M IPTG, resulting in an IPTG 

concentration of 0.1 mM, and the temperature was lowered to 22 °C. For the production of 

eukaryotic Moco containing proteins, 10 mM sodium molybdate was added additionally to 

support the Moco biosynthesis. The gene expression lasted for 16 - 20 h. Subsequently, the 

cells were harvested by centrifugation at 10,000 x g for 8 min at 4 °C. The cell pellet was 

resuspended in 20 ml pre-cooled lysis buffer (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM 

EDTA, 2 % (v/v) glycerol) per 1 l cell culture. The cell suspension was shock frozen in liquid 
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nitrogen and stored at -20 °C or used for cell lysis directly. After thawing, DNase I was added 

to the cell suspension and lysis was performed by two passages through a cooled French® 

press cell (SLM Instruments) at 1,200 psig or a cooled high-pressure homogenizer 

(EmulsiFlex-C5, Avestin) at 1,000 psi. The cell lysate was centrifuged at 45,000 x g for 1 h at 

4 °C. Finally, the supernatant was used for Strep-tag® affinity purification (see 2.2.2.2). 

2.2.2.2 Strep-tag® affinity protein purification 

Recombinant genes were expressed with a Strep-tag® II coding sequence fused to 

the 3’-end of the gene for purification. The cell lysate (see 2.2.2.1) was loaded on a Strep-

Tactin® Superflow® high capacity resin (IBA). The resin was washed 10 times with 1 ml pre-

cooled lysis buffer (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 2 % (v/v) 

glycerol). The protein was eluted with 10 ml elution buffer (lysis buffer with 20 mM D-

desthiobiotin). High protein concentrations were achieved by using Vivaspin® Turbo 4 

(Sartorius) spin columns afterward. Protein concentrations were determined using the 

absorbance at 280 nm (see 2.2.2.3) and stored in 20 µl aliquots in liquid nitrogen. 

2.2.2.3 Protein concentration determination with OD280 

The concentration of purified proteins was determined using the specific extinction 

coefficient (e) at 280 nm, calculated with ExPASy ProtParam (https://web.expasy.org/ 

protparam/). After measuring the protein absorption at 280 nm (OD280) with the MultiskanTM 

GO plate reader (Thermo Fisher Scientific), the concentration (c) was calculated with 

equation (1). 

 (1) 

2.2.2.4 Bradford protein assay 

The protein concentration of N. crassa crude extracts was determined with the Bradford 

protein assay. Different dilutions of the protein solution were added to ROTI®Quant (Carl 

Roth) to a volume of 1 ml. After incubation at RT for 10 min, the absorption at 595 nm 

(OD595) was measured and the concentration (c) was calculated with equation (2) with V for 

the volume of protein dilution and d for the dilution factor. 
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 (2) 

2.2.2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

N. crassa crude extracts and purified proteins were routinely loaded on discontinued 

sodium dodecyl sulfate-polyacrylamide (SDS-PA) gels and separated according to their 

electrophoretic mobility using gel electrophoresis (Laemmli, 1970). Protein samples were 

diluted with 5x loading buffer (50 % glycerol, 3.5 % SDS; 15 % β-mercaptoethanol; 0.02 % 

bromophenol blue) and heated up to 95 °C for 10 min prior to the gel loading. Depending 

on the size of the protein of interest, 10 - 15 % (w/v) polyacrylamide gels were used. As protein 

standard, the Color Prestained Protein Standard, Broad Range (11–245 kDa) from New 

England Biolabs was used. The gel electrophoresis ran at 200 V for 45 min. Subsequently, 

the gels were used for protein staining or immunoblotting (see 2.2.2.6). For staining, 

Coomassie Brilliant Blue G-250 (Thermo Fisher) was used. After overnight-staining, gels were 

destained with 40 % (v/v) ethanol. Finally, gels were documented with the ChemiDocTM 

XRS+ (Bio-Rad Laboratories) imager. 

2.2.2.6 Western blot analysis 

Immunoblotting was applied to detect proteins in N. crassa crude extracts or to 

confirm recombinant protein expression in E. coli. After SDS-PAGE (see 2.2.2.5), the 

stacking gel and the dye front were removed and the SDS-PA gel was incubated in cold 

transfer buffer (20 mM Tris-HCl pH 8.5, 192 mM glycine, 10 % (v/v) methanol) for 30 min to 

wash out the SDS. Afterward, the separated proteins were transferred on a polyvinylidene 

fluoride (PVDF) or nitrocellulose membrane. The Trans-Blot Turbo Transfer System (Bio-

Rad Laboratories) was used for a semi-dry western blot according to the manufacturer’s 

instructions. If desired, a Ponceau S staining was done to test for the positive transfer of the 

proteins. For this, the membrane was washed three times with water and the Ponceau S 

solution (0.1 % (w/v) in water) was applied on the membrane. The membrane was incubated 

in the Ponceau S solution for 10 min shaking and, subsequently, the Ponceau S solution was 

discarded and non-bound Ponceau S was removed by washing with water for 10 min 

shaking. After documenting the protein bands using the ChemiDocTM XRS+ (Bio-Rad 

Laboratories) imager, the Ponceau S was removed completely by washing thoroughly with 
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water before the antibody binding. To avoid unspecific binding, the membrane was blocked 

with 20 ml 5 % (w/v) skimmed milk powder in TBS-T (50 mM Tris-HCl pH 7.6, 150 mM 

NaCl, 0.1 % (v/v) Tween 20) for 1 h shaking. The membrane was washed five times for 5 min 

with cold TBS-T while shaking. Subsequently, the membrane was incubated with 20 ml of 

an appropriate primary antibody as culture supernatant (see 2.2.2.7) overnight at 4 °C 

shaking, followed by five additional washing steps. The secondary antibody (Peroxidase-

conjugated AffiniPure Goat Anti-Mouse IgG + IgM (H+L), Dianova) was diluted 1:10,000 in 

20 ml TBS-T and was incubated for 1 h on the membrane at RT shaking. After seven 

additional washing steps, specific protein bands were detected and documented using the 

SERVALight Eos CL HRP WB Substrate Kit (Serva Electrophoresis) according to the 

manufacturer’s instructions and the ChemiDocTM XRS+ (Bio-Rad Laboratories) imager. 

2.2.2.7 Antibody generation and antibodies used in this work 

The monoclonal antibody 4C10 was generated by immunizing mice with 

recombinant NIT-7A following a standard immunization protocol. After hybridization and 

cloning, antibody-producing hybridoma cells were screened for their binding to recombinant 

NIT-7A by ELISA and western blot analysis. Isotype analysis of the clone 4C10 revealed it 

to be an IgG1 subtype. Supernatants were grown either according to standard protocols or 

in serum-free medium. The NIT-7A antibody 4C10 was used as a culture supernatant. All 

primary antibodies used in this work are listed in the following table (Table 9). 

Table 9 | Monoclonal antibodies used in this work. All self-made antibodies were obtained from immunized mice and were 
used as culture supernatant. 

Name Target 

Anti-GFP Green fluorescent protein; mouse IgG, κ (Roche Diagnostics) 

4C10 N. crassa NIT-7A 

5G7 N. crassa nitrate reductase (cytochrome c reducing fragment) 

7B7 N. crassa nitrate reductase (N-terminus) 

7G8 Strep-tag® II (Ringel et al., 2015) 
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2.2.2.8 Nitrate reductase activity assay 

NR activity was determined as published before (Ringel et al., 2013). 30 µl crude 

extract (see 2.2.3.6) was added to 30 µl NR reaction buffer (50 mM sodium phosphate buffer 

pH 7.2, 200 mM NaCl, 5 mM EDTA, 2 % (v/v) glycerol, 5 mM freshly added glutathione, 

protease inhibitor (Roche cOmpleteTM), 0.1 mM FAD, 20 mM KNO3, 2 mM NADPH) to 

start the reaction at RT. Two technical replicates were prepared for each measurement. For 

crude extracts from N. crassa mycelium, which was incubated under nitrogen repressing (N-

repressing) conditions or for 40 min under N-derepressing and nitrate inducing conditions 

(see 2.2.3.2), the NR reaction was stopped after 20 min by adding 40 µl 0.6 M zinc acetate 

to the reaction mix. For crude extracts isolated from mycelium incubated longer than 40 min 

under N-derepressing and nitrate inducing conditions, the NR reaction was stopped after 

5 min. The samples were mixed briefly and 200 µl 1 % (w/v) sulfanilamide in 3 M HCl and 

200 µl 0.02 % (w/v) N-(1-naphthyl)-ethylenediamine dihydrochloride were added. After 

incubation for 10 min at RT in the dark, the reaction was stopped by centrifugation at 

12,000 x g for 10 min at RT. The absorbance at 540 nm of 200 µl sample was measured in 

a 96-well plate using the MultiskanTM GO plate reader (Thermo Fisher Scientific). Two 

technical replicates were measured. NR activity was calculated with a nitrite calibration curve 

(SFigure 1). 

2.2.2.9 Quantification of molybdenum cofactor and its metabolites 

To quantify oxygen-sensitive Moco and its precursor, they have to be oxidized into 

the stable derivatives Compound Z (cPMP) or Form A (Moco/MPT). The oxidation of cPMP 

was adapted from Zupok, Gorka, et al., (2019). 50 µl 1 % (w/v) iodine- 2 % (w/v) potassium 

iodide in 1 M HCl and 150 µl 1 % (w/v) iodine- 2 % (w/v) potassium iodide were added to 

400 µl of N. crassa crude extract (see 2.2.3.6) and the sample was subsequently incubated 

for 16 h in the dark at RT. After centrifugation at 16,200 x g for 30 min at RT, 400 µl of the 

supernatant was transferred into a new reaction tube and 100 µl freshly prepared 1 % (w/v) 

ascorbic acid was added. The pH was adjusted to pH 8.3 by adding 200 µl 1 M Tris. QAE 

Sephadex® A-25 chloride form ion exchange resin (Merck) was used to purify Compound Z. 

After loading the sample on a column with 500 µl resin, the column was washed four times 

with 2.5 ml water and four times with 2.5 ml 10 mM acetic acid. Compound Z was eluted 

with five times 1 ml 100 mM HCl. All five elutions were used for the HPLC-based 
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quantification. For regeneration, the resin was washed four times with 2.5 ml 1 M NaCl, two 

times with 2.5 ml 1mM ammonium acetate, and four times with 2.5 ml distilled water. The 

resin was stored in columns at 4 °C in distilled water. All solutions were filtered with 0.8 µm 

membrane filters before use.  

Probst et al. (2014) published the method for the oxidation of Moco/MPT to Form A 

used in this work. 500 µg N. crassa protein crude extract (see 2.2.3.6) was filled up to a 

volume of 400 µl with 0.1 M Tris-HCl pH 7.2. 50 µl 1 % (w/v) iodine- 2 % (w/v) potassium 

iodide in 1 M HCl was added and the sample was subsequently incubated for 16 h in the 

dark at RT. After centrifugation at 11,000 x g for 10 min at RT, the supernatant was 

transferred into a fresh reaction tube and 56 µl freshly prepared 1 % (w/v) ascorbic acid was 

added. The pH was adjusted to pH 8.3 by adding 200 µl 1 M Tris. 13 µl 1 M MgCl2 and 

1 µl calf intestine alkaline phosphatase (Roche Diagnostics) were added for the 

dephosphorylation of Form A and the sample was incubated for 24 h in the dark at RT. 

Form A samples were purified using QAE Sephadex® A-25 chloride form ion exchange 

resin (Merck). 500 µl of the resin was loaded on a column and was washed two times with 

3 ml 1 M ammonium acetate and two times with 6 ml distilled water. The dephosphorylated 

Form A sample was centrifuged for 10 min at 10,000 x g at RT and was loaded on the 

column. 300 µl 10 mM acetic acid was added as void volume after the sample sunk entirely 

into the resin. Form A was eluted with 800 µl 10 mM acetic acid. The resin was washed with 

3 ml 10 mM acetic acid and two times with 3 ml 1 M ammonium acetate before it was stored 

at 4 °C in 1 M ammonium acetate. All solutions were filtered with 0.8 µm membrane filters 

before use. 

Subsequently, oxidized pterin samples were quantified with an HPLC-system 

equipped with a fluorescence detector (Agilent 11000 series). Compound Z samples were 

separated on a ReproSil-Pur Basic-C18-HD column (5 µm particle size, 250 x 4.6 mm) 

equilibrated with 10 mM potassium dihydrogen phosphate pH 3 at a flow rate of 1 ml  

min-1. The fluorescence was detected with excitation at 370 nm and emission at 450 nm. 

With this setup, Compound Z elutes at ~4.5 min. As a reference, a cPMP standard (kindly 

provided by Colbourne Pharmaceuticals GmbH) was used, which was oxidized accordingly 

(SFigure 2). Form A samples were also separated on a ReproSil-Pur Basic-C18-HD column 
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(5 µm particle size, 250 x 4.6 mm) connected to a pre-column and equilibrated with 5 mM 

ammonium acetate and 15 % (v/v) methanol at a flow rate of 1 ml min-1. The fluorescence 

was detected with excitation at 302 nm and emission at 451 nm. Form A elutes after ~7 min. 

As a reference, a dephospho Form A standard was used (Klewe et al., 2017). Data were 

collected and processed with OpenLab CDS version 2.2.0.600 (Agilent). 

2.2.3 Neurospora crassa work 

2.2.3.1 Cultivation and storage of Neurospora crassa 

N. crassa strains used in this study are listed in Table 3. Strains were grown on Vogel’s 

minimal medium (MM) (Vogel, 1956) supplemented with 1.5 % (w/v) sucrose as carbon 

source. N. crassa strains were incubated for 5 to 7 days at 30 °C in the dark and afterward 

at RT in daylight. For liquid cultures, N. crassa conidia were harvested and filtered with 

cheesecloth prior to the inoculation of baffled flasks and were cultivated at 30 °C shaking at 

130 rpm afterward. If required, 1.5 % (w/v) agar-agar was added to solidify the medium. 

