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Abstract

Drimenol synthase from Aquimarina spongiae (AsDMS) is a highly unusual bifunctional
sesquiterpene synthase that integrates two distinct, sequential isoprenoid processing activities
within a single polypeptide chain. AsDMS catalyzes the class Il cyclization of farnesyl
diphosphate (FPP) to form drimenyl diphosphate, which then undergoes enzyme-catalyzed
hydrolysis to yield drimenol, a bioactive sesquiterpene alcohol with antifungal and anticancer
properties. Here, we report the X-ray crystal structures of AsDMS and its complex with a
sesquiterpene thiol, which are the first of a terpene cyclase-phosphatase. The AsDMS structure
exhibits a two-domain architecture consisting of a terpene cyclase 3 domain and a haloacid
dehalogenase (HAD)-like phosphatase domain, with two distinct active sites located on opposite
sides of the protein. Mechanistic studies show that dephosphorylation of the drimenyl
diphosphate intermediate proceeds through stepwise hydrolysis, such that two equivalents of
inorganic phosphate rather than inorganic pyrophosphate are co-products of the reaction
sequence. When the AsDMS reaction is performed in H,'80, 0 is not incorporated into
drimenol, indicating that the hydroxyl oxygen of drimenol originates from the prenyl oxygen of
FPP rather than bulk water. These results correct a mechanistic proposal previously advanced
by another group. Surprisingly, AsDMS exhibits unprecedented substrate promiscuity,
catalyzing the conversion of substrate mimic farnesyl-S-thiolodiphosphate into cyclic and linear
sesquiterpene products. Structural and mechanistic insights gained from AsDMS expand the
functional diversity of terpene biosynthetic enzymes and provide a foundation for engineering

“designer cyclases” capable of generating new terpenoid products.
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Introduction

Terpenoids comprise a diverse and broadly useful class of natural products found in all
forms of life, having wide-ranging applications in the pharmaceutical, agricultural, biofuel, and
fragrance industries.'® According to the Dictionary of Natural Products,”® more than 100,000
terpenoids have been identified to date. Strikingly, the vast number of terpenoid natural
products belies their roots in two simple 5-carbon precursors, dimethylallyl diphosphate and
isopentenyl diphosphate, which are linked together by prenyltransferases to generate linear
isoprenoids such as C1s farnesyl diphosphate (FPP) or C2o geranylgeranyl diphosphate
(GGPP).>™° Linear isoprenoids serve as substrates for terpene cyclases, which catalyze the first
committed steps in terpenoid biosynthesis to generate structurally complex carbon skeletons
typically containing multiple rings and stereocenters. Terpene cyclases catalyze some of the
most complex chemical reactions found in nature, since more than half of the substrate carbon
atoms undergo changes in bonding and hybridