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Abstract  22 

The model white-rot basidiomycete Ceriporiopsis (Gelatoporia) subvermispora B encodes 23 

putative natural product biosynthesis genes. Among them is the gene for the seven-domain 24 

nonribosomal peptide synthetase CsNPS2. It is a member of the as-yet uncharacterized fungal 25 

type VI siderophore synthetase family which is highly conserved and widely distributed among 26 

the basidiomycetes. These enzymes include only one adenylation (A) domain, i.e., one 27 

complete peptide synthetase module and two thiolation/condensation (T-C) di-domain partial 28 

modules which, together, constitute an AT1C1T2C2T3C3 domain setup. The full-length CsNPS2 29 

enzyme (274.5 kDa) was heterologously produced as polyhistidine fusion in Aspergillus niger as 30 

soluble and active protein. N5-acetyl-N5-hydroxy-L-ornithine (L-AHO) and N5-cis-31 

anhydromevalonyl-N5-hydroxy-L-ornithine (L-AMHO) were accepted as substrates, as assessed 32 

in vitro using the substrate-dependent [32P]ATP-pyrophosphate radioisotope exchange assay. 33 

Full-length holo-CsNPS2 catalyzed amide bond formation between three L-AHO molecules to 34 

release the linear L-AHO trimer, called basidioferrin, as product in vitro, which was verified by 35 

LC-HRESIMS. Phylogenetic analyses suggest that type VI family siderophore synthetases are 36 

widespread in mushrooms and have evolved in a common ancestor of basidiomycetes. 37 

 38 

 39 

Importance: The basidiomycete nonribosomal peptide synthetase CsNPS2 represents a 40 

member of a widely distributed but previously uninvestigated class (type VI) of fungal 41 

siderophore synthetases. Genes orthologous to CsNPS2 are highly conserved across various 42 
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phylogenetic clades of the basidiomycetes. Hence, our work serves as a broadly applicable 43 

model for siderophore biosynthesis and iron metabolism in higher fungi. Also, our results on 44 

the amino acid substrate preference of CsNPS2 supports further understanding of the substrate 45 

selectivity of fungal adenylation domains. Methodologically, this report highlights the 46 

Aspergillus niger/SM-Xpress-based system as suitable platform to heterologously express 47 

multimodular basidiomycete biosynthesis enzymes in the > 250 kDa range in soluble and active 48 

form. 49 

 50 

 51 

Introduction 52 

The transition element iron plays an essential role for numerous fundamental physiological 53 

processes, among them electron transport, e.g., during oxidative phosphorylation and nucleic 54 

acid biosynthesis [1,2]. The solubility product for Fe(OH)3 is 10-39 M [2]. To compensate for this 55 

very low bioavailability, fungi primarily use high-affinity ferric iron-specific chelating natural 56 

products, referred to as siderophores, to acquire iron extracellularly from their environment 57 

and for intracellular iron storage and sequestration [1,3]. A second, less efficient acquisition 58 

strategy includes enzymatic reductive iron uptake [4]. Structurally, most fungal siderophores 59 

belong to the hydroxamate family of compounds (Fig. 1). They share N5-acyl-N5-hydroxy-L-60 

ornithine as building blocks and chelate ferric iron through octahedral co-ordination to the 61 

oxygen atoms of the hydroxy and the acyl groups bound to these modified L-ornithine residues. 62 

Siderophores can structurally be further divided into i) the trimeric fusarinines, represented, 63 
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e.g., by triacetylfusarinine C (TAFC), a secreted siderophore of Aspergillus fumigatus [5]), ii) the 64 

coprogens [6, 7], iii), the ferrichromes, which include three N5-acylated N5-hydroxy-L-ornithine 65 

units in their usually hexameric structure, represented, e.g., by ferricrocin as intracellular 66 

storage siderophore of Aspergilli [5,8], and iv) rhodotorulic acid which is a dihydroxamate 67 

diketopiperazine [9,10].  68 

Fungal siderophore biosynthesis has been studied extensively for Aspergillus, Fusarium, 69 

Cochliobolus, and other ascomycete genera [11-14]. The key enzymatic activity to assemble the 70 

backbone structure is provided by nonribosomal peptide synthetases (NRPSs). These are 71 

exceptionally large modular multi-domain enzymes which catalyze amide bond formation 72 

between proteinogenic or non-proteinogenic α-amino acids, or α-keto acids, that are covalently 73 

tethered to the enzyme via thioester bonds [15]. Depending on the domain architecture, 74 

siderophore-producing NRPSs are grouped into categories type I-VI [3]. Despite different 75 

products, all of them share a characteristic terminal thiolation (T)-/condensation (C) didomain 76 

duplication or, in most cases, triplication. Discrete enzymes catalyze the reaction to provide 77 

siderophore synthetases with monomeric substrates. These steps include monooxygenase-78 

mediated hydroxylation and acylation of the nitrogen atom N5 of L-ornithine by an 79 

acyltransferase.  80 

The impressive body of literature on ascomycete siderophores is starkly contrasted by the 81 

paucity of data on their basidiomycete congeners, whose genetic or enzymatic requisites for 82 

siderophore production are largely unknown. Merely two reports exist that pertain to 83 

ferrichrome and ferrichrome A biosynthesis in Ustilago maydis [16,17], alongside a report on 84 
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the identification of ferrichrome A biosynthesis genes in the Jack O’Lantern mushroom 85 

Omphalotus olearius [18]. A trimeric siderophore, basidiochrome, has been isolated from 86 

Ceratobasidium and Rhizoctonia species [19].  87 

Genomic sequencing of basidiomycetes of various phylogenetic clades [20-23] identified 88 

strongly conserved genes for a putative seven-domain type VI siderophore synthetase 89 

(AT1C1T2C2T3C3, Fig. 2) in numerous species. Dissimilar to other fungal siderophore synthetases, 90 

type VI enzymes feature only one adenylation (A) domain, plus the prototypical TC domain 91 

triple. Following the biosynthetic logic of NRPSs, this domain configuration should result in a 92 

homotrimeric enzymatic product, making this most conserved basidiomycete NRPS 93 

incompatible with the biosynthesis of the heterohexameric ferrichromes but potentially 94 

consistent with a basidiochrome-like trimer. 95 

The siderophore synthetase of the model white-rot basidiomycete Ceriporiopsis subvermispora, 96 

CsNPS2, is a representative of numerous type VI basidiomycete NRPSs. We here describe its 97 

functional in vitro characterization, along with the chemical identification of its product. 98 

 99 

RESULTS  100 

Phylogeny of basidiomycete type VI siderophore synthetases. Numerous basidiomycetes of 101 

distinct phylogenetic clades encode strongly conserved genes for putative seven-domain 102 

nonribosomal peptide synthetases, making these enzymes one of the most common (if not the 103 

most common) basidiomycete NRPS. Although their function has remained unknown, their 104 

domain setup points to type VI siderophore synthetases [3]. This study aims at functional 105 
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characterization of this group of fungal NRPSs. Among countless others, this particular putative 106 

NRPS gene (CsNPS2) is found in the white-rot model species Ceriporiopsis subvermispora, 107 

whose genomic sequence has been published [24] and which was chosen as a representative 108 

model. 109 

A sequence alignment was produced using the MUSCLE algorithm [25]. The first set included A 110 

domains which adenylate L-ornithine derivatives and which were taken from characterized 111 

asco- and basidiomycete ferrichome synthetases. The second set represented A domains of 112 

CsNPS2-like enzymes with A-T-C-T-C-T-C domain set-up. The phylogenetic clustering analysis 113 

(Fig. 3) supported the assumption that all CsNPS2-like A domains would group together, and 114 

represented a monophyletic sub-branch of the tree. This phylogeny extends previous results in 115 

which a CsNPS2-like protein (EAU88504.2 of Coprinopsis cinerea) was categorized as 116 

representative of type VI of siderophore synthetases [3]. Type VI family enzymes are exclusively 117 

found encoded in basidiomycete genomes and have most likely evolved in an ancient 118 

basidiomycete. Notably, all N5-acyl-N5-hydroxy-L-ornithine-activating A domains cluster 119 

together. Still, they are only remotely related to the ferrichrome A synthetase of the 120 

basidiomycete Omphalotus olearius [18].  121 

 122 

Identification of siderophore biosynthesis genes. The C. subvermispora genome harbored two 123 

adjacent genes (Fig. 2), encoding a putative monooxygenase (SMO1, 541 aa, calculated mass 124 

59.6 kDa, JGI protein ID 113443) and NRPS (CsNPS2, 2464 aa, 270.8 kDa, JGI protein ID 153005). 125 

These enzymes may be involved in siderophore biosynthesis in C. subvermispora. We further 126 
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identified a gene that encodes a putative siderophore transporter of the major facilitator 127 

superfamily (MFS1, protein ID 163556). However, MFS1 is not clustered with CsNPS2. The 128 

deduced MFS1 protein (600 aa, 64.4 kDa) shares 36.5 %, 30 %, and 36 % identical amino acids 129 

with the characterized transporters MirA, MirB, and MirC of A. nidulans [7, 26]. The CsNPS2 130 

gene is interrupted by 14, SMO1 by five, and the MFS gene by 12 introns. A comparably 131 

clustered arrangement of genes for a monooxygenase and an NRPS is found with various fungi, 132 

e.g., for ferrichrome A biosynthesis in the basidiomycete Omphalotus olearius [18], whereas the 133 

transporter genes do usually not cluster with the siderophore synthetase gene. Automatic 134 

annotation identified SMO1 as putative L-ornithine N5-monooxygenase that contains a 135 

Rossman-fold for NADPH+H+ binding. SMO1 is similar (49% identical aa) to Aspergillus 136 

fumigatus SidA, which catalyzes the first step of the ferricrocin/fusarinine C biosynthesis [27]. 137 

CsNPS2 resembles a trimodular siderophore synthetase that includes an adenylation domain 138 

and a triplicated thiolation-condensation di-domain (Fig. 2). Such triplications are also found 139 

with Aspergillus fumigatus SidC and numerous other siderophore synthetases [3,28]. However, 140 

CsNPS2 and CsNPS2-like enzymes of other basidiomycetes (Table 1) are dissimilar from SidC in 141 

that only one A domain is present.  142 

 143 

Iron-dependent expression of natural product biosynthesis genes. The expression of 144 

siderophore biosynthesis genes is upregulated in response to iron limitation [4], e.g., shown for 145 

sidC and sidA of A. fumigatus [29]. Therefore, our hypothesis that CsNPS2 and SMO1 serve 146 

siderophore biosynthesis in C. subvermispora, was initially tested by a semi-quantitative 147 
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reverse-transcription PCR. We used cDNA obtained from cultures grown under high iron 148 

conditions (that is, 10 µM FeCl2) or iron-depleted conditions, i.e., without iron, but with 200 µM 149 

of the ferrous iron chelator bathophenanthrolinedisulfonic acid (BPS) (Fig. S1). The 150 

constitutively expressed glyceraldehyde-3-phosphate dehydrogenase gene (GDH) served as 151 

reference. The transcripts of CsNPS2, SMO1, and MFS1 were more pronounced in cultures 152 

grown under iron-deplete conditions. This finding is consistent with the hypothesis that 153 

CsNPS2, SMO1, and MFS1 may produce and transport siderophores. Further evidence for 154 

siderophore secretion by C. subvermispora derived from the CAS-based siderophore detection 155 

assay. When the fungus was grown in the modified CAS assay using split plates (half CAS agar, 156 

half MEP, Fig. S2), a pale yellow area on the CAS side of the contact zone between the two 157 

media indicated siderophore secretion by C. subvermispora under iron deplete conditions.      158 

 159 

In silico analysis of CsNPS2 substrate specificity. To characterize the substrate specificity of 160 

CsNPS2 in vitro, we determined its nonribosomal code. It comprises ten mostly non-adjacent 161 

amino acids in adenylation domains that line the substrate-binding pocket and, thus, impact 162 

substrate preference. We identified the aa motif D-V-A-G-A-G-F-I-G-K in CsNPS2, which is also 163 

present in CsNPS2-like enzymes of other basidiomycetes in identical or near-identical form 164 

(Table 1). With an aspartic acid residue on the first position (D235, numbering according to the 165 

bacterial reference enzyme PheA [30]), this code indicates that an α-amino acid is the preferred 166 

CsNPS2 substrate. Crystallography proved this aspartic acid residue as critical to stabilize the α-167 

amino group of the substrate [31]. Further, the CsNPS2 code resembles to some degree that for 168 
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L-AHO-activating domains. For instance, the code D-V-L-D-I-G-F-I-G-K was found in the N5-169 

acetyl-N5-hydroxy-L-ornithine-activating A domain of the ferrichrome synthetase Sib1 of 170 

Schizosaccharomyces pombe [28]. Notably, based on the crystal structure of the Neotyphodium 171 

lolii epichloënin synthetase SidN (pdb: 3ITE), an extended specificity code for L-AHO activating 172 

domains was proposed [32]. However, the relevance for substrate prediction by basidiomycete 173 

A domains remains still elusive. 174 

 175 

In vitro analysis of CsNPS2 substrate specificity. Next, we determined the substrate specificity 176 

of the CsNPS2 A domain in vitro. A total of 24 amino acid substrates were tested, including 177 

N5-hydroxy-L-ornithine, L-AHO, and L-AMHO. Heterologous production of the full-length and N-178 

terminally hexahistidine-tagged 274.5 kDa CsNPS2 protein was accomplished in Aspergillus 179 

niger tEB09. Protein purification was performed by metal affinity chromatography and verified 180 

by SDS-polyacrylamide gel electrophoresis (Fig. S3). Pure CsNPS2 was assayed by substrate-181 

dependent ATP-[32P]-pyrophosphate radiolabel exchange. High turnover was detected for 182 

monomeric siderophore building blocks L-AHO (919,700 cpm, Fig. 4) and L-AMHO (879,800 183 

cpm). Contrastingly, poor activity was observed for L-ornithine and L-alanine (3,640 and 4,050 184 

cpm, respectively), i.e., values which are as low as the negative control with water as substrate 185 

(1,930 cpm).  186 

 187 

Natural product analysis of C. subvermispora cultures. CsNPS2 includes only a single A domain. 188 

Following the biosynthetic logic of NRPSs, only one monomeric substrate species would thus be 189 
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loaded onto the T domains through repetitive A-domain activity, followed by amide bond 190 

formation between monomers. Consequently, this domain set-up makes a function as 191 

synthetase for ferrichrome, ferricrocin, or ferrirhodin unlikely, but points to a homotrimeric 192 

compound, such as des(diserylglycl)ferrirhodin [33] or fusarinine B [34] (Fig. 1). Mycelial 193 

extracts and the culture broth of C. subvermispora, grown under iron-limiting conditions, were 194 

chromatographically analyzed. Considering the A domain’s specificity for L-AHO and L-AMHO 195 

and given that the relevant sequence portion (2136LHHFQYDAWS2145) of the terminal C domain 196 

of CsNPS2 does not feature the signature motif typical for fungal C domain-like cyclization 197 

domains [35], a linear CsNPS2 trimeric product was anticipated. While the CAS agar diffusion 198 

assay indicated iron-chelating properties of XAD-16 extracts, the expected masses of L-AHO and 199 

L-AMHO trimers (linear or cyclic) were not detected. We therefore conclude that a linear 200 

homotrimer from either of these starter units does not represent the ultimate pathway product 201 

in C. subvermispora. Likely, it undergoes further post-NRPS modification, e.g., glycosylation, as 202 

shown for Metarhizium robertsii metachelins [36] or bacterial enterobactins [37], or acetylation 203 

or hydroxylation which are found, e.g., with Aspergillus fumigatus ferricrocins [38].  204 

 205 

CsNPS2 product formation in vitro. Given the difficult siderophore identification in vivo, we 206 

followed an in vitro approach and performed product formation assays for the definitive 207 

functional characterization of CsNPS2. For most basidiomycetes, including C. subvermispora 208 

transformation and genetic manipulation is not established and reverse genetics is not an 209 

option. For in vitro assays, we used either 1 mM L-AHO or L-AMHO as amino acid substrate. The 210 
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reactions proceeded for 24 h and were again analyzed by the CAS agar diffusion assay. Only the 211 

reaction with the substrate L-AHO resulted in a color change in the CAS agar from blue to yellow 212 

which indicated the formation of a Fe(III)-chelating product (Fig. S2). When L-AMHO was 213 

offered as substrate or when ATP was omitted (negative control), the CAS assays did not 214 

indicate iron chelation. Further analysis by HPLC and high-resolution mass spectrometry 215 

detected a signal at tR = 8.3 min, which was not present in the negative control (Fig. 5). High 216 

resolution mass spectrometry revealed a compound with m/z 535.2719 [M+H]+, which is 217 

consistent with the iron-void linear trimer of L-AHO, now referred to as basidioferrin 218 

(C21H38N6O10:, calculated m/z 535.2722 [M+H]+), and a compound with m/z 588.1840 which is 219 

consistent with the 56Fe3+ complex (C21H35N6O10Fe, calculated m/z 588.1839 [M+H]+). In the 220 

assay with L-AMHO as substrate, product formation was not detected. The in vitro results 221 

confirmed the above predictions made in silico and confirm the view that CsNPS2 acts as 222 

siderophore synthetase. 223 

 224 

DISCUSSION 225 

The enzymatic and genetic basis of basidiomycete siderophore biosynthesis is still 226 

underexplored, compared to ascomycetes. Besides the above-mentioned results on Ustilago 227 

and Omphalotus ferrichromes, trimeric N5-(3-methyl-cis-glutaconyl)-N5-hydroxy-L-ornithine, 228 

referred to as basidiochrome, was reported from Ceratobasidium and Rhizoctonia species [19]. 229 

For the ectomycorrhiza fungus Suillus granulatus, production and secretion of fusarinines B and 230 

C (=linear and cyclic fusigen, respectively), ferrichrome, coprogen, and TAFC have been 231 
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reported. Similarly, the closely related mushroom Suillus luteus was found to release fusarinine 232 

B and fusarinine C (=fusigen), ferricrocin, and coprogen [39] (Fig. 1). However, these findings 233 

are inconsistent with genomic data as neither species encodes a ferrichrome synthetase, a 234 

SidC-like enzyme that would provide the catalytic capacity to synthesize TAFC, or an enzyme 235 

that is consistent with coprogen biosynthesis. However, the above Suillus species encode a 236 

CsNPS2-type siderophore synthetase. Whereas both L-AHO and L-AMHO are adenylated by the 237 

CsNPS2 A domain, our results demonstrate that only the former is trimerized. Assuming equal A 238 

domain preferences in the Suillus synthetases, but L-AMHO as the sole building block that 239 

undergoes trimerization, our biochemical data could be well reconciled with the previously 240 

observed fusarinine B production. Its biosynthesis also appears plausible, as a linear trimeric N5-241 

acylated N5-hydroxy-L-ornithine with chelating properties represents the immediate product of 242 

the respective enzyme.  243 

CsNPS2 comprises only one single A domain, which is consistent with the enyzme’s 244 

homotrimeric product, yet implies repeated A domain activity to load all T domains with 245 

monomeric L-AHO. The phenomenon of iterative loading is, however, reminiscent of other 246 

siderophore synthetases, e.g., in Schizosaccharomyces pombe [28] or during yersiniabactin 247 

biosynthesis [40]. Our work on CsNPS2 was focused on the biochemical characterization of a 248 

type VI siderophore synthetase, i.e., a previously uninvestigated class of basidiomycete 249 

enzymes. The finding that its A domain accepts both L-AHO and L-AMHO as monomers, but 250 

oligomerizes only the former, is remarkable and contrasts the situation of siderophore 251 

biosynthesis in the ascomycete Aspergillus fumigatus, which has been profoundly investigated 252 
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for its iron metabolism. This fungus has two siderophore synthetases, i.e., SidD for TAFC 253 

production and SidC to synthesize ferricrocin, respectively [5]. While the former synthetase is 254 

strictly specific for L-AMHO, the latter accepts L-AHO as chelating building block. Another 255 

interesting observation on C. subvermispora CsNPS2 is that the gene is not only transcribed 256 

under iron depletion, but also, though at lower levels, in the presence of iron. Taking into 257 

account that no other obvious gene coding for siderophores had been detected in the C. 258 

subvermispora genome, this may point to a second function as intracellular storage 259 

siderophore, besides extracellular iron acquision. This would be dissimilar to A. fumigatus, 260 

which uses separate molecules, ferricrocin versus TAFC and fusarinine C, to fulfill these 261 

functions [5]. 262 

 263 

In conclusion, numerous basidiomycete genomes of various phylogenetic clades and lifestyles 264 

code for seven-domain type VI siderophore synthetases. Hence, our work on CsNPS2 has pilot 265 

character and helps investigate and understand iron metabolism in basidiomycetes more 266 

thoroughly and comprehensively. 267 

 268 

MATERIALS AND METHODS 269 

General. Standard molecular biology procedures were performed as described [41]. Isolation of 270 

plasmid DNA from Escherichia coli, restriction and ligation followed the instructions of the 271 

manufacturers of kits and enzymes (NEB, Promega, Fermentas, Thermo Fisher Scientific, and 272 

Zymo Research). Chemicals and media components were purchased from Becton-Dickinson, 273 
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Fisher, Fluka, Novagen, Roth, Sigma-Aldrich, and Takara. The sodium salt of [32P]pyrophosphate 274 

was from PerkinElmer.  275 

 276 

Microorganisms and cultivation. Routine cloning was done in E. coli XL1 blue. E. coli BL21(DE3) 277 

and SoluBL were used for heterologous protein production. E. coli was cultured in LB- or 278 

overnight express instant TB medium, amended with kanamycin (50 µg/ml) or carbenicillin (50 279 

µg/ml) for selection. Ceriporiopsis subvermispora [24] was grown at room temperature on malt 280 

extract peptone (MEP) agar (per liter: 30 g malt extract, 3 g soy peptone, 18 g agar, pH 5.6). 281 