Appropriate supplements (500 µg ml-1 histidine) and antibiotics (200 µg ml-1 hygromycin B, 

200 µg ml-1 glufosinate) were added for N. crassa knock out (ko) strains or strains carrying 

resistance markers for selection. When glufosinate was added to the medium, 0.5 % (w/v) 

proline was used as the sole nitrogen source for the effective selection of herbicide resistance 

(Pall, 1993). To enhance the gene expression controlled by the ccg-1 promoter, 1.2 % (w/v) 

sodium acetate (Wirsing et al., 2015) or 1.5 % (w/v) xylose (Bowman et al., 2015) were added 

as sole carbon source to the MM. Prior to long-term storage at -80 °C, cheesecloth-filtered 

conidia were diluted 1:2 with 40 % (v/v) glycerol. For growth under N-repressing or N-

derepressing and nitrate inducing conditions (reviewed by Marzluf, 1997), 75 mM 

ammonium chloride (NH4Cl, ammonium medium) or 80 mM potassium nitrate (KNO3, 

nitrate medium) were added as the sole nitrogen source to the culture medium, respectively. 

300 mM sodium chlorate (NaClO3) was added to the MM (chlorate medium) to test for 

catalytically active NR (Aberg, 1947; Tomsett and Garrett, 1980). 

2.2.3.2 Cultivation of Neurospora crassa under nitrogen derepressing and nitrate 

inducing conditions 

Incubation of N. crassa under N-repressing conditions was done by inoculating 

500 ml ammonium medium (see 2.2.3.1) with 5⋅107 conidia. For this, the OD530 of the conidia 

suspension was determined (OD530 = 0.1 ≙ 2⋅105 conidia). The conidia were incubated at 



Simon Wajmann  Material and methods 

34 

30 °C shaking at 130 rpm overnight (~18 - 20 h). The next day, conidia were harvested with 

a Büchner funnel and cellulose paper. To remove the residual medium, the cells were 

washed several times with distilled water. Afterward, the cells were dried and the cell pellet 

was split into six pieces. One pellet served as the negative control (0 min), whereas the other 

five cell pellets were transferred into 50 ml nitrate medium (see 2.2.3.1). The flasks were 

shaken vigorously to dissolve the pellets again. The cells were incubated at 30 °C shaking at 

130 rpm and harvested and dried after distinct time points under N-derepressing and nitrate 

inducing conditions (40 min, 80 min, 120 min, 160 min, and 200 min) with a Büchner funnel. 

Finally, the harvested cell pellets were shock frozen in liquid nitrogen. 

2.2.3.3 Transformation of Neurospora crassa 

N. crassa strains were transformed by electroporation of macroconidia as generally 

described earlier (Chakraborty and Kapoor, 1990). N. crassa his-3- mutant strains were grown 

on 100 ml solid MM supplemented with 500 µg ml-1 histidine in flasks for 7 d at 30 °C in the 

dark and for 3 d at RT in daylight afterward. Subsequently, the conidia were harvested with 

25 ml ice-cold 1 M sorbitol and filtered with cheesecloth to remove hyphae. The conidia 

suspension was centrifuged at 3,500 x g for 5 min at 4 °C and washed two times with 30 ml 

1 M ice-cold sorbitol. After the third centrifugation step, the supernatant was removed 

carefully and the pellet was resuspended in the residual 1 M sorbitol. 90 µl aliquots of the 

conidia suspension were transferred into pre-cooled reaction tubes and kept on ice. Plasmid 

DNA was linearized either by Q5®-PCR (see 2.2.1.1) with the primer pair #1622/#1623 

(Table 4) or by restriction digest with NdeI (see 2.2.1.2). 10 µl linearized plasmid DNA  

(c ≥ 10 µg ml-1) were added to the conidia aliquots. For electroporation, the MicroPulser 

Electroporator (Bio-Rad Laboratories) equipped with 2 mm gap electroporation cuvettes was 

used. The Sc2 program (1 pulse with 1.5 kV) was applied for N. crassa conidia. 500 µl ice-

cold 1 M sorbitol was added immediately after electroporation to the conidia suspension. 

The whole suspension was transferred into 20 ml melted top-agar (stored at 55 °C). After 

inverting the top-agar once, it was spread in 5 ml aliquots on four bottom-agar plates pre-

warmed to 37 °C. If necessary, hygromycin B and glufosinate were added to the bottom-

agar for selection (see 2.2.3.1). After solidification of the top-agar, the conidia were incubated 

at 30 °C for ~5 d in the dark. Homokaryotic transformant strains were obtained by single 

spore isolation (see 2.2.3.4) or crossing with an appropriate partner (see 2.2.3.5). 
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2.2.3.4 Single spore isolation 

After the selection of N. crassa primary transformants (see 2.2.3.3), single conidia 

were isolated to obtain homokaryotic strains. Primary transformants were transferred from 

agar plates onto slants and were incubated for 4 - 7 d at 30 °C in the dark and subsequently 

for 1 d at RT in daylight. Afterward, conidia were harvested with a wooden stick, washed 

off in distilled water, and filtered through cheesecloth to remove hyphae. The conidia 

suspension was diluted and spread on a BDES plate (Davis and de Serres, 1970). After 

overnight incubation at 30 °C in the dark, germlings were transferred on slants containing 

MM. Slants were incubated for 4 - 7 d at 30 °C in the dark and for 1 d at RT in daylight. 

Subsequently, gDNA was isolated (see 2.2.1.11). 1 µl of the gDNA sample served as a 

template for a 20 µl PCR reaction on the same day (see 2.2.1.1). For amplification, primer 

#1622 and #1623 (Table 4) were used, resulting in a ~990 bp band for non-integrated his-3 

loci and a ≥ 2100 bp band (~2100 bp for the rescued his-3 locus plus x bp for the inserted 

gene) for positive integrated his-3 loci. For heterokarya, both bands or only the ~990 bp band 

was visible, while homokarya lack the ~990 bp signal. If none of the tested strains was a 

homokaryon, the strain with the highest integrated to non-integrated signal ratio was used for 

an additional single spore isolation round. 

2.2.3.5 Crossing 

N. crassa strains of opposing mating types were crossed to obtain specific mutant 

strains or to create homokaryotic strains. For crossing, synthetic cross medium (SC medium) 

was used (Westergaard and Mitchell, 1947). If necessary, 200 µg ml-1 histidine was added to 

the SC medium. One N. crassa strain was inoculated with a wooden stick in the center of 

the SC medium plate and incubated at RT in daylight until protoperithecia were developed. 

Mycelium of the other N. crassa strain was harvested with 1 ml distilled water from a slant. 

The mycelium was spread on the same SC medium plate using a Drigalski spatula. The 

crossing plate was incubated at RT until ejected ascospores were observed. After harvesting 

the ascospores from the lid with 500 µl ripening buffer (0.1 M Tris-HCl pH 8.0, 2 mM 

EDTA), they were incubated for ~7 d in the dark at RT. The ascospores were heat activated 

at 60 °C for 10 min, 0.5 - 5 µl of the ascospore solution was spread on BDES plates (Davis 

and de Serres, 1970) supplemented with appropriate antibiotics or histidine (see 2.2.3.1), and 

the plates were incubated overnight at 30 °C. On the next day, germlings were transferred 
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onto slants with 3 ml solid MM. The genotype of grown strains was confirmed via PCR (see 

2.2.1.11 and 2.2.3.4) and the mating-type was determined as described previously (Perkins et 

al., 1989). 

2.2.3.6 Protein and metabolite extraction 

To obtain crude extracts from huge amounts of N. crassa cells, the deep-frozen pellet 

was ground with mortar and pestle while cooled with liquid nitrogen. ~300 - 500 µg ground 

cells and 300 µl protein extraction buffer (50 mM sodium phosphate buffer pH 7.2, 200 mM 

NaCl, 5 mM EDTA, 2 % (v/v) glycerol, 5 mM freshly added glutathione, protease inhibitor 

(Roche cOmpleteTM)) were filled into a 2 ml reaction tube and stored on ice. For smaller 

cell pellets, a 2 ml microtube with a screw cap was filled with ~0.5 g zirconium oxide beads 

(1.4 mm size), 300 µl protein extraction buffer, and ~300 - 500 µg deep-frozen N. crassa cells. 

The sample was homogenized two times for 30 s at 6.5 m s-1 using the FastPrepTM-24 (MP 

Biomedicals). After crude extraction, the sample was incubated for 20 min on ice while 

mixed occasionally. Cell debris was removed by centrifuging the sample for 10 min at 

21,000 x g at 4 °C afterward. The supernatant was transferred into a new pre-cooled reaction 

tube and the protein concentration was determined with the Bradford protein assay (see 

2.2.2.4). 

2.2.3.7 Race tube experiments 

3 ml solid nitrate or chlorate medium (see 2.2.3.1) was filled in 10 ml sterile plastic 

serological pipets (race tubes) (White and Woodward, 1995). After inoculating 10 µl conidia 

suspension (c = 103 conidia µl-1; OD530 = 0.1 ≙ 2⋅105 conidia), race tubes were incubated for 

72 h at 30 °C and in the dark. 

2.2.3.8 Colony growth test 

Qualitative growth determination of N. crassa strains was achieved by cultivating 

respective conidia in a dilution series on BDES plates to restrict hyphal growth and to support 

colony growth (Davis and de Serres, 1970). Strains were incubated on nitrate and chlorate 

medium (see 2.2.3.1) for 72 h at 30 °C in the dark. Plates were documented with the 

ChemiDocTM XRS+ (Bio-Rad Laboratories) imager. 
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2.2.3.9 Live cell imaging 

For phenotypic analysis, hyphae of N. crassa strains grown on MM, nitrate, and 

chlorate medium (see 2.2.3.1) were documented with the Nikon Eclipse Ni upright 

microscope equipped with the DS-Qi2 camera (Nikon). The 60x Plan Apo VC (numerical 

aperture 1.4, oil immersion) was used as objective. Images were taken with the NIS Elements 

software (Nikon) and processed using ImageJ v.1.52e (National Institutes of Health). 

To determine the subcellular localization of NIT-7 variants, heterokaryons of strains 

expressing nit-7-egfp variants and an N. crassa mitochondrial marker strain, which expresses 

the atp-1 pre-sequence fused to the mCherry encoding sequence (N. crassa strain G200; 

Table 3), were prepared as described previously (Wirsing et al., 2015). Spatial localization 

was analyzed with the cLSM-510META scanhead connected to the Axiovert 200M (Carl 

Zeiss) in a single-tracking mode. An argon laser with a 488 nm wavelength (LGK 7812 ML4, 

Lasos) was used for eGFP excitation. The fluorescence was detected by using the main 

dichroic beam splitter HFT UV/488/543/633 and the bandpass filter (505 - 530 nm) in the 

channel mode in front of the detector. For mCherry excitation, a helium-neon laser with a 

543 nm excitation wavelength (LGK 7786P, Lasos) was employed. mCherry fluorescence 

was detected by using the main dichroic beam splitter HFT UV/488/543/633 and a longpass 

filter (560 nm). When appropriate, bright field images of samples were taken with the 

transmitted light photomultiplier. Unidirectional sequential scanning was done with a line 

average of 4, 8, or 16. As objectives, the 10x Plan-Neofluar (numerical aperture 0.3) and the 

40x C-Apochromat (numerical aperture 1.2, water immersion) were used. Images were taken 

using the ZEN software (Carl Zeiss) and processed using ImageJ v.1.52e (National Institutes 

of Health).  
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3 Results 

3.1 The link between nitrate assimilation and molybdenum cofactor 

biosynthesis 

3.1.1 Expression of nit-3 leads to enhanced Moco biosynthesis 

It is well known that N-derepression and nitrate induction together upregulate the 

expression of Moco dependent nit-3 (encoding for NR) in N. crassa (Nason and Evans, 1953; 

Crawford et al., 1988; Ringel et al., 2013). Whereas the literature describes the regulation of 

fungal nitrogen assimilation pathways in detail (reviewed by Marzluf, 2001), Moco 

biosynthesis regulation is characterized neither for fungi nor for other eukaryotes. To analyze 

the effects of enhanced nit-3 expression on Moco biosynthesis, I quantified the production 

of Moco and its precursors under N-derepressing and nitrate inducing conditions HPLC-

based (Figure 5). N. crassa grew initially under N-repressing conditions with ammonium as 

sole N-source overnight and subsequently under N-derepressing and nitrate inducing 

conditions for defined time periods. I detected the production of NR via western blot analysis 

using the 5G7 primary antibody (Figure 5a, Table 9). As expected, the formation of NR was 

only detectable under N-derepressing and nitrate inducing conditions with an increased 

signal strength over time (~130 kDa). The newly synthesized NR was also loaded with Moco, 

as I demonstrated by quantifying rising NR activities, which correlate with the signals 

detected in the western blot analysis (Figure 5b). 

Moreover, the quantitative detection of Moco and its precursor MPT indicated an 

up-regulation of Moco biosynthesis under N-derepressing and nitrate inducing conditions 

(Figure 5b), thus revealing the connection of nitrate assimilation and Moco formation. Next 

to Moco/MPT, I also measured the amounts of cPMP, the product of the first step of Moco 

biosynthesis. The cPMP quantification revealed that NR production also leads to 

up-regulated cPMP synthesis (Figure 5b). Remarkably, the total amounts of cPMP for each 

time point was nine- to eleven-fold higher compared to Moco/MPT amounts (Figure 19a). 

