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A Novel Labda-7,13E-dien-15-ol-Producing Bifunctional Diterpene Synthase

from Selaginella moellendorffii

Sibongile Mafu, Matthew L. Hillwig, and Reuben J. Peters*"

Vascular plants invariably contain a class Il diterpene cyclase
(EC 5.5.1.x), as an ent-copalyl diphosphate synthase is required
for gibberellin phytohormone biosynthesis. This has provided
the basis for the evolution of a functionally diverse enzymatic
family." These biocatalysts fold their substrate, the general di-
terpenoid precursor (EE E)-geranylgeranyl diphosphate (GGPP),
to bring the terminal three carbon—carbon double bonds into
proximity with each other, and then carry out bicyclization
through a protonation-initiated carbocation cascade reaction.
The resulting labda-15-en-8-yl* diphosphate intermediate is
most commonly quenched by deprotonation at an exocyclic
methyl, as in the production of labdadienyl/copalyl diphos-
phate (Scheme 1). Alternatively, the bicyclized labda-15-en-8-
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Scheme 1. Cyclization of GGPP to CPP.

yl* diphosphate intermediate can be captured by water prior
to deprotonation, to form hydroxylated compounds such as
labda-15-en-8-ol diphosphate.? In addition, this intermediate
can undergo subsequent rearrangement by 1,2-hydride and/or
methyl shifts, starting with the hydrogen substituent on the
neighboring endocyclic methine (C9).®) However, terminating
deprotonation at the neighboring endocyclic methylene (C7)
has not previously been observed. Here we report that the ly-
cophyte Selaginella moellendorffii contains a bifunctional diter-
pene synthase, SmCPSKSL1, that catalyzes just such a class Il
cyclization reaction. In particular, SmCPSKSL1 produces an en-
docyclic double bond isomer of copalyl diphosphate (CPP),
and carries out subsequent replacement of the diphosphate
by a hydroxyl group to form labda-7,13E-dien-15-ol. Although
this is a known plant metabolite,”” and a small family of bioac-
tive derived natural products is known from a phylogenetically
diverse group of plants,* its biosynthesis has not been previ-
ously investigated. Our results demonstrate that this diterpe-
noid can be generated by a single bifunctional diterpene syn-
thase that directly generates the endocyclic double bond, as
well as the hydroxyl group.
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S. moellendorffii is a basal vascular land plant whose genome
has been sequenced, and which contains a number of putative
diterpene synthases.” At least one of these appears to be a
bifunctional diterpene synthase (corresponding to the Joint
Genome Institute gene accession Selmol 112927), as it contains
both the DXDD motif associated with class Il activity and
DDXXD motif associated with allylic diphosphate ionization-
initiated class | activity.”) In an attempt to determine the bio-
chemical function of the encoded enzyme, a corresponding
synthetic gene was obtained (Genscript) that had codon opti-
mization for expression in Escherichia coli. Unfortunately, no
diterpene synthase activity was observed with the resulting re-
combinant protein. The corresponding gene was then cloned
from the lycophyte itself; this revealed a few key differences
from the predicted gene sequence, most notably a nine-nu-
cleotide insertion. Expression of this native gene (SmCPSKSL1)
in E. coli provided diterpene synthase activity. Specifically, upon
coexpression with a GGPP synthase, using a previously de-
scribed metabolic engineering system,”® this bifunctional diter-
pene synthase predominantly led to production of an unrecog-
nized diterpenoid by the recombinant bacteria, albeit with a
few other minor products also observed (Figure 1).

