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ABSTRACT

The fungus Thelonectria discophora SANK 18292 produces the iminosugar nectrisine, which has a nitrogen-containing hetero-
cyclic 5-membered ring and acts as a glycosidase inhibitor. In our previous study, an oxidase (designated NecC) that converts
4-amino-4-deoxyarabinitol to nectrisine was purified from T. discophora cultures. However, the genes required for nectrisine
biosynthesis remained unclear. In this study, the nectrisine biosynthetic gene cluster in T. discophora was identified from the
contiguous genome sequence around the necC gene. Gene disruption and complementation studies and heterologous expression
of the gene showed that necA, necB, and necC could be involved in nectrisine biosynthesis, during which amination, dephos-
phorylation, and oxidation occur. It was also demonstrated that nectrisine could be produced by recombinant Escherichia coli
coexpressing the necA, necB, and necC genes. These findings provide the foundation to develop a bacterial production system for
nectrisine or its intermediates through genetic engineering.

IMPORTANCE

Iminosugars might have great therapeutic potential for treatment of many diseases. However, information on the genes for their
biosynthesis is limited. In this study, we report the identification of genes required for biosynthesis of the iminosugar nectrisine
in Thelonectria discophora SANK 18292, which was verified by disruption, complementation, and heterologous expression of
the genes involved. We also demonstrate heterologous production of nectrisine by recombinant E. coli, toward developing an
efficient production system for nectrisine or its intermediates through genetic engineering.

Iminosugars, which are sugar analogues with the ring oxygen
replaced by nitrogen, have been isolated from natural sources,

including microorganisms and plants. Many of them are known
to show inhibitory activity against glycosidases by mimicking the
corresponding substrates or their hydrolysis transition states (1–
5). Because of that biological activity, iminosugars are considered
to have powerful therapeutic potential for the treatment of many
diseases, such as diabetes mellitus, viral infections, lysosomal stor-
age disorders, and cancers (1, 2, 4, 6–9).

Nectrisine (compound 1) (Fig. 1), also known as FR-900483 (10),
is an iminosugar that has a five-membered nitrogen-containing ring
and shows inhibitory activity against �- and �-glucosidases, �- and
�-mannosidases, �-N-acetylglucosaminidase, and other glycosidases
(11). Nectrisine can be biologically produced by Nectria lucida
F-4490 (12), which is synonymous with Thelonectria lucida, as
described by Chaverri et al. (13), and Thelonectria discophora
SANK 18292 (JCM 30947), as determined in our screening pro-
gram for nectrisine-producing organisms (14). Nectrisine, having
three stereogenic centers, can also be chemically synthesized from
chiral starting materials, such as D-arabinose or D-serine (15–19).
However, the costs of synthesizing nectrisine as a pharmaceutical
compound might be high, because of low yield and the high costs
of the starting materials. For cost reduction, microbial de novo
production through fermentation or in vitro enzymatic synthesis
is attractive. In order to begin to identify enzymes or genes re-
quired for nectrisine biosynthesis, the biosynthetic pathway in T.
discophora was studied using stable isotope labeling techniques,
with 4-amino-4-deoxyarabinitol (compound 2) (Fig. 1) being
identified as a potential late intermediate (14). Moreover, a poten-
tial enzyme, designated NecC, that catalyzes the conversion of

4-amino-4-deoxyarabinitol to nectrisine was purified from the
fungus and showed characteristics of glucose-methanol-choline
oxidoreductase (20); however, it was not verified that the necC
gene was involved in nectrisine biosynthesis. Furthermore, the
other genes required for nectrisine biosynthesis remain unclear.

In the present study, a cosmid library of T. discophora genomic
DNA was screened using necC genomic DNA. Then, the functions
of isolated genes were confirmed through deletion and subsequent
complementation and heterologous expression.

MATERIALS AND METHODS
Fungal strain and culture conditions. T. discophora SANK 18292, depos-
ited in the Japan Collection of Microorganisms (Tsukuba, Japan) under
accession number JCM 30947, was used in this study. The spore suspen-
sion was inoculated into A1 medium (14) and incubated for 5 days at 23°C
on a rotary shaker. Then glucose-potato-yeast extract-calcium carbonate
no. 3 (GPYC-3) medium, containing 8% glycerol, 1% potato granules,
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2.6% yeast extract, and 0.2% CaCO3, was inoculated with 1% (vol/vol)
culture and cultivated at 23°C on a rotary shaker. T. discophora colonies
were maintained on potato dextrose agar (PDA) (Nissui Pharmaceutical,
Tokyo, Japan) or yeast mold agar (YMA) (Becton, Dickinson, Franklin
Lakes, NJ, USA).

Bacterial strains, nucleic acid manipulations, and PCR primers.
Escherichia coli JM109 from Takara Bio (Shiga, Japan) and E. coli XL1-
Blue MR from Agilent Technologies (Santa Clara, CA) were used for the
construction, propagation, and amplification of plasmids. E. coli
BL21(DE3) (Merck Millipore, Billerica, MA) was used for protein pro-
duction. Media, growth conditions, and general recombinant DNA tech-
niques for E. coli were used according to standard methods (21). PCR
primers used for this work are listed in Table 1.

Construction and screening of the T. discophora genomic library. A
cosmid library of T. discophora genomic DNA was constructed and necC-
positive cells were screened as described previously (20). Briefly, the cos-
mid library was constructed using SuperCos1 cosmid vector (Agilent
Technologies), with E. coli XL1-Blue MR as the host strain. It was screened
by hybridization with digoxigenin (DIG)-labeled partial necC DNA frag-
ments. The positive cosmids were isolated, digested with EcoRI and
BamHI separately, and subcloned into pUC118 EcoRI/BAP vector or
pUC118 BamHI/BAP vector (Takara Bio).

To retrieve genomic DNA from the 3= end of necC, a T. discophora
genomic library using a plasmid vector was also constructed, as follows.
Genomic DNA was digested with HindIII, gel electrophoresed, blotted on
positively charged nylon membranes (Roche Diagnostics, Tokyo, Japan),
and hybridized with the DIG-labeled 3=-terminal region of cosmid RB185
(199 bp) as a probe. The positive band on the agarose gel was retrieved,

ligated to the pUC118 HindIII/BAP vector, and screened by colony hy-
bridization with the probe.

Sequence analysis. The resulting positive clones were sequenced using
a BigDye Terminator v3.1 cycle sequencing kit (Thermo Fisher Scientific,
Yokohama, Japan) and a 3730xl DNA analyzer (Thermo Fisher Scien-
tific). The fragments were assembled using Genetyx software (version 11;
Genetyx, Tokyo, Japan). A homology search of the resulting sequences
was carried out with the BLAST program (22), using the EMBL/GenBank/
DDBJ database. Ratios of sequence identity and similarities to proteins
were calculated using Discovery Studio software (version 4.0; Dassault
Systemes Biovia, Tokyo, Japan).