To understand the mechanisms behind enhancing Moco biosynthesis, I analyzed the 

expression of Moco biosynthesis genes in the following. 
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Figure 5 | Quantitative detection of molybdenum cofactor, its precursors, and nitrate reductase activity in Neurospora crassa. 
a, N. crassa mycelium grew under nitrogen repressing (N-repressing) conditions overnight (time point 0 min) and was 
subsequently cultivated for defined periods under N-derepressing and nitrate inducing conditions. The blot shows the 
detection of nitrate reductase (NR) in 20 µg crude extracts of the mycelia (signal at ~130 kDa). The used primary antibody 
5G7 targets the cytochrome c reducing fragment of NR. The Color Prestained Protein Standard, Broad Range (11–245 kDa) 
marker (New England Biolabs) was used for size determination (M). b, Quantitative detection of cyclic pyranopterin 
monophosphate (cPMP), molybdopterin (MPT), molybdenum cofactor (Moco), and NR activity in N. crassa mycelia treated 
as described in (a). Pterin contents were normalized with time point 0 min ≙ 100 %. At time point 0 min, the absolute cPMP 
amount was 32.2 ± 16.9 pmol per mg crude extract and the absolute Moco/MPT amount was 3.7 ± 0.7 pmol per mg crude 
extract. No NR activity was traceable under N-repressing conditions. Four biological replicates were analyzed for each 
experiment. The error bars indicate the standard deviations and asterisks indicate significant differences compared to 
N-repressing conditions according to the two-tailed paired Student’s t-test with significance levels indicated as *p ≤ 0.05 
and ***p ≤ 0.001. The results were published in Wajmann et al. (2020) and partly in my Master’s thesis (2017). 
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3.1.2 Moco demand enhances nit-7 expression 

I applied reverse transcription PCR (RT-PCR) to trace back Moco biosynthesis gene 

expression levels under N-derepressing and nitrate inducing conditions and compared them 

to expression levels under N-repressing conditions (Figure 6b). For nit-7 (encoding the first 

step of Moco biosynthesis), Probst et al. (2014) described two different splice variants, namely 

non-spliced nit-7 and nit-7Δ1460-1696 (Figure 6a). To distinguish between these splice 

variants, I designed a primer pair whose PCR product includes the intron and therefore led 

to two different sized DNA fragments depending on the splice variant (Figure 6a, Table 4). 

Among all transcripts analyzed, only non-spliced nit-7 showed an up-regulation after 40 min 

under N-derepressing and nitrate inducing conditions (Figure 6b). Interestingly, the 

expression of non-spliced nit-7 and the MPT synthase sulfurase nit-1 displayed a down-

regulation after 120 min. Although it is not significant, I observed a general decrease of all 

transcripts between time point 80 min and 160 min, followed by an increase of the signal 

strengths with their maxima at time point 200 min in a sinusoidal manner. However, the RT-

PCR results indicate that fungi regulate the Moco biosynthesis by the formation of non-

spliced nit-7, leading to the production of NIT-7A, the protein involved in the first reaction 

step of this pathway (Hover et al., 2013; Probst et al., 2014). 
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Figure 6 | Expression analysis of molybdenum cofactor biosynthesis genes. a, The two nit-7 splice variants described by 
Probst et al. (2014) are shown. The arrows represent the primer binding sites for the PCRs in (b). Beneath the mRNA splice 
variants, the resulting protein products are given. nit-7 exon 1 encodes for the A-domain (bright grey box), the intron (black 
line) encodes for the double glycine motif (GlyGly) followed by a stop codon, and exon 2 encodes for the linker region 
(white bar) and the B-domain (dark grey box). The numbers show the first and last bases of the exons or residues of the 
protein domains. Nucleotides of the 5’-untranslated region (5’-UTR) possess a negative sign and nucleotides of the 3’-UTR 
possess an asterisk. b, The quantification of reverse transcription PCR of molybdenum cofactor biosynthesis mRNAs is 
illustrated. Neurospora crassa mycelia grew for indicated periods under nitrogen derepressing (N-derepressing) and nitrate 
inducing conditions. The signal strengths were normalized to the expression level of act-2 (Bohle et al., 2007) and afterward 
to the expression level of the respective gene under N-repressing conditions. The error bars indicate the standard 
deviations (n = 3) and asterisks indicate significant differences compared to N-repressing conditions according to the two-
tailed paired Student’s t-test with the significance level indicated as *p ≤ 0.05. Results were published in Wajmann et al. 
(2020). 
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3.2 Transcript analysis of nit-7 

3.2.1 In silico analysis of nit-7 

Other than in bacteria (Rajagopalan, 1997) and plants (Hoff et al., 1995), fungi fused 

the two catalytic activities needed for the conversion of GTP to cPMP into one gene (Unkles 

et al., 1997; Probst et al., 2014). In the current model, the NIT-7 B-domain exists only in the 

fusion protein NIT-7AB, linked to the inactive NIT-7 A-domain without the catalytically 

important C-terminal double glycine motif (Probst et al., 2014). In contrast, I identified a 

potential start codon in nit-7 exon 2, in-frame with the known coding sequences and upstream 

of the nucleotide sequence for the active site of the B-domain (nucleotides 2104 - 2106; 

residue M623) (Wuebbens et al., 2000) using the program ATGpr (Salamov et al., 1998) with 

a reliability score of 0.81 (Figure 7). I named the hypothetical protein derived from this 

potential start codon NIT-7B’. Moreover, NIT-7B’ might contain a mitochondrial targeting 

signal (export probability of 0.92) according to the MitoProt II (v.1.101) prediction with a 

cleavage site between I669 and A670 (Figure 7) (Claros and Vincens, 1996). Finally, 

according to the NCBI reference sequence XM_950696.2 (submitted on 23.02.2015), nit-7 

exon 1 is divided into two parts (exon 0 and exon 1), separated by another intron (intron 0, 

nucleotides -233 to -136). Following this annotation, exon 0 (nucleotides -263 to -234) might 

directly fuse to exon 2 using a different splicing acceptor site. The resulting exon 0-exon 2 

fusion splice variant might encode for NIT-7B’. The next goal of this work was to prove the 

existence of NIT-7B’, encoded by an independent mRNA or translated internally from a 

known transcript. 
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Figure 7 | Partial sequence alignment of NIT-7AB with homologous proteins. A black background indicates highly conserved 
residues; a grey background marks similar residues, and red boxes highlight residues of the active site (Wuebbens et al., 
2000). The asterisk marks residue L612, the first amino acid of the NIT-7 B-domain. ATGpr (Salamov et al., 1998) predicts 
nucleotides 2104 - 2106 to be a start codon (reliability score: 0.81), which refers to residue M623 (#, resulting hypothetical 
protein: NIT-7B’). MitoProt II (v.1.101) calculates a mitochondrial import of NIT-7B’ with a probability of 0.92 using a 47 
residue long pre-sequence (potential mitochondrial targeting signal, pmts, black line) (Claros and Vincens, 1996). Proteins 
from top to bottom: Nc.NIT-7AB: Neurospora crassa NIT-7AB (XP_955789.2), An.CnxABC: Aspergillus nidulans CnxABC 
(AAB84030.1.1), Hs.MOCS1AB: Homo sapiens MOCS1AB type-IIIad (NP_001345458.1), Ec.MoaC: Escherichia coli MoaC 
(NP_415304.1), and At.Cnx3: Arabidopsis thaliana Cnx3 (NP_001154299.1). The alignment was generated with Clustal 
Omega (Madeira et al., 2019). 

3.2.2 Expression of nit-7 results in three different mRNA splice variants 

In humans, the nit-7 homolog MOCS1 encodes for both enzymatic activities needed 

for the first step of Moco biosynthesis (Reiss, Cohen, et al., 1998; Hänzelmann et al., 2002). 

Post-transcriptional modifications of MOCS1 pre-mRNA lead to the generation of multiple 

splice variants with differences in the 5’- and 3’-ends (Gray and Nicholls, 2000; Gross-Hardt 

and Reiss, 2002; Arenas et al., 2009). To identify yet unknown nit-7 splice variants that 

possibly encode for NIT7-B’, I employed a 5’-RACE approach with a nit-7 gene-specific 

primer, binding to exon 2 (Figure 8a, Table 4). I extracted mRNA from N. crassa grown for 

40 min under N-derepressing and nitrate inducing conditions because I detected enhanced 

Moco biosynthesis gene expression levels at this particular time point (Figure 6b). Analysis 

of the PCR product via gel electrophoresis gave only a single band on the agarose gel (Figure 

8a), which I further processed for sequence analysis. The analysis led to the discovery of 

three different mRNA splice variants (Figure 8b), two of which correspond to the nit-7 

variants suggested by Probst et al. (2014), i.e., non-spliced nit-7 and nit-7Δ1460-1696. The 

third splice variant (nit-7Δ1469-1696) uses a different splicing donor site. Here, nine 

nucleotides of the intron are part of the mRNA sequence (Figure 8d), resulting in the 

translation of catalytically active NIT-7A, like in non-spliced nit-7. To further characterize the 



Simon Wajmann  Results 

44 

significance of the found splice variants and protein domains for the Moco biosynthesis, I 

analyzed the impact of nit-7 mutations in vivo. 

 

Figure 8 | Results from 5’-rapid amplification of cDNA ends of nit-7. a, Depicted is a scheme of the primer binding used for 
5’-rapid amplification of cDNA ends (5’-RACE). The primer (arrow) binds in the region of nucleotides 2367 - 2394 of nit-7 
exon 2 (dark grey box). For exon 1 (e1, bright grey box), only the 3’-end is shown. The black line represents the intron. 
Below the scheme, the result of the 5’-RACE is shown with the size standard (M, Invitrogen 1 kb Plus DNA Ladder) and the 
sample obtained from a Neurospora crassa mRNA extraction (S). The single band was used for sequence analysis. b, 
Deduced full-length nit-7 mRNA splice variants found by sequencing the band from (a) with their respective names above. 
The numbers indicate the first and last nucleotides of the exons. Nucleotides of the 5’-untranslated region (5’-UTR) possess 
a negative sign and nucleotides of the 3’-UTR possess an asterisk. For better visualization, the intron part (black line) in nit-
7Δ1469-1696 is not drawn to scale. c, The resulting proteins from the splice variants shown in (b) are illustrated. Exon 1 
encodes for the A-domain (bright grey box); exon 2 for the linker region (white box) and the B-domain (dark grey box). The 
double glycine motif is also indicated (GlyGly, encoded by the intron). The numbers represent the first and last amino acids 
of the protein domains. d, A detailed scheme of the nit-7 nucleotides involved in the splicing mechanisms is shown. For a 
better orientation, numbers indicate the first nucleotide of exon 1 (e1, bright grey box) and last nucleotide of exon 2 (e2, 
dark grey box) that are depicted. Splicing using the splicing donor site 1 (sd1) results in the production of nit-7Δ1460-1696, 
while splicing using sd2 results in the formation of nit-7Δ1469-1696. In both splice variants, the same splicing acceptor site 
(sas) is used. The intron (black box) encodes for the double glycine motif (GlyGly) and the stop codon (*). The gap (---) 
represents the nucleotides of the intron, which were left out. Results were published in Wajmann et al. (2020). 

  



Simon Wajmann  Results 

45 

3.3 The interplay of NIT-7 proteins and domains for cPMP synthesis 

3.3.1 Moco deficiency leads to impaired growth under nitrate reductase 

demanding conditions 

The present literature describes N. crassa nit-strains to lack the capability to utilize nitrate (nit 

stands for nitrate non-utilizer), and thus they cannot grow under N-derepressing and nitrate 

inducing conditions (Sorger and Giles, 1965; Marzluf, 1997; Probst et al., 2014). Beyond this 

qualitative description, no quantitative data are available so far. To further decipher the first 

step of Moco biosynthesis in N. crassa, I decided to analyze the nit-phenotype first. For this 

purpose, I incubated a nit-7 knock out (ko) strain (G253, genotype: Δmus52::bar+; Δnit-

7::hph+, Table 3) (Probst et al., 2014) under N-derepressing and nitrate inducing conditions 

(nitrate medium) and on Vogel’s minimal medium (MM) supplemented with chlorate 

(chlorate medium) (Figure 9). For comparison, I used the N. crassa wild type (wt) strain 

(G280) and an N. crassa strain with a mutated nit-9 gene (protein product NIT-9 G464D, 

strain G218, genotype: Δmus52::bar+; nit-9.1391G>A) (Figure 9, Table 3). Previous in vivo 

and in vitro work on the Arabidopsis thaliana (A. thaliana) NIT-9 ortholog Cnx1 showed 

that this mutation leads to reduced Moco biosynthesis activity of the plant (Kahlfeldt, 2006; 

Krausze et al., 2017). 
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Figure 9 | Neurospora crassa nit-phenotype characterization. a, The  Neurospora crassa strains G280 (wt), G218 (producing 
mutated NIT-9 G464D), and G253 (nit-7 ko) (Table 3) were grown under nitrogen derepressing and nitrate inducing 
conditions (Nitrate/Nitrate medium) and on Vogel’s minimal medium (MM) supplemented with chlorate 
(Chlorate/Chlorate medium) for growth determination. b, Depicted are the primary hyphae diameters of strains described 
in (a) as Tukey’s box plots. c, Nitrate reductase (NR) activities of strains described in (a) are shown (n.d. = not detectable). 
The strains were grown for 200 min under nitrogen derepressing and nitrate inducing conditions. For (a), (b), and (c), the 
numbers above the bars and whiskers show the number of replicates and asterisks indicate significant differences according 
to the ordinary one-way ANOVA test (Dunnett’s multiple comparisons test) with the significance levels indicated as *p ≤ 
0.05 and ****p ≤ 0.0001. In (a) and (c), the error bars indicate the standard deviations. d, Representative images of N. 
crassa strains analyzed in (b) are shown in the same scale (scale bar: 10 µm). e, The qualitative documentation of strains 
described in (a) is shown. 10 µl of each dilution was inoculated on BDES plates and incubated for 72 h (Conc. stands for 
concentration). All images are shown in the same scale (scale bar: 5 mm). Results were partly published in Wajmann et al. 
(2020). 
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I inoculated the strains on race tubes (White and Woodward, 1995), incubated them 

for 72 h, and measured the growth length (Figure 9a). On nitrate medium, strain G280 grew 

21.7 ± 2.7 cm, strain G218 grew 12.3 ± 2.7 cm, and strain G253 grew 5.5 ± 1.0 cm. In line 

with this, the tested strains showed inverted growth behavior on chlorate medium (G280: 2.4 

± 0.4 cm, G218: 10.0 ± 0.5 cm, and G253: 19.6 ± 0.6 cm), demonstrating that the effect on 

growth is solely attributed to the available N-source (Aberg, 1947; Tomsett and Garrett, 1980; 

reviewed by Marzluf, 1997). Notably, on nitrate medium, strain G253 displayed a reduced 

lateral spreading of the mycelium. In a more qualitative approach, I documented the growth 

of all three strains on BDES plates (Davis and de Serres, 1970) in a dilution series 

(Figure 9e). 

To further characterize the lack of Moco biosynthesis in N. crassa, I measured the 

diameter of primary hyphae (Figure 9b). Here, I included the growth on MM for all strains. 

On MM, the wt strain G280 and the nit-7 ko strain G253 showed no differences in primary 

hyphae (7.1 ± 1.0 µm and 6.7 ± 0.8 µm, respectively), while hyphae of strain G218 (expressing 

mutated NIT-9 G464D) showed a significantly decreased diameter (6.7 ± 0.9 µm). The mean 

and the standard deviation quantified for strain G218 look comparable to those of strains 

G280 and G253, but the D'Agostino & Pearson test revealed that strain G218 displayed no 

normal distribution in hyphae diameter when grown on MM (p = 0.0005, Figure 10), leading 

to the significant difference. On nitrate medium, strain G218 showed a significantly narrower 

hyphae diameter compared to strain G280 and the hyphae diameter of strain G253 was even 

significantly decreased compared to strain G218 (G280: 4.6 ± 0.9 µm, G218: 3.9 ± 0.6 µm, 

G253: 2.6 ± 0.5 µm). In contrast, I detected no variation between strain G218 (4.2 ± 0.6 µm) 

and G253 (4.4 ± 0.5 µm) in hyphae diameter when grown on chlorate medium. Here, only 

strain G280 had a significantly decreased primary hyphae diameter (2.3 ± 0.5 µm) compared 

to the other two strains. Moreover, in both mutant strains, G218 and G253, I found a highly 

increased number of vacuoles when grown under N-derepressing and nitrate inducing 

conditions (nitrate medium) (Figure 9d). 

Finally, I measured the NR activities of strains G280, G218, and G253 in vitro after 

growth on nitrate medium for 200 min (Figure 9c). As expected, strain G218 had a 

significantly lowered NR activity (2.4 ± 1.9 nmol nitrite per min and mg crude extract) 
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compared to the wt strain G280 (31.4 ± 15.9 nmol nitrite per min and mg crude extract), 

while in the nit-7 ko strain G253, the NR activity was completely absent. It is worth 

mentioning that the growth ratio of strain G280 to strain G218 (Figure 9a) does not reflect 

the NR activity ratio measured (Figure 9c). 

To sum up, the nit-phenotype leads to decreased growth of mycelium (lateral and 

longitudinal), narrower hyphae, and an enhanced number of vacuoles under N-derepressing 

and nitrate inducing conditions. On the other hand, N. crassa nit-strains are resistant to 

chlorate medium and develop a healthy growth behavior here, comparable to wt-like growth 

on nitrate medium. 

 

Figure 10 | Normal Q-Q plot of N. crassa strain G218 grown on Vogel’s minimal medium. The presented data are taken from 
Figure 9b. The x-axis shows the actual values measured; the y-axis shows the predicted values. x = y is given as a dotted 
line. The p-value, calculated by the D'Agostino & Pearson test, for the shown dataset is 0.0005. 

3.3.2 Expression of non-spliced nit-7 and nit-7Δ1460-1696 are sufficient for 

Moco biosynthesis 

To study the relevancy of the three found nit-7 splice variants, I created the N. crassa 

strain G546 (genotype: his-3-; Δmus52::bar+; Δnit-7::hph+, Table 3), to introduce different  

nit-7 variants into the his-3 locus (Table 10, Figure 11a, Table 3). After homokaryon 

generation by single spore isolation and verification via PCR, the mutant strains grew on 

nitrate and chlorate medium, as explained before. 
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Table 10 | Mutations used for nit-7 ko rescue. This table shows the mutations of the different nit-7 constructs used for the 
rescue of N. crassa strain G546 (Table 3). The nit-7 constructs include the DNA region 1492 bp upstream and 542 bp 
downstream of the nit-7 locus. Figure 11a illustrates a detailed view of the nit-7 construct used for transformation. 

Mutation Strain Target 

None G554 wt rescue 

I G571 Potential splicing donor site of exon 0 (Broad Inst. annotation) 

II G569 Start codon of exon 1 

III G555 Splicing donor site of exon 1 

IV G557 Novel splicing donor site of the intron 

V G581 Frameshift in exon 2 upstream of the potential start codon for NIT-7B’ 

VI G556 Potential start codon of exon 2 for NIT-7B’ 

 

First, I tried to rescue the Moco biosynthesis of strain G546 by transforming the wt 

nit-7 gene, including the flanking regions (1492 bp upstream and 542 bp downstream of 

nit-7), into the his-3 locus. The resulting rescued strain G554 showed fully wt-like behavior 

on chlorate medium with a growth length of 2.3 ± 0.4 cm after 72 h (Figure 11b) and a 

primary hyphae diameter of 2.0 ± 0.3 µm (Figure 11c), as demonstrated with an equivalency 

test (Figure 11d). On the other hand, on nitrate medium, the growth of strain G554 was 

different from the growth of wt strain G280 (Figure 11d) with a growth length of 17.6 ± 1.1 cm 

and a primary hyphae diameter of 5.2 ± 0.7 µm. However, the growth of strain G554 differed 

significantly on both media from the growth of the nit-7 ko strain G253, revealing that I was 

generally able to restore Moco biosynthesis by the transformation of the nit-7  gene (Figure 

11b, c). The growth rate of strain G554 corresponded to 81.2 ± 5.0 % compared to wt growth 

on nitrate medium and 10.65 ± 4.4 % compared to nit-7 ko growth on chlorate medium 

(Figure 11e). 

In the following, I analyzed the growth behavior of the mutant strains and compared 

it to the growth of strain G554 (Figure 11e, f). Mutating the start codon of nit-7 exon 1 

(mutation II, G569) or the conventional splicing donor site required for nit-7Δ1460-1696 

(mutation III, G555) led to a significant decrease of growth and primary hyphae diameter on 
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nitrate medium, while it improves growth on chlorate medium. I observed the same effect 

when introducing a frameshift mutation into exon 2 (mutation V, G581), disrupting the 

production of NIT-7AB, but not the potential formation of NIT-7B’. The mutation of the new 

splicing donor site required for nit-7Δ1469-1696 (mutation IV, G557) had no negative 

influence on the rescue other than narrower hyphae on nitrate medium. I also evaluated the 

existence of exon 0 (NCBI reference sequence XM_950696.2) by destroying the splicing 

donor site (mutation I, G571), which showed no adverse effect on the rescue. On the other 

side, it is worth noting that strain G571 showed a significantly improved growth rate on nitrate 

medium compared to strain G554. Interestingly, the mutation of the potential start codon of 

NIT-7B’ (mutation VI, G556) led to decreased but not complete loss of Moco biosynthesis, 

hinting towards the involvement of NIT-7B’ in the Moco biosynthesis. Figure 11g shows an 

overview of the growth of all rescue strains on nitrate and chlorate medium on BDES plates 

in a dilution series. 

With these experiments, I was able to show that nit-7Δ1460-1696 is crucial for Moco 

biosynthesis, while the loss of nit-7Δ1469-1696 did not influence the growth of N. crassa. I 

saw a decrease of Moco biosynthesis activity in strain G556 (mutation VI), which can be 

explained by either a disrupted production of NIT-7B’ or the influence of the residue 

exchange M623A in NIT-7AB, which is another consequence of mutation VI. Due to the 

natural circumstances in this experimental setup, I cannot exclude the generation and 

translation of non-spliced nit-7 alone or prevent the potential expression of NIT-7B’ without 

influencing NIT-7AB. For the in-depth analysis of the functionality of the NIT-7 domains for 

cPMP synthesis, I designed a slightly different experiment in the following. 
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Figure 11 | Analysis of nit-7 mutations using N. crassa strain G546.a, The full-length nit-7 gene (exon 1: light grey box, exon 
2: dark grey box, intron: black line), including the flanking regions (dotted lines), used for the rescue experiments is shown. 
The black asterisk indicates the start codon of exon 1; the white asterisk the potential start codon in exon 2. Numbers refer 
to the first and last nucleotide of the flanking region or the exons. Nucleotides of the 5’-untranslated region (5’-UTR) 
possess a negative sign; nucleotides of the 3’-UTR an asterisk. The first nucleotides of the intron are given above. Roman 
numerals indicate mutation sites (Table 10). b, The race tube growth of G554 (wt rescue) and G253 (nit-7 ko) is shown. The 
error bars represent the standard deviations. c, The primary hyphae diameters of G554 and G253 are depicted as Tukey’s 
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box plots. d, The results of the equivalency tests are shown. The longitudinal growth on race tubes (growth) and the primary 
hyphae diameter (hyphae) of G554 (rescue) are compared to G280 (wt). The dots indicate the mean differences, the solid 
lines represent the 90 % confidence intervals, and the dotted lines show equivalence margins with a value of 0.5. e, The 
growth of the mutant strains discussed in (a) after 72 h, normalized to wt growth (G280) for nitrate medium and nit-7 ko 
growth (G253) for chlorate medium, is indicated. The error bars represent the standard deviations. f, The primary hyphae 
diameters of the mutant strains are shown as Tukey’s box plots. g, The qualitative documentation of the mutant strains is 
given. 10 µl of each dilution were inoculated on BDES plates and incubated for 72 h. All images are shown in the same size 
(scale bar: 5 mm). In (b), (c), (d), (e), (f), and (g), Nitrate refers to growth under N-derepressing and nitrate inducing 
conditions and Chlorate refers to growth on Vogel’s minimal medium supplemented with 300 mM chlorate. In (b), (c), (e), 
and (f), numbers above the bars and whiskers indicate the number of replicates and asterisks indicate significant differences 
according to the unpaired Student’s t-test (b and c) or ordinary one-way ANOVA test (Dunnett’s multiple comparisons test) 
(e and f) with the significance level indicated as ****p ≤ 0.0001. Significance levels in (e) and (f) refer to the measurements 
of the wt rescue G554. Results were partly published in Wajmann et al. (2020). 

3.3.3 cPMP synthesis requires the expression of NIT-7A and NIT-7AB 

After germination, genetically identical conidia of N. crassa recognize each other 

chemotropically and undergo cell fusion to become one organism (reviewed by Fischer and 

Glass, 2019). I took advantage of this finding and incubated N. crassa strains, expressing 

different nit-7 variants, together and analyzed the Moco biosynthesis activities. For this, I 

transformed three different open reading frames of nit-7 under the control of the ccg-1 

promoter (McNally and Free, 1988) into the his-3  locus of N. crassa strain G546, yielding 

the strains G552 (producing NIT-7A), G553 (producing NIT-7AB), and G558 (producing 

hypothetical NIT-7B’) (Figure 12a, Table 3). These strains grew as homokaryons, as well as 

heterokaryons in different combinations with each other on nitrate and chlorate medium. As 

explained before, I measured the growth rates and primary hyphae diameters (Figure 12b, 

c; Figure 12d for qualitative analysis) and normalized the growth on race tubes to the growth 

of the wt strain G280 (nitrate medium) and the nit-7 ko strain G253 (chlorate medium). An 

ordinary one-way ANOVA revealed significant differences (STable 1 - STable 4). When 

grown as homokaryons, strains G553 and G558 showed the typical nit-phenotype with 

reduced growth on nitrate medium and enhanced growth on chlorate medium. In contrast, 

the growth of the NIT-7A producing strain G552 presented impaired growth on both, 

chlorate and nitrate medium (Figure 12b, c). Neither the combination of strains G552 and 

G558 (NIT-7A and NIT-7B’) nor G553 and G558 (NIT-7AB and NIT-7B’) could recover the 

Moco biosynthesis of N. crassa. On the other hand, I was able to rescue a wt-like growth by 

co-incubating strains G552 and G553 (NIT-7A and NIT-7AB). The additional incubation 

with strain G558 (NIT-7B’) did not influence the growth. At this point, I could not exclude 

that strain G553 is still competent to produce NIT-7B’ from an internal transcription or 

translation of exon 2 and therefore, I carried out additional rescue experiments. 
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Figure 12 | Moco biosynthesis rescue of Neurospora crassa strain G546 by heterokaryon formation of strains expressing 
different nit-7 variants. a, The Neurospora crassa strains G552, G553, and G558 were used for the heterokaryon rescue 
experiments. The ccg-1 controlled nit-7 sequences introduced into the his-3 locus of those strains (left) and their respective 
protein products (right) are shown. Exon 1 encodes for the A-domain (light grey box) and exon 2 encodes for the linker 
region (white box) and the B-domain (dark grey box). The intron-encoded double glycine motif is also shown (GlyGly). 
Numbers represent the first and last nucleotides of the exons or residues of the protein domains. b, The growth rates of 
the strains described in (a) after 72 h, normalized to wt growth (G280) for nitrate medium and nit-7 ko growth (G253) for 
chlorate medium, are indicated. The error bars represent the standard deviations. c, Tukey’s box plots show the primary 
hyphae diameters of the mutant strains. d, The qualitative documentation of the mutant strains is given. 10 µl of each 
dilution were inoculated on BDES plates and incubated for 72 h. All images are shown in the same size (scale bar: 5 mm. In 
(b), (c), and (d), nitrate refers to growth under N-derepressing and nitrate inducing conditions and chlorate refers to growth 
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on Vogel’s minimal medium supplemented with 300 mM chlorate. The numbers in (b) and (c) indicate the number of 
replicates. A stands for strain G552, AB for G553, and B’ for G558. Results were partly published in Wajmann et al. (2020). 