Seed cultures were grown in liquid MEP medium, for main cultures, low iron medium (LIM) [19] 282 

was used. To induce siderophore biosynthesis, 200 µM bathophenanthroline disulfonic acid 283 

(BPS) disodium salt was added. Aspergillus niger P2 [42] and its derivative tEB09 (PamyB:terR; 284 

PterA:NPS2, this study) were grown on Aspergillus minimal medium (AMM + 100 mM D-glucose 285 

and 70 mM NaNO3) [43] containing 2 % agar, or as liquid seed culture with 100 mM D-glucose, 286 

at 30 °C. Pyrithiamine hydrobromide (0.1 µg/ml) and phleomycin (80 µg/ml) were added, if 287 

appropriate.  288 

 289 

cDNAs synthesis and plasmid construction. RNA isolation was carried out with the SV Total 290 

RNA Isolation kit (Promega). Reverse transcription PCR in a total volume of 20 µl (60 min; 42 °C) 291 

was used to produce cDNA. To amplify a partial gene encoding the A1-T1-didomain of 292 

C. subvermispora CsNPS2 (putative siderophore synthetase gene), the first-strand synthesis 293 

reaction was primed with oligonucleotide NPS2-1 (1 µM, Table 2), 2.5 mM MgCl2, 0.5 mM each 294 
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dNTP, 1 μg total RNA, and ImProm-II reverse transcriptase (Promega). Subsequently, 1 μl of the 295 

first strand reaction was used as template in a standard PCR. The reaction included 0.2 mM 296 

each dNTP, 0.5 µM (each) oligonucleotides NPS2fw and NPS2rev (Table 2), and 2 units Pfu DNA-297 

polymerase (Promega), in the buffer provided with the enzyme, in a total volume of 50 μl. 298 

Thermocycling parameters were: initial denaturation, 30 s, 94 °C; amplification, 35 cycles (94 °C 299 

for 30 s, 58 °C for 30 s, 72 °C for 6 min 30 s); terminal hold, 5 min at 72 °C. The purified PCR 300 

product was restricted with BamHI and EcoRI, whose recognition sites were introduced by the 301 

above primers, and ligated to the vector pBSK, restricted equally, to create plasmid pRL1 (see 302 

Fig. S4 for plasmid construction). The insert was then ligated into vector pRSETb, using the 303 

same restriction sites, to create expression plasmid pRL3. The CsNPS2 full-length gene was 304 

reconstituted by amplifying the portion between its naturally occurring SacII site and the stop 305 

codon with primers oRL1 and oRL2 (Table 2, PCR parameters as mentioned before), restriction 306 

of the amplicon by SacII and MfeI, and ligation into pRL3, restricted by SacII and EcoRI, to yield 307 

plasmid pRL5.  308 

The full-length CsNPS2 reading frame was then ligated to the SM-Xpress vector [42] by in vitro 309 

recombination, using the InFusion HD Cloning Kit (Clontech), to create plasmid pEB16. To this 310 

end, the gene was amplified by PCR (total volume 10 µl), using 20 ng pRL5 as template, 0.2 mM 311 

each dNTP, 1 µM each oligonucleotide (oEB28/oEB30, Table 2), and 1 unit Phusion DNA 312 

polymerase, in the GC-buffer provided with the enzyme. Thermal speedcycling parameters 313 

were: initial denaturation at 98 °C for 30 s; amplification with 33 cycles (98 °C for 7 s, 61 °C for 7 314 

s, 72 °C for 125 s); terminal hold, 5 min at 72 °C.  315 
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 316 

Semi-quantitative PCR. Total RNA was isolated from C. subvermispora mycelia cultivated under 317 

high iron (10 µM FeSO4) and iron-deplete conditions (no iron, with 200 µM BPS). cDNA 318 

synthesis was performed with 500 ng template RNA per reaction. Semi-quantitative PCR was 319 

carried out with primer pairs (0.5 µM each) oRL3/oRL4 (for CsNPS2, the putative siderophore 320 

synthetase, KY287598), oEB48/oEB49 (MFS1, putative siderophore transporter gene, 321 

EMD31052.1), oEB54/oEB55 (SMO1, putative monooxygenase gene, EMD38274.1) and 322 

oEB46/oEB47, (GDH1, glyceraldehyde-3-phosphate dehydrogenase gene, EMD35149.1), in 323 

which the latter served as reference standard. Oligonucleotide sequences are shown in Table 2. 324 

Thermal cycling parameters were: 30 s at 98 °C; 27 cycles of 98 °C for 10 s, 54 °C for 15 s and 325 

72 °C for 105 s, followed by a terminal hold for 5 min at 72 °C. The PCR products were 326 

separated by agarose gel electrophoresis.  327 

 328 

Aspergillus niger transformation and heterologous gene expression. A. niger P2 (=FGSC 329 

