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Investigation of the metabolome of the ascomycete Annulohypoxylon
truncatum led to the identification of novel oxygenated brasilane
glycosides and the revision of the stereochemistry of the brasilane A
octahydro-1H-indene core scaffold to trans. The bra biosynthetic
gene cluster containing five genes (braA—braE) was identified and
verified by heterologous expression experiments in Aspergillus
oryzae demonstrating that BraC is a multifunctional P450 mono-
oxygenase. In vitro studies of BraB revealed it to be a very rare
fungal UDP-GlcNAc dependent N-acetylglucosamine transferase.
UDP-glucose is also accepted as a donor, and a broad acceptor
substrate tolerance for various primary and secondary alcohols
was observed.

The fungal family Hypoxylaceae is a hotspot for the identifi-
cation of novel secondary metabolites." Genome sequencing of
representative species enabled us to assess the biosynthetic
capabilities of these fungi and correlate produced compounds
with their respective biosynthetic genes.” During a screening
for new metabolites we found various species capable of
producing brasilane-type sesquiterpenoid glycosides with an
unusual N-acetylglucosamine moiety. The brasilane core struc-
ture is widespread in nature and has been isolated from various
sources including basidiomycetes, various ascomycetes, algae
and sea hare.®® Recently, two groups have independently
reported the characterisation of the terpene cyclase responsible
for brasilane biosynthesis in Trichoderma spp.®*° These reports
facilitated the search for the underlying biosynthetic gene
clusters in the Hypoxylaceae which led us to investigate the
participating tailoring enzymes.
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Biosynthesis of oxygenated brasilane
terpene glycosides involves a promiscuous
N-acetylglucosamine transferaset
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Fermentation of the Annulohypoxylon truncatum strain CBS
140778 in 2 L YMG media led to the production of various
glycosylated metabolites. Subsequent chromatographic purifica-
tion yielded three pure compounds that were analyzed by NMR
spectroscopy. Structure elucidation revealed the known sesquiter-
penoid brasilane A 1° and two new oxygenated congeners brasi-
lanes D 2 and E 3 [Scheme 1, see ESL} Sections S2 and S6 for
additional information]. All three terpenes feature an unusual
N-acetylglucosamine moiety, with 2 being hydroxylated at C-12
and 3 possessing an epoxide functionality between C-5 and C-10
and an aldehyde at C-12. Careful analysis of coupling constants
and ROESY data of 1 revealed that the previously assigned relative
configuration of brasilane A® was incorrect. Since overlapping
signals hampered the interpretation of spectra measured in
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Scheme 1 Brasilane biosynthetic gene cluster (bra) from A. truncatum
and biosynthetic pathway for the production of 1-6 based on experi-
mental evidence.
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chloroform-d, methanol-d,, acetonitrile-d;, DMSO-d¢ and acet-
one-dg, we selected pyridine-ds and benzene-d, for the measure-
ment of ROESY and j-resolved NMR spectra (see ESI,i Chapter
S2 and S6). On the B-face of the molecule, strong 1,3-diaxial
ROESY correlations were observed between 2-H,/4-H/6-H, in
addition to correlations between 15-H; and 4-Hy, 6-H, 8,-H. On
the o side of the molecule, there are strong ROESY correlations
between 1-H/14-H; and 8-Hp/7-Hp,. Taken together, these
ROESY correlations indicated a trans fusion of the central
octahydro-1H-indene scaffold, which was confirmed by the
large coupling constant Ji; 116 = 12.5 Hz, observed in the signal
pattern of 6-H. All compounds were evaluated for biological
activity in antimicrobial and cytotoxicity assays, but no signifi-
cant activity was observed. Nevertheless, oxygenated brasilane
glycosides have so far not been reported in the literature,
suggesting the involvement of a specific enzymatic machinery
in the producer organism.

