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Abstract

The eunicellane diterpenoids are a unique family of natural products seen in marine organisms,
plants, and bacteria. We used a series of biochemical, bioinformatics, and theoretical experiments
to investigate the mechanism of the first diterpene synthase known to form the eunicellane
skeleton. Deuterium labeling studies and quantum chemical calculations support that Bnd4,

from Streptomyces sp. (CL12-4), forms the 6,10-bicyclic skeleton through a 1,10-cyclization,
1,3-hydride shift, and 1,14-cyclization cascade. Bnd4 also demonstrated sesquiterpene cyclase
activity and the ability to prenylate small molecules. Bnd4 possesses a unique D%NxxxD motif
and mutation experiments confirmed an absolute requirement for D94 as well as E169.
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Enzymatic and mechanistic characterization of Bnd4, a bacterial diterpene synthase and

the first terpene synthase known to form the 6,10-bicyclic eunicellane skeleton. Isotope
labeling experiments and quantum chemical calculations support the cyclization mechanism for
benditerpe-2,6,15-triene. An unusual DNxxxD motif was found to be essential for cyclization
activity.

Keywords
bacterial terpenoids; enzymes; mechanism; quantum chemical calculations; terpene synthase

The eunicellane diterpenoids, a subfamily of cembranoids, possess a structurally unique
6,10-bicyclic skeleton with diverse oxidation patterns. Of the 360 reported eunicellane
diterpenoids, [ the vast majority have been found in marine Octocorallial2-4] with only

a handful isolated from plants®8] and, very recently, bacteria (Figure 1).I78] This

family of natural products displays a wide range of biological activities including anti-
inflammatory, anticancer, antibacterial, and antifouling properties,[2-3.7:8] making them
intriguing candidates for pharmaceutical and agricultural applications as well as important
but challenging targets for total synthesis.[2=49:10] Bjosynthetic studies of the eunicellanes
are non-existent, however, due to the lack of available (meta)genomes of corals and other
marine organisms. In collaboration with Prof. Loesgen and colleagues, our recent discovery
of benditerpenoic acid from Streptomyces sp. (CL12-4), its biosynthetic gene cluster, and
the terpene synthase (TS) responsible for constructing its hydrocarbon core,[”] provided
an excellent opportunity to investigate the enzymatic mechanism of the formation of

the eunicellane skeleton. Here, we report mechanistic insights of Bnd4, the first di-TS
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known to produce the eunicellane skeleton, using a series of biochemical and bioinformatic
experiments and quantum chemical calculations.

Bnd4 converts geranylgeranyl diphosphate (GGPP; C20) into benditerpe-2,6,15-triene (1)
in the biosynthesis of benditerpenoic acid (Scheme 1).L7] We also previously showed that
Bnd4, along with other bacterial di-TSs, is able to prenylate small molecule nucleophiles
using dimethylallyl diphosphate (DMAPP; C5) or geranyl diphosphate (GPP; C10) as
prenyl donors (Figure S1).[11] Here, we additionally examined if Bnd4 was able to cyclize
farnesyl diphosphate (FPP; C15) or geranylfarnesyl diphosphate (GFPP; C25). Incubation
of recombinant Bnd4 with FPP yielded a series of sesquiterpenes (Figure S1C). Analysis of
the C15 products using GC-MS and comparison with the NIST database annotated the six
major products as p-elemene, caryo-phyllene, p-farnesene, elemol, trans-nerolidol, and epi-
cubebol (Figure S2). With some exceptions,[12-15] bacterial di-TSs are not well known to
possess significant sesqui-TS cyclization activity. Thus, we tested CotB2, a model bacterial
di-TS that was reported to not cyclize FPP.[16] CotB2, in the presence of 1 mM FPP,
produced an array of sesquiterpenes with major products including farnesol, a-farnesene,
and five of the six products seen with Bnd4 (Figure S2). Finally, using an Escherichia coli
GFPP production system, we found that Bnd4 also had sester-TS activity, although the yield
was too low to isolate the product (Figure S3).