Preparation of primary vectors for gene disruption and comple-
mentation. Modification of plasmid pSAK2000 (23) to make its multiclon-
ing site in reverse order yielded pSAK451, which was kindly provided by
Satoshi Baba (Daiichi Sankyo Co., Ltd., Japan) and was used for construction
of pNEC001 for targeted gene disruption and complementation. The pro-
moter region of the phosphoglycerol kinase (pgk) gene in T. discophora was
cloned and amplified from T. discophora genomic DNA by PCR using an
Expand High Fidelity PCR system (Roche Diagnostics), employing the
forward and reverse primers EcoRI-Ppgk1-f and HindIII-Ppgk2-r, re-
spectively, with the following program: 94°C for 2 min; 10 cycles of 94°C
for 15 s, 50°C for 30 s, and 72°C for 55 s; 15 cycles of 94°C for 15 s, 50°C for
30 s, and 72°C for 55 s plus 5 s per cycle; and 72°C for 7 min. The promoter
region of pSAK451 was then replaced with the EcoRI- and HindIII-di-
gested PCR fragment of the promoter region of T. discophora pgk. The
resulting plasmid, designated pNEC001, contained the neomycin phos-
photransferase gene for G418 (Geneticin) resistance. Plasmid pNEC002
was constructed by replacing the neomycin phosphotransferase gene of
pNEC001 with an E. coli hygromycin B phosphotransferase gene from
plasmid pSAK1000 (24) for hygromycin resistance.

Construction of disruption vectors. DNA fragments of necC (1.3
kbp), necA (1.2 kbp), and necB (1.1 kbp) were amplified by PCR with the
primer sets KpnI-dis1-f/BglII-dis2-r, KpnI-ATdis1-f/BglII-ATdis2-r, and
KpnI-AKdis1-f/BglII-AKdis2-r, respectively. The PCR products were
digested with KpnI and BglII and introduced into the KpnI-BglII
sites of pNEC001 to yield pNEC001disnecC, pNEC001disnecA, and
pNEC001disnecB. The resulting plasmids were digested with XhoI to
convert them to linear forms.

FIG 1 Structures of nectrisine (compound 1) and 4-amino-4-deoxyarabinitol
(compound 2).

TABLE 1 PCR primers

Primer name Sequence (5= to 3=)a

EcoRI-Ppgk1-f CCCGAATTCATGCCAAGTGAGATGAAG
HindIII-Ppgk2-r CCCAAGCTTGATTGTTTGTGGAGGAGA
KpnI-dis1-f ATATGGTACCACTTCAACCGCGGAGCGAGCAACTC
BglII-dis2-r ATATAGATCTAGATCGGTATCGACGACTCCGTCTC
KpnI-ATdis1-f ATATGGTACCCAACGTAGCCTACTGCCACCCAGGC
BglII-ATdis2-r ATATAGATCTGCGTAGCCGTCGTACGTGCCCCCCG-
KpnI-AKdis1-f CGATATAATGGTACCACCACGCCGAGATTCGCGTCAAGGC
BglII-AKdis2-r GCATTATATAGATCTAGTAAAAGCCAGGGAAGCCCCGGAA
MluI-AOcomp1-f ATATACGCGTTGATGGGGGACACGGGAAAGAATGT
AOcomp2-BglII-r ATATAGATCTAGGTGGATGAATTTGATGGCGGGGA
NotI-ATcomp1-f ATATGCGGCCGCTGGCCATTGTGACTCGACTCACTCG
ATcomp2-Kpn1-r ATATGGTACCAGAGGCCAGACCGTTCCAACCAACC
KpnI-AKdis1-f CGATATAATGGTACCACCACGCCGAGATTCGCGTCAAGGC
BglII-AKdis2-r GCATTATATAGATCTAGTAAAAGCCAGGGAAGCCCCGGAA
BamHI-AK-f GCATATAATGGATCCGATGACCGACATCCCGTTCGTGCAGC
AK-HindIII-r CGATTATATAAGCTTTCACGGGGCTGCCCATCTTTCCTCT
NdeI-AT-f2 CGATATAATCATATGGGTTCCCAAGGTCCAAAGAACA
AT-HisKpnI-r CGATTATATGGTACCTCAGTGGTGGTGGTGGTGGTGAACGGCGCACACCTTGGTAGTCACC
BamHI-AO-f ATATGGATCCAATGGATCATCTTCTCCATATCGACA
AO-NotI-r ATATGCGGCCGCCTATTGAGCGTCGTTTCCAATCTTC
a Underlining denotes restriction site sequences.
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Construction of complementation vectors. A 3.6-kbp fragment con-
taining the complete necC gene was amplified by PCR using Phusion
High-Fidelity DNA polymerase (New England BioLabs, Tokyo, Japan)
and the primers MluI-AOcomp1-f and AOcomp2-BglII-r, with the fol-
lowing program: 98°C for 30 s; 30 cycles of 98°C for 10 s, 64°C for 20 s, and
72°C for 2 min; and 72°C for 7 min. The fragment was then digested with
MluI and BglII and introduced into the MluI-BglII sites of pNEC002. The
resulting plasmid was designated pNEC002compnecC. This plasmid was
digested with NheI to convert it to a linear form. A 3.1-kbp fragment
containing the complete necA gene was amplified by PCR with the primers
NotI-ATcomp1-f and ATcomp2-KpnI-r, with the following program:
98°C for 30 s; 30 cycles of 98°C for 10 s, 66°C for 20 s, and 72°C for 2 min;
and 72°C for 7 min. The fragment was digested with NotI and KpnI and
introduced into the NotI-KpnI sites of pNEC002. The resulting plasmid
was designated pNEC002compnecA. The plasmid was digested with XhoI
to convert it to a linear form.

Protoplast preparation and PEG-mediated DNA transformation.
Fungal protoplast generation and transformation were performed as fol-
lows. For preparation of T. discophora protoplasts, a suspension contain-
ing 6 � 107 spores of T. discophora was grown in GY medium, containing
5% glycerol and 1.6% yeast extract, at 23°C for 16 h at 210 rpm. The young
mycelium was recovered by filtration and washed with KC buffer, con-
taining 1 M KCl and 50 mM CaCl2 (osmotic stabilizer). The recovered
hyphae of 0.5 g to 1.0 g were incubated with 30 ml of 2% Yatalase enzyme
(Takara Bio) in KC buffer at 30°C for 1 h at 50 rpm, filtered through a
sterile 3GP160 glass filter (Sibata Scientific Technology, Saitama, Japan),
and washed with KC buffer. The resulting protoplasts were gently mixed
with 15 �g of vector and maintained on ice for 10 min. A polyethylene
glycol (PEG) solution (100 �l) containing 5% PEG 3350, 50 mM CaCl2,
and 10 mM Tris-HCl (pH 8.0) was added, and the mixture was placed on
ice for 20 min. Subsequently, 500 �l of PEG solution was added and the
mixture was incubated at room temperature for 10 min (25). After being
washed with 5 ml of SCT buffer, containing 1 M sucrose, 50 mM CaCl2,
and 10 mM Tris-HCl (pH 8.0), the protoplasts were resuspended in 1 ml
of SCT buffer. The resulting solution was added to 5 ml of YMA, contain-
ing yeast mold (YM) broth, 0.6% agar, and 1 M sucrose, at 42°C and then
was overlaid on YMA plates, containing YM broth, 2% agar, and 1 M
sucrose, and the plates were incubated at 23°C for 16 h to regenerate the
mycelium. The plates were then overlaid with 5 ml of YMA containing 80
mg/liter of G418 or hygromycin B and were incubated at 23°C for 3 days.