A1144_PamyB:terR) [42] was transformed with plasmid pEB16. Conidia (1 × 107 in 50 ml AMM) 330 

were inoculated and incubated on an orbital shaker at 120 rpm and 30 °C overnight. Mycelium 331 

was harvested and washed with 100 ml YAT buffer (0.6 M KCl, 50 mM maleic acid, pH 5.5). For 332 

protoplast formation, mycelium was incubated with 100 mg Yatalase and 100 mg lysing enzyme 333 

in 20 ml YAT buffer for approximately 2 h (30 °C, 70 rpm). Protoplasts were filtered and washed 334 

three times with wash solution (0.6 M KCl, 0.1 M Tris-HCl, pH 7.0). Protoplasts were then 335 

resuspended in solution A (0.6 M KCl, 50 mM CaCl2, 10 mM Tris-HCl, pH 7.5) to give a final 336 
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concentration of 5 × 107 to 2 × 108 protoplasts/ml. To 100 µl protoplast suspension, 1-20 µg 337 

plasmid DNA was added, followed by incubation on ice for 5 min. After addition of 25 µl PEG 338 

solution (25 % (w/v) PEG 8000, 50 mM CaCl2, 10 mM Tris-HCl, pH 7.5) the mixture was kept on 339 

ice for further 20 min. Then, another 500 µl of PEG solution was added. After incubation on ice 340 

for further 5 min, 1 ml solution A was added. 400 µl of the transformation reaction was mixed 341 

with 12 ml top agar (AMM, 50 mM D-glucose, 1.2 M sorbitol, 80 µg/ml phleomycin, 2 % agar, 342 

pH 6.5) and poured onto agar plates of the same composition. Plates were cultured at 30 °C for 343 

3-5 days. Conidia from colonies were transferred four times to fresh plates. A PCR-based pre-344 

screen with primers 2641 and 2644 (Table 2) was used to test for full-length transgene 345 

integration. Genomic DNAs of nine pre-selected transformants were subsequently tested for 346 

single-integration events of the CsNPS2 cassette (PterA:CsNPS2:trpCT) by Southern blotting, 347 

using a 0.9 kb digoxigenin-labeled CsNPS2-specific probe (DIG high prime, Roche, Fig. S5). For 348 

visualization, blots were treated with CDP-star, according to the manufacturer's instruction 349 

(Roche). A transformant (A. niger tEB09) with a single integration of the expression construct in 350 

the genome was used for further work.  351 

 352 

Protein purification. Heterologous production of Streptomyces verticillus phosphopantetheinyl 353 

transferase Svp in E. coli BL21(DE3) was performed as previously described [44]. Cells were 354 

harvested by centrifugation (4 °C, 3,200 × g, 20 min), and the cell paste was resuspended in lysis 355 

buffer (50 mM NaH2PO4 × H2O, 300 mM NaCl, 10 mM imidazole, pH 8.0), followed by sonication 356 

to disrupt cells, centrifugation to remove debris, and FPLC-based purification (see below). 357 
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To produce full-length CsNPS2, conidia of A. niger tEB09 (1 × 106 in 50 ml) were used to 358 

inoculate AMM+100 mM D-glucose+70 mM NaNO3), at 30 °C and 200 rpm, for 48 h. The 359 

mycelium was harvested, ground under liquid nitrogen and resuspended in buffer (50 mM Tris, 360 

150 mM NaCl, pH 8.0). Cell debris was removed by centrifugation (4 °C, 14,000 × g, 20 min).  361 

An Äkta Pure FPLC instrument (GE Healthcare) was used for immobilized metal affinity 362 

chromatography. The instrument was equipped with a 1 ml His-Trap FF crude column (GE 363 

Healthcare). Buffer A (50 mM NaH2PO4, 300 mM NaCl, pH 7.5) and buffer B (500 mM imidazole 364 

in buffer A) were used as mobile phase. The wash was performed with a step gradient (5-12 % 365 

B, equivalent to 25-60 mM imidazole) within 10 min. Elution of the histidine-tagged target 366 

proteins (CsNPS2 full-length, Svp) was carried out at 100 % B. Proteins were desalted on a PD-367 

10 column (GE Healthcare) and eluted with buffer (80 mM Tris-HCl, 5 mM MgCl2, 100 µM EDTA, 368 

pH 7.5). Protein purification was verified on polyacrylamide gels, the protein concentration was 369 

determined by Bradford’s assay [45]. Additional MALDI-TOF/TOF MS analysis confirmed the 370 

authenticity of CsNPS2. 371 

 372 

Siderophore detection assay. Siderophore activity was detected by the Chrome Azurol S (CAS) 373 

agar diffusion method as described [46,47] and used to characterize the in vitro product of 374 

CsNPS2. A 35 µl sample of the assay was filled into a 5 mm-diameter well. The plate was 375 

incubated for 4 h at 37 °C. For analyses of siderophores produced in vivo, a split plate [48] was 376 

used consisting of one half CAS agar for siderophore detection, and one half MEP agar, on 377 

which the fungus was grown.  378 
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 379 

Radiolabel exchange assay. The substrate preferences of the CsNPS2 A domain was 380 

determined by the substrate-dependent ATP-[32P]pyrophosphate radiolabel exchange assay. All 381 

reactions were run in triplicates. The reactions consisted of 80 mM Tris-buffer, 5 mM MgCl2, 5 382 

mM ATP, 1 mM substrate, 100 nM purified enzyme, and 0.1 µM [32P]pyrophosphate (50 383 

Ci/mmol). Substrates were: all proteinogenic L-amino acids, glycine, as well as L-ornithine, 384 

N5-hydroxy-L-ornithine, N5-acetyl-N5-hydroxy-L-ornithine (L-AHO), and N5-cis-385 

anhydromevalonyl-N5-hydroxy-L-ornithine (L-AMHO, fusarinine). First, substrates were added in 386 

pools (Table S1). Components of positive pools were assayed individually. Turnover was 387 

determined between 5 °C and 40 °C, and between pH 6 and pH 8. For optimum turnover, the 388 

assays were kept at pH 7.5 and 28 °C. The reaction volume was 100 µl. After 30 min, the 389 

reactions were stopped and further processed as described [48]. Radiolabel exchange was 390 

quantified on a PerkinElmer TriCarb 2910TR scintillation counter.   391 

 392 

Phosphopantetheinylation of CsNPS2. For CsNPS2-catalyzed product formation in vitro, the 393 

phosphopantetheinyl transferase Svp [44] was used to convert apo-CsNPS2 into its holo-form. 394 