We next sought to investigate the mechanism by which the 6,10-bicyclic eunicellane
skeleton is formed. Based on the overall skeleton, we initially proposed two possible
cyclization cascades (Figure 2A). Pathway (i) first forms the 10-membered ring with an
initial 1,10-ring closure followed by a 1,3-hydride shift (C-1 to C-11), 1,14-ring closure,
and deprotonation of C-16. Pathway (ii) initially forms the 14-membered cembrenyl cation
with a 1,14-cyclization followed by a 1,3-hydride transfer (C-1 to C-15), 1,10-ring closure,
and 1,5-hydride transfer (C-15 to C-11) prior to final deprotonation. We used an isotopic
labeling experiment[17] to support the hydride shift from C-1 to C-11. We biosynthesized
1,1-2H,-GGPP in situ for incubation with Bnd4 (Figure S4). The deuterated enzymatic
product was isolated, purified, and spectroscopically characterized using GC-MS and NMR.
The M™* peak and several fragments showed /m/z values that were two Da higher than that
of unlabeled 1 (Figures S5). The 1H NMR of 2H,-1 was identical to that of 1 (ref. [7]) with
the exception that the signals for H-1 (2.45 ppm) and H-11 (1.69 ppm) were absent and the
doublet for CH3-18 was a singlet (Figures S6-S8 and Table S4). The HSQC correlations
between C-1 and H-1 and C-11 and H-11 also disappeared (Figures 2B, 2C, and S9).
Together, it is clear that both deuterium atoms are retained and that one deuterium atom
from C-1 in 1,1-2H,-GGPP migrates to C-11 in 2H,-1. The labeling result, together with the
cis configuration of C-15 and C-18, indicate pathway (i) is more probable than pathway (ii).

To further assess the two proposed pathways, 28] we performed quantum chemical
calculations (MPW1PW91/6-31+G(d,p))l19-24] to calculate the relative free energies of
cationic intermediates and transition state structures.[2] Predicted relative energies of the
proposed intermediates in pathway (i) support a feasible downhill pathway with the allylic
cation B* 6.5 kcal mol~1 lower in energy than the 10-membered monocyclic intermediate
A* and the 6,10-bicyclic intermediate C* another 5.1 kcal mol~ lower (Figure 3). The
bonds formed from the 1,10- and 1,14-cyclizations are elongated to 1.68 A and 1.63 A,
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respectively, by hyperconjugation.[26] Pathway (ii) is predicted to be less favorable as the
intermediate formed from 1,14-cyclization and 1,3-hydride shift is ~5 kcal mol~1 lower in
energy than the 6,10-bicyclic intermediates that would follow (Figure S10), increasing the
likelihood that premature deprotonation would occur if this pathway occurred. In addition,
it appears that a ¢/s C10-C11 alkene would be required as precursor to form the 6,10-
bicycle with the naturally occurring relative configuration and in an energetically viable
conformation.

Next, we investigated the catalytic importance of several residues in Bnd4. Canonical type

| TSs are well known to possess two highly conserved metal-binding motifs, an Asp-rich
DDxxD motif and an NSE or DTE triad.[27-2%] Preliminary sequence analysis of Bnd4
revealed a D122DxxD motif and an N23*DMFSFRAE triad, as well as the conserved
W31BxxxxxR322Y motif that is proposed for guiding diterpene synthase product formation
(W) and, along with the conserved R188, sensing the diphosphate moiety (RY dyad).l729-31]
Comparison of Bnd4 with homologues of Bnd4 (>50% sequence identities) revealed that
the DDxxD motif is not strictly conserved (e.g., NDxxD, DDxxV, or GNxxA); the Bnd4
homologue from Amycolatopsis arida (DDxxV) retained benditerpe-2,6,15-triene synthase
activity.l”] To test the requirement of this DDxxD motif, we made a D122A/D123A/D126A
triple mutant (Figure S11) but TS activity was only minorly impaired (Figure 4). This
finding led us to search for another putative metal-binding motif. We identified a putative
Asp-rich motif, D9NxxxD, upstream of the superfluous DDxxD motif. D94A, N95A, and
D99A mutants revealed that D94A completely abolished activity while N95A and D99A
were 41% and 71% active, respectively. This DNxxxD motif is strictly conserved amongst
the Bnd4 homologues (Figure 4), and although some Asp-rich motifs in functional TSs
deviate from the canonical DDxxD (e.g., DDxXE, DDxxxD, DDxD), DNxxxD has not been
noted as a functional Asp-rich motif in TSs.[27-29]