Southern blotting. Genomic DNA of T. discophora transformants was
digested with BglII, SphI, BamHI, ScaI, or HindIII. The digested DNA was
electrophoresed through an agarose gel in 1� TAE buffer (Wako Pure
Chemical Industries) and transferred to a positively charged nylon mem-
brane (Roche Diagnostics). Hybridization was performed using a DIG
system (Roche Diagnostics), according to the supplier’s instructions, with
DIG-labeled necC, necA, or necB as the probe.

Extraction of metabolites. T. discophora metabolites were extracted
from the mycelium with freezing and thawing and then heating at 60°C for
10 min. This procedure was repeated twice. The extracts were centrifuged,
and the supernatants were filtered. They were then diluted to one-tenth
their concentration with deionized water and incubated for 3 h at room
temperature to convert 4-amino-4-deoxyarabinitol to nectrisine. Nec-
trisine and 4-amino-4-deoxyarabinitol were purified from the extracts of
T. discophora or recombinant E. coli with cation-exchange solid-phase
extraction columns (Oasis MCX Plus Short cartridge, 225 mg; Waters).
Samples were acidified with 0.02 ml of formic acid and loaded onto the
extraction column, which had been preconditioned according to the
manufacturer’s instructions. After washing with 0.2% formic acid and 4
ml of methanol, metabolites were eluted with 3 ml of 2% ammonium
hydroxide in methanol, evaporated to dryness, and then reconstituted
with 0.2 ml of deionized water.

LC-MS analysis of metabolites. To detect and to efficiently separate
nectrisine and 4-amino-4-deoxyarabinitol by high-performance liquid
chromatography (HPLC), samples were reduced with NaBH4 and de-

rivatized with 4-fluoro-7-nitrobenzofurazan (NBD-F) (Dojindo Lab-
oratories, Kumamoto, Japan) (26, 27); liquid chromatography (LC)-
photodiode array (PDA)-positive electrospray ionization (ESI) mass
spectrometry was performed as described previously (20). The peak areas
of the PDA signal at 500 nm for the samples and the nectrisine standard
were compared to quantify the concentrations.

Bacterial coexpression of necA, necB, and necC. Total RNA was ex-
tracted from ground cells of T. discophora with RNeasy Plant kits (Qiagen)
and was reverse transcribed with ReverTraAce-�- reverse transcriptase
and oligo(dT)20 primer (Toyobo, Osaka, Japan), according to the suppli-
er’s instructions. Then, necB cDNA was amplified by PCR with the for-
ward and reverse primers BamHI-AK-f and AK-HindIII-r, respectively.
The PCR product was gel purified and digested with BamHI and HindIII.
The resulting product was introduced into the same restriction sites of the
pACYCDuet-1 vector (Merck), carrying the P15A replicon and the chlor-
amphenicol resistance gene, and the vector was designated pACYCDuet-
necB. Next, a vector for coexpression of necA and necC was constructed by
using the pETDuet-1 vector containing two multiple cloning sites (MCSs)
under the T7 promoter and the lac operator and carrying the ColE1 rep-
licon and the ampicillin resistance gene. The necA and necC genes were
amplified by PCR using the primer sets BamHI-AO-f/AO-NotI-r and
NdeI-AT-f2/AT-HisKpnI-r and were gel purified. The necC product was
digested with BamHI and NotI and then introduced into the BamHI-NotI
site of the pETDuet-1 vector located in MCS1, generating pETDuetnecC.
Subsequently, the necA product was digested with NdeI and KpnI and
then introduced into the NdeI-KpnI site of the pETDuetnecC vector lo-
cated in MCS2, generating pETDuetnecCnecA. For coexpression of necA,
necB, and necC, E. coli BL21(DE3) was transformed with the pACYCDuet-
necB and pETDuetnecCnecA vectors. The cells were grown at 37°C in
shake flasks containing LB medium (Wako Pure Chemical Industries),
supplemented with 1 g/liter D-ribose, 100 mg/liter carbenicillin, and 30
mg/liter chloramphenicol, until the optical density at 600 nm (OD600)
reached 0.6 to 1.0. After immediate cooling, production of the His-tagged
proteins was induced by adding isopropyl-�-D-thiogalactoside (IPTG) at
a final concentration of 0.3 mM, and the cultivation was continued at
18°C for another 36 h at 210 rpm. Next, the cells were pelleted by centrif-
ugation and resuspended in 100 mM NaH2PO4, 300 mM NaCl (pH 7.8).
After disruption of the cells with an ultrasonic homogenizer, soluble frac-
tions were collected by centrifugation and analyzed by SDS-PAGE under
reducing conditions. The gels were stained with Coomassie brilliant blue
R250 or transferred to a membrane for Western blotting. His-tagged pro-
teins were detected with Penta-His-horseradish peroxidase (HRP) conju-
gate (Qiagen) and visualized with ECL Prime Western blotting detection
reagent (GE Healthcare). A supernatant of the culture was reduced and
labeled with NBD-F, and then nectrisine in the solution was quantified by
HPLC as described previously (14).

Accession number(s). The nucleotide sequences of necA, necB, and
necC, with assigned open reading frames (ORFs), were deposited in the
EMBL/GenBank/DDBJ database under accession numbers LC150594 for
necA, LC150595 for necB, and LC056029 for necC. The gabT1, yktC1, and
gutB1 genes are included in the Bacillus amyloliquefaciens genome, for
which the accession number in the database is CP000560.

