
ORIGINAL ARTICLE

Genome mining of the sordarin biosynthetic gene
cluster from Sordaria araneosa Cain ATCC 36386:
characterization of cycloaraneosene synthase
and GDP-6-deoxyaltrose transferase

Fumitaka Kudo1, Yasunori Matsuura1, Takaaki Hayashi1, Masayuki Fukushima2 and Tadashi Eguchi2

Sordarin is a glycoside antibiotic with a unique tetracyclic diterpene aglycone structure called sordaricin. To understand its

intriguing biosynthetic pathway that may include a Diels-Alder-type [4+2]cycloaddition, genome mining of the gene cluster from

the draft genome sequence of the producer strain, Sordaria araneosa Cain ATCC 36386, was carried out. A contiguous 67 kb

gene cluster consisting of 20 open reading frames encoding a putative diterpene cyclase, a glycosyltransferase, a type I

polyketide synthase, and six cytochrome P450 monooxygenases were identified. In vitro enzymatic analysis of the putative

diterpene cyclase SdnA showed that it catalyzes the transformation of geranylgeranyl diphosphate to cycloaraneosene, a known

biosynthetic intermediate of sordarin. Furthermore, a putative glycosyltransferase SdnJ was found to catalyze the glycosylation of

sordaricin in the presence of GDP-6-deoxy-D-altrose to give 4ʹ-O-demethylsordarin. These results suggest that the identified sdn
gene cluster is responsible for the biosynthesis of sordarin. Based on the isolated potential biosynthetic intermediates and

bioinformatics analysis, a plausible biosynthetic pathway for sordarin is proposed.

The Journal of Antibiotics (2016) 69, 541–548; doi:10.1038/ja.2016.40; published online 13 April 2016

INTRODUCTION

Sordarin 1 (Figure 1) is a diterpene glycoside produced by the mold
Sordaria araneosa Cain1 and is known as a unique antifungal agent
targeting elongation factor 2 in eukaryotes (eEF2).2,3 Elongation factor
2 in eukaryotes catalyzes the translocation of transfer RNA and
messenger RNA after peptide bond formation in the translation
process and is a unique target to combat fungal infections. Thus,
extensive structural activity relationship studies of sordarin have
been undertaken to identify compounds with improved antifungal
activity4–19 and to investigate its mode of action.20 In addition, its
unique tetracyclic diterpene structure and biological activity have
generated interest in the development of synthetic methodology useful
for its total synthesis.21–24

From a biosynthetic study of sordarin, Borschberg showed that
[2-14C]mevalonate is incorporated into the core structure of 1
(Figure 1).25 In addition, [18-14C]cycloaraneosene was incorporated
into 1 indicating that cycloaraneosene 2 is a biosynthetic intermediate
for 1 (Figure 1).25 These incorporation studies suggest that 2 is
constructed from geranylgeranyl diphosphate (GGDP) via the meva-
lonate pathway and certain cycloaraneosene derivatives are converted
into the unique sordaricin skeleton (Figure 1). Cycloaraneosene 2 has

a characteristic 5-8-5 tricyclic diterpene structure that is similar to, but
distinct from fusicocca-2,10(14)-diene in fusicoccin A biosynthesis26

and cyclooct-9-en-7-ol in cyclooctatin biosynthesis (Supplementary
Figure S1).27 Diterpene cyclases specific for fusicocca-2,10(14)-diene
(PaFS) and cyclooct-9-en-7-ol (CotB2) have been already
characterized.26,27 In addition, a detailed mechanistic study of the
CotB2 reaction has been recently reported.28,29 The distinct cyclization
mechanism of these unique diterpene cyclases is intriguing from a
mechanistic standpoint.
Transformation of the cycloaraneosene derivative to sordaricin 3

has been proposed to include a Diels-Alder type [4+2]cycloaddition
(Figure 1).30,31 In the proposed biosynthetic reaction mechanism,
the C8–C9 bond of the cycloaraneosene skeleton is cleaved via a
Baeyer–Villiger-type oxidation to give a carboxylate and an aldehyde as
functional groups. The generated acrolein moiety acts as a dienophile
and reacts with the cyclopentadiene moiety via a [4+2]cycloaddition to
give 3. The Mander and Kato groups demonstrated that this
cycloaddition can occur with synthetic analogs, but usually harsh
conditions and a long reaction time are required.31–34 Thus, an
enzyme mediated [4+2]cycloaddition mechanism seems to be involved
in the formation of 3 from the cycloaraneosene derivative. In the
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present study, to understand the unprecedented biosynthetic reaction
mechanisms involved in the biosynthesis of 1, a genome-mining
approach was used to identify the corresponding biosynthetic genes.

