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Abstract
Small changes – big effect A new aureothin derivative, aureopyran, that features an unusual
pyran backbone was generated by simply altering the enzymatic methylation topology. The α-
pyrone ring hampers the correct placement of the polyketide backbone in the multifunctional
cytochrome P450 monooxygenase AurH. Instead of a THF ring an oxo intermediate is formed that
readily undergoes a rare electrocyclization reaction.
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Cytochrome P450 (CYP) monooxygenases are known as multifarious biocatalysts that are
able to transform a variety of substrates.[1–3] Members of this large group not only play an
essential role in the degradation of biomolecules and xenobiotics in the liver, [4] but are also
often components of biosynthetic assembly lines leading to complex natural products such
as polyketides.[5, 6] In these pathways the high regio- and stereoselectivities by CYP
monooxygenases is often striking and usually cannot be emulated by the synthetic reagents
available.[7, 8] However, in light of the large number of known CYPs, the range of
oxygenation reactions is surprisingly small. Apart from few exceptions, CYP
monooxygenases generally function as hydroxylases or epoxidases. In this respect AurH is a
rather exotic CYP as it is essential and sufficient to form the pharmacophoric THF moiety in
aureothin (1) (Scheme 1), an antifungal and cytotoxic Streptomyces thioluteus metabolite.[9]

Similarly, the homologue NorH mediates THF formation of neoaureothin (spectinabilin)[10]

and the rearrangement products SNF4435C/D and orinocin.[11] Studies at the genetic,
biochemical and chemical levels revealed that AurH is uniquely capable of stereoselectively
hydroxylating the polyketide backbone of 2 at the C-7 position and subsequently mediating
heterocyclization of the hydroxyl-intermediate 3.[12–14] For this unparalleled reaction
sequence to happen, a finely tuned reactive site is crucial, as was shown by modeling studies
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using the AurH crystal structure and targeted point mutations.[15] Here, we report the
unexpected discovery of a pyran analogue of aureothin that is generated by AurH using a
non-natural α-pyrone substrate. Mechanistic considerations and a model using the x-ray
structure of AurH support a four-electron oxidation yielding an oxo group with subsequent
rearrangement to yield the 2H-pyran ring.

Our previous mutagenesis experiments and using variants of AurH for biotransformations
revealed that the binding of the pyrone substrate is crucial for the proper course of the
reaction. Tampering the binding site of AurH in same cases resulted in the aberrant multiple
oxygenation of the allylic methyl group (C-9a) in lieu of the methylene (C-7).[15] We
conceived setting up a similar scenario, yet confronting wild-type AurH with a slightly
altered substrate. A promising strategy was to exchange the γ-pyrone for an α-pyrone ring.
Whereas AurI specifically forms γ-pyrones, [16] the only known methyltransferase
producing an O-methylated α-pyrone ring is EncK from the enterocin pathway.[17, 18] We
succeeded in changing the methylation topology by swapping methyltransferase genes from
the aureothin and enterocin pathways in a ΔaurH mutant, yielding deoxyisoaureothin (5)
(Scheme 2).[19] To probe the fate of this compound in the presence of AurH in vivo we
aimed at generating a mutant containing the all aur genes except for the MT gene aurI and
complemented this mutant encK. To avoid possible side reactions by a peroxide shunt in
vitro we chose to probe the biotransformation in vivo under natural conditions.

Specifically, a ΔaurI mutant was created by excising the aurI gene from an integrative
Streptomyces vector (pHJ48) containing the aur gene cluster, [20] yielding pBU172. For
heterologous expression plasmid pBU172 was introduced into Streptomyces albus via tri-
parental mating, and exo-conjugants were selected with appropriate antibiotics.
Subsequently, expression plasmids pHJ72 and pHJ95 harboring the encK and aurI genes,
respectively, were individually introduced into S. albus::pBU172 by PEG-mediated
protoplast transformation. The metabolic profiles of the resulting strains, S. albus::pBU172/
pHJ72 and S. albus::pBU172/pHJ95, as well as S. albus::pBU172 were monitored by
HPLC-MS. As expected, aureothin production was abolished in S. albus::pBU172. Instead
of aureothin nordeoxyaureothin (4) was detected.[16] In the complemented ΔaurI mutant
strain, S. albus::pBU172/pHJ95, aureothin production was fully restored. In the ΔaurI
mutant complemented with encK (S. albus::pBU172/pHJ72) a more complex metabolic
pattern was observed. Besides the immediate product of the modular aur PKS,
nordeoxyaureothin (4), a new compound (6) was detected. High-resolution mass
spectrometry (calcd. for [M+H]+: 398.1600 Da, found: 398.1567 Da) suggested that 6 has a
molecular formula of C22H23NO6, which is actually identical with the one for aureothin.
However, the retention times of both compounds and the UV spectra differed starkly.