Recently, two independent studies found and characterized
the terpene cyclases (TaTC6, Tvi09626) responsible for bra-
silane backbone assembly in Trichoderma spp.>'°® Using
BLASTp homology searches with Tvi09626 as a template, we
found a candidate biosynthetic gene cluster (BGC, bra) in the A.
truncatum genome containing five genes termed braA-E
(Scheme 1). BraA was identified as a terpene cyclase showing
70.9% similarity to Tvi09626, while BraB was annotated as a
putative O-glycosyltransferase (O-GT) with homology to the
O-GT PaGT involved in fusicoccin biosynthesis in Diaporthe
(Phomopsis) amygdali.'* Except for its homology to the latter
enzyme, BraB (and also PaGT) shows no conserved motifs
recognized by CAZyme analysis.'” InterPro scan identified a
partial capsular polysaccharide synthesis protein family
domain,” which is part of the nucleotide-diphospho-sugar
transferase superfamily, suggesting UDP-sugars as donor
substrates. BraC exhibited high identity to various known
cytochrome P450 monooxygenases and Brak likely constitutes
an ABC transporter. No functionality could be assigned to BraD
which lacks any currently recognizable functional motifs.

To verify whether the bra BGC is responsible for the bio-
synthesis of 1-3, heterologous expression experiments in Aspergillus
oryzae NSAR1 were conducted. For this purpose, the braA-C genes
were directly cloned from gDNA into the vector pTYGS-arg using
the arginine deficiency as auxotrophic marker.'* Transformation of
A. oryzae with the constructed vector resulted in well-growing
transformants (A. oryzae braABC), which were screened for the
production of new metabolites in DPY media. Media extracts of
six transformants showed the presence of two new conspicuous
peaks (Fig. 1C), which correlated well with 2 and 3 by UV,
retention time and mass spectra. Isolation and structure eluci-
dation of the respective compounds confirmed their identity
as brasilane D 2 and E 3. In contrast, all extracts were absent
of 1, implying that the compound was fully converted. As
2 and 3 show different levels of oxygenation, BraC is likely
responsible for two consecutive oxygenations. Cytochrome
P450 monooxygenases catalyzing multiple steps within a bio-
synthetic pathway are commonly observed and this can explain
the occurrence of two main compounds.*>*®
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Fig. 1 HPLC-DAD chromatograms (200—-600 nm) of supernatant extracts
from; (A) wild type of A. truncatum; (B) untransformed A. oryzae (negative
control); (C—F) A. oryzae transformants expressing different combinations
of braA, braB and braC. Numbers refer to structures depicted in Scheme 1.
Unrelated compounds are indicated with *.

To reconstitute the biosynthesis of 1, an additional vector
containing only braA and braB was constructed and trans-
formed into A. oryzae to yield a dominant compound, which
as expected was identified as brasilane A 1 (Fig. 1D). In order to
determine the sequence of the biosynthetic steps two further
vectors were assembled and transformed. One vector contained
braA and braC and the other contained only braA. Analysis of
the resulting A. oryzae transformants (A. oryzae braAC; A. oryzae
braA) showed production profiles with various new compounds,
which were identical between A. oryzae braAC and A. oryzae braA
(Fig. 1E and F). The two major products were purified, and
elucidation of their structures showed them to be two new
oxygenated brasilanes designated as brasilane F 5 and xylarenic
acid B 6 (Scheme 1). Against our expectation neither 5 nor 6
were oxygenated at C-12, C-5 or C-10. Instead, both molecules
displayed a hydroxyl group at C-8, and 6 had an additional
carboxylic acid functionality at C-10. While ROESY correlations
and a series of 1D NOE NMR experiments (Fig. S60-S64, ESIf)
confirmed the relative configuration of the new molecules
including the trans configuration of 1-H/6-H, their absolute
stereochemistry was determined by derivatisation of 8-OH with
Mosher’s acid (MTPA, see ESI,i Chapter S2). As the chemical
profiles of A. oryzae braAC and A. oryzae braA transformants
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were identical, we concluded that BraC does not accept brasilane
aglycones. Instead, unknown native A. oryzae enzymes process the
terpene backbone leading to the formation of 5 and 6. The
influence of the heterologous host on shunt formation or even
complete pathway disruption has been observed during the
heterologous expression of various biosynthetic pathways, such
as solanapyrone, cytochalasans or betaenone,"” and therefore was
not surprising. To confirm that BraC was functional in the
A. oryzae braAC transformants, 1 was fed to the fermentation
broth of A. oryzae braAC. After one day of incubation 2 and 3 were
detected in the crude extracts, demonstrating that glycosylation
occurs prior to oxygenation (Fig. S4, ESIt).