100 nM purified CsNPS2, 50 nM Svp, 250 µM coenzyme A in reaction buffer (80 mM Tris-HCl, 395 

pH 7.5, 5 mM MgCl2, 100 µM EDTA) in a total volume of 3 ml were incubated for 30 min at 37 396 

°C.  397 

 398 
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In vitro product formation. For CsNPS2-catalyzed product formation, 5 mM ATP and 399 

1 mM L-AHO, solved in Tris-HCl buffer (pH 7.5, final volume 2 ml) were added. The reaction was 400 

carried out at 28 °C for 24 h, and stopped by lyophilization. The product was solved in 401 

methanol, filtered, and analyzed by CAS agar diffusion assay, high performance liquid 402 

chromatography (HPLC) and mass spectrometry (LC-MS, see below). For negative control, an 403 

ATP-void reaction was run in parallel. To detect iron-loaded siderophore by LC-MS, the assay 404 

was split, and 1 mM (final) FeCl3 was added to one part of the assay. 405 

 406 

Chemical analysis. HPLC and LC-MS with in vitro products were carried out on an Agilent 407 

Infinity 1260 liquid chromatograph equipped with a Zorbax Eclipse XDB-C18 column (150 × 4.6 408 

mm, 5 µm particle size) and coupled to a 6130 single quad mass detector. Solvent A was 0.1 % 409 

(v/v) formic acid in water, solvent B was acetonitrile. Diode array detection was at λ = 210 nm. 410 

The gradient was: 10 % to 20 % B within 15 min, increase to 50 % B in 15 min, from 50 % to 60 411 

% B in 10 min, and to 100 % B in another 10 min. For in vivo analyses, Ceriporiopsis 412 

subvermispora culture supernatants were filtered and supplemented with Amberlite XAD-16 413 

adsorber resin (10 % w/v). The beads were then washed with water, and the elution was 414 

performed with 100 % MeOH. Subsequently, the solvent and residual water were removed by 415 

rotary evaporation under reduced pressure. The dry extract was resuspended in MeOH. The 416 

extract (2 ml) was further fractionated by solid phase extraction using Waters SepPak cartridges 417 

(20 ml, C18, 5 g). The step gradient was 10 % to 100 % MeOH in 10 % increments. Fractions 418 

were analyzed by the CAS diffusion assay, and CAS assay-positive fractions were analyzed by LC-419 
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MS. High-resolution mass spectra were acquired on a Thermo Accela liquid chromatograph with 420 

a C18 column (Grom-Sil 100 ODS-0 AB, 250 × 4.6 mm, 3 µm), interfaced to an Exactive Orbitrap 421 

spectrometer, operated in positive and negative mode and by electrospray ionization. The 422 

following gradient was used: initial hold at 5% B for 1 min, followed by a linear gradient to 100% 423 

B within 15 min.  424 

 425 

Bioinformatic analysis. The alignment and phylogenetic tree were created with MEGA5 426 

software [50] using the built-in muscle alignment engine [25] and the neighbor-joining 427 

algorithm. PheA from Brevibacillus brevis (pdb:1AMU) [30] was defined as an outgroup. The 428 

muscle alignment was further used to determine the nonribosomal specificity codes by 429 

extracting alignment positions corresponding to specificity-conferring residues of PheA or SidN3 430 

[32].  431 

 432 

Chemical synthesis. L-AHO was synthesized from N2-benzyloxycarbonyl-L-ornithine and 433 

deprotected by hydrogenolysis, following a described procedure [51]. L-AMHO was obtained by 434 

mild alkaline hydrolysis of fusarinine C. The identity of both compounds was confirmed using 435 

high-resolution mass spectrometry, carried out on the Thermo Exactive instrument mentioned 436 

above, and by NMR spectroscopy, performed on a Bruker Avance III 500 MHz spectrometer. 437 

 438 
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FIGURE LEGENDS  630 

Fig. 1. Chemical structures of fungal siderophores. Abbreviations: DDF: 631 

des(diserylglycl)ferrirhodin; TAFC: triacetylfusarinine C. 632 

 633 

Fig. 2. Physical map of basidioferrin biosynthetic genes in Ceriporiopsis subvermispora. The 634 

black arrows represent the transcriptional direction of the CsNPS2 and SMO1 genes. Intron 635 

positions within the genes are indicated by spaces between arrow segments. Below: domain 636 

setup of CsNPS2. Domain abbreviations are: A, adenylation; C, condensation; T, thiolation. 637 

 638 

Fig. 3. Neighbor-joining tree of adenylation domains of selected fungal siderophore 639 

synthetases. Organism and enzyme names, accession numbers, as well as the number of the A 640 

domain (i.e. A1-A3 in case of multiple A domains per enzyme) are indicated on leaves. CsNPS2 641 

belongs to the monophyletic type VI clade, a subclade of N5-acyl-N5-hydroxy-L-ornithine (Acyl-642 

HO) activating A domains and exclusively consists of basidiomycete sequences. Bootstrap 643 

values above 50% are shown above branches. The scale bar represents the number of amino 644 

acid substitutions per site. The branch to Omphalotus olearius Fso1 A3 is not drawn to scale. 645 

Accession numbers refer to entries in the NCBI, PDB, or the JGI database (protein IDs) of the 646 