RESULTS
Sequence analysis of genomic DNA around necC. We hypothe-
sized that necC is involved in nectrisine biosynthesis, since it cat-
alyzes the conversion of 4-amino-4-deoxyarabinitol, which can be
produced by T. discophora, to nectrisine. We also assumed that
nectrisine biosynthesis genes might be clustered, since many of the
biosynthesis genes for fungal secondary metabolites, including the
iminosugar deoxynojirimycin (28, 29), are known to be clustered
(30–33). Thus, in order to find nectrisine biosynthesis genes, cos-
mid clones of T. discophora genomic DNA containing necC were
retrieved and sequenced (Fig. 2). Inserts of cosmids RB185 and
RB246 and plasmid RB237 represent a contiguous portion of
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genomic DNA that includes the necC gene. Database searches re-
vealed at least five ORFs near necC, predicting the presence of a
fungus-specific transcription factor domain (ORF1), an amino-
transferase (ORF2), a phosphotransferase (ORF3), and a trans-
porter (ORF4) (Table 2). ORF5 corresponded to the necC gene,
which encodes an oxidase that converts 4-amino-4-deoxyarabi-
nitol to nectrisine. The functions of ORF6 and ORF7, located
downstream of ORF5, could not be assigned because of their low
levels of homology with known amino acid sequences. Amino-
transferases could be classified into five subgroups, based on se-
quence alignments in the Pfam database (34). ORF2 showed
homology to class III aminotransferases, including 4-ami-
nobutyrate aminotransferases, acetylornithine aminotrans-
ferases, and �-amino acid aminotransferases (35). ORF3 showed
homology to choline/ethanol amine kinases. Our previous study
suggested that, besides oxidation by NecC, amination and de-
phosphorylation should be required for nectrisine biosynthesis
(14). Thus, in addition to ORF5 (necC), ORF2 and ORF3, desig-
nated necA and necB, respectively, were expected to be genes po-
tentially required for nectrisine biosynthesis.

The NecA protein, consisting of 487 amino acid residues with a
molecular mass of 52,583 Da, and NecB protein, consisting of 381
amino acid residues with a molecular mass of 42,600 Da, were
predicted on the basis of cDNA sequences. Comparison of the
DNA fragment with the corresponding cDNA revealed that the
coding regions were interrupted by two introns, with lengths of 66
bp and 63 bp, for necA and five introns, with lengths of 64, 52, 63,
66, and 139 bp, for necB.

Disruption and complementation of necC. Targeted gene dis-
ruption and subsequent complementation experiments were con-
ducted to confirm that the genes were involved in a nectrisine

biosynthetic pathway in T. discophora. First, necC was disrupted
by homologous recombination with pNEC001disnecC. Southern
analysis confirmed that the digestion patterns for the genomic
DNA with BglII, SphI, and BamHI were consistent with a single
insertion of pNEC001disnecC, as shown in Fig. 3. Subsequently,
the necC disruptant was complemented by homologous recombi-
nation with pNEC002compnecC, containing a full necC sequence.
Southern analysis confirmed that the digestion patterns for the
genomic DNA with BglII, SphI, and BamHI were consistent with
a single insertion of pNEC002compnecC, as shown in Fig. 3.

The inactivation of necC abolished nectrisine production
and instead led to production of substantial amounts of 4-ami-
no-4-deoxyarabinitol, which was confirmed by extracted ion
chromatograms for reduced and 7-nitrobenzofurazan (NBD)-
labeled nectrisine (m/z 297.08, [M�H]�) and NBD-labeled
4-amino-4-deoxyarabinitol (m/z 315.09, [M�H]�) (see Fig. S1 in
the supplemental material). Nectrisine production by the �necC
mutant was recovered with complementation. Production of
4-amino-4-deoxyarabinitol by the �necC mutant and nectrisine
production by the necC-complemented mutant were verified by
the retention times in HPLC analysis and the positive ESI mass
spectra, which were consistent with those of authentic 4-amino-
4-deoxyarabinitol and nectrisine (Fig. 3C). These results demon-
strated that NecC, converting 4-amino-4-deoxyarabinitol to nec-
trisine, is involved in nectrisine biosynthesis.

Disruption and complementation of necA. Southern analysis
of one of the pNEC001disnecA transformants confirmed that the
digestion patterns for the genomic DNA with ScaI, HindIII, and
BamHI were consistent with a single insertion of the plasmid
copy, as shown in Fig. 4, indicating that the plasmid had been
introduced homologously into the necA locus. Subsequently, the
necA gene of the disruptant was complemented by homologous
recombination with pNEC002compnecA, containing a full necA
sequence. Southern analysis of the complementation mutant con-
firmed that the digestion patterns for the genomic DNA with ScaI
and BamHI were consistent with a single insertion of the plasmid
copy, as depicted in Fig. 4.

The inactivation of necA abolished the production of both nec-
trisine and 4-amino-4-deoxyarabinitol, as verified by NBD-de-
rived signals (Fig. 4C) and extracted ion chromatograms (see Fig.
S1 in the supplemental material). The nectrisine production of the
�necA mutant was recovered with the subsequent complementa-
tion, as verified by the retention times in HPLC analysis and the
mass spectra (Fig. 4C). These results indicated that necA is related
to 4-amino-4-deoxyarabinitol biosynthesis.

Disruption of necB. Transformation with a disruption vector,

FIG 2 Nectrisine biosynthetic gene cluster. The restriction endonuclease map,
inserted positions of cosmid RB185, cosmid RB246, and plasmid RB237, and
locations of genes are shown. The arrows indicate the putative direction of
transcription, based on sequence analysis and homology searches. Black ar-
rows indicate the biosynthesis genes. B, BamHI.

TABLE 2 Deduced functions of enzymes encoded in the nectrisine biosynthetic cluster

Gene
Homologous protein (GenBank or NCBI reference sequence
accession no.) Putative function

No. of
amino acids

Identitya to
homologous
protein (%)

Similarityb to
homologous
protein (%)

ORF1 FVEG_12058 from Fusarium verticillioides (EWG53678) Transcription factor
ORF2 (necA) FPSE_08018 from Fusarium pseudograminearum (XP_009259411) Aminotransferase 487 72 86
ORF3 (necB) AOL_s00078g295 from Arthrobotrys oligospora (XP_011121860) Phosphotransferase 382 48 69
ORF4 Predicted protein from Nectria haematococca (XP_003042865) MFS transporterc

ORF5 (necC) FVEG_12711 from Fusarium verticillioides (EWG54502) Oxidase 559 65 80
a Percentage of alignment positions that have identical residues.
b Percentage of alignment positions that have similar residues.
c MFS, major facilitator superfamily.
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FIG 3 Disruption and complementation of necC. (A) Predicted disruption and complementation events caused by homologous recombination with the
XhoI-digested plasmids pNEC001disnecC and pNEC002compnecC. The deduced restriction patterns for genomic DNA from the parent strain (top), a necC
disruptant (�necC) (middle), and a necC-complemented mutant (CompnecC) (bottom) are shown. Bars and white arrows indicate necC genes. necC fragments
from a plasmid (pNEC001disnecC) are shown as black bars. Bg, BglII; Sp, SphI; Ba, BamHI. (B) Genomic Southern hybridization patterns with DIG-labeled necC
for genomic DNA from the parent strain, the necC disruptant, and the necC-complemented mutant, digested with the indicated enzymes. (C) HPLC chromato-
grams (left) and ESI mass spectra (right) of reduced and NBD-labeled authentic nectrisine, authentic 4-amino-4-deoxyarabinitol, and metabolites produced by
the parent strain, the necC disruptant, and the necC-complemented mutant.
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pNEC001disnecB, yielded at least 8 transformants. Southern anal-
ysis of HindIII digests of the genomic DNAs confirmed that the
plasmid was inserted singly for 6 transformants and doubly for 2
transformants (data not shown). The gene disruption of one of the
clones was confirmed using 3 restriction enzymes, as shown in
Fig. 5. The nectrisine level of the deletion mutant was signifi-
cantly decreased, to 24% of the level of the parent clone, in a
single experiment.