The structure of this predominant diterpenoid, which repre-
sented ~80% of the total product output, was determined by
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Figure 1. SmCPSKSL1 produces labda-7,13E-dien-15-ol (peak 1). A) GC-MS
chromatogram of the extract from E. coli engineered to coexpress
SmCPSKSL1 with a GGPP synthase. B) MS of peak 1 (labda-7,13E-dien-15-ol);
the inset clearly depicts the molecular ion peak at m/z 290.
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NMR spectroscopy. Sufficient amounts of material for this pur-
pose were produced by increasing metabolic flux into isopre-
noid/terpenoid metabolism in the metabolically engineered
bacteria, as previously described,” followed by extraction from
2 L cultures of the resulting recombinant bacteria. Following
purification by silica gel and reversed-phase high-performance
liquid chromatography, 18 mg of this compound were ob-
tained, thus enabling straightforward characterization. In par-
ticular, the structure was determined from HMBC, HSQC, and
COSY data to be labda-7,13E-dien-15-ol, which was confirmed
by comparison to data in the literature.””

The presence of the primary C15 hydroxyl group essentially
represents hydrolysis of the allylic diphosphate ester bond.
While similar hydroxyl replacement of the diphosphate has
been observed with other class | terpene synthases,” here it
was possible that this was a result of direct hydrolysis cata-
lyzed by endogenous phosphatases in the E. coli-based meta-
bolic engineering system. To verify that this reaction was cata-
lyzed by SmCPSKSL1, the recombinant enzyme was expressed
with a His, tag, purified, and shown to catalyze direct produc-
tion of labda-7,13E-dien-15-ol in vitro, even in the presence of
phosphatase inhibitor. Thus, SmCPSKSL1 is bifunctional, cata-
lyzing both class Il bicyclization of GGPP and class | ionization
of the resulting intermediate with the addition of water to C15
prior to deprotonation (Scheme 2). SmCPSKSL1 provides the

Scheme 2. SmMCPSKSL1-catalyzed production of labda-7,13E-dien-15-ol from
GGPP.

first example of a class | diterpene synthase that catalyzes such
direct replacement of the diphosphate with a hydroxyl, al-
though others that incorporate water following cyclization are
known." In addition, the mass spectra of the minor products
suggest that these (e.g., the apparent molecular ion peaks at
m/z 272 or 290, respectively) might correspond to labda-
triene(s) and labda-7,14-dien-13-ol(s)—albeit of unknown con-
figuration. While these will be more precisely characterized in
future studies, the production of such diterpenes is also consis-
tent with class I-mediated ionization of the postulated labda-
7,13E-dienyl diphosphate intermediate produced by the class Il
active site, as analogous compounds are produced by other
class | diterpene cyclases.® ™"

Labdanes can be produced as several different stereoiso-
mers, which presumably result from the folding of GGPP into
alternative prochiral conformations prior to class Il diterpene
cyclase-catalyzed bicyclization.” While we cannot assign the
absolute stereochemistry of the SmCPSKSL1 labda-7,13E-dien-
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15-ol product, the observed NOE between the hydrogen sub-
stituents on C20 and C11 demonstrates that these C10 and C9
substituents exhibit a cis configuration. This then implies a
pro-chair—chair conformation of GGPP in the class Il active site.
Based on analogous chemical shifts relative to those observed
with other labdane-related diterpenes, as well as that of the
previously characterized corresponding natural product,” we
tentatively assign the SmCPSKSL1 product to the normal abso-
lute configuration.

Regardless of absolute configuration, the production of an
endocyclic double-bond bicycle strongly indicates that
SmCPSKSL1 catalyzes a unique class Il reaction. Specifically,
that the terminal labda-15-en-8-yl™ diphosphate intermediate
is quenched by deprotonation at the neighboring C7 methyl-
ene. It is relatively easy to envision a concerted bicyclization
reaction in the commonly catalyzed class Il diterpene cyclase
production of CPP, due to the evident ability to align the de-
parting proton from the rotatable methyl group with the m or-
bitals of the relevant carbon-carbon double bonds (Scheme 1).
Given the production of a C7 endocyclic double-bond isomer
observed here, the relative positioning of the C7 hydrogen
substituents was examined. Notably, molecular modeling dem-
onstrates that one of these hydrogens can also be closely
aligned with the neighboring &t orbital (e.g., C7a in the as-
sumed “normal” configuration; Figure 2), thereby enabling a

Figure 2. Relative configuration of the C7 hydrogen substituents with the nt
orbital of the sp>-hybridized C8 in SmCPSKSL1-catalyzed class Il bicyclization.
A putative moncyclic intermediate (R=allylic isoprenyl diphosphate “tail”) is
depicted, with Newman projection along the C7—C8 bond.

similarly concerted bicyclization reaction, and providing insight
into the conformation of the GGPP substrate in this class Il
active site.

