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Abstract

Biosynthesis of the complex diterpenoid antibiotic pleuromutilin relies on a bifunctional
(di)terpene synthase and here site-directed mutagenesis was used to knock-out either of the two
active sites. This enabled characterization of the novel ring contracted intermediate produced by
the initiating class Il diterpene cyclase active site. Quantum chemical calculations further indicate
the importance of reactant configuration for this intriguing ring rearrangement.
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Pleuromutilin is a diterpenoid, naturally produced by fungi such as Pleurotus mutilus and P,
passeckerianus (now Clitopilus passeckerianus) from which it was first isolated,! which has
attracted substantial attention for both its antibacterial properties and complex structure.?
Early studies worked out the chemical structure and putative cyclization scheme, with
formation of the underlying “propellane-like” tricyclic hydrocarbon backbone proposed to
occur in two sequential steps.3 Such dual cyclization reactions are characteristic of the
labdane-related diterpenoids (LRDs). While this grouping of natural products is largely
based on a frans-decalin core ring structure, produced by the initially acting class 11
diterpene cyclases (DTCs) whose activity biosynthetically defines the LRDs, pleuromutilin
was noted as an exception. In particular, as the relevant DTC was proposed to carry out
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contraction of the ‘A’ ring, which would represent a unique transformation for this
enzymatic family, as no other ring rearranged products are known.*

The production of pleuromutilin has been recently elucidated, with identification of the
relevant biosynthetic gene cluster and reactions catalyzed by each of the encoded enzymes.®
However, the dual cyclization reactions are mediated by a bifunctional diterpene synthase,
58, 5¢ 35 seems to be common in LRD biosynthesis in fungi,® and the intermediate produced
by the initially acting DTC active site has not yet been characterized. These bifunctional
enzymes represent the fusion of a class Il DTC and a class | diterpene synthase (DTS), with
the corresponding domains and active sites containing characteristic aspartate-rich motifs
responsible for initiating catalysis.” Specifically, the class Il DTC active site contains a
DxDD motif from which the middle Asp acts as the catalytic acid in this protonation-
initiated cyclization reaction,® while the class | DTS active site contains a DDxxD motif that
binds divalent magnesium co-factors required for the catalyzed allylic diphosphate ester
ionization-initiated reaction, with the first Asp playing a particularly key role.®

To begin investigating the biosynthesis of pleuromutilin, a draft genome sequence was
independently generated for C. passeckerianus. Much as previously reported,3P: 5¢ the
relevant biosynthetic gene cluster was readily identified by the presence of an isoprenyl
diphosphate synthase homologous to those producing the general diterpenoid precursor
(E,E, E)-geranylgeranyl diphosphate (GGPP, 1). In addition to the aforementioned
bifunctional diterpene synthase are three cytochrome P450 monooxygenases, a short-chain
alcohol dehydrogenase and an acyltransferase, with the gene organization matching that
recently reported,>® with almost identical sequence. As previously noted,>¢ the bifunctional
diterpene synthase contains the canonical class | DTS motif, 4°DDxxD, but a novel variant
of the class 11 DTC motif, Dx311DM. Nevertheless, this does not rule out class Il DTC
activity, as previous work has demonstrated that this last Asp can be functionally substituted
by asparagine, 10 and the functional class 11 DTC from Mycobacterium tuberculosis contains
a threonine at this position.11

To investigate both the isoprenyl diphosphate synthase and bifunctional diterpene synthase,
these were incorporated into a previously described metabolic engineering system.12 This
enabled their co-expression in Escherichia coli, which then produced the expected tricycle
premutilin (2), as demonstrated by isolation and NMR analysis (Table S1 and Figure S1),
with comparison to previously reported data.13 The production of GGPP (1) by the isoprenyl
diphosphate synthase (CpGGPS) and use of 1 as substrate by the premutilin synthase (CpPS)
was demonstrated by the analogous production of 2 from expression of CoPS in E. colialso
co-expressing a known GGPP synthase — i.e., to produce 1 (Figure 1A).