Coexpression of necA, necB, and necC by recombinant E. coli
and effects of D-ribose supplementation. In order to confirm
that necB is involved in nectrisine biosynthesis, necA and necC
or necA, necB, and necC were coexpressed as His-tagged pro-
teins by recombinant E. coli. Western blot analysis of soluble

fractions from the E. coli cultures confirmed the production of
the proteins (Fig. 6A). Comparison with individually expressed
necA, necB, or necC indicated that the upper, middle, and lower
bands for the necA-, necB-, and necC-expressing strain corre-
sponded to NecC, NecA, and NecB, respectively, with the molecular
weights measured by gel electrophoresis being consistent with the
theoretical molecular weights. Nectrisine from the supernatants of
the cultures was verified by its retention times in HPLC analysis and
mass spectra, not only for the mutant expressing necA, necB, and necC
but also for the mutant expressing necA and necC but not necB (Fig.
6B), indicating that necB is not likely to be necessary for nectrisine
biosynthesis.

Experiments feeding D-ribose to the T. discophora culture in

FIG 4 Disruption and complementation of necA. (A) Predicted disruption and complementation events caused by homologous recombination with the XhoI-digested
plasmids pNEC001disnecA and pNEC002compnecA. The deduced restriction patterns for genomic DNA from the parent strain (top), a necA disruptant (�necA)
(middle), and a necA-complemented mutant (CompnecA) (bottom) are shown. Bars and white arrows indicate necA genes. necA fragments from a plasmid
(pNEC001disnecA) are shown as black bars. Sc, ScaI; H, HindIII; Ba, BamHI. (B) Genomic Southern hybridization patterns with DIG-labeled necA for genomic DNA
from the parent strain, the necA disruptant, and the necA-complemented mutant, digested with the indicated enzymes. (C) HPLC chromatograms (left) and ESI mass
spectrum (right) of reduced and NBD-labeled metabolites produced by the parent strain, the necA disruptant, and the necA-complemented mutant.
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our previous study suggested that D-ribose could be an interme-
diate for nectrisine biosynthesis and enhanced nectrisine produc-
tion (14). As expected, addition of D-ribose to the recombinant E.
coli culture expressing necA, necB, and necC enhanced nectrisine
production, from a concentration of 1 mg/liter to 3 mg/liter, in a
single experiment.

DISCUSSION

In the present study, we identified genes required for nectrisine
biosynthesis in T. discophora. Based on our study, a biosynthetic
pathway of nectrisine in T. discophora could be proposed (Fig. 7).
The necC disruption and complementation experiments demon-
strated that NecC, converting 4-amino-4-deoxyarabinitol (com-
pound 2) to nectrisine (compound 1), is involved in nectrisine
biosynthesis. Since NecC is an alcohol oxidase, 4-amino-4-deox-
yarabinitol is considered to be first converted to an aldehyde
(compound 3) with intramolecular addition of the amino
group to the carbonyl group, resulting in a cyclic compound
(compound 4) that could be spontaneously dehydrated (with-
out an enzymatic reaction) to afford nectrisine (20). Our re-
sults also indicated that necA, encoding a putative aminotrans-

ferase, is involved in 4-amino-4-deoxyarabinitol biosynthesis.
Unexpectedly, necB disruption could not completely inactivate
nectrisine production, suggesting that necB is unlikely to be
necessary for 4-amino-4-deoxyarabinitol biosynthesis. It was
confirmed in heterologous expression experiments that E. coli
coexpressing necA and necC produced nectrisine without necB
expression. However, nectrisine production of necB disruptants
was remarkably suppressed. These results indicated that necB is
not necessary but is related to 4-amino-4-deoxyarabinitol bio-
synthesis. Since 4-amino-4-deoxyarabinitol should be generated
by NecA and NecB, NecB is considered to catalyze the dephos-
phorylation of D-xylulose 5-phosphate (compound 5) (route 1) or
4-amino-4-deoxyarabinitol phosphate (compound 7) (route 2).
D-Xylulose 5-phosphate (compound 5), which is supplied via the
pentose phosphate pathway, could be a potential intermediate
(14). Route 2 is expected to be reasonable because necB, a member
of the choline/ethanolamine kinase family, is likely to prefer an
alcoholamine (compound 7) to D-xylulose 5-phosphate (com-
pound 5) as a substrate. Also, route 2 is similar to the proposed
biosynthetic pathway for the iminosugar deoxynojirimycin, with
a 6-membered ring, in Bacillus amyloliquefaciens, in which amina-

FIG 5 Disruption of necB. (A) Predicted disruption events caused by homologous recombination with the XhoI-digested plasmid pNEC001disnecB. The deduced
restriction patterns for genomic DNA from the parent strain (top) and a necB disruptant (�necB) (bottom) are shown. Bars and white arrows indicate necB genes. necB
fragments from a plasmid (pNEC001disnecB) are shown as black bars. H, HindIII; Sc, ScaI; Ba, BamHI. (B) Genomic Southern hybridization patterns with DIG-labeled
necB for genomic DNA from the parent strain and the necB disruptant, digested with the indicated enzymes. (C) HPLC chromatograms (left) and ESI mass spectrum
(right) of reduced and NBD-labeled metabolites produced by the parent strain and the necB disruptant.
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tion, dephosphorylation, and oxidation occur in the same order as
in route 2 (29).

Clustered genes for iminosugar biosynthesis are not yet known
except for those in deoxynojirimycin biosynthesis, for which the
gene cluster could contain gabT1, yktC1, and gutB1, coding for a
putative aminotransferase, phosphatase, and dehydrogenase, re-
spectively (28, 29), analogous to necA, necB, and necC for nec-
trisine biosynthesis. However, necA, necB, and necC showed rela-
tively low levels of identity (25%, 14%, and 17%, respectively) and
similarity (48%, 31%, and 33%, respectively) with respect to
gabT1, yktC1, and gutB1 from Bacillus amyloliquefaciens.