From a 400 mL culture of S. albus::pBU172/pHJ72 supplemented with Amberlite XAD16
resin, 0.4 mg of a new nitro compound 6 were isolated and purified by open column
chromatography and preparative HPLC. This small amount was sufficient to allow for a full
structural characterization by 1D and 2D NMR experiments as well as by HRESI-MS and
IR measurements. Although NMR data of p-nitro benzoate and pyrone moieties (γ-pyrone
ring in 1) in 6 were almost identical to those of 1, NMR data from position 7 to 12 for 6
differed substantially from those for 1 (Table 1). The diagnostic signals for the aureothin
THF ring were different or absent 1H NMR spectrum of 6. In particular, a triplet for the
oxymethine proton (δ 5.17, H-7), two doublets for the methylene protons (δ 4.89 and 4.77,
H-9a), a singlet methine proton (δ 6.42, H-12) were lacking. On the other hand, additional
signals appeared in 1H NMR spectrum of 6, one methyl proton (δ 1.78, H-9a) and two
doublets for methylene protons (δ 3.10 and 3.03, H-12). The HMBC correlations from H-8
(δ 6.00) to C-7 and C-8, H-9a to C-8, C-9, and C-10, H-11a to C-10, C-11, and C-12
corroborated the C-6 to C-12 stretch. Finally the chemical shifts δ 145.3 (C-7) and δ 79.9
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(C-11) indicated that these carbons adjacent to an oxygen functionality (Figure 2) Because
of the unusual pyran moiety the new compound was named aureopyran. Notably, whereas 6
features a chiral center at C-11, the CD spectrum revealed that 6 lacks optical activity and
appears to be formed as a racemate.

The structure of aureopyran (6), specifically its enol ether moiety, suggests that this
metabolite could be derived from a 7-oxo-functionalized deoxyisoaureothin intermediate
(Scheme 2). A plausible scheme would be that deoxyisoaureothin was first hydroxylated at
C-7 in analogy to the natural substrate. However, because of the different pyrone docking
the non-natural substrate is likely misplaced at the active site. As a consequence, a second
oxidation would take place at C-7, thus yielding an oxo functionality. By tautomerism a
thermodynamically favored enol can be formed, with concomitant delocalization of the π-
electron system throughout the entire backbone. This tautomerism may also facilitate an E/
Z-isomerization, which is a prerequisite for the following heterocyclization. For the pyran
ring closure, two scenarios are conceivable. Promoted by the electron-withdrawing nitroaryl
moiety, the enol could add to the double bond adjacent to the aromatic ring. Alternatively,
the polyketide backbone could cyclize by an electrocyclic rearrangement. In either way, the
net outcome is a 2H-pyran moiety and formation of a new chiral centre. The finding that 6 is
formed as a racemate is in accord with the model of a non-enzymatic reaction. The most
plausible scenario would be an electrocyclization, which is often a key reaction in the
rearrangement of polyunsaturated systems, as evidenced by biomimetic total synthesis.[21]

The closed 2H-pyran would be thermodynamically preferred due to the electron-withdawing
properties of the α–pyron ring in the 2-position of the 2H-pyran.[21] These findings are in
line with the observed spontaneous cyclization of a synthetic oxo derivative of
deoxyaureothin.[22]

In order to gain more insight into the potential course of the oxygenation step we aimed at
modeling since co-crystallization and soaking experiments using substrate analogues into
AurH crystals were unsuccessful. We first modeled deoxyisoaureothin (5) into both x-ray
crystal structures of AurH that account for the two sequential reaction steps leading to the
naturally occurring furan ring. The PDB entries 3P3X and 3P3L served as models for the
first and the second step, respectively, of the natural reaction sequence. For each of the
protein structures we observed a ligand orientation that renders a reaction at C7 possible.
The binding energy of the 3P3X-based model is higher, and the distance between heme iron
and C7 is smaller in the 3P3X-based model (−8.89 kcal/mol and 4.91 Å in 3P3X; −8.79
kcal/mol and 5.53 Å in 3P3L). Thus, the 3P3X-based model is more appropriate, and
interestingly the (7R)-proton is directed towards the heme iron (Fe-C7-(7R)H-angle = 21.9°;
Fe-C7-(7S)H-angle = 113.6°). This strongly supports the model in which (7R)-7-
hydroxydeoxyisoaureothin (7) results from the first oxidation reaction (Scheme 2). In fact,
this scenario is in full agreement with the first reaction of the natural substrate of AurH,
deoxyaureothin (2), which is oxidized to yield the (7R)-hydroxylated intermediate (3,
Scheme 1). Next, we modeled the tentative hydroxyl intermediate 7 into the templates 3P3X
and 3P3L to obtain two models for downstream reactions. Again, the 3P3X-based model
seems more reasonable because of the vicinity of C7 to the heme iron (5.58 Å in 3P3X; 6.85
Å in 3P3L). The binding energy for this model was calculated as −8.96 kcal/mol. The
hydroxyl moiety is located orthogonally above the heme-iron (SCys355-Fe-O-angle =
174.1°), which places the functional group in a region, where a formation of an oxo-group
(as in 8, Scheme 2) would be conceivable. These results strongly support the model for a
four-electron oxidation that sets the stage for a rearrangement cascade that ultimately leads
to pyran formation.