The product of BraA in A. oryzae NSAR1 could neither be
unambiguously detected by HPLC-MS nor GCMS in our experi-
mental setup. As all isolated brasilanes show the same absolute
configuration as reported by Murai et al.® and because BraA is
highly similar to TaTCé6 (Fig. S3, ESIT), it can be assumed that
the terpene alcohol trichobrasilenol 4 is the most likely product
of BraA. To further confirm this prediction, BraA was over-
expressed in E. coli and purified for subsequent in vitro studies.
For this purpose, the braA gene was obtained from cDNA of the
A. oryzae braA transformant and cloned into the pET28a+
vector. The purified protein was tested in vitro in the presence
of farnesyl pyrophosphate (FPP) and the solution was extracted
with pentane. Analysis of the crude extract by GCMS revealed a
single peak with a mass of 222.1 (Fig. S5, ESI{). The respective
fragmentation pattern corresponds well with those previously
reported for trichobrasilenol.’

Based on these results, the full biosynthetic pathway towards 2
and 3 can be deduced (Fig. 1A), starting by the activity of BraA,
which converts farnesyl pyrophosphate into the sesquiterpene
alcohol 4. Subsequently, 4 is glycosylated by BraB putatively using
UDP-GIcNAc as sugar donor to yield 1. The latter then undergoes
two rounds of oxidation performed by the P450 monooxygenase
BraC. In the first round BraC hydroxylates C-12 forming 2, which
serves as substrate in the second round to establish the epoxide at
the bond between C-5 and C-10 and oxidize the alcohol at C-12 to
an aldehyde leading to the final product 3.

Reports of fungal secondary metabolites containing N-
acetylglucosamine units are scarce in the literature.'® The few
known cases besides brasilanes A, D and E comprise the
glycopeptide supprescins from Mycosphaerella pinodes, isopi-
marane glycosides from Paraconiothyrium sp. and a series of
glycosylated compounds from Malbranchea filamentosa."®
This data is especially surprising in light of the fact that GlcNAc
is one of the most abundant sugars on earth used for protein
regulation and to form chitin, which constitutes the major part of
the fungal cell walls and the exoskeleton of invertebrates, and
murein as structural component of bacterial cell walls.>* We were
therefore interested in investigating the promiscuity of BraB
in vitro. For this purpose, the codon optimized intron-free gene
braB was synthesized and cloned into the pET28at+ vector for
protein overexpression in E. coli. Protein isolation resulted in high
concentrations of soluble protein. As 4 could not be directly
obtained for in vitro characterization (note that deglycosylation
under acidic conditions of 1 did result in very low amounts of 4
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being insufficient for further reactions), the terpene cyclase BraA
was used for in vitro generation of 4.

To test the UDP-sugar selectivity of BraB, the enzyme was
co-incubated with BraA, FPP, dithiothreitol (DTT) and different
UDP-sugars (UDP-GIcNAc, UDP-glucose, UDP-galactose) at
30 °C overnight. In the presence of UDP-GlcNAc biosynthesis
of 1 was observed by LCMS (Fig. S6, ESIT). In addition, a clear
reaction product was also found when UDP-glucose was used as
alternative sugar donor (Fig. S7, ESIT), which is likely to be
identical with the known compound hypoxyside isolated from
the related fungus Hypoxylon fuscum.’ In the latter organism an
O-GT with different selectivity may be active, but lack of
genomic information currently precludes further investiga-
tions. In contrast, UDP-galactose was not accepted as substrate
(Fig. S8, ESIT). To further assess the selectivity of BraB, a
competition assay with a UDP-Glc/UDP-GIcNAc mixture was
conducted, which resulted in 1 as predominant product
(Fig. S9, ESIf) and thus showing that BraB has a strong
preference for UDP-GlcNAc. This also explains why brasilane
glycosides with GlcNAc moiety are the predominant pathway
products in A. truncatum and the heterologous host.