Nectrisine production by fungal necB disruptants and by re-
combinant E. coli without necB expression might be assisted by
other enzymes catalyzing the NecB reaction with a variety of sub-
strate specificities, such as choline kinases, most of which were
shown to utilize both choline and ethanolamine as substrates
(36–38). The existence of semiessential genes like necB in biosyn-
thetic gene clusters has been reported previously; the aminotrans-
ferase gene tdiD was semiessential for bis-indolyquinone biosyn-

thesis in Aspergillus nidulans (39). That report also implied
alternative enzymes for TdiD, which was supported by the exis-
tence of genes similar to tdiD in the A. nidulans genome. Also,
analysis of a genome-scale model of E. coli metabolism showing
that about 37% of enzymes act on a variety of substrates (40) could
support the existence of alternative enzymes.

ORF1 is proposed to be a member of the GAL4-type zinc clus-
ter proteins, a typical class of positive transcriptional regulators
found in a variety of fungal organisms (41, 42). Thus, it is possible
that ORF1 is a transcriptional regulator for nectrisine biosynthesis
genes. This should be investigated in future work.

Bacterial production is attractive as a commercial manufactur-
ing process, compared with fungal production, since production
by filamentous fungi sometimes encounters technical problems,
such as low productivity due to insufficient control of growth and
morphology and difficult handling for filtration and extraction
due to high viscosity (43–47). The gene cluster for nectrisine bio-
synthesis could provide a foundation to develop a microbial
production system for nectrisine and its intermediates, such as
4-amino-4-deoxyarabinitol, through genetic engineering.

ACKNOWLEDGMENTS

We acknowledge J. Hasegawa, T. Takahashi, and J. Koga for their support
and encouragement and K. Iwamoto for technical assistance.

This research received no specific grant from any funding agency in
the public, commercial, or not-for-profit sectors.

REFERENCES
1. Horne G, Wilson FX, Tinsley J, Williams DH, Storer R. 2011. Imino-

sugars past, present and future: medicines for tomorrow. Drug Discov
Today 16:107–118. http://dx.doi.org/10.1016/j.drudis.2010.08.017.

2. Compain P, Martin OR. 2007. Iminosugars: from synthesis to therapeu-
tic applications. Wiley, Hoboken, NJ.

3. Zechel DL, Withers SG. 2000. Glycosidase mechanisms: anatomy of a
finely tuned catalyst. Acc Chem Res 33:11–18. http://dx.doi.org/10.1021
/ar970172.

4. Nash RJ, Kato A, Yu C-Y, Fleet GW. 2011. Iminosugars as therapeutic
agents: recent advances and promising trends. Future Med Chem 3:1513–
1521. http://dx.doi.org/10.4155/fmc.11.117.

5. Winchester BG. 2009. Iminosugars: from botanical curiosities to licensed
drugs. Tetrahedron Asymmetry 20:645– 651. http://dx.doi.org/10.1016/j
.tetasy.2009.02.048.

FIG 6 Coexpression of necA, necB, and necC by recombinant E. coli. (A) Western blot of soluble fractions probed with anti-His antibodies. Lane 1, molecular
weight markers; lane 2, E. coli BL21(DE3) harboring the plasmid pETDuetnecCnecA; lane 3, E. coli BL21(DE3) harboring the plasmids pETDuetnecCnecA and
pACYCDuetnecB. (B) HPLC chromatograms (left) and ESI mass spectra (right) of reduced and NBD-labeled supernatants of the E. coli cultures. (i) Reduced and
NBD-labeled authentic nectrisine, for which the calculated molecular mass ([M�H]) is 297.08. (ii) E. coli BL21(DE3) harboring the plasmid pETDuetnecCnecA.
(iii) E. coli BL21(DE3) harboring the plasmids pETDuetnecCnecA and pACYCDuetnecB.

FIG 7 Proposed pathway for nectrisine biosynthesis in T. discophora.

Nectrisine Biosynthesis Genes

November 2016 Volume 82 Number 21 aem.asm.org 6421Applied and Environmental Microbiology

http://dx.doi.org/10.1016/j.drudis.2010.08.017
http://dx.doi.org/10.1021/ar970172
http://dx.doi.org/10.1021/ar970172
http://dx.doi.org/10.4155/fmc.11.117
http://dx.doi.org/10.1016/j.tetasy.2009.02.048
http://dx.doi.org/10.1016/j.tetasy.2009.02.048
http://aem.asm.org


6. Asano N. 2003. Glycosidase inhibitors: update and perspectives on prac-
tical use. Glycobiology 13:93R–104R. http://dx.doi.org/10.1093/glycob
/cwg090.

7. Butters TD, Dwek RA, Platt FM. 2000. Inhibition of glycosphingolipid
biosynthesis: application to lysosomal storage disorders. Chem Rev 100:
4683– 4696. http://dx.doi.org/10.1021/cr990292q.

8. Nangia-Makker P, Conklin J, Hogan V, Raz A. 2002. Carbohydrate-
binding proteins in cancer, and their ligands as therapeutic agents. Trends
Mol Med 8:187–192. http://dx.doi.org/10.1016/S1471-4914(02)02295-5.

9. Asano N, Nash RJ, Molyneux J, Fleet GWJ. 2000. Sugar-mimic glyco-
sidase inhibitors: natural occurrence, biological activity and prospects for
therapeutic application. Tetrahedron Asymmetry 11:1645–1680. http:
//dx.doi.org/10.1016/S0957-4166(00)00113-0.

10. Kayakiri H, Takase S, Setoi H, Uchida I, Terano H, Hashimoto M. 1988.
Structure of FR 900483, a new immunomodulator isolated from a fungus.
Tetrahedron Lett 29:1725–1728. http://dx.doi.org/10.1016/S0040-4039
(00)82028-6.

11. Tsujii E, Muroi M, Shiragami N, Takatsuki A. 1996. Nectrisine is a
potent inhibitor of �-glucosidases, demonstrating activities similarly at
enzyme and cellular levels. Biochem Biophys Res Commun 220:459 – 466.
http://dx.doi.org/10.1006/bbrc.1996.0427.

12. Shibata T, Nakayama O, Tsurumi Y, Okuhara M, Terano H, Kohsaka
M. 1988. A new immunomodulator, FR-900483. J Antibiot (Tokyo) 41:
296 –301. http://dx.doi.org/10.7164/antibiotics.41.296.

13. Chaverri P, Salgado C, Hirooka Y, Rossman AY, Samuels GJ. 2011.
Delimitation of Neonectria and Cylindrocarpon (Nectriaceae, Hypocreales,
Ascomycota) and related genera with Cylindrocarpon-like anamorphs.
Stud Mycol 68:57–78. http://dx.doi.org/10.3114/sim.2011.68.03.

14. Miyauchi R, Takatsu T, Suzuki T, Ono Y, Shiba Y. 2015. Biosynthesis of
nectrisine in Thelonectria discophora SANK 18292. Phytochemistry 116:
87–93. http://dx.doi.org/10.1016/j.phytochem.2015.03.011.