To investigate the bifunctional nature of CpPS, alanine was substituted for the key Asp from
each of the characteristic motifs, constructing CoPS:D311A and CpPS:D649A mutants that
were expected to lose class | DTS and class 1l DTC activity, respectively. When expressed in
E. colialso engineered to produce 1, the CpPS:D311A mutant was unable produce 2, and
this mutation then presumably blocks class Il DTC activity. However, CoPS:D649A was
observed to still produce trace amounts of 2. Thus, a CoPS:D649L mutant was constructed,
which was found to completely block class | DTS activity (i.e., production of 2). To further
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demonstrate that CoPS is bifunctional and catalyzes two distinct reactions, these two knock-
out mutants, CoPS:D311A and CoPS:D649L, were co-expressed, which enabled the
production of 2 from 1 (Figure 1B). A new product was observed with CoPS:D649L (Figure
1C), which was presumed to be the dephosphorylated derivative of the class Il DTC product/
intermediate (3’).

This compound was isolated and subjected to structural analysis by NMR, which established
that 3’ contained the expected 5-6 bicycle (Table S2 and Figures S2-S12), with the
diphosphate (PP) containing direct product of the class Il DTC named here mutildienyl-PP
(MPP, 3). 3 presumably arises from initial bicyclization of 1 into a syr+labda-13£-en-15-
PP-8-yl* reaction intermediate. This then undergoes a series of 1,2-shifts (hydride, methyl,
hydride) to yield the key halima-13£-en-15-PP-5-yI* reaction intermediate (A). In turn, A is
transformed by contraction of the decalin ‘A’ ring, with terminating deprotonation of the
depicted methyl on the ensuing isopropyl* substituent producing 3. The absolute
configuration and selective deprotonation shown here for the production of 3 have been
previously established,® and the positive optical rotation observed with 3’ is consistent with
that known for 2.13 3 is subsequently further cyclized in the CpPS class | DTS site, followed
by a 1,5-hydride shift and addition of water prior to terminating deprotonation, to yield 2
(Scheme 1).

An alternative to the ring contraction of A that leads to 3 is an additional 1,2-methyl shift,
which would produce terpentedienyl-PP (TPP). Such clerodane-type products are much
more commonly found,* with a TPP synthase already known.1 Nevertheless, previous
quantum chemical calculation (QCC) analysis of the full series of 1,2- hydride and methy!l
shifts to produce TPP indicated that the energetic barrier to this final 1,2-methyl shift is
significantly higher than those for the preceding 1,2-shifts (~10 versus ~7 kcal mol1).1% To
further investigate the ring contraction of A, this was analyzed by QCC of a model with the
homoprenyl-diphosphate group truncated to a methyl (Figure 2; see also Scheme S1).
Notably, the energetic barrier to ring contraction heavily depended on the conformation of
A, with that optimal for ring contraction (A1) differing significantly from that previously
optimized for the final 1,2-methyl shift (A2). Indeed, the barrier to this methyl shift in Al is
>14 kcal mol~1, approximately twice that for ring contraction (~7 kcal mol=1). Thus, it
seems likely that CpPS catalyzes the production of 3, at least in part, by optimizing its class
I1 DTC active site to promote this distinct conformation of the key reaction intermediate A.

In conclusion, it is shown here that CoPS exhibits novel class 11 DTC activity, catalyzing
ring contraction of A to produce 3. Notably, while such ring rearrangement seems to be
unique among known class 11 DTCs,* ring rearrangement has long been known to be
catalyzed by the structurally and mechanistically related triterpene cyclases.1® Thus,
demonstration of such activity for class Il DTCs invites speculation that these enzymes may
be found and/or engineered to produce such alternative ring structures, further increasing the
structural diversity generated by this enzymatic family.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

CpPS products. GC-MS analysis of extracts from cultures expressing the indicated CoPS(s)
in £. colialso engineered to produce 1 via co-expression of a known GGPP synthase. Shown
are total ion count (TIC) chromatograms on the left and mass spectra for the indicated peak
on the right. A) Production of 2 by (wild-type) CpPS. B) Production of 2 by CpPS:D311A
co-expressed with CpoPS:D649L. C) Production of 3’ (derived from dephosphorylation of 3
by endogenous phosphatases) by CoPS:D649L.
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Figure 2.
Effect of carbocation A conformation (A1l versus A2) on ring contraction, leading to B1,

versus an additional 1,2-methyl shift, leading to C1. Shown are carbocation minima and
transition state structures with selected distances (A) and relative energies (kcal/mol;
B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p) in normal text and mPW1PW91/6-31+G(d,p)//
B3LYP/6-31+G(d,p) in brackets).

Org Lett. Author manuscript; available in PMC 2019 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

X | OPP
W’
—_
class Il

premutilin (2)

Scheme 1.
Dual cyclization reactions catalyzed by CoPS.
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