RESULTS

Identification of sordarin related metabolites in Sordaria araneosa
To ensure the production of 1 by S. araneosa Cain ATCC 36386,
its metabolites including sordarin 1 were isolated and the
structures were determined (Figure 1, Supplementary Figures S2–S15).
Hypoxysordarin 4,35 which is an acylated derivative of sordarin,
was found to be a major metabolite in our culture conditions and
appears to be a dead-end metabolite in the biosynthesis
(Supplementary Figures S4 and S5). Three cycloaraneosene derivatives,
cycloaraneosene 2 (Supplementary Figures S6 and S7),25,36

cycloaraneosen-8-ol 5 (Supplementary Figures S8 and S9),25,37 and
cycloaraneosene-8,9,13-triol 6 (Supplementary Figures S10–S15,
Supplementary Table S1) were also isolated. In addition to 2, 5 and
6 seemed to be biosynthetic intermediates of 1. The stereochemistry of
6 was determined with nuclear Overhauser effect (NOE) analysis
based on the stereochemistry of 5 (Supplementary Figure S15). The
target biosynthetic gene cluster for sordarin/hypoxysordarin was thus
expected to encode a diterpene cyclase, a glycosyltransferase, several
hydroxylases such as cytochrome P450 monooxygenase, and a
polyketide synthase (PKS) because a considerable amount of the
polyketide hybrid-type compound, hypoxysordarin 4, was isolated.

Genome mining of the sordarin biosynthetic gene cluster
Draft genome sequence analysis of the genomic DNA of S. araneosa
was performed with the Illumina Genome Analyzer (GA) IIx. The
obtained read sequences were assembled to determine the total 45 Mb
of the DNA sequences in 103 scaffolds. The size of the genome
sequence is similar to that of Neurospora crassa (ca. 40 Mb)38 and
Sordaria macrospora (ca. 40 Mb).39 Thus, the determined draft
sequence seems to cover the full length of the genome sequence of

S. araneosa. In silico screening of the draft genome sequence with PaFS,
which is a bi-functional enzyme involved in fusicoccin biosynthesis
with a N-terminus diterpene cyclase domain and C-terminus pre-
nyltransferase domain,26 indicated that two regions in the genome of
S. araneosa might encode a similar prenyltransferase (data not shown).
The coding sequences adjacent to the two regions were then carefully
predicted using Augustus software with Neurospora crassa as the model
organism.40 One of the regions was found to encode a putative terpene
cyclase, a type I PKS, a glycosyltransferase and six cytochrome P450
monooxygenases (Table 1). No other region with this feature could be
found in the obtained draft genome sequence. We then named this
region (ca. 67 Kb) as the sordarin biosynthetic gene (sdn) cluster.

Functional characterization of the diterpene cyclase SdnA
To support that the identified sdn gene cluster is responsible for the
sordarin/hypoxysordarin biosynthesis, in vitro functional analysis of
two characteristic enzymes, a putative terpene cyclase SdnA and a
putative glycosyltransferase SdnJ, were conducted. Total RNA was
extracted from the harvested cells and the complementary DNA
(cDNA) library was constructed as a template for PCR. The sdnA and
sdnJ genes were amplified by PCR with the cDNA library and
successfully expressed in E. coli (Supplementary Figure S16). The
purified SdnA was reacted with GGDP and incubated at 30 °C for 16 h
according to the related diterpene cyclase reaction conditions.41

The reaction product was extracted with hexane and the extract was
analyzed by gas chromatography–mass spectrometry. A signal was
detected at 12.6 min with a m/z 272, which corresponds to the
molecular ion [M+] of 2 (Figure 2). In the absence of SdnA or MgCl2,
this reaction did not occur, indicating that SdnA requires Mg2+ for the
reaction. This observation agrees with the general properties of terpene
cyclases.42 Five 150-ml-scale enzyme reactions gave 5.7 mg of the
product whose structure was unambiguously confirmed as 2 by
NMR spectroscopy (Supplementary Figures S6 and S7).25,36 The
optical rotation of the SdnA reaction product from GGDP was
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Figure 1 Isolated sordarin related metabolites from S. araneosa and the hypothesized biosynthetic pathway. The 14C-labeled cycloaraneosene 2 was
incorporated into sordarin 1. Compounds 1–6 except for 3 were isolated from the sordarin producer Sordaria araneosa in the present study. Cycloaraneosene
derivative 6 was identified for the first time from the culture of this strain.
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[α]D16 − 22 (c 0.22, CHCl3), which is similar to the reported data of [α]
D − 38.4 (c 2.8, CHCl3),

25,36 indicating that the stereochemistry of the
SdnA reaction product is the same as the reported cycloaraneosene
structure. Thus, SdnA was confirmed to be a cycloaraneosene synthase
and seemed to be responsible for sordarin biosynthesis in the producer
strain.

Functional characterization of the glycosyltransferase SdnJ
A putative glycosyltransferase SdnJ was speculated to catalyze
the glycosylation of 3 in the presence of a nucleotide-diphospho
(NDP)-sugar, presumably NDP-6-deoxy-D-altrose, from the chemical
structure of 1. The O-methyl group on the 4ʹ-hydroxy group of the
sugar moiety (sordarose) in sordarin seems to be introduced after the
glycosylation, as this reaction order was reported in the biosynthesis
of other O-methylated glycosides such as spinosyn,43 tylosin,44

mycinamycin,45 elloramycin,46 erythromycin,47 oleandomycin48 and
FD-594.49 To examine this hypothetical glycosylation by SdnJ,