3.3.4 NIT-7B’ is not expressed in Neurospora crassa 

The heterokaryon growth of strains G552 and G553 (Figure 12) suggests that NIT-7A 

and NIT-7AB alone are sufficient for active Moco biosynthesis. On the other hand, strain 

G553 possesses the complete nit-7 exon 2 sequence, including the coding sequence of 

NIT-7B’ and its potential internal promoter. With this, I could not rule out that strain G553 

produces NIT-7B’ on a basal level. Furthermore, the mutation of the potential start codon of 

NIT-7B’ (G556) leads to a decrease in Moco biosynthesis. To prove the translation of separate 

NIT-7B’, I tried to rescue the insufficient Moco biosynthesis activity of strain G556 in another 

heterokaryon approach (Figure 13). Moco production did not recover by incubating strain 

G556 together with either strain G569 (mutated start codon in nit-7 exon 1) or strain G558 

(producing NIT-7B’ only), proving that N. crassa is not translating the NIT-7B’ encoding 

mRNA as a separate protein. In both cases, the growth distance of the heterokaryon was 

between the growth lengths of the respective homokaryons. The G556/G569 heterokaryon 

shows that, under natural conditions, N. crassa is not capable of producing NIT-7B’ to fulfill 

cPMP synthesis. The reason for the decrease in Moco biosynthesis activity in strain G556 is 

preferably the mutation of NIT-7AB, which goes together with mutating the potential start 

codon of NIT-7-B’. Moreover, it is not possible to rescue Moco biosynthesis activity in strain 

G556 by artificially forcing the fungus to produce NIT-7B’, as demonstrated with the 

heterokaryon growth of G556/G558. 

Taking all experiments together, I showed that non-spliced nit-7 and nit-7Δ1460-1696, 

expressing NIT-7A and NIT-7AB, respectively, are sufficient for cPMP generation in 

N. crassa. With this result, I started to focus on the protein level of the first step of Moco 

biosynthesis and its post-translational modifications. 
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Figure 13 | Rescue of Neurospora crassa strain G556. a, The nit-7 sequences introduced into the his-3 locus of strain G546 
are shown. The strains G556 and G569 harbor the complete nit-7 gene sequence, including the flanking regions (dotted 
lines). The light grey box represents exon 1, the bright grey box exon 2, and the black line the intron. Asterisks indicate the 
start codon of exon 1 (black) and the potential start codon of exon 2 (white). The mutations are indicated above. G558 
produces NIT-7B,’ driven by the ccg-1 promoter sequence. The numbers represent the first and last nucleotides of the 
exons or residues of the protein domains. Nucleotides of the 5’-untranslated region (5’-UTR) possess a negative sign and 
nucleotides of the 3’-UTR possess an asterisk. b, The growth rates of strains G556, G569, and G588 as homokaryons and 
heterokaryons are shown. The growth was normalized to wt growth (G280, nitrate) and nit-7 ko growth (G253, chlorate). 
Nitrate refers to growth under N-derepressing and nitrate inducing conditions and chlorate to growth on Vogel’s minimal 
medium supplemented with 300 mM chlorate. The numbers above the bars indicate the number of replicates. 

3.4 The post-translational fates of NIT-7 proteins 

3.4.1 Antibody generation for targeting NIT-7 domains 

Together with Sabine Buchmeier (TU Braunschweig, Institute of Physical and 

Theoretical Chemistry, Antibody Facility), I started to raise antibodies against the A- and B-

domain of NIT-7 to analyze the nit-7 expression. While we failed to produce an anti-NIT-7B 

antibody, we successfully generated the anti-NIT-7A antibody 4C10 (Table 9). I tested 4C10 

with crude extract of the N. crassa wt strain G280 after incubation on nitrate medium for 

200 min (Figure 14). I expected signals at ~54 kDa (NIT-7A) and ~89 kDa (NIT-7AB), but 

the western blot showed no signal at all. NIT-7A became only detectable as NIT-7A-eGFP 

fusion protein in the over-producing strain G542 (Figure 14, Table 3). The endogenous 

production of NIT-7A and NIT-7AB seems to be too low to detect the proteins via western 
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blot analysis, and thus I used only the ccg-1 promoter to drive the gene expression for the 

upcoming localization studies of the nit-7 protein products. 

 

Figure 14 | Detection of the NIT-7 A-domain in Neurospora crassa crude extracts. a, The Ponceau S staining of the membrane 
used for the western blot analysis is depicted. b, The protein detection with the NIT-7A antibody 4C10 is shown. In (a) and 
(b), the Color Prestained Protein Standard, Broad Range (11–245 kDa) (New England Biolabs) marker (M), the crude extract 
of Neurospora crassa strain G280 after 200 min under nitrogen derepressing and nitrate inducing conditions (G280) and 
the crude extract of N. crassa strain G542 are indicated. 24 µg crude extract was loaded per lane. 

3.4.2 The first step of Moco biosynthesis takes place in the mitochondria 

In plants and mammals, the mitochondria import the proteins of the first step of 

Moco biosynthesis (Teschner et al., 2010; Mayr et al., 2020). To test if this is also true for 

fungi, I tagged NIT-7A, NIT-7AB, and NIT-7B’ with eGFP and determined their subcellular 

localization. I fused the eGFP encoding DNA sequence to the 3’ ends of the nit-7 variants 

yielding a C-terminal eGFP-tag (Figure 15a) and transformed the recombinant genes, 

expressed under the control of the ccg-1 promoter, into the his-3 locus of the N. crassa strain 

FGSC 9720 (his-3-; Δmus52::bar+; mat A) (Table 3). For the subsequent co-localization of the 

resulting NIT-7 variants, produced by strains G542 (NIT-7A-eGFP), G544 (NIT-7AB-eGFP), 

and G550 (NIT-7B’-eGFP), with the mitochondria, I grew them as heterokaryons with a strain 

expressing the atp-1 pre-sequence fused to mcherry (G200, Figure 15b, Table 3) (Wirsing et 

al., 2015). The signals derived from NIT-7A-eGFP and NIT-7AB-eGFP fusion proteins 

overlay with the signal derived from the ATP-1 pre-sequence-mCherry fusion protein (Figure 

15b and d). Together with the calculated Pearson’s correlation coefficients (PCC) of 0.91 ± 

0.04 for G542/G200 (NIT-7A-eGFP) and 0.86 ± 0.06 for G544/G200 (NIT-7AB-eGFP, Figure 

15e), these findings demonstrate the import of NIT-7A and NIT-7AB into the mitochondria 

(Stauffer et al., 2018). In contrast, NIT-7B’-eGFP (G550) showed only a partial co-localization 

with the mitochondrial marker (G200, Figure 15b, d) and a significant lower PCC of 0.71 ± 

0.01 compared to NIT-7A-eGFP (p = 0.0002) and to NIT-7AB-eGFP (p = 0.0033) according 

to the ordinary one-way ANOVA (Tukey’s multiple comparisons). Consequently, NIT-7B’ 
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contains no mitochondrial translocation signal and is not imported into the mitochondria. It 

was particularly difficult to detect the fluorescence signal of NIT-7B’-eGFP. Here, I had to 

switch from acetate medium (Wirsing et al., 2015) to xylose medium to increase the ccg-1 

controlled gene expression (Bowman et al., 2015). As a side-effect, on xylose medium, the 

hyphae of N. crassa are not narrowed anymore (Figure 15b). 

I tested the production of recombinant NIT-7 proteins with a western blot analysis 

by using antibodies targeting the eGFP-tag (Roche Diagnostics), the Strep-tag® II-containing 

linker region (7G8) (Ringel et al., 2015), and the NIT-7 A-domain (4C10) (Figure 15c, Table 

9). In all western blots of the crude extract from strain G542 (NIT-7A-eGFP), a band at ~70 

kDa appeared. This band might represent the full-length NIT-7A-eGFP fusion protein 

without the mitochondrial targeting signal. MitoProt II (v.1.101) predicted the cleavage site 

of the NIT-7 A-domain upon mitochondrial translocation between amino acid position N54 

and A55, which means a ~6 kDa targeting signal (Claros and Vincens, 1996). Furthermore, 

I confirmed the production of the full-length NIT-7B’-eGFP protein (G550) with the anti-GFP 

and the anti-Strep-tag® II antibody (~50 kDa band). For all three strains, the western blot 

analysis detected a strong signal at ~30 kDa with the anti-GFP antibody hinting towards the 

degradation of all NIT-7 variants. The third band in the GFP-western blot of strain G550 at 

~55 kDa, which also faintly appeared in the eGFP-western blot of strain G542, might indicate 

the dimerization of truncated eGFP. To my surprise, the detection of the NIT-7 A-domain in 

the crude extract of strain G544 (NIT-7AB-eGFP) was not successful. Instead, I saw a signal 

at ~50 kDa, when targeting the eGFP-tag or the Strep-tag® II. While these two antibodies 

bind to the C-terminus, 4C10 (anti-NIT-7A) detects the N-terminus of the NIT-7AB-eGFP 

fusion protein, and thus I conclude that during the mitochondrial import of NIT-7AB, the A-

domain is cleaved off and completely degraded, creating a liberated C-terminus of the 

protein.  
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Figure 15 | Localization of NIT-7A, NIT-7AB, and NIT-7B’. a, The protein products produced under the control of the ccg-1 
promoter in Neurospora crassa strains G542 (NIT-7A-eGFP), G544 (NIT-7AB-eGFP), and G550 (NIT-7B’-eGFP) are shown. 
The NIT-7 A-domain (A) in bright grey, the B-domain (B, truncated version B’) in dark grey, the linker region in white, the 
double glycine motif (GlyGly), and the enhanced green fluorescent protein (eGFP)-tag in black are shown. The Strep-tag® II 
is located in the N-terminal extension of the eGFP (black line). Beneath the schemes, the sizes of the domains are given. b, 
The localization of the proteins indicated above in (a) are shown (I). The second image (II) displays the localization of the 
ATP-1 pre-sequence-mCherry fusion protein (N. crassa strain G200) in the heterokaryon, while the third image (III) 
represents the merged image of (I) and (II). All images are shown in the same size (scale bar: 10 µm). c, 20 µg of the crude 
extracts of the N. crassa strains shown above in (a) were analyzed with western blots using the anti-NIT-7A antibody 4C10 
(NIT-7A), an anti-GFP antibody (GFP; Roche Diagnostics) and the anti-Strep-tag® II antibody 7G8 (Strep-tag® II; Ringel et al., 
2015). d, The scatter plots show the fluorescence intensity of each pixel in the eGFP-channel (I) and the mCherry-channel 
(II) (Stauffer et al., 2018). Each plot refers to the images shown above in (b). e, The Pearson’s correlation coefficients 
(Pearson’s r) for co-localization images of NIT-7A-eGFP (NIT-7A), NIT-7AB-eGFP (NIT-7AB), and NIT-7B’-eGFP (NIT-7B’) 
fusion proteins with the ATP-1 pre-sequence-mCherry fusion protein were calculated as suggested by Stauffer et al. (2018). 
The error bars represent the standard deviations. The numbers above the bars show the number of replicates. According 
to the ordinary one-way ANOVA (Tukey’s multiple comparisons), NIT-7A and NIT-7AB are not significantly different (p = 
0.2065), while NIT-7B’ shows differences compared to NIT-7A (p = 0.0002) and NIT-7AB (p = 0.0033). Results were partly 
published in Wajmann et al. (2020). 

3.4.3 The NIT-7 A-domain enables mitochondrial translocation 

Recent work on the human NIT-7 ortholog MOCS1 revealed that processing of 

MOCS1AB occurs in the cytoplasm of the cell, liberating the linker region fused to the B-

domain (Mayr et al., 2020). Here, the linker region contains a mitochondrial translocation 

signal, which leads to the mitochondrial import of MOCS1B after cleavage. The localization 

analyses described above also suggest a more sophisticated import mechanism of NIT-7AB, 

and therefore, I created truncated NIT-7 versions fused to eGFP to understand the 

translocation process better. I modified the plasmids used for the generation of N. crassa 

strains G542 and G544 in a way that they encode for N-terminal shortened versions of 

NIT-7A-eGFP and NIT-7AB-eGFP without mitochondrial targeting signal, respectively, 

starting from residue A55 (Figure 16a). The resulting N. crassa transformation strains are 

G575 and G576, accordingly (Table 3). The 5’-end elongation of the plasmid used for strain 

G550 (NIT-7B’-eGFP) resulted in a construct encoding the linker region and the complete B-

domain of NIT-7, starting from residue D487 (Figure 16a). The transformation of this plasmid 

led to N. crassa strain G577 (Table 3). Again, I analyzed the localization of these NIT-7-eGFP 

fusion protein variants in a heterokaryon with the mitochondrial marker strain G200 (Figure 

16b). None of the NIT-7-eGFP variants showed a co-localization with the ATP-1 pre-

sequence-mCherry fusion protein (Figure 16b, c). The calculated PCCs of G575/G200 

(truncated NIT-7A-eGFP, PCC = 0.76 ± 0.08) and G576/G200 (truncated NIT-7AB-eGFP, 

PCC = 0.60 ± 0.09) were significantly decreased compared to their respective non-truncated 

NIT-7-eGFP fusion proteins (Figure 15e), while the PCC of the G577/G200 heterokaryon 

(Linker-NIT-7B-eGFP, PCC = 0.64 ± 0.09) was indistinguishable from the PCC of the 
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G550/G200 heterokaryon (Figure 15e). The results demonstrate that (I) the A-domain of 