In conclusion, characterization of a bifunctional diterpene
synthase from S. moellendorffii has revealed novel enzymatic
activity. Most notably, this SmCPSKSL1 defines a new class Il re-
action, and this further enabled some insight into GGPP sub-
strate conformation, as well as providing the first example of a
class | diterpene synthase that carries out replacement of the
diphosphate with a hydroxyl. In addition, given the uncertain
origins of the endocyclic double bond, along with that of the
hydroxyl group, the biosynthesis of labda-7,13E-dien-15-ol was
previously unclear, and potentially required several enzymatic
steps. The results reported here demonstrate that labda-7,13E-
dien-15-ol can instead be produced by a single (albeit bifunc-
tional) enzyme. This highlights such simple biosynthesis, only
requiring changes in a single enzymatic gene, as a potential
mechanism enabling the repeated convergent evolution that
presumably then underlies the observed phylogenetically scat-
tered production of the derived family of natural products.
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Experimental Section

SmCPSKSL1 was cloned from S. moellendorffii maintained in a terra-
rium under a 14/10 h light/dark cycle at 22°C. Detached plant ma-
terial was induced by using methyl jasmonate (5 mm) for 36 h,
RNA was extracted by using a Plant RNA Purification kit (Invitro-
gen), and cDNA was produced with the Superscript system (Invitro-
gen). Primers were designed from putative bifunctional diterpene
synthases (Selmol 120716 and 112927) found in the S. moellendorf-
fii  genome (http://genome.jgi-psf.org/Selmo1/Selmo1.home.
html). SmCPSKSL1 was cloned by using ATGAT AGAGG AAATG
AGAAA ATTGC TTGC and TCATT CAGCT GCTTT ATACA ACACA TT as
the forward and reverse primers, respectively. The PCR product
was cloned into pENTR/SD/pb-Topo (Invitrogen), completely se-
quenced, and deposited into Genbank (accession no. JN001323).
SmCPSKSL1 was then transferred by directional recombination into
pDEST15 and pDEST17 expression vectors.

SmCPSKSL1 activity was initially assessed by co-transforming E. coli
strain C41 (Lucigen, Middleton, WI) with the pDEST15 construct
and a previously described pGG vector.®! This recombinant bacteri-
um was grown in a culture of TB medium (50 mL) to a mid-log
phase (ODgq, ~0.6) at 37°C, then at 16°C for 1 h prior to induction
with isopropylthiogalactoside (IPTG, 0.5 mm). Thereafter, it was fer-
mented for an additional 72 h, and the culture then extracted with
an equal volume of hexanes. This extract was dried under a stream
of N,, and the residue was redissolved in hexane (200 pL) for analy-
sis by gas chromatography with mass spectrometry detection (GC-
MS) on a Varian 3900 GC with Saturn 2100T ion-trap MS (Varian), as
previously described."'>'?

A larger amount of the predominant unrecognized diterpenoid
was obtained by additional transformation with a pIRS vector that
increases the endogenous isoprenoid precursor supply.” The re-
sulting bacterial was grown in 2x1 L cultures and extracted, as de-
scribed above. The extract was dried by rotary evaporation, resus-
pended in hexanes (10 mL), and passed over a column of silica gel
(10 mL), which was then eluted with ethyl acetate in hexanes
(10 mL, 20%, v/v). This eluate was dried under a stream of N, and
resuspended in methanol, and the diterpenoid was purified by re-
versed-phase chromatography by using a C,; column on an Agilent
1100 series high-performance system, essentially as previously de-
scribed.>?