Table 1 Sordarin/hypoxysordarin biosynthetic genes and their putative functions

Gene

designation

Size

(AA)a Encoded protein homologs (AA, GenBank accession numbers, source strain) % Identity/%positives Putative function

sdnA 368 Putative pentalenene synthase protein (358, XP_007795276, Eutypa lata UCREL1), 78/85; (352,

KKP00201, Trichoderma harzianum), 68/78

Cycloalaneosene synthase

sdnB 545 Putative cytochrome P450 protein (545, XP_007795275, Eutypa lata UCREL1), 77/88; (542, KKP00202,

Trichoderma harzianum), 76/87

Cytochrome P450 monooxygenase

sdnC 533 Putative geranylgeranyl pyrophosphate synthase protein (209, XP_007795274, Eutypa lata UCREL1),

73/81; (402, KKP00203, Trichoderma harzianum), 68/79

GGDP synthase

sdnD 259 Putative methyltransferase protein (253, XP_007795273, Eutypa lata UCREL1), 73/82; (253, KKP00204,
Trichoderma harzianum), 64/78

Sugar O-methyltransferase

sdnE 517 Putative cytochrome P450 protein (510, KKP00206, Trichoderma harzianum), 75/84 Cytochrome P450 monooxygenase

sdnF 521 Putative cytochrome P450 protein (435, XP_007795270, Eutypa lata UCREL1), 78/85; (489, KKP00207,

Trichoderma harzianum), 77/84

Cytochrome P450 monooxygenase

sdnG 146 Hypothetical protein (149, XP_007795269, Eutypa lata UCREL1), 68/84 Hypothetical protein

sdnH 542 Putative benzoate 4-monooxygenase cytochrome protein (506, XP_007795268, Eutypa lata UCREL1),

76/85; (455, KKP00208, Trichoderma harzianum), 80/90

Cytochrome P450 monooxygenase

sdnI 544 GDP-mannose 4,6-dehydratase (908, KKP00209, Trichoderma harzianum), 80/89 GDP-D-mannose-4,6-dehydratase

sdnJ 512 Putative glycosyltransferase (765, XP_007795266, Eutypa lata UCREL1), 79/89 GDP-6-deoxy-D-altrose

glycosyltransferase

sdnK 351 Short-chain dehydrogenase/reductase (338, KKP00199, Trichoderma harzianum), 65/78 GDP-6-deoxy-D-altrose synthase

sdnL 413 Putative PKS (663, XP_007795265, Eutypa lata UCREL1), 59/71; (394, KKP00198, Trichoderma
harzianum), 60/75

PKS MT

sdnM 499 Putative LysR family regulatory protein (350, XP_007795264, Eutypa lata UCREL1), 52/65;

(495, KKP00197, Trichoderma harzianum), 63/81

Transcriptional regulator

sdnN 432 Putative FAD binding domain-containing protein (442, XP_007795262, Eutypa lata UCREL1), 60/73;

(448, KKP00196, Trichoderma harzianum), 64/76

FAD-dependent oxygenase

sdnO 3084 Putative PKS (2952, XP_007795263, Eutypa lata UCREL1), 60/74; (2903, KKP00195, Trichoderma
harzianum), 60/73

PKS (KS-AT-DH-?-ERb-KR-ACP-CAT)

sdnP 272 Hypothetical protein (254, XP_003051000, Nectria haematococca mpVI 77-13-4), 31/55 Hypothetical protein

sdnQ 551 Putative cytochrome P450 protein (518, KKO96515, Trichoderma harzianum), 41/61 Cytochrome P450 monooxygenase

sdnR 547 Putative beta-lactamase (575, XP_001227695, Chaetomium globosum CBS 148.51), 48/65 β-lactamase

sdnS 772 Putative glucose transport transcription regulator RGT1 (738, KFX52043, Talaromyces marneffei PM1),

42/58

Transcriptional regulator

sdnT 558 Putative cytochrome P450 protein (537, XP_007601544, Colletotrichum fioriniae PJ7), 60/71 Cytochrome P450 monooxygenase

orf1 257 Conserved hypothetical protein (292, XP_753554, Aspergillus fumigatus Af293), 62/76 Hypothetical protein

orf2 382 Putative alpha beta-hydrolase (365, XP_001903610, Podospora anserina S mat+), 58/73 Hypothetical protein

orf3 627 Hypothetical protein (619, XP_003344431, Sordaria macrospora k-hell), 56/72 Hypothetical protein

Abbreviations: ACP, acyl carrier protein; AT, acyltransferase; CAT, choline/carnitine acyltransferase; DH, dehydratase; ER, enoylreductase; FAD, flavin adenine dinucleotide; GGDP, geranylgeranyl
diphosphate; KR, β-ketoreductase; KS, β-ketoacylsynthase; MT, methyltransferase; PKS, polyketide synthase.
aBased on the putative matured transcription.
bThis ER domain should be inactive based on the chemical structure of hypoxysordarin.
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Figure 2 Functional analysis of cycloaraneosene synthase SdnA by gas
chromatography–mass spectrometry. (a) Authentic cycloaraneosene (natural
product), (b) extract of the SdnA reaction with 18 μM of GGDP, 0.8 μM of
SdnA and 5 mM of MgCl2 at 30 °C for 16 h, (c) without SdnA. Off set is the
mass for the signal at 12.6 min.
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NDP-6-deoxy-D-altrose was chemically synthesized (Supplementary
Figure S17). Compound 3 was also prepared from 1 by acid
hydrolysis.1,19 Because SdnI shows high similarity to GDP-mannose-
4,6-dehydratase,50–52 GDP seems to be the most likely nucleotide for
this particular deoxysugar biosynthesis.
The recombinant SdnJ protein was successfully expressed in E. coli