We then implemented a random mutation screen to identify other key residues in Bnd4
(Figure S12). This system was employed given that the closest homologue of Bnd4 found in
the PDB database, a thermostable ancestral version of spiroviolene synthase (PDB 6TBD),
[15] was only 22.6% identical with 94% coverage (based on primary sequence). Of the
randomly selected two hundred transformants, six transformants, R357G, E175G, S172F/
1222V, D10V/S27G/D33A, V117M/L163P/Y248H, and E169K, showed evident influence
on the production of 1 and were selected for further expansion of mutations (Figure 4).
Mutation of E169 to Lys, Ala, Asp, GIn, Cys, or His completely abolished TS activity,
showing its requirement for catalysis (Figure 4). Considering the negative charge of E169,
we hypothesize that E169 likely helps to chelate Mg2* in the active site, although the length
of the side chain appears to be important since E169D was not active. E169 corresponds

to E184 in the di-TS spatadiene synthase and E159 in the sesqui-TS selinadiene synthase,
both of which were also proposed for Mg2* binding.[12:32] Supported by the complete loss
of activity of R173A, R173 may directly interact with the negatively charged diphosphate
of the substrate (Figure 4). All other mutants tested (Figure S11) decreased the cyclase
activity up to 5-fold but did not alter product specificity (Figure 4). In addition, we also
used site-directed mutagenesis to change three conserved His residues (H229, D308, and
H328) into Ala or Phe as His residues may act as a general base for final deprotonation in
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TSs.[33-36] TS activity for both H328A and H328F was only minorly diminished suggesting
aromaticity at position 328 is not required; no negative effect on catalysis was seen for H229
while H308A was insoluble (Figure 4). Additional experiments are required to identify the
residue that facilitates deprotonation.

To assess the occurrence and conservativity of the unique DNxxxD motif, we performed a
detailed bioinformatics analysis of Bnd4 and TSs within a range of 20-40% identities (i.e.,
not Bnd4 homologues). First, a neighbor-joining phylogenetic tree was constructed (Figure
S13). Proteins within the Bnd4 clade were then used for motif discovery using the MEME
suite.[37] The DNxxxD and the highly conserved NDxxSxxxE and WxxxxxRY motifs were
all identified (Figure 4B). Within the Bnd4 clade, the consensus Asp-rich motif is (D/E)
(N/D)xxx(D/Q) with the negative charge of the first D/E strictly conserved (Figure 4C).
Notably, preliminary sequence analysis among other clades indicated additional variance in
the DDxxD motif (Figure S13).

Finally, after attempts to obtain a crystal structure of Bnd4 failed, we built a model of

Bnd4 for structural analysis and docking studies. Given that the most homologous proteins
found in the PDB are below 23% identities, well below the 30% limit required to build a
convincing homology model, 21381 we created a model of Bnd4 using the tFold ‘de novo
folding’ method.[3%] The all a-helical structure resembled a typical type | TS structure
(Figures 4 and S14) and Ca alignment with spiroviolene synthase gave a root-mean-square
deviation of 1.402 A. In addition, the DNxxxD motif, NSE triad, and other conserved
residues are all reasonably found in a central active site (Figure 4D). We docked GGPP into
the Bnd4 model and highlight one conformation that appears plausible for the formation of
1 with distances of C-1-C-10 and C-1-C-14 0of 3.9 A and 5.2 A, respectively (Figure 4D).
Residues near the diphosphate moiety of GGPP include D94 of the DNxxxD motif, E169,
R173, the diphosphate sensor R188, N234 and E242 of the NSE motif, and the R322Y
dyad. It should be noted that Mg2* was not modeled and the presence of three Mg2* ions
may impact the placement of some of these side chains. A series of nonpolar residues,
W67, L90, F162, V192, M194, Y197, and W316, form the hydrophobic chamber that
supports 6,10-bicyclic ring formation (Figure 4D). Overall, this model and docking result is
reasonable and supports the importance of the residues mentioned above, particularly D94
and E169.