In recent years a growing number of microbial, fungal and plant CYPs have been identified
and characterized that generate aldehyde or even carboxylate moieties by four- and six-
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electron oxidations of methyl groups. Such unusual biocatalysts have been found to catalyze
key steps in terpene[23–28] and polyketide pathways.[29–31] However, to the best of our
knowledge a scenario where a CYP initiates an electrocyclization by two consecutive
oxidation reactions is fully unprecedented.

In summary, we have generated a new aureothin derivative, aureopyran (6), featuring an
unusual pyran backbone by simply swapping the methylation topology. The α-pyrone
methyltransferase EncK in lieu of the native γ-pyrone methyltransferase AurI generated
deoxyisoaureothin (5), which was subject to a complex downstream processing. The results
from biotransformations and modeling experiments clearly demonstrate that AurH accepts
the non-natural substrate, deoxyisoaureothin (5). However, the α-pyrone ring hampers the
correct placement of the polyketide backbone that is a prerequisite for the second
oxygenation step. As a consequence, instead of a THF ring an oxo intermediate (8) is
formed that can readily undergo a rare electrocyclization reaction, that is, to our knowledge,
unprecedented in biosynthetic pathways.[21] These findings not only provide new insights
into the action of a finely tuned cytochrome P450 monooxygenase, but also reveal a
mechanistically intriguing reaction cascade. On combinatorial biosynthesis grounds it is
remarkable that the exchange of a single methyl transferase gene opened an avenue to a new
natural product skeleton. This result encourages future approaches to generate structural
diversity by pathway engineering.

Experimental Section
(See Supplemental Material.)

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HPLC profiles of extracts from cultures of a) ΔaurI mutant complemented with aurI (peaks
marked with asterisk designate E/Z-isomers of 1); b) ΔaurI mutant coexpressing encK; c)
ΔaurI mutant.
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Figure 2.
Structure of aureopyran (6) and key 2D NMR correlations.
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Figure 3.
Models of deoxyisoaureothin (5, top) and (7R)-hydroxy intermediate (7, bottom) bound to
the active site of AurH, supporting the proposed aberrant four-electron oxidation sequence.
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Scheme 1.
Sequential oxygenation of deoxyaureothin (2) to aureothin (1) via 3 by a multifunctional
cytochrome P450 monooxygenase, AurH.
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Scheme 2.
Model for four-electron oxidation of deoxyisoaureothin (5) to oxo intermediate 8 and
electrocyclic (non-enzymatic) rearrangement to yield pyran (6)
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Table 1

Comparison of NMR data of aureothin (1) and aureopyran (6)

Position

Aureopyran (6) Aureothin (1)

1H (mult, J Hz) 13C (mult) 1H (mult, J Hz) 13C (mult)

2 164.5 (s) 162.0 (s)

2a – 3.97 (s) 55.2 (q)

3 112.5 (s) 99.9 (s)

3a 2.06 (s) 10.5 (q) 1.90 (s) 6.8 (q)

4 168.3 (s) 180.5 (s)

4a 3.78 (s) 60.4 (q) –

5 112.2 (s) 120.1 (s)

5a 2.03 (s) 10.6 (q) 2.04 (s) 9.4 (q)

6 148.4 (s) 154.6 (s)

7 145.3 (s) 5.17 (t 6.5) 73.2 (d)

8 6.00 (s) 107.5 (d) 3.05 (m) 38.2 (t)

9 130.2 (s) 140.5 (s)

9a 1.78 (d 1.5) 20.2 (q) 4.89 (d 14.2)
4.77 (d 14.2)

70.0 (t)

10 4.97 (t 1.5) 120.1 (d) 6.22 (s) 128.3 (d)

11 79.9 (s) 138.5 (s)

11a 1.37 (s) 25.4 (q) 2.08 (s) 17.6 (q)

12 3.10 (d 13.4)
3.03 (d 13.4)

45.2 (t) 6.42 (s) 125.9 (d)

13 144.4 (s) 144.1 (s)

14, 18 7.32 (d 8.8) 131.5 (d) 7.43 (d 8.5) 129.5 (d)

15, 17 8.11 (d 8.8) 123.0 (d) 8.20 (d 8.5) 123.5 (d)

16 146.7 (s) 146.0 (s)

Chembiochem. Author manuscript; available in PMC 2013 October 15.