and purified for the enzymatic reaction analysis (Supplementary
Figure S16). SdnJ was mixed with GDP-6-deoxy-D-altrose 7 and 3
at 28 °C for 48 h. After the reaction, the enzymatic reaction
product was extracted with ethyl acetate and analyzed by liquid
chromatography–electrospray ionization mass spectrometry
(Figure 3). A new signal with m/z 501, which corresponds to [M
+Na]+ for the expected glycosylated product, was observed only in the
presence of all components. This result suggests that SdnJ catalyzes the
glycosylation of 3 with 7 to give 4ʹ-O-demethylsordarin 8 (Figure 4).
A small amount of glycosylated compound was produced in the
presence of ADP-6-deoxy-D-altrose, but no product was detected with
TDP-6-deoxy-D-altrose (Figure 3). GDP-D-mannose was also accepted
as the glycosyl donor to give mannosyl sordaricin (m/z 517, [M+Na]
+), but GDP-D-glucose was not accepted (Supplementary Figure S18).
Thus, we concluded that, (1) the guanine moiety of the NDP-sugar as
the glycosyl donor is important for recognition, (2) the stereo-
chemistry at C-2 of the GDP-sugar is critical and (3) the existence
of a hydroxy group at C-6 and the stereochemistry at C-3 of the
GDP-sugar are not important. The characterized enzymatic function
of SdnJ indicates that SdnJ is responsible for the glycosylation of 3
with 7 to give 8 in sordarin biosynthesis (Figure 4). Overall, the
characterized functions of the cycloaraneosene synthase SdnA and the
sordaricin:GDP-6-deoxy-D-altrose glycosyltransferase SdnJ supports
that the sdn gene cluster identified by genome mining is responsible
for the biosynthesis of sordarin/hypoxysordarin.

DISCUSSION

A genome-mining approach is widely used to identify target natural
product biosynthetic gene clusters.53–55 In the present study, we
succeeded in identifying the biosynthetic gene cluster responsible
for the biosynthesis of the diterpene glycoside antibiotic sordarin/
hypoxysordarin from the draft genome sequence of the producer mold
Sordaria aragonesa. Bioinformatic analysis of other fungal genome
sequences showed that a grapevine pathogen Eutypa lata56 and the
fungus Trichoderma harzianum57, which possesses beneficial bio-
control activity against fungal plant pathogens, have almost the
same contiguous gene cluster from sdnA to sdnO in their genomes.
Thus, these fungi might have the ability to produce sordarin/
hypoxysordarin-related diterpene glycosides, although these types of
compounds have never been isolated from these strains. Three
Xylariale families, Xylariaceae, Amphisphaeriaceae and Diatrypaceae,
were found to produce sordarin analogs and therefore may contain
similar biosynthetic gene clusters in their genomes.58

Based on the annotated functions of the sdn genes as determined by
BLAST, a plausible biosynthetic pathway is proposed in Figure 4. First,
a putative GGDP synthase, SdnC, constructs GGDP from farnesyl
diphosphate and isopentenyl diphosphate. A diterpene cyclase, SdnA,
catalyzes the cyclization of GGDP to afford 2, which was verified in the
present report. Compound 2 is then hydroxylated four times by the
putative cytochrome P450 monooxygenases SdnB, SdnE, SdnF and
SdnH to give a hydroxylated cycloaraneosene derivative such as
cycloaraneosene-8,9,13,19-tetraol. Although the order of the hydro-
xylations is unclear, the existence of 5 and 6 in the culture of
S. aragonesa suggests that at least C8, C9 and C13 of the
cycloaraneosene skeleton are hydroxylated before the sordaricin
formation. Dehydration of the 13-hydroxy group of the hydroxylated
cycloaraneosene derivative might be catalyzed by an unassigned
hypothetical protein such as SdnG and SdnP to construct the
cyclopentadiene moiety. The putative flavin adenine dinucleotide-
dependent oxidoreductase SdnN is proposed to catalyze the oxidation
at C9 of the hydroxylated cycloaraneosene derivative and also
catalyze the Baeyer–Villiger oxidation to give the lactone intermediate.
Baeyer–Villiger monooxygenases with a flavin cofactor are known to
be involved in pentalenolactone biosynthesis59,60 and the steroid
degradation process.61,62 The presumed lactone intermediate
would be hydrolyzed to give an acrolein moiety and a carboxylate
moiety. Then, [4+2]cycloaddition would occur between the acrolein
moiety and the cyclopentadiene moiety to give 3. SdnN might also be
involved in the [4+2]cycloaddition after the hypothesized oxidation
to accommodate the oxidized product and prompt the
[4+2]cycloaddition. It is known that the flavin-dependent oxidase
Sol5 catalyzes the oxidation of an alcohol of prosolanapyrone II and
also is involved in the cycloaddition to give solanapyrone A in
solanapyrone biosynthesis.63 The oxidation of the alcohol to an
aldehyde changes the lowest unoccupied molecular orbital level of
the dienophile and the [4+2]cycloaddition seems to occur simulta-
neously at the active site of Sol5. Although several types of enzymatic
[4+2]cycloadditions have been reported,64,65 the hypothesized
mechanism of SdnN has not been recognized.
GDP-6-deoxy-D-altorose 7 may be biosynthesized from