15. Hulme AN, Montgomery CH. 2003. Stereoselective synthesis of the
�-glucosidase inhibitor nectrisine. Tetrahedron Lett 44:7649 –7653. http:
//dx.doi.org/10.1016/j.tetlet.2003.08.030.

16. Kayakiri H, Nakamura K, Takase S, Setoi H, Uchida I, Terano H,
Hashimoto M, Tada T, Koda S. 1991. Structure and synthesis of nec-
trisine, a new immunomodulator isolated from a fungus. Chem Pharm
Bull 39:2807–2812. http://dx.doi.org/10.1248/cpb.39.2807.

17. Ribes C, Falomir E, Carda M, Marco JA. 2008. Short, stereoselective
synthesis of the naturally occurring pyrrolidine radicamine B and a formal
synthesis of nectrisine. J Org Chem 73:7779 –7782. http://dx.doi.org/10
.1021/jo8012989.

18. Sui-Hui C, Danishefsky SJ. 1990. New syntheses of the novel immuno-
activator FR900483. Tetrahedron Lett 31:2229 –2232. http://dx.doi.org/10
.1016/0040-4039(90)80192-O.

19. Bosco M, Bisseret P, Bouix-Peter C, Eustache J. 2001. A new concise
synthesis of nectrisine and its facile conversion to phosphonoazasugars.
Tetrahedron Lett 42:7949 –7952. http://dx.doi.org/10.1016/S0040-4039
(01)01684-7.

20. Miyauchi R, Sakurai H, Shiba Y. 2016. Characterization of a novel oxidase
from Thelonectria discophora SANK 18292 involved in nectrisine biosyn-
thesis. AMB Express 6:6. http://dx.doi.org/10.1186/s13568-016-0176-1.

21. Sambrook JF, Russell DW. 2001. Molecular cloning: a laboratory
manual, 3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

22. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ. 1997. Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res 25:3389 –3402. http:
//dx.doi.org/10.1093/nar/25.17.3389.

23. Baba S, Abe Y, Suzuki T, Ono C, Iwamoto K, Nihira T, Hosobuchi M.
2009. Improvement of compactin (ML-236B) production by genetic engi-
neering in compactin high-producing Penicillium citrinum. Appl Microbiol
Biotechnol 83:697–704. http://dx.doi.org/10.1007/s00253-009-1933-8.

24. Baba S, Nihira T, Hosobuchi M. 2008. Identification of the specific
sequence recognized by Penicillium citrinum MlcR, a GAL4-type tran-
scriptional activator of ML-236B (compactin) biosynthetic genes. Fungal
Genet Biol 45:1277–1283. http://dx.doi.org/10.1016/j.fgb.2008.07.002.

25. Hamada W, Reignault P, Bompeix G, Boccara M. 1994. Transformation
of Botrytis cinerea with the hygromycin B resistance gene, hph. Curr Genet
26:251–255. http://dx.doi.org/10.1007/BF00309556.

26. Imai K, Watanabe Y. 1981. Fluorimetric determination of secondary
amino acids by 7-fluoro-4-nitrobenzo-2-oxa-1,3-diazole. Anal Chim Acta
130:377–383. http://dx.doi.org/10.1016/S0003-2670(01)93016-8.

27. Watanabe Y, Imai K. 1981. High-performance liquid chromatography
and sensitive detection of amino acids derivatized with 7-fluoro-4-
nitrobenzo-2-oxa-1,3-diazole. Anal Biochem 116:471– 472. http://dx.doi
.org/10.1016/0003-2697(81)90390-0.

28. Kang K-D, Cho YS, Song JH, Park YS, Lee JY, Hwang KY, Rhee SK,
Chung JH, Kwon O, Seong S-I. 2011. Identification of the genes involved
in 1-deoxynojirimycin synthesis in Bacillus subtilis MORI 3K-85. J Micro-
biol 49:431– 440. http://dx.doi.org/10.1007/s12275-011-1238-3.

29. Clark LF, Johnson JV, Horenstein NA. 2011. Identification of a gene
cluster that initiates azasugar biosynthesis in Bacillus amyloliquefaciens.
Chembiochem 12:2147–2150. http://dx.doi.org/10.1002/cbic.201100347.

30. Martin JF, Liras P. 1989. Organization and expression of genes in-
volved in the biosynthesis of antibiotics and other secondary metabolites.
Annu Rev Microbiol 43:173–206. http://dx.doi.org/10.1146/annurev.mi
.43.100189.001133.

31. Keller NP, Turner G, Bennett JW. 2005. Fungal secondary metabolism:
from biochemistry to genomics. Nat Rev Microbiol 3:937–947. http://dx
.doi.org/10.1038/nrmicro1286.

32. Zhang Y, Keller N, Tsitsigiannis D, Wilkinson H. 2005. Secondary
metabolite gene clusters, p 355–385. In An Z (ed), Handbook of industrial
mycology. Marcel Dekker, New York, NY.

33. Brakhage AA, Schroeckh V. 2011. Fungal secondary metabolites: strate-
gies to activate silent gene clusters. Fungal Genet Biol 48:15–22. http://dx
.doi.org/10.1016/j.fgb.2010.04.004.

34. Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL,
Potter SC, Punta M, Qureshi M, Sangrador-Vegas A, Salazar GA, Tate
J, Bateman A. 2016. The Pfam protein families database: towards a more
sustainable future. Nucleic Acids Res 44:D279 –D285. http://dx.doi.org
/10.1093/nar/gkv1344.

35. Hwang B-Y, Cho B-K, Yun H, Koteshwar K, Kim B-G. 2005. Revisit of
aminotransferase in the genomic era and its application to biocatalysis. J Mol
Catal B Enzym 37:47–55. http://dx.doi.org/10.1016/j.molcatb.2005.09.004.

36. Peisach D, Gee P, Kent C, Xu Z. 2003. The crystal structure of choline
kinase reveals a eukaryotic protein kinase fold. Structure 11:703–713. http:
//dx.doi.org/10.1016/S0969-2126(03)00094-7.

37. Aoyama C, Yamazaki N, Terada H, Ishidate K. 2000. Structure and
characterization of the genes for murine choline/ethanolamine kinase
isozymes � and �. J Lipid Res 41:452– 464.

38. Clary GL, Tsai C-F, Guynn RW. 1987. Substrate specificity of choline
kinase. Arch Biochem Biophys 254:214 –221. http://dx.doi.org/10.1016
/0003-9861(87)90097-X.

39. Schneider P, Weber M, Rosenberger K, Hoffmeister D. 2007. A one-pot
chemoenzymatic synthesis for the universal precursor of antidiabetes and
antiviral bis-indolylquinones. Chem Biol 14:635– 644. http://dx.doi.org
/10.1016/j.chembiol.2007.05.005.