NIT-7 conducts the mitochondrial import process and (II) nit-7 exon 2 is not encoding for 

an internal mitochondrial targeting signal. Resulting from (II) and the localization of the 

truncated NIT-7AB-eGFP variant, the localization studies further indicate that (III) NIT-7AB 

has to be processed after the mitochondrial translocation, leading to a liberated NIT-7B 

protein. The A-domain of NIT-7 encodes for the sole mitochondrial targeting signal of NIT-7 

and, consequently, the mitochondria import NIT-7B exclusively as a fusion with NIT-7A. 
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Figure 16 | Localization of truncated NIT-7A, NIT-7AB, and the protein product encoded by nit-7 exon2. a, The protein 
products encoded under the control of the ccg-1 promoter in the Neurospora crassa strains G575 (truncated NIT-7A-eGFP), 
G576 (truncated NIT-7AB-eGFP), and G577 (Linker-NIT-7B-eGFP) are presented. For legend, see Figure 15a. Met represents 
the inserted start methionine. Beneath, specific residue positions are given. b, For the proteins depicted above in (a), the 
localization in their respective N. crassa strains are shown (I). The second image (II) displays the localization of the ATP-1 
pre-sequence-mCherry fusion protein (N. crassa strain G200) in the heterokaryon and the third image (III) represents the 
merged image of (I) and (II). All images are shown in the same size (scale bar: 10 µm). c, The fluorescence intensity of each 
pixel in the eGFP-channel (I) and the mCherry-channel (II) of the pictures shown above in (b) are plotted (Stauffer et al., 
2018). d, For the co-localization of NIT-7 constructs with the mitochondria discussed in (a) and (b), the Pearson’s correlation 
coefficient (Pearson’s r) was calculated (Stauffer et al., 2018). The significance levels indicated as **p ≤ 0.01 and ***p ≤ 
0.001, according to the Student’s t-test, refer to their respective non-truncated protein versions (Figure 15e). The error 
bars indicate the standard deviation and the numbers show the number of replicates. Results were partly published in 
Wajmann et al. (2020). 
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3.5 NIT-7B’ is able to synthesize cPMP 

To confirm that the A-domain of NIT-7AB is only necessary for the mitochondrial 

translocation, I fused the DNA sequence encoding for the mitochondrial targeting signal 

(mts) of NIT-7A (the first 54 residues of the N-terminus; MitoProt II (v1.101); Claros and 

Vincens, 1996) to the 5’end to the NIT-7B’ encoding sequence. Transformation of the 

resulting ccg-1 controlled coding sequence into N. crassa strain G546 yielded N. crassa strain 

G572 (Figure 17a). Growth of strain G572 as heterokaryon with strain G552 (NIT-7A) 

improved the Moco biosynthesis significantly, as indicated by race tubes (Figure 17b). This 

experiment shows that NIT-7B’ is, in principle, capable of synthesizing cPMP. 

 

Figure 17 | Rescue of cPMP synthesis with mitochondrial translocated NIT-7B’. a, The DNA sequences introduced into the 
his-3 locus (left) and their protein products (right) encoded under the control of the ccg-1 promoter (white arrow) in the 
Neurospora crassa strains G552 (NIT-7A) and G572 (NIT-7A-mts-NIT-7B’) are presented. nit-7 exon 1 and the NIT-7 A-
domain (A) are shown as bright grey boxes, nit-7 exon 2 and the NIT-7 B-domain (B) as dark grey boxes, and the intron as 
a black line. The double glycine motif (GlyGly) is also indicated. Beneath each scheme, specific nucleotide or amino acid 
positions are given. For G572, the last nucleotide/residue of exon 1/the A-domain and the first nucleotide of exon 2/the B-
domain, which were fused, are numbered. b, The graph shows the growth of the strains depicted in (a) as homokaryons 
and heterokaryon under N-derepressing and nitrate inducing conditions (Nitrate) and on Vogel’s minimal medium 
supplemented with 300 mM chlorate (Chlorate). The significance levels are indicated as *p ≤ 0.05 and ****p ≤ 0.0001 
according to the Student’s t-test. 

3.6 Molybdenum coordination in the active site of nitrate reductase 

After Moco biosynthesis, enzymes of the SO family, e.g., NR, can bind the prosthetic 

group directly to gain catalytic activity (reviewed by Mendel and Kruse, 2012). The crystal 

structure of Ogataea angusta NR revealed that a cysteine residue is involved in the final 

coordination of the Mo-center (Fischer et al., 2005). This cysteine, which is equivalent to 
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N. crassa NR C242, is highly conserved (Ringel et al., 2013) and common to the SO family 

(Garrett and Rajagopalan, 1996; Garton et al., 1997; Su et al., 1997). To give evidence for 

the influence of residue C242 in N. crassa NR on the Mo-center, I expressed a truncated  

nit-3 gene, encoding for amino acids K113 - E593 (Moco and dimerization domain; truncated 

NR), as wt construct and as two different exchange mutants, leading to truncated NR variants 

C242S and C242A. To achieve a high Moco occupancy, I expressed these pTWO-C 

plasmids in the Moco accumulating E. coli strain TP1000 (Palmer et al., 1996). After 

purification, the Coomassie Brilliant Blue G250 staining of the SDS-PA gel revealed a band 

of ~50 kDa for all three protein variants, which is in agreement with the expected size of 

~57 kDa (Figure 18a). The protein samples had a high degree of purity, as no co-purified 

proteins became visible on the gel. The HPLC-based quantification of Moco/MPT revealed 

a saturation of 61 % for wt truncated NR, 63 % for truncated NR C242S, and 89 % for truncated 

NR C242A (Figure 18b). X-ray absorption spectroscopy (XAS) (Martin L. Kirk, Dep. of 

Chemistry & Chemical Biology, University of New Mexico, USA) determined the first 

coordination sphere geometry of the Mo-centers of the NR variants (Martin L. Kirk, 

unpublished data). The X-ray absorption fine structure revealed consistency with XAS data 

obtained for the Mo-insertase Cnx1E of A. thaliana (Probst et al., under review; Tobias 

Kruse, unpublished data) and a first hint towards the function of C242 in N. crassa NR. 

 

Figure 18 | Purification and analysis of truncated nitrate reductase variants. a, The Coomassie Brilliant Blue G250 staining of 
truncated Neurospora crassa nitrate reductase (NR) variants after SDS polyacrylamide gel electrophoresis is shown. The 
purified proteins comprise residues K113 - E593 (~57 kDa). 25 µg of wt truncated NR (wt), a serine exchange mutant 
(C242S), and an alanine exchange mutant (C242A) were loaded per lane. The Color Prestained Protein Standard, Broad 
Range (11–245 kDa) marker (New England Biolabs) was used as the marker (M). b, The molybdenum cofactor 
(Moco)/molybdopterin (MPT) saturation of NR variants discussed in (a) is depicted. 
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4 Discussion 

4.1 The regulation of Moco biosynthesis 

The binding of Moco as a prosthetic group in various enzymes is a prerequisite for 

the utilization of different N-sources (Mortenson et al., 1967; Massey et al., 1969; 

Redinbaughs and Campbell, 1985). Within the present work, I first analyzed the cellular 

response to Moco demand created by enhanced NR production. Upon rising NR production 

and activity, both cPMP and Moco/MPT synthesis increase. Interestingly, even under 

N-repressing conditions, the amount of cPMP was nine-fold higher than the Moco/MPT 

amount (Figure 19a). Under N-derepressing and nitrate inducing conditions, this ratio 

increases to a 10- to 11-fold excess of cPMP. Probst et al. (2014) already measured cPMP and 

Moco/MPT amounts in the N. crassa wt strain and also described a high cPMP production, 

but only in a three-fold higher quantity over Moco/MPT. The reason for the differences in 

the cPMP and Moco/MPT ratio might be variation in the applied method for the pterin 

purification or altered cultivation conditions.  In the end, at least N. crassa seems always to 

produce cPMP in excess over Moco/MPT, indicating that cPMP conversion is the rate-

limiting step, and thus Moco biosynthesis works best when the cPMP production is maximal 

(Figure 20c). It is noteworthy that the cPMP quantifications showed a high standard deviation 

at every time point of ± 50 %, but the trend in each data set was identical (Figure 19b). We 

know that the circadian clock, regulated by light induction, plays a significant role in the 

physiology of N. crassa (reviewed by Baker et al., 2012). The RNA-seq approach of Wu et 

al. (2014) identified that over 30 % of the genes expressed in their experimental setup were 

profoundly affected by light, including genes involved in nitrogen assimilation and Moco 

biosynthesis. This light-dependent gene expression might be the explanation for the baseline-

shift of the cPMP production in the different biological replicates. Even though I incubated 

all N. crassa replicates for a comparable period under N-repressing conditions before 

switching to N-derepressing and nitrate inducing conditions, I cannot exclude an influence 

of different lighting conditions on the global metabolism of the fungus. 
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Figure 19 | Quantification of molybdenum cofactor and its precursors in Neurospora crassa. a, Absolute amounts of cyclic 
pyranopterin monophosphate (cPMP) and molybdenum cofactor (Moco)/molybdopterin (MPT), which are shown in Figure 
5 as relative values, are depicted. The error bars indicate the standard deviations and the asterisks represent significant 
differences between cPMP and Moco/MPT amounts according to the two-tailed independent Student’s t-test with 
significance levels indicated as *p ≤ 0.05 and **p ≤ 0.01. b, All four data sets (A, B, C, and D) used for cPMP quantification 
in Figure 5 and in (a) are shown. 

Systematic transcriptional quantification identified the first step of Moco biosynthesis, 

expressed by nit-7, as a critical point for its modulation (Figure 20a). This quantification is in 

agreement with the findings of Unkles et al. (1997), who showed that cnxABC, the 

Aspergillus nidulans (A. nidulans) nit-7 ortholog, is also up-regulated under N-derepressing 

and nitrate inducing conditions. In N. crassa, more precisely, the non-spliced nit-7 transcript, 

encoding for NIT-7A, showed significant regulation under N-derepressing and nitrate 

inducing conditions. NIT-7A catalyzes the initial reaction of Moco biosynthesis by converting 

GTP into the unstable intermediate 3′,8-cH2GTP (Hänzelmann and Schindelin, 2006; Hover 

et al., 2013). In accordance with the expression analysis, the enzymatic turnover of the 

bacterial NIT-7A ortholog MoaA is three times slower than the turnover of the consecutive 

reaction of MoaC (orthologous to NIT-7B) (Hover et al., 2013). Together with the results of 

the pterin quantifications, these findings indicate that, in N. crassa, the expression level of 

the first step controls the overall Moco biosynthesis activity. This fungal model is in contrast 

to the plant system, where the expression of the NIT-7 orthologs Cnx2 and Cnx3 is not 

influenced by the nitrogen source (Hoff et al., 1995). 
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Figure 20 | Co-regulation of nitrate assimilation and Moco biosynthesis. a, Under nitrogen derepressing (N-derepressing) 
and nitrate inducing conditions, the expression of the three nitrate assimilatory genes nit-3 (nitrate reductase), nit-6 (nitrite 
reductase), and nit-10 (nitrate importer) (see 1.6 for details), as well as the molybdenum cofactor (Moco) biosynthesis gene 
nit-7 is up-regulated. Post-transcriptional regulations lead to an enhanced nit-7a (non-spliced nit-7) transcript. Triangles 
represent promoters, black boxes terminator regions, and a red color up-regulated processes. b, The first step of Moco 
biosynthesis includes a consecutive conversion of guanosine-5’-triphosphate (GTP) to (8S)-3′,8-cyclo-7,8-dihydroguanosine 
5′-triphosphate (3′,8-cH2GTP) by NIT-7A and to cyclic pyranopterin monophosphate (cPMP) by a liberated NIT-7 B-domain 
of NIT-7AB (NIT-7B). c, The graph depicts the quantification of cPMP and Moco/molybdopterin (MPT) of one biological 
replicate, respectively, under N-repressing (0 min) and N-derepressing and nitrate inducing conditions (Figure 5b). The 
regulatory range highlights the difference in cPMP amounts between growth under N-repressing and growth under N-
derepressing and nitrate inducing conditions for 200 min. Below, the difference in the amount of Moco/MPT under the 
same conditions is indicated. The figure is adapted from Wajmann et al. (2020). 

4.2 Splicing mechanistic of nit-7 

First described over 20 years ago (Reiss, Cohen, et al., 1998), the fusion of the genes 

involved in the first step of Moco biosynthesis in the opisthokont-branch was a subject of 

discussion (reviewed by Reiss, 2000). Reiss (2000) suggested that the fungal fusion-gene 

expresses a bicistronic transcript, which is contrary to the model of Unkles et al. (1997), who 

predicted a two-domain protein. While Probst et al. (2014) could not provide evidence for 

the existence of non-spliced nit-7 mRNA, they were able to detect NIT-7A with the 

C-terminal double glycine motif via mass spectrometry, which must originate from an intron-

containing mRNA. In my 5’-RACE approach, the sequence analysis confirmed the splicing 

model of Probst et al. (2014) by discovering non-spliced nit-7 and nit-7Δ1460-1696. 

Surprisingly, I also discovered the third variant nit-7Δ1469-1696, which is not essential for 
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Moco biosynthesis. Even though the loss of nit-7Δ1469-1696 does not affect the Moco 

biosynthesis, this variant can still operate as a template for the production of NIT-7A. 

Besides the three nit-7 variants discussed, the sequence analysis of the single PCR 

band also revealed a fourth variant (SW262). SW262 contains exclusively 480 bp of nit-7 

exon 2, and thus it is ~2 kb smaller than expected from the extracted gel band. Furthermore, 

the 5’-end of the nit-7 sequence covered by SW262 also contains a triple guanosine-sequence 

and is homologous to the SMARTer II A Oligonucleotide provided by the SMARTer® 

RACE 5’/3’ Kit (Takara). I conclude that SW262 is an artificially nit-7 variant, truncated 

during the reverse transcription or ligation of the 5’-RACE. The complementation and 

localization studies further support this interpretation, showing that nit-7 exon 2 alone is 

inoperative. 