Structural analysis by NMR spectroscopy was also carried out much
as previously described."*'? Following identification of the prod-
uct as labda-7,13E-dien-15-ol, the chemical shift and MS data were
compared to those previously reported for this compound,’” and
demonstrated good agreement. Thus, only the chemical shift data
are reported here. 'H NMR (700.13 MHz, [D]chloroform): 6=0.919
(dt, J=3.6, 13.0 Hz, 1H; H1a), 1.818 (m, 1H; H1b), 1.414 (m, 1H;
H2a), 1.510 (m, 1H; H2b), 1.132 (d, J=13.4 Hz, 1H; H3a), 1.384 (t,
1H; H3b), 1.158 (m, 1H; H5), 1.840 (m, 1H; H6a), 1.945 (m, 1H;
H6b), 5.369 (brs, 1H; H7), 1.591 (s, TH; H9), 1.256 (m, 1H; H11a),
1.528 (m, 1H; H11b), 1.935 (m, 1H; H12a), 2.201 (dt, J=4.7,
124 Hz, 1H; H12b), 5397 (t, J=6.8Hz, 1H; H14), 4134 (d, J=
6.9 Hz, 2H; H15a-b), 1.669 (s, 3H; H16), 1.674 (s, 3H; H17), 0.830 (s,
3H; H18 or H19), 0.852 (s, 3H; H18 or H19), 0.731 ppm (s, 3H;
H20); *C NMR (174.05 MHz, [D]chloroform): 6 =39.35 (C1), 19.00
(C2), 42.51 (C3), 33.17 (C4), 50.35 (C5), 24.02 (C6), 122.53 (C7),
135.46 (C8), 54.66 (C9), 37.00 (C10), 25.79 (C11), 42.28 (C12), 140.61
(C13), 123.55 (C14), 59.63 (C15), 16.59 (C16), 22.40 (C17), 33.36 (C18
or C19), 22.05 (C18 or C19), 13.75 ppm (C20). The cis configuration
of the C9-10 substituents was assigned on the basis of the ob-
served NOE correlations in a NOESY spectrum. NOE correlations for
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H11a and H11b (and their relative intensities observed), are H1b (s)
and H20 (s). The assigned E configuration at C13 was based on a
strong NOE observed between H15 and H16.

In vitro assays with SmCPSKSL1 were carried out by using the
pDEST17 construct in C41 E. coli. The recombinant bacteria were
grown in NZY liquid medium to a mid-log phase (ODgy,=0.6) at
37°C, then at 16°C for 1 h prior to induction with IPTG at a final
concentration of 0.5 mm, and fermented overnight (14-16 h). Cells
were harvested by centrifugation (15 min, 5000g) and suspended
in lysis buffer (10 mm Tris-Cl, pH 6.8, 10% glycerol, 1 mm dithio-
threitol) for sonication. The resulting lysates were clarified by cen-
trifugation (15 min, 15000g). The recombinant protein was then
purified over Ni-NTA Superflow resin (Novagen) according to the
manufacturer’s protocols. The purified enzyme was characterized
in assay buffer (50 mm HEPES, pH 7.8, 100 mm KCl, 5 mm MgCl,,
and 10% glycerol) with GGPP (10 um) as substrate, the purified
enzyme (50 pL), and in some cases PhosStop phosphatase inhibitor
(100 mm, Roche Diagnostics) in 1T mL assays. These were incubated
for 10 min at 30°C, and the reaction was stopped by the addition
of N-ethylmaleimide (110 uL, 0.2 m) for 5 min at room temperature,
and then quenched by the addition of dithiothreitol (10 pL). The
production of labda-7,13E-dien-15-ol was verified by extraction
with an equal volume of hexanes, drying under a stream of N,, re-
suspension in hexanes (50 uL), and then analysis by GC-MS.
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