Joint Genome Institute. 647 

 648 

Fig. 4. Adenylation domain substrate specificity of Ceriporiopsis subvermispora CsNPS2 649 

siderophore synthetase, determined by the ATP-[32P]pyrophosphate radioisotope exchange 650 
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assay. Abbreviations: cpm: counts per minute; L-AHO, N5-acetyl-N5-hydroxy-L-ornithine; L-651 

AMHO, N5-cis-anhydromevalonyl-N5-hydroxy-L-ornithine; Error bars indicate the standard 652 

deviation of three independent experiments. 653 

 654 

Fig. 5. HPLC analysis (λ = 210 nm) of CsNPS2-dependent basidioferrin production in vitro. 655 

Negative control: ATP-omitted reaction. The high-resolution mass spectrum (positive mode) 656 

refers to the signal at tR = 8.3 min, which corresponds to basidioferrin (chemical structure top 657 

left). 658 

 659 

 660 

 661 

 662 

 663 
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Table 1: Comparison of fungal siderophore synthetases mentioned in this study with CsNPS2 and like enzymes. For synthetases 664 

featuring more than one A domain, it is indicated in brackets to which A domain the NRPS code and substrate specificity refer. 665 

Abbreviations: L-AHO, N5-acetyl-N5-hydroxy-L-ornithine; L-AMHO, N5-cis-anhydromevalonyl-N5-hydroxy-L-ornithine; L-MGHO, 666 

N5-trans-(α-methyl)-glutaconyl-N5-hydroxy-L-ornithine. Domain abbreviations: A, adenylation; dA, degenerate adenylation; C, 667 

condensation; T, thiolation. The siderophore synthetase categories described by Turgeon and co-workers [3] are given in the 668 

column “synthetase type”.  669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 
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Synthetase 
type 

Organism 
NRPS 

(A domain) 
Synthetase domain structure NRPS code Substrate Ref. 

I Ustilago maydis Sid2 (A2) A-T-C-A-T-C-A-T-C-T-C DVLSIGAIGK L-AHO [16] 

I Ustilago maydis Sid2 (A3) A-T-C-A-T-C-A-T-C-T-C DVIDMGAIGK L-AHO [16] 

II Neotyphodium lolii SidN (A3) A-T-C-A-T-C-A-T-C-T-C-T-C DVGGGGVIGK L-AMHO [32] 

II Aspergillus fumigatus SidC (A3) A-T-C-A-T-C-A-T-C-T-C-T-C DVLSSGAIGK L-AHO [8] 

II Omphalotus olearius Fso1 (A3) A-T-C-A-T-C-A-T-C-T-C-T-C DIITITATLR L-MGHO [18] 

II Ustilago maydis Fer3 (A3) A-T-C-A-T-C-A-T-C-T-C-T-C DVSSGGAIMK L-MGHO [17] 

III Schizosaccharomyces pombe Sib1 (A3) A-T-C-T-C-dA-T-C-A-T-C-T-C-T-C DVLDIGFIGK L-AHO [28] 

V Cochliobolus heterostrophus NPS2 (A4) A-T-C-A-T-C-A-T-C-A-T-C-T-C-T-C DVLDIGGIGK L-AHO [3,52] 

VI Coniophora puteana NPS1 A-T-C-T-C-T-C DVSGAGFIGK ? [20] 

VI Serpula lacrymans NPS4 A-T-C-T-C-T-C DVCGGGFIGK ? [21] 

VI Coprinopsis cinerea EAU88504.2 A-T-C-T-C-T-C DVCGGGFIGK ? [22] 

VI Suillus luteus Sid1 A-T-C-T-C-T-C DVAGAGFIGK ? [53] 

VI Stereum hirsutum EIM88654.1 A-T-C-T-C-T-C DVSGVGFVGK ? [20] 

VI Fomitiporia mediterranea 
EJD05778.1 

 
A-T-C-T-C-T-C DVAGAGFIGK ? [20] 

VI Ceriporiopsis subvermispora CsNPS2 A-T-C-T-C-T-C DVAGAGFIGK L-AHO [24, this work] 

 679 

 680 

 681 

 682 

 683 

 684 

 on S
eptem

ber 7, 2017 by U
niv of N

ottingham
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


36 

 

Table 2. Sequences (5´to 3´) of oligonucleotide primers. 685 

Primer Sequence 

  

NPS2-1  CGGAGCCAGCTCTAAGAGAAC 

NPS2fw TTATGGCGGATCCAATGAGCGCACAC 

NPS2rev GTGTCTGAATTCACGGAGCGTTATAGGATTCC 

oRL1 CTAGAAGTGATTGGCCGTATCG 

oRL2 CTAACCCGCGACTCAATTGATTCTG 

oEB28 CATCACAGCACCATGCGGGGTTCTCATCATCATCATC 

oEB30 ATCACTGCTGCCATGGCTAAGCAAGGCACTCCTTGAC 

oRL3 CATACCGAACTGGCGATCTC 

oRL4 CGGAGCCAGCTCTAAGAGAAC 

oEB46 TCAAGTACGACTCCGTCCAC 

oEB47 GTACCACGAGATGAGCTTG 

oEB48 GTGTGAAGAAGGTCGAGG 

oEB49 GTCTGCGTAGACGAGAAG 

oEB54 GGAAGCACAAGATCCTCTG 

oEB55 GTTGCGGAGTCTGTTTCG 

oRL5 CATACCGAACTGGCGATCTC 

oRL6 CGGAGCCAGCTCTAAGAGAAC 

2641 GACGGCCAGTGAATTCGATCCTCTCTCTGATATTGTCG 

2644 TACCGAGCTCGAATTCGAGTGAGGGTTGAGTACGAG 

 686 
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