GDP-D-mannose by the putative GDP-mannose-4,6-dehydratase SdnI
and the short-chain dehydrogenase/reductase SdnK, which is related
to GDP-L-fucose biosynthesis (Figure 4b).66,67 GDP-L-fucose synthase
catalyzes both the 3,5-epimerization of GDP-4-keto-6-deoxymannose
and reduction at C-4.68,69 Thus, it would be interesting to know
whether the putative reductase SdnK could catalyze both epimeriza-
tion at C-3 of GDP-4-keto-6-deoxymannose and the subsequent
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Figure 3 Functional analysis of the GDP-6-deoxyaltrose transferase SdnJ by
liquid chromatography–electrospray ionization–mass spectrometry (LC–ESI–
MS) analysis. The reaction was carried out with (a) GDP-6-deoxy-D-altrose,
(b) ADP-6-deoxy-D-altrose and (c) TDP-6-deoxy-D-altrose. The upper panel is
the traces for the selected ion m/z 355 for [M+H]+ of sordaricin 3 and the
bottom panel is the traces for the selected ion m/z 501 for [M+H]+ of 4ʹ-O-
demethylsordarin 8.
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reduction to give 7. The glycosyltransferase SdnJ catalyzes the
attachment of 6-deoxy-D-altorose onto the 19-hydroxy group of 3
to give 4ʹ-O-demethylsordarin 8, which was produced by bio-
transformation of 1 with Streptomyces capreolus and Streptomyces
avermitilis.70 A putative methyltransferase SdnD would complete the
biosynthesis of 1.
The unique acyl chain at the 3ʹ-hydroxy group of 4 would be

constructed by an iterative type I PKS SdnO and the trans-acting
polyketide methyltransferase (MT) SdnL (Figure 4c). A trans-acting
C-MT of elongated polyketide chain in pseurotin biosynthesis has
been recently characterized.71 Thus, SdnL would be responsible for
the introduction of an α-methyl group of the polyketide chain.
SdnO consists of a β-ketosynthase domain, acyltransferase domain,
dehydratase domain, unassigned region, enoylreductase domain,
β-ketoreductase domain, acyl carrier protein (ACP) and a choline/
carnitine acyltransferase domain. Although intensive studies on fungal
and bacterial PKSs have been performed,72 it is still hard to predict the
precise polyketide product from only the sequence of SdnO. It is
presumed that iterative reactions involving the PKS SdnO and C-MT
SdnL would construct certain triene tetraketides whose stereo-
chemistry might be a Z-E-Z configuration judging from the
stereochemistry of 4. Thus, SdnO would not catalyze the enoyl
reduction similar to the inactive enoylreductase domain of LovB in

the PKS of lovastatin biosynthesis.73 The polyketide chain might be
transferred to the 3ʹ-hydroxy group of 1 by the putative choline/
carnitine acyltransferase domain of SdnO because there is no obvious
acyltransferase of the polyketide chain in the sdn cluster. If this is true,
it would be a novel completion mechanism of a PKS.74 Alternatively,
the putative β-lactamase protein SdnR might be responsible for the
cleavage and transfer of the polyketide chain from the PKS SdnO to 1,
as a related completion mechanism of a PKS reaction has been
reported.75 Two putative cytochrome P450s, SdnQ and SdnT, might
catalyze the epoxidations of the polyketide chain to complete the
biosynthesis of 4. Transcriptional regulators SdnM and SdnS
are presumably encoded for the transcriptional regulation of the
expression of the sdn gene cluster.
Cycloaraneosene synthase SdnA shows less similarity to the

N-terminus diterpene cyclase domain of PaFS in fusicoccin bio-
synthesis and rather higher similarity to sesquiterpene synthases such
as koraiol synthase (FFUJ_12585, 38% identity/57% similarity).76 This
suggests that the functional prediction of terpene cyclases from only
the protein sequence is still difficult for annotation. In fact, only the
C-terminus GGDP synthase domain of PaFS was useful as a query
to fish out the presently identified sdn gene cluster. The reaction
mechanism of cycloaraneosene synthase SdnA may be related
to that of CotB2, which constructs cycloocta-9-en-7-ol from GGDP

Figure 4 The sordarin biosynthetic gene (sdn) cluster and the proposed biosynthetic pathway for sordarin/hypoxysordarin. (a) The biosynthetic pathway for
sordarin/hypoxysordarin, (b) GDP-6-deoxyaltrose biosynthesis and (c) polyketide biosynthesis. ACP, acyl carrier protein; AT, acyltransferase; CAT, choline/
carnitine acyltransferase; DH, dehydratase; ER, enoylreductase; KR, β-ketoreductase; KS, β-ketoacylsynthase. The ER domain of SdnO should be inactive
based on the chemical structure of hypoxysordarin 4.
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(Supplementary Figure S1).28 Because there is little sequence similarity
between SdnA and CotB2, detailed mechanistic analysis of SdnA is
needed to understand the reaction mechanism.
Characterization of SdnJ as a GDP-6-deoxy-D-altrose transferase of