40. Nam H, Lewis NE, Lerman JA, Lee D, Chang RL, Kim D, Palsson BO.
2012. Network context and selection in the evolution to enzyme specific-
ity. Science 337:1101–1104. http://dx.doi.org/10.1126/science.1216861.

41. Schjerling P, Holmberg S. 1996. Comparative amino acid sequence anal-
ysis of the C6 zinc cluster family of transcriptional regulators. Nucleic
Acids Res 24:4599 – 4607. http://dx.doi.org/10.1093/nar/24.23.4599.

42. MacPherson S, Larochelle M, Turcotte B. 2006. A fungal family of
transcriptional regulators: the zinc cluster proteins. Microbiol Mol Biol
Rev 70:583– 604. http://dx.doi.org/10.1128/MMBR.00015-06.

43. Papagianni M. 2004. Fungal morphology and metabolite production in
submerged mycelial processes. Biotechnol Adv 22:189 –259. http://dx.doi
.org/10.1016/j.biotechadv.2003.09.005.

44. Krull R, Wucherpfennig T, Esfandabadi ME, Walisko R, Melzer G,
Hempel DC, Kampen I, Kwade A, Wittmann C. 2013. Characterization
and control of fungal morphology for improved production performance
in biotechnology. J Biotechnol 163:112–123. http://dx.doi.org/10.1016/j
.jbiotec.2012.06.024.

45. Kaup B, Ehrich K, Pescheck M, Schrader J. 2008. Microparticle-
enhanced cultivation of filamentous microorganisms: increased chlo-
roperoxidase formation by Caldariomyces fumago as an example. Biotech-
nol Bioeng 99:491– 498. http://dx.doi.org/10.1002/bit.21713.

46. Zhang ZY, Jin B, Kelly JM. 2007. Effects of cultivation parameters on the
morphology of Rhizopus arrhizus and the lactic acid production in a bub-
ble column reactor. Eng Life Sci 7:490 – 496. http://dx.doi.org/10.1002
/elsc.200700002.

47. Gibbs PA, Seviour RJ, Schmid F. 2000. Growth of filamentous fungi in
submerged culture: problems and possible solutions. Crit Rev Biotechnol
20:17– 48. http://dx.doi.org/10.1080/07388550091144177.

Miyauchi et al.

6422 aem.asm.org November 2016 Volume 82 Number 21Applied and Environmental Microbiology

http://dx.doi.org/10.1093/glycob/cwg090
http://dx.doi.org/10.1093/glycob/cwg090
http://dx.doi.org/10.1021/cr990292q
http://dx.doi.org/10.1016/S1471-4914(02)02295-5
http://dx.doi.org/10.1016/S0957-4166(00)00113-0
http://dx.doi.org/10.1016/S0957-4166(00)00113-0
http://dx.doi.org/10.1016/S0040-4039(00)82028-6
http://dx.doi.org/10.1016/S0040-4039(00)82028-6
http://dx.doi.org/10.1006/bbrc.1996.0427
http://dx.doi.org/10.7164/antibiotics.41.296
http://dx.doi.org/10.3114/sim.2011.68.03
http://dx.doi.org/10.1016/j.phytochem.2015.03.011
http://dx.doi.org/10.1016/j.tetlet.2003.08.030
http://dx.doi.org/10.1016/j.tetlet.2003.08.030
http://dx.doi.org/10.1248/cpb.39.2807
http://dx.doi.org/10.1021/jo8012989
http://dx.doi.org/10.1021/jo8012989
http://dx.doi.org/10.1016/0040-4039(90)80192-O
http://dx.doi.org/10.1016/0040-4039(90)80192-O
http://dx.doi.org/10.1016/S0040-4039(01)01684-7
http://dx.doi.org/10.1016/S0040-4039(01)01684-7
http://dx.doi.org/10.1186/s13568-016-0176-1
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1007/s00253-009-1933-8
http://dx.doi.org/10.1016/j.fgb.2008.07.002
http://dx.doi.org/10.1007/BF00309556
http://dx.doi.org/10.1016/S0003-2670(01)93016-8
http://dx.doi.org/10.1016/0003-2697(81)90390-0
http://dx.doi.org/10.1016/0003-2697(81)90390-0
http://dx.doi.org/10.1007/s12275-011-1238-3
http://dx.doi.org/10.1002/cbic.201100347
http://dx.doi.org/10.1146/annurev.mi.43.100189.001133
http://dx.doi.org/10.1146/annurev.mi.43.100189.001133
http://dx.doi.org/10.1038/nrmicro1286
http://dx.doi.org/10.1038/nrmicro1286
http://dx.doi.org/10.1016/j.fgb.2010.04.004
http://dx.doi.org/10.1016/j.fgb.2010.04.004
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1016/j.molcatb.2005.09.004
http://dx.doi.org/10.1016/S0969-2126(03)00094-7
http://dx.doi.org/10.1016/S0969-2126(03)00094-7
http://dx.doi.org/10.1016/0003-9861(87)90097-X
http://dx.doi.org/10.1016/0003-9861(87)90097-X
http://dx.doi.org/10.1016/j.chembiol.2007.05.005
http://dx.doi.org/10.1016/j.chembiol.2007.05.005
http://dx.doi.org/10.1126/science.1216861
http://dx.doi.org/10.1093/nar/24.23.4599
http://dx.doi.org/10.1128/MMBR.00015-06
http://dx.doi.org/10.1016/j.biotechadv.2003.09.005
http://dx.doi.org/10.1016/j.biotechadv.2003.09.005
http://dx.doi.org/10.1016/j.jbiotec.2012.06.024
http://dx.doi.org/10.1016/j.jbiotec.2012.06.024
http://dx.doi.org/10.1002/bit.21713
http://dx.doi.org/10.1002/elsc.200700002
http://dx.doi.org/10.1002/elsc.200700002
http://dx.doi.org/10.1080/07388550091144177
http://aem.asm.org

	MATERIALS AND METHODS
	Fungal strain and culture conditions.
	Bacterial strains, nucleic acid manipulations, and PCR primers.
	Construction and screening of the T. discophora genomic library.
	Sequence analysis.
	Preparation of primary vectors for gene disruption and complementation.
	Construction of disruption vectors.
	Construction of complementation vectors.
	Protoplast preparation and PEG-mediated DNA transformation.
	Southern blotting.
	Extraction of metabolites.
	LC-MS analysis of metabolites.
	Bacterial coexpression of necA, necB, and necC.
	Accession number(s).

	RESULTS
	Sequence analysis of genomic DNA around necC.
	Disruption and complementation of necC.
	Disruption and complementation of necA.
	Disruption of necB.
	Coexpression of necA, necB, and necC by recombinant E. coli and effects of D-ribose supplementation.

	DISCUSSION
	REFERENCES