In conclusion, Bnd4, the first characterized di-TS that produces the 6,10-bicyclic eunicellane
skeleton, is a novel di-TS in both sequence and function. While its primary function is

the formation of 1 in the biosynthesis of benditerpenoic acid,["] it is also capable of
cyclizing FPP and prenylating small nucleophiles using DMAPP or GPP. However, it is
unknown if either of these reactions occur in vivo.[21] Our work supports a mechanistic
proposal for the cyclization of the eunicellane skeleton where 1,10-cyclization precedes
1,14-cyclization. Similar mechanisms were proposed in the cyclizations of catenul-14-en-6-
ol and hydropyrene, although 1 is not formed by the bacterial di-TSs catenul-14-en-6-ol
synthase (CaCS) or hydropyrene synthase (HpS).[4041] In fact, Bnd4 shares only 23%
identities with both CaCS (52% coverage) and HpS (85% coverage). This cyclization
timing is also in contrast to the proposed mechanisms for the marine 2,11-cyclized
cembranoids(?! and the bacterial diterpene spiroalbatene, 2] which are all proposed to form
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the 14-membered cembrane skeleton prior to 1,10-cyclization; the former is also proposed
to undergo isomerization of GGPP to geranyllinalyl diphosphate to yield a Z-configured
alkene. Finally, the stereochemical configuration of the four stereocenters at 1, 10, 11, and
14 in the eunicellane skeleton is also a major consideration of how these enzymes fold
their cationic intermediates. Comparative studies with other eunicellane-forming TSs, once
they are identified, will be of high interest. Bacteria are an excellent source of structurally
unique and biologically active terpenoids!43! and genome mining for new TSs in bacteria,
particularly TSs with unique Asp-rich motifs and non-canonical TSs,#4] will surely lead to
the discovery of new TSs that generate novel terpene skeletons and new natural products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Mechanistic proposals and deuterium labeling support for the cyclization of GGPP into 1.

(A) Two plausible pathways (i, blue) and (ii, orange) for the formation of the 6,10-bicyclic
eunicellane skeleton. Red hydrogens atoms depict the deuterium atoms in the labeling
experiment. (B and C) 1H-13C HSQC spectra of 2H,-1 and 1, respectively. Full NMR spectra
in Figures S6- S9.
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c+

Figure 3.
Relative free energies of intermediates and transition state structures in kcal mol=2,

calculated with mPW1PW91/6-31+G(d,p).[2%-24] Blue and red values are relative energies
for minima and transition state structures, respectively. The conformations depicted here for
the pendant chain in A*, TSA'B, and B+ are qualitative; see computed structures for actual
conformations.[29]
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Figure 4.
Mutational, bioinformatics, and structural analysis of Bnd4. (A) Relative cyclization

activities of Bnd4 and mutants. The activity of WT Bnd4, corresponding to a relative activity
of 1, is 14.6 = 0.1 nmol mg~ min~1. ND and NS denote not detected and not soluble,
respectively. (B and C) Sequence analysis of Bnd4 and selected homologues highlighting the
DNxxxD, NSE, and WxxxxxRY motifs. See Supporting Information for p-value definition.
(D) Structural model of Bnd4 with displaying key active site residues (lines) and a docking
model of GGPP (sticks); dashed lines are distances in A.
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Scheme 1.
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