3 further supports that the identified gene cluster is responsible for
sordarin biosynthesis. Addition of ethylenediaminetetraacetic acid
(EDTA) did not inhibit the glycosylation between 7 and 3 indicating
that SdnJ does not require divalent metal cations for catalysis. Because
SdnJ sequentially belongs to the family of GT-B, its lack of require-
ment for a metal agrees well with the biochemical properties of this
family of glycosyltransferases.77 The optimal pH was around pH 7.5
and the optimal temperature was 30 °C. SdnJ recognizes both 7 and
GDP-D-mannose as glycosyl donors, although the majority of isolated
natural products from S. araneosa contain only 6-deoxy-D-altrose as
the sugar part. Thus, 7 would be efficiently biosynthesized and
selectively transferred to 3 by SdnJ under physiological conditions.
Because 8 shows a higher minimal inhibitory concentration (MIC)
value than 1,70 the existence of the 4ʹ-O-methyl group of 1 appears to
be remarkable for bioactivity and thus, the O-methylation of the
4ʹ-hydroxy group of the 6-deoxy-D-altlose moiety would be an
important biosynthetic step to produce the bioactive molecule.
In conclusion, the sordarin/hypoxysordarin biosynthetic gene

cluster was successfully identified by a genome-mining approach.
Further, two characteristic enzymes, cycloaraneosene synthase SdnA
and GDP-6-deoxy-D-altrose:sordaricin glycosyltransferase SdnJ, were
functionally characterized and the results were used to support that the
sdn gene cluster is responsible for the biosynthesis of sordarin/
hypoxysordarin. Although the transformation mechanism from the
cycloaraneosene derivative to the sordaricin skeleton is still unclear,
further investigation of the sdn genes using in vitro and in vivo analyses
should provide more information in due course.

MATERIALS AND METHODS

Isolation of metabolites from S. araneosa Cain ATCC 36386
Sordaria araneosa Cain ATCC 36386 was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). S. araneosa was inoculated on
agar plates of ATCC Medium #350 Emerson YpSs agar (yeast extract 0.4%,
soluble starch 1.5%, K2HPO4 0.1%, MgSO4·7H2O 0.05%, agar 20% in 200 ml
of tap water (pH 7.0), and autoclaved) and incubated at 26 °C for 7 days. The
filamentous fungus was scraped from the agar plate and suspended in 20%
glycerol and stored at − 80 °C until use. An aliquot of the suspension was
inoculated on a new Emerson YpSs agar plate and incubated at 26 °C for
7 days. A 5-mm cube of the agar culture of S. araneosa was then inoculated into
a 500-ml-baffled Erlenmeyer flask of a pre-culture medium (potato (freshly
grated) 10%, sucrose 2.0%, casamino acid 1.0%, K2HPO4 0.5% in 80 ml of tap
water and autoclaved) with a cotton plug and cultured at 26 °C, 200 r.p.m., for
5 days. A portion (ca. 5 ml) of the pre-cultured fungus was transferred into 12
500-ml-baffled Erlenmeyer flasks containing 100 ml of production medium
(glucose 10%, polypeptone 1.5%, corn steep liquor 1.0%, yeast extract
0.5%, L-tryptophan 0.2%, K2HPO4 0.5%, FeSO4·7H2O 0.4%, CoSO4 0.05%,
MgSO4·7H2O 0.1% in tap water and autoclaved) with a cotton plug and
cultured at 26 °C, 200 r.p.m., for 10 days. The cultured cells (158 g from a 1.2 l
of culture) were collected by centrifugation (6000 g×30 min) and then
disrupted with acetone (1 l). The acetone-cell suspension was filtered and the
solvent was removed on a rotary evaporator. The residue was extracted with
ethyl acetate (300 ml× 3 times) and water (300 ml). The combined organic
layers were dried over anhydrous MgSO4. The organic solution was
concentrated on a rotary evaporator. The residue was purified by silica-gel
chromatography with hexane-EtOAc as the eluent. The fractions containing 1,
hypoxysordarin 4 and cycloaraneosene-8,9,13-triol 6 were further purified by
ODS (Wakogel 50C18) chromatography with CH3OH-H2O as the eluent.
A fraction containing 2 and cycloaraneosen-8-ol 5 was further purified by
silica-gel chromatography with hexane-EtOAc and CHCl3-hexane as the

eluents. From the 1.2 l of culture, 30 mg of 1, 171 mg of 4, 8.4 mg of 6,
5.6 mg of 2 and 3.5 mg of 5 were obtained. See Supplementary Information for
their nuclear magnetic resonance spectra (Supplementary Figure S2–S15).