Due to the strong affinity of BraB for UDP-GIcNAc and to set it
apart from other known fungal glycosyl transferases, we define
the protein as an N-acetylglucosamine transferase rendering it the
first of its kind associated with fungal secondary metabolism.

After the evaluation of the donor substrate selectivity, we
studied the tolerance of BraB for various acceptor substrates
in vitro. Therefore, a set of secondary and tertiary alcohols was
tested in the presence of UDP-GlcNAc, the majority of which
were converted into their respective glycosides (Table 1, Fig. 2
and Fig. S10-S14, ESIf). The highest product yield observed
by LCMS after 12 h of incubation was achieved for perillyl
alcohol (PA) and 3,4-dichlorophenol. Based on the obtained
data, it can be seen that BraB is able to glycosylate a broad
range of substrates.

To demonstrate that the observed in vitro products are in
agreement with the prediction and that BraB can be used for
biotechnological applications, in vivo preparative scale reactions
were conducted. Therefore, 1 L of E. coli BraB transformants (same
strain as used for protein overexpression) were incubated overnight
with 75 mg of PA in total resulting in the formation of a new
compound 7 (Fig. S16, ESIt). Subsequent product isolation resulted

Table 1 In vitro substrate promiscuity assay of BraB in the presence of
UDP-GlcNAc

Acceptor substrate Conversion
Geraniol +

Linalool +

Perillyl alcohol +

Menthol _

Benzyl alcohol (+)

Serine -
Serotonin —
3,4-Dichlorophenol +

+ Glycosylated product detected, (+) product detected in trace amounts,
— no conversion.
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Fig. 2 Invitro reactions of BraB with different acceptor substrates. HPLC-MS
chromatograms (BPI) of assays with deactivated protein (top trace) and
functional protein (bottom trace) are depicted. (A) Geraniol (arrow indicates
glycosylated product); (B) linalool; (C) perillyl alcohol; (D) 3,4-dichlorophenol.

in 10 mg of pure compound. HMBC correlations from H,-7 to C-1’
and 1’-H to C-7, respectively, confirmed the metabolite as a perillyl
sugar with a GlcNAc moiety (see ESLT Chapter S2 and S6) and
emphasising the function of BraB as a UDP-GIcNAc transferase.

N-Acetyl glucosamine transferases are well known in primary
metabolism, but their substrate selectivities are normally very
narrow. In contrast, N-acetyl glucosamine transferases are very
rarely found in secondary metabolism. Two prominent examples
are ORF1 and ORF10* from the bacterial glycopeptide teicoplanin
biosynthetic pathway, which also appear to have tight substrate
selectivity.> BraB is the first N-acetyl glucosamine transferase to
have been identified from a fungal biosynthetic pathway, and its
broad substrate selectivity should offer significant opportunities
for use in pathway engineering and other biotechnology applica-
tions. In addition, the biotransformation can be easily scaled-up
in vivo using bacterial hosts, which provides a cost-efficient
method to generate GlcNAc-glycosylated products.

In summary, we have elucidated the structures of four new
brasilane congeners and characterized the complete biosyn-
thetic pathway for brasilane glycoside formation in A. truncatum.
Furthermore, a new multi-catalytic cytochrome P450 monooxy-
genase as well as the first biosynthetic N-acetylglucosamine
transferase in fungi was identified. In vitro characterization of
the latter showed a broad substrate tolerance for acceptor com-
pounds enabling biotechnological and chemical applications.
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