4.3 The nit-phenotype 

The further analysis of Moco biosynthesis regulation in N. crassa became possible by 

extensive description and comparison of the N. crassa wt- and nit-phenotypes. The growth 

rate and hyphae diameter of the N. crassa wt strain on nitrate medium (3.0 ± 0.4 mm h-1; 4.6 

± 0.9 µm) and of the N. crassa nit-7 ko strain on chlorate medium (2.7 ± 0.1 mm h-1; 4.4 ± 

0.5 µm) were smaller than given by Raju and Griffith (http://www.fgsc.net) for the N. crassa 

wt strain grown on MM with 3.7 - 4.0 mm h-1 and 8 - 15 µm, respectively. Hence, this 

quantification showed that the utilization of secondary N-sources alone is inconvenient for 

the N. crassa wt strain, and, on the other hand, it provides evidence for a more sophisticated 

mechanism of chlorate toxicity in fungi (Cove, 1976b). Even in the absence of active NR, as 

found in the N. crassa nit-7 ko strain, chlorate negatively influences the growth of N. crassa, 

but NR activity aggravates the phenotype significantly. When grown on nitrate medium, the 

nit-phenotype showed decreased growth and a high number of vacuoles. The fungus might 

utilize internally stored N-supplies for growth to reach a hypothetical accessible N-source in 

the distance. The vacuole synthesis helps the fungus to grow as economically as possible 

since vacuoles are energetically more efficient than the biogenesis of cytoplasm (reviewed 

by Veses et al., 2008). 



Simon Wajmann  Discussion 

68 

4.4 The Mo-insertase mechanism 

Next to the wt and nit-7 ko strain (G280 and G253), I used N. crassa strain G218, 

generated by Corinna Probst (unpublished), for the phenotypic description. G218 produces 

only the mutated Mo-insertase NIT-9 G464D, which is equivalent to the A. thaliana Cnx1E 

mutation G175D of mutant strain XD462 (Dai et al., 2005). Characterization of Cnx1E 

G175D in vivo (Kahlfeldt, 2006) and in vitro (Krausze et al., 2017) showed that this mutation 

leads to a decreased Mo insertion rate, because of an impaired dimerization, and thus to an 

overall reduced Moco biosynthesis activity. In my experiments, N. crassa strain G218 also 

showed the phenotypic behavior of reduced Moco biosynthesis activity, hinting that, despite 

differences in the linker region and an inverted domain structure (Stallmeyer et al., 1999), 

also the fungal Mo-insertase requires dimerization for its functionality. It is worth noting that 

strain G218 had significantly narrowed hyphae compared to strains G280 and G253 on MM. 

While a complete loss of cPMP synthesis does not affect the fungal growth under N-

repressing conditions, an inactive Mo-insertase influences the cell architecture also when the 

NR production is low. The reason for this difference in the mutant strains might be a 

connection between nit-7 expression and Moco generation, but this was out of the scope of 

this thesis. 

4.5 The coaction of A- and B-domain 

To recover Moco biosynthesis activity in the nit-7 ko strain, I transformed nit-7 into 

its his-3 locus. The rescue experiments showed that this ectopic expression leads to a strongly 

attenuated nit-phenotype. Mutations of nit-7 prior to transformation into the his-3 locus of the 

nit-7 ko strain G546 deciphered the transcription mechanism of nit-7. It became clear that 

non-spliced nit-7 and nit-7Δ1460-1696 are indispensable for Moco biosynthesis, while  

nit-7Δ1469-1696 is not necessary. Furthermore, I could disprove the existence of exon 0 and, 

with this, the formation of a nit-7 exon 0-exon 2 splice variant. The heterokaryon formation 

of strains expressing nit-7 variants under the control of the ccg-1 promoter demonstrated that 

NIT-7A and NIT-7AB, translated from non-splice nit-7/nit-7Δ1469-1696 and nit-7Δ1460-1696, 

respectively, conduct the conversion of GTP to cPMP together (Figure 20b). In the case of 

NIT-7AB, the protein needs the A-domain only for the mitochondrial translocation as the 

linker- and B-domain lack an own targeting signal. The heterokaryon growth of strain G572 

(NIT-7A-mts fused to NIT-7B’) with strain G552 (NIT-7A) showed that NIT-7B’ can, in 
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principle, catalyze the conversion of 3′,8-cH2GTP to cPMP. Although the G572/G552 

heterokaryon formation showed a significant improvement of the Moco biosynthesis activity, 

the growth is still impaired (Figure 21). The rescues with full-length NIT-7AB led to a higher 

Moco biosynthesis rate compared to the rescue with NIT-7B’ alone, and thus at least a part 

of the linker region seems to be essential to gain full enzymatic activity. After all, I could not 

identify the precise cleaving site of NIT-7AB, which leads to separated NIT-7B and degraded 

NIT-7A. How the cell distinguishes between NIT-7A and the A-domain derived from 

NIT-7AB for degradation, remains unclear. One might speculate that the cleavage of 

NIT-7AB within the linker leaves a C-terminal recognition site attached to the A-domain, 

which the proteasome can subsequently detect. 

 

Figure 21 | Comparison of different Moco biosynthesis rescue strategies. The graph indicates the growth of N. crassa strain 
G280 (wt), G253 (nit-7 ko), G554 (wt rescue), G552 (NIT-7A), G553 (NIT-7AB), G558 (NIT-7B’), and G572 (NIT-7A-mts fused 
to NIT-7B’) on nitrate medium (Nitrate) and chlorate medium (Chlorate). Strains G552, G553, G558, and G572 produce 
their protein product, written in brackets, under control of the ccg-1 promoter in the nit-7 ko background. For better 
visualization, the results for full (G280) and complete loss of Moco biosynthesis activity (G253) are shown as hatched bars. 
mts stands for mitochondrial targeting signal. 

4.6 Moco insufficiency derived from NIT-7 M623A 

The obtained results for NIT-7B’, hinting that its coding sequence is neither 

transcribed nor translated alone, cannot explain the phenotypic behavior of strain G556 

(NIT-7 M623A). The mutation of the potential start codon of NIT-7B’ (bases 2104-2106; 

residue M623) led to a drop, but not to a complete loss of Moco biosynthesis activity. Since 

all ensuing experiments to rescue Moco biosynthesis by NIT-7B’ formation failed, the reason 

for Moco deficiency of strain G556 is most likely the mutation of NIT-7AB, which is a 

consequence of mutating NIT-7B’. The complete coding sequence for NIT-7B’ is also part 

of the coding sequence for NIT-7AB, and thus a mutation of one sequence influences always 



Simon Wajmann  Discussion 

70 

also the other. M623 is highly conserved among all analyzed orthologous proteins, with the 

sole exception of Caenorhabditis elegans MOC-5 (Figure 7, SFigure 3). Notable, NIT-7 M623 

represents not the first amino acid residue of the E. coli NIT-7 ortholog MoaC but the first 

downstream methionine (MoaC M15). M15 of MoaC is part of a flexible N-terminal loop 

required for cPMP synthesis, in which the neighboring residue V16 stabilizes one of its 

conformations (Hover et al., 2015). Most strikingly, the alanine exchange of residues in the 

proximity of M15 (D17A, K21A, and R26A) leads to a drop of cPMP synthesis activity to 15 

- 30 % of wt MoaC (Hover et al., 2015). These data indicate that also mutation M15A in 

MoaC or M623A in NIT-7AB might lower the catalytic activity of the enzyme by influencing 

the movement or conformational stabilization of the N-terminal loop and eventually 

explaining the phenotype of strain G556. 

4.7 The different import strategies of mammals and fungi 

The fusion of the cPMP synthesis-proteins is a strategy found in different model 

organisms of the opisthokont branch (SFigure 3) (Gray and Nicholls, 2000). Mayr et al. (2020) 

described the import mechanism of the human NIT-7AB ortholog MOCS1AB recently. 

According to their findings and contrary to NIT-7AB, separation of the MOCS1AB domains 

happens in the cytoplasm of the cell, releasing an internal mitochondrial targeting signal of 

MOCS1B. Splicing at the 5’-end of MOCS1 decides the spatial fate of MOCS1A, which is 

either also imported into the mitochondria or left in the cytosol of the cell. They further 

suggest that the gene fusion of nit-7/MOCS1 already occurred in the unikonta/bikonta 

junction by comparing human MOCS1 with its ortholog found in the amoeba Dictyostelium 

discoideum (D. discoideum; gene name: mocs1; dictyBase ID: DDB_G0285137). 

Comparable to nit-7, D. discoideum mocs1 encodes for two distinct protein variants, namely 

MOCS1A and MOCS1AB. The mitochondrial translocation probability of the 

D. discoideum MOCS1 B-domain is rather low (p = 0.49; MitoProt II (v.1.101)) (Claros and 

Vincens, 1996) which might indicate that nit-7 represents the ancient import mechanism, 

while the internal mitochondrial targeting signal is an evolutionary novel invention. 

Correspondingly, the second translocation signal would display a convergent evolution of 

Animalia and Planta, which express two separate genes for the cPMP synthesis. 



Simon Wajmann  Discussion 

71 

4.8 The consequences of NIT-7A over-production  

The strains G553 and G558, which produce NIT-7AB and NIT-7B’ driven by the 

ccg-1 promoter, respectively, show both a nit-phenotypic behavior when grown on nitrate or 

chlorate medium. Contradictory, strain G552 (ccg-1-driven NIT-7A production) grew 

significantly worse on chlorate medium, but also on nitrate medium compared to strains 

G553 and G558. This phenotype is not solely explainable by the lack of NR, which would 

mean a high growth rate on chlorate medium. The over-expression of the protein itself seems 

to interfere with the cell physiology. Two traits of NIT-7A could explain this outcome. On 

the one hand, NIT-7A binds two [4Fe-4S] clusters to fulfill its catalytic activity (Menéndez et 

al., 1995; Hänzelmann et al., 2004). Iron-sulfur (Fe-S) clusters are involved in many metabolic 

and regulatory processes and their biogenesis requires highly sophisticated machinery 

(reviewed by Lill et al., 2006). The binding of a substantial portion of available Fe-S clusters 

would lead to severe problems for the cell. Against this hypothesis speaks that also NIT-7AB 

(strain G553) can bind Fe-S clusters, although I showed that the degradation of the A-domain 

of NIT-7AB happens quickly. On the other hand, the enzymatic activity of NIT-7A could 

trigger the phenotype. NIT-7A is a radical S-Adenosyl methionine (SAM) enzyme (Sofia et 

al., 2001). It uses the N-terminal Fe-S cluster for reductive cleavage of SAM to generate a 

5’-deoxyadenosyl radical (5’-dA•), which subsequently abstracts a hydrogen-atom from GTP 

to initiate its conversion to 3′,8-cH2GTP (Hover et al., 2013). Hence, an over-production of 

NIT-7A could lead to high amounts of free radicals, which harm the cell (reviewed by Fang 

et al., 2002). The potentially uncontrolled production of radicals might be one reason for the 

regulation of Moco biosynthesis in this step. 

4.9 The nit-7 expression strength 

The fluorescence intensities for all NIT-7-eGFP fusion proteins, driven by the ccg-1 

promoter, were very weak. This led to problems in the microscopic documentation and more 

indistinct localization studies. The western blot analysis of N. crassa strains producing these 

fusion proteins (strains G542, G544, and G550) revealed that the fungus degrades NIT-7, as 

documented by ~30 kDa C-terminal fragments visible in the GFP-blot. This fragment 

represents most likely extant eGFP molecules, which the cell was not able to break down 

(Gournas et al., 2010). The signal strengths of full-length NIT-7 proteins compared to their 

degradation products indicate that N. crassa degraded high amounts of the recombinant 
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proteins. As a side-effect, an additional faint band at ~50 kDa became visible in the GFP-blot 

of G552 and G558, which indicates the dimerization of eGFP (Phillips, 1997). Interestingly, 

I could not detect NIT-7 produced from the native locus in any western blot. This finding 

implies that the overall expression of nit-7 for Moco biosynthesis is weak, which is in 

agreement with the data for A. thaliana cnx3 (Hoff et al., 1995) and A. nidulans cnxABC 

(Unkles et al., 1997), the orthologous genes of nit-7. 

4.10 Conclusions and outlook 

The quantification of Moco biosynthesis transcripts identified only non-spliced nit-7 

to be up-regulated under N-derepressing and nitrate inducing conditions. Hence, I conclude 

that fungi regulate the Moco biosynthesis via its very first step, the conversion of GTP to 

3′,8-cH2GTP. The metabolite analysis underlines this interpretation by showing that also the 

amount of cPMP increases under these conditions. Interestingly, while the production of 

cPMP, as well as Moco/MPT, rises, the total amount of cPMP always exceeds ~10-times the 

amount of Moco/MPT. Therefore, the cytoplasmic Moco biosynthesis machinery is 

dependent on the rate-limiting generation of cPMP in the mitochondria. Why the MPT 

synthesis relies on a cPMP surplus production was out of the scope of this thesis and should 

be subject to further studies. 

For the mitochondrial translocation of Moco biosynthesis enzymes, eukaryotes 

developed at least three different strategies. While plants express two separate cPMP 

synthesis-genes with independent mitochondrial targeting signals, the unikonta branch fused 

both genes, thus only one signal peptide, but protein cleavage after translocation is required. 

Animals refined the gene-fusion by introducing a second mitochondrial targeting signal, 

which leads, in the end, to the import of two individual proteins. Although the animal-like 

import of the processed proteins resembles the plant’s import strategy, the regulatory 

elements are quite different. The prospective investigation of how and when the different 

import mechanisms of this ancient and conserved biosynthesis pathway originated may shed 

light on the evolution of eukaryotes. 

A prerequisite for cPMP synthesis is the production of Fe-S clusters for the radical 

SAM-dependent catalytic activity of NIT-7A. Interestingly, cPMP (Teschner et al., 2010) and 

a yet unidentified Fe-S precursor (Kispal et al., 1999) share presumably their mitochondrial 
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exporter. Because Moco demand results in the enhanced production of the NIT-7A encoding 

transcript, an analysis of Fe-S cluster generation under N-derepressing and nitrate inducing 

conditions could reveal a connection to Moco biosynthesis in future work.  
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5 Supplements 

5.1 Supplementary tables 

STable 1| Tukey’s multiple comparisons of strains G552, G553, and G558 grown on nitrate medium containing race tubes. CI: 
confidence interval, ns: not significant. 