Genome mining of sordarin biosynthetic genes
S. araneosa was grown in a modified yeast extract-malt extract (YEME)
medium (yeast extract 0.3%, peptone 0.5%, malt extract 0.3%, glucose 1%
and sucrose 34%, after autoclaving 0.5% glycine and 5 mM MgCl2 were added
(final concentrations)) at 26 °C, 200 r.p.m., for 6 days. The cultured cells were
collected by centrifugation (6000 g×30 min) and washed with a 10.3% sucrose
solution. The resultant cells (8.6 g from 100 ml of culture) were suspended in
1× TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and then treated with 50 mg
of zymolyase 20 T (Seikagaku Corporation, Tokyo, Japan) at 45 °C. After gentle
incubation for 1 h, 2.7 ml of 0.5 M EDTA, 2.7 ml of H2O and 1.9 ml of 10%
sodium dodecyl sulfate solution were added and the solution was incubated for
1 h at 37 °C. The solution was then gently mixed with 1 volume of phenol/
CHCl3. After centrifugation, the water layer was extracted and further washed
with CHCl3. The obtained water solution was treated with 30 μl RNase for
0.5 h at 37 °C. After the phenol-CHCl3 and CHCl3 extraction, the water layer
was mixed with 0.1 volume of 3 M NaOAc and 1 volume of 2-propanol. After
gentle mixing, the genomic DNA was recovered with a glass rod. The genome
DNA was then dissolved in 10 ml of Tris-NaCl-EDTA (TNE) buffer (1× TE,
0.1 M NaCl) and then 0.1 volume of 3 M NaOAc and 2.2 volume of EtOH were
added. The genomic DNA was recovered with a glass rod and dissolved in
0.5 ml of TE buffer (1.4 mg ml− 1) and stored at 4 °C. Draft genome sequence
analysis was performed using the Illumina Genome Analyzer (GA) IIx (San
Diego, CA, USA) after treatment of the extracted genomic DNA with NEBNext
DNA Sample Prep Reagent Set 1 or Mate Pair Library Prep Kit v2 from Takara
Bio (Ohtsu, Japan). The obtained read sequences were assembled with Edena,
Velvet or ALLPATHS-LG to determine total 45 Mb of the draft DNA sequences
in 103 scaffolds. In silico screening of the draft genome sequence with PaFS26

was performed using Geneious software (Biomatters, Auckland, New Zealand)
and BioEdit. The coding sequences were predicted by Augustus software40 with
Neurospora crassa as a model organism. After cloning of the sdnA and sdnJ
genes, coding sequences were revised using Augustus software. A part of the
genome DNA sequence containing the sordarin biosynthetic gene (sdn) cluster
(ca. 120 kb) was deposited in the DDBJ under the accession number LC079035.

Characterization of diterpene cyclase SdnA
Total RNA was extracted from the harvested cells cultured in the above-
mentioned modified YEME medium after 96 h. The cells were suspended in
1× TE buffer and treated with zymolyase 20 T at 45 °C for 1 h. After
centrifugation, the spheroplasts were extracted with Nucleospin RNA II kit
(Takara) according to the manufacture’s protocol. Using the obtained total
RNA, a cDNA library was constructed using the PrimeScript II 1st strand
cDNA Synthesis kit (Takara). The sdnA gene was amplified by PCR with the
cDNA library as the template and successfully expressed in E. coli. For the sdnA
gene, sdnA-N: 5′-CGCATATGTCACTATACGGGTTATTC-3′ and sdnA-C:
5′-CTACAAGCTTTCCCAAAGGACCG-3′ were used as the PCR primers
and were synthesized by Fasmac (Kanagawa, Japan). PrimeSTAR GXL DNA
polymerase (Takara) was used for PCR and the reaction solution contained
5×PrimeSTAR GXL buffer 2 μl, 2.5 mM dNTP mixture 0.8 μl, 100 μM of
primers 1.5 μl each, cDNA solution 1.0 μl, sterilized water 3.0 and 0.2 μl of
polymerase. The PCR conditions were 10 s of denaturation at 98 °C, 15 s of
annealing at 60 °C and 70 s of extension at 68 °C for 40 cycles. After agarose gel
electrophoresis, the amplified DNAs were recovered using the FastGene
Gel/PCR extraction kit (Nippon Genetics, Tokyo, Japan). The obtained DNA
fragments (8.8 μl each) were reacted with Ex Taq polymerase (Takara, 0.1 μl),
dNTP mixture (0.2 μl) and EX Taq buffer (1.0 μl) at 70 °C for 2 min. The A
attached DNA fragments were then ligated with T-vector pMD19 (Takara)
using the DNA ligation kit version 2.1 (Takara) and introduced into E. coli
DH5α competent cells. The desired plasmid containing the matured gene
(sdnA/pMD19) was confirmed by sequence analysis (Fasmac). The plasmid
sdnA/pMD19 was digested with NdeI and HindIII and the insert DNA was
introduced into the corresponding site of the pColdI expression vector and
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transformed into E. coli DH5α. The obtained expression plasmid sdnA/pColdI
was then introduced into E. coli BL21(DE3).
The resulting sdnA/pColdI/BL21(DE3) strain was cultured in Luria