Strains tested Mean diff. 95 % CI of diff. Sign. Adj. p val. 

G552 vs. G553 -2,343 -3,820 to -0,8652 *** 0,0003 

G552 vs. G558 -3,614 -5,092 to -2,137 **** <0,0001 

G552 vs. G552 + G553 -16,6 -18,08 to -15,12 **** <0,0001 

G552 vs. G552+G558 -3,843 -5,320 to -2,365 **** <0,0001 

G552 vs. G553+G558 -4,5 -5,978 to -3,022 **** <0,0001 

G552 vs. G552 + G553 + G558 -16,73 -18,21 to -15,25 **** <0,0001 

G553 vs. G558 -1,271 -2,749 to 0,2062 ns 0,1333 

G553 vs. G552 + G553 -14,26 -15,73 to -12,78 **** <0,0001 

G553 vs. G552 + G558 -1,5 -2,978 to -0,02238 * 0,0446 

G553 vs. G553 + G558 -2,157 -3,635 to -0,6795 *** 0,0009 

G553 vs. G552 + G553 + G558 -14,39 -15,86 to -12,91 **** <0,0001 

G558 vs. G552 + G553 -12,99 -14,46 to -11,51 **** <0,0001 

G558 vs. G552 + G558 -0,2286 -1,706 to 1,249 ns 0,999 

G558 vs. G553 + G558 -0,8857 -2,363 to 0,5919 ns 0,5198 

G558 vs. G552 + G553 + G558 -13,11 -14,59 to -11,64 **** <0,0001 

G552 + G553 vs. G552 + G558 12,76 11,28 to 14,23 **** <0,0001 

G552 + G553 vs. G553 + G558 12,1 10,62 to 13,58 **** <0,0001 

G552 + G553 vs. G552 + G553 

+ G558 

-0,1286 -1,606 to 1,349 ns >0,9999 

G552 + G558 vs. G553 + G558 -0,6571 -2,135 to 0,8205 ns 0,8108 

G552 + G558 vs. G552 + G553 

+ G558 

-12,89 -14,36 to -11,41 **** <0,0001 

G553 + G558 vs. G552 + G553 

+ G558 

-12,23 -13,71 to -10,75 **** <0,0001 
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STable 2 | Tukey’s multiple comparisons of strains G552, G553, and G558 grown on chlorate medium containing race tubes. 
CI: confidence interval, ns: not significant. 

Strains tested Mean diff. 95 % CI of diff. Sign. Adj. p val. 

G552 vs. G553 -8,129 -10,20 to -6,056 **** <0,0001 

G552 vs. G558 -6,614 -8,687 to -4,542 **** <0,0001 

G552 vs. G552 + G553 5,229 3,156 to 7,301 **** <0,0001 

G552 vs. G552 + G558 -7,243 -9,316 to -5,170 **** <0,0001 

G552 vs. G553 + G558 -7,714 -9,787 to -5,642 **** <0,0001 

G552 vs. G552 + G553 + G558 2,543 0,4701 to 4,616 ** 0,0078 

G553 vs. G558 1,514 -0,5584 to 3,587 ns 0,2863 

G553 vs. G552 + G553 13,36 11,28 to 15,43 **** <0,0001 

G553 vs. G552 + G558 0,8857 -1,187 to 2,958 ns 0,8374 

G553 vs. G553 + G558 0,4143 -1,658 to 2,487 ns 0,9958 

G553 vs. G552 + G553 + G558 10,67 8,599 to 12,74 **** <0,0001 

G558 vs. G552 + G553 11,84 9,770 to 13,92 **** <0,0001 

G558 vs. G552 + G558 -0,6286 -2,701 to 1,444 ns 0,9639 

G558 vs. G553 + G558 -1,1 -3,173 to 0,9727 ns 0,6562 

G558 vs. G552 + G553 + G558 9,157 7,084 to 11,23 **** <0,0001 

G552 + G553 vs. G552 + G558 -12,47 -14,54 to -10,40 **** <0,0001 

G552 + G553 vs. G553 + G558 -12,94 -15,02 to -10,87 **** <0,0001 

G552 + G553 vs. G552 + G553 

+ G558 

-2,686 -4,758 to -0,6130 ** 0,0042 

G552 + G558 vs. G553 + G558 -0,4714 -2,544 to 1,601 ns 0,9916 

G552 + G558 vs. G552 + G553 

+ G558 

9,786 7,713 to 11,86 **** <0,0001 

G553 + G558 vs. G552 + G553 

+ G558 

10,26 8,184 to 12,33 **** <0,0001 
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STable 3 | Tukey’s multiple comparisons of primary hyphae diameter of strains G552, G553, and G558 grown on nitrate 
medium. CI: confidence interval, ns: not significant. 

Strains tested Mean diff. 95 % CI of diff. Sign. Adj. p val. 

G552 vs. G553 -1,127 -1,348 to -0,9062 **** <0,0001 

G552 vs. G558 -0,618 -0,8389 to -0,3970 **** <0,0001 

G552 vs. G552 + G553 + G558 -1,513 -1,741 to -1,286 **** <0,0001 

G552 vs. G552 + G553 -1,274 -1,496 to -1,051 **** <0,0001 

G552 vs. G552 + G558 -0,6169 -0,8318 to -0,4021 **** <0,0001 

G552 vs. G553 + G558 -0,8451 -1,068 to -0,6225 **** <0,0001 

G553 vs. G558 0,5092 0,2799 to 0,7384 **** <0,0001 

G553 vs. G552 + G553 + G558 -0,3863 -0,6219 to -0,1507 **** <0,0001 

G553 vs. G552 + G553 -0,1465 -0,3772 to 0,08424 ns 0,4954 

G553 vs. G552 + G558 0,5102 0,2869 to 0,7335 **** <0,0001 

G553 vs. G553 + G558 0,2821 0,05136 to 0,5128 ** 0,006 

G558 vs. G552 + G553 + G558 -0,8955 -1,131 to -0,6599 **** <0,0001 

G558 vs. G552 + G553 -0,6557 -0,8864 to -0,4249 **** <0,0001 

G558 vs. G552 + G558 0,001018 -0,2223 to 0,2243 ns >0,9999 

G558 vs. G553 + G558 -0,2271 -0,4578 to 0,003605 ns 0,0569 

G552 + G553 + G558 vs. G552 

+ G553 

0,2399 0,002828 to 0,4769 * 0,0452 

G552 + G553 + G558 vs. G552 

+ G558 

0,8965 0,6667 to 1,126 **** <0,0001 

G552 + G553 + G558 vs. G553 

+ G558 

0,6684 0,4314 to 0,9055 **** <0,0001 

G552 + G553 vs. G552 + G558 0,6567 0,4319 to 0,8815 **** <0,0001 

G552 + G553 vs. G553 + G558 0,4285 0,1964 to 0,6607 **** <0,0001 

G552 + G558 vs. G553 + G558 -0,2281 -0,4529 to -0,003312 * 0,0441 
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STable 4 | Tukey’s multiple comparisons of primary hyphae diameter of strains G552, G553, and G558 grown on chlorate 
medium. CI: confidence interval, ns: not significant. 

Strains tested Mean diff. 95 % CI of diff. Sign. Adj. p val. 

G552 vs. G553 -2,149 -2,343 to -1,954 **** <0,0001 

G552 vs. G558 -1,559 -1,742 to -1,377 **** <0,0001 

G552 vs. G552 + G553 + G558 1,282 1,100 to 1,463 **** <0,0001 

G552 vs. G552 + G553 1,194 1,021 to 1,366 **** <0,0001 

G552 vs. G552 + G558 -1,674 -1,864 to -1,484 **** <0,0001 

G552 vs. G553 + G558 -2,166 -2,359 to -1,974 **** <0,0001 

G553 vs. G558 0,589 0,3915 to 0,7866 **** <0,0001 

G553 vs. G552 + G553 + G558 3,43 3,234 to 3,627 **** <0,0001 

G553 vs. G552 + G553 3,342 3,153 to 3,531 **** <0,0001 

G553 vs. G552 + G558 0,4746 0,2701 to 0,6790 **** <0,0001 

G553 vs. G553 + G558 -0,01766 -0,2247 to 0,1894 ns >0,9999 

G558 vs. G552 + G553 + G558 2,841 2,657 to 3,025 **** <0,0001 

G558 vs. G552 + G553 2,753 2,577 to 2,929 **** <0,0001 

G558 vs. G552 + G558 -0,1145 -0,3071 to 0,07815 ns 0,5771 

G558 vs. G553 + G558 -0,6067 -0,8020 to -0,4114 **** <0,0001 

G552 + G553 + G558 vs. G552 

+ G553 

-0,08807 -0,2629 to 0,08673 ns 0,7507 

G552 + G553 + G558 vs. G552 

+ G558 

-2,956 -3,147 to -2,764 **** <0,0001 

G552 + G553 + G558 vs. G553 

+ G558 

-3,448 -3,642 to -3,253 **** <0,0001 

G552 + G553 vs. G552 + G558 -2,868 -3,051 to -2,684 **** <0,0001 

G552 + G553 vs. G553 + G558 -3,36 -3,546 to -3,173 **** <0,0001 

G552 + G558 vs. G553 + G558 -0,4922 -0,6946 to -0,2899 **** <0,0001 
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5.2 Supplementary figures 

5.2.1 Nitrate reductase activity assay 

The NR activity assay requires a calibration curve to determine the NR activity in 

crude extracts. I used different amounts of nitrite to calculate the linear regression  

(SFigure 1). 

 

SFigure 1 | Nitrite calibration curve. The absorbance at 540 nm (OD540) is plotted against the amount of nitrite. The linear 
regression resulted in y = 0.0453x + 0.1024, with y for OD540, x for nitrite [nmol], and a coefficient of determination of R2 = 
0.9978. The error bars indicate the standard deviation. Some error bars were too small to be shown. The results were 
already used in my Master’s thesis (2017). 

5.2.2 Determination of the calibration curve for cPMP quantification 

After oxidizing the cPMP standard (kindly provided by Colbourne Pharmaceuticals 

GmbH), I was able to calculate a calibration curve for cPMP quantification by measuring 

the area units for distinct cPMP amounts (SFigure 2). 

 

SFigure 2 | Calibration curve for cyclic pyranopterin monophosphate quantification. The linear regression was calculated, 
yielding the formula y = 3.7 × 105 x - 19067, with y for the area units and x for cPMP in nmol. The Coefficient of 
determination is R2 = 0.9989. 
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5.2.3 Multiple sequence alignment of NIT-7 orthologs 

 

SFigure 3 | Multiple sequence alignment of opisthokont E. coli MoaA and MoaC orthologs. The turquoise box shows the 
MoaA homolog domain and the purple box the MoaC homolog domain. A black background indicates highly conserved 
residues and a grey background marks similar residues. The asterisk highlights residue M623 of NIT-7. Proteins from top to 
bottom: Um.MOCS1: Ustilago maydis MOCS1 (XP_011386609.1), Nc.NIT-7: Neurospora crassa NIT-7AB (XP_955789.2), 
An.CnxABC: Aspergillus nidulans CnxABC (XP_658551.1), Ce.MOC-5: Caenorhabditis elegans MOC-5 isoform b 
(NP_788494.1), Dm.MOCS1: Drosophila melanogaster MOCS1B (NP_788494.1), Dr.MOCS1: Danio rerio MOCS1 isoform X1 
(XP_009291513.1), Mm.MOCS1: Mus musculus MOCS1B (NP_064426.2), Hs.MOCS1: Homo sapiens MOCS1B type III 
(Q9NZB8-2). The alignment was generated with Clustal Omega (Madeira et al., 2019).  
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7 Summary 

The transition metal molybdenum (Mo) is present in all kingdoms of life, bound to 

vitally crucial enzymes. Mo itself is biologically inactive and needs a scaffold to serve as part 

of the active site of its user enzymes. This scaffold is a pyranopterin compound called 

molybdopterin (MPT). The four steps of MPT synthesis and Mo insertion, leading to the 

final pathway product molybdenum cofactor (Moco), are highly conserved. Moco plays an 

essential role in nitrate assimilation by binding to the active site of nitrate reductase (NR), 

the first and rate-limiting enzyme of this pathway. While the literature describes the regulatory 

mechanisms of nitrogen catabolism in detail, the knowledge about eukaryotic Moco 

biosynthesis regulation is limited. 

The focus of this work was to give first insights into the mechanisms leading to optimal 

Moco biosynthesis activity under Moco demanding conditions. For this, I used the fungal 

model organism Neurospora crassa and revealed a tight connection between enhanced NR 

expression and the Moco biosynthesis rate. The transcript quantification of genes involved 

in Moco biosynthesis showed that nit-7, encoding for the first step of Moco biosynthesis, is 

the critical point of regulation. While Moco demand caused the up-regulation of non-spliced 

nit-7 expression (encoding for NIT-7A), I saw no regulation of the splice variant encoding 

for NIT-7AB. The mRNA analysis identified a third, yet unknown splice variant, also 

encoding for NIT-7A. Following these findings, I examined the interplay of these variants, 

their encoded enzymes, and potential new protein products in different in vivo experiments. 

Mutagenesis and rescue studies showed that the NIT-7 A- and B-domain together 

catalyze the conversion of guanosine-5’-triphosphate to cyclic pyranopterin monophosphate 

(cPMP). NIT-7A harbors the sole mitochondrial targeting signal, and thus, NIT-7B requires 

the fusion to an inactive A-domain for its translocation. After import, the mitochondria 

separate the domains of NIT-7AB and degrade the A-domain. Not only fungi but also 

animals exhibit the fusion of A- and B-domain of NIT-7 orthologs. The precise analysis of 

the NIT-7 import identified that the opisthokont-branch developed at least two different 

strategies to orchestrate the cytoplasmic export of fused cPMP-synthase enzymes.
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