Bertani medium containing 50 μg ml− 1 of ampicillin at 37 °C and 200 r.p.m.
This was done until the OD600 reached 0.6 and then isopropyl 1-thio-β-D-
galactopyranoside (final concentration 0.2 mM) was added and culture con-
tinued at 15 °C overnight. The E. coli cells were harvested by centrifugation at
4700 g for 20 min, and then suspended in 50 mM Tris buffer (pH 7.5,
buffer A). The cell suspension was treated with a Q55 sonicator (Qsonica,
WAKENBTECH, Kyoto, Japan) to obtain the cell-free extract. Following
centrifugation at 13 200 g for 20 min, the supernatant was loaded onto a
TALON resin (Takara) column and washed with buffer A containing 20 mM

imidazole. The SdnA protein was eluted with buffer A containing 200 mM

imidazole. The solution was passed through a PD-10 column (GE Healthcare,
Buckinghamshire, UK) to obtain purified SdnA (80 μg from 200 ml of culture).
To confirm the size of the recombinant SdnA (predicted size 42 kDa), sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (12.5%) was performed. The
protein concentration (A280 1 A/cm= 1 mg ml− 1) was estimated using a
Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
The SdnA enzyme reaction solution consisted of SdnA (0.8 μM),

geranylgeranyl diphosphate (GGDP, 17.8 μM), MgCl2 (5 mM), EDTA
(0.5 mM) and DTT (2 mM) in Tris buffer (50 mM, pH 7.5, 1 ml). GGDP was
prepared by chemical synthesis from geranylgeraniol.78 The reaction was
conducted at 30 °C for 16 h and then extracted with hexane three times. After
concentration, the extract was analyzed using a gas chromatography–mass
spectrometry (GCMS-QP2010, Shimadzu, Kyoto, Japan) equipped with a DB-1
column (0.25 mm×30 m, Agilent Technologies, Santa Clara, CA, USA). The
temperature program for the GC was 60 °C for 2 min, 60–150 °C at
30 °C min− 1, 150–180 at 10 °C min− 1 and 180–210 at 2 °C min− 1. To obtain
a larger amount of product, the 150-ml-scale enzymatic reaction with SdnA
(17.6 μM, 11 mg), GGDP (296 μM, 20 mg), MgCl2 (1 mM), EDTA (0.5 mM) and
DTT (2 mM) in Tris buffer containing 0.1% Triton X-100 (50 mM, pH 7.5) was
carried out five times at 30 °C for 24 h. After extraction with hexane and
concentration, the extract was purified by silica-gel chromatography with
hexane as the solvent. A total of 5.7 mg of cycloaraneosene 2 was obtained. The
optical rotation of the SdnA reaction product was analyzed using a JASCO
DIP-360 polarimeter (JASCO, Tokyo, Japan).

Preparation of GDP-6-deoxy-D-altrose
The synthetic procedure is described in the Supplementary Information.

Characterization of glycosyltransferase SdnJ
The expression conditions for the sdnJ gene were same as for the sdnA gene,
except for the PCR primer, sdnJ-N: 5′-CCATATGCACGCCAAACGCC-3′ and
sdnJ-C: 5′-AGTGGATCCATTTGAGGAAACATCG-3′. The E. coli cells con-
taining the recombinant SdnJ protein were suspended in 50 mM Tris buffer
with 10% glycerol (pH 7.5, buffer B) and the cell suspension was sonicated to
obtain the cell-free extract. Following centrifugation at 13 200 g for 20 min, the
supernatant was loaded onto a TALON resin column and washed with buffer B
containing 20 mM imidazole. The SdnJ protein was eluted with buffer B
containing 200 mM imidazole. The solution was concentrated using an Amicon
Ultra device (4 ml, 10 kDa, Merck Millipore, Darmstadt, Germany) according
to the manufacture’s protocol. From a 1.2-l culture, ca. 0.5 ml of the SdnJ
solution (13–17 μM) was obtained.
GDP-6-deoxy-D-altrose (final 0.5 mM) and sordaricin (final 0.2 mM, DMSO

solution) were mixed with SdnJ (final 14.3 μM, 100 μL), and incubated at 28 °C
for 48 h. The reaction was quenched by adding 1 μl of 1 M HCl, and extracted
with 200 μl of EtOAc. The organic layer was concentrated using a centrifugal
evaporator and the residue was dissolved in 50 μl of CH3OH. Samples were
then analyzed using a liquid chromatography–electrospray ionization–tandem
mass spectrometry instrument (LCMS 2010EV; Shimadzu) equipped with a
LC-20AD ×2 (pump), CTO-20A (column oven), SIL-20A (auto sampler),
SPD-20A (UV-Vis detector) and a TSK-Gel ODS100Z (2.0× 150 mm column,
TOSOH, Tokyo, Japan) with a linear gradient of solvents A (water) and B
(acetonitrile) as follows: 0–15 min, 40–100% B linear gradient; 15–25 min,
100% B. The flow rate was 0.1 ml min− 1. To find the optimum temperature,

the reaction was conducted at 16–37 °C. To find the optimum pH, the reaction

was conducted in Tris buffer at pHs 7–9. In addition to GDP-6-deoxy-D-

altrose, ADP-6-deoxy-D-altrose, TDP-6-deoxy-D-altrose, GDP-D-mannose and

GDP-D-glucose were tested as glycosyl donors (0.5 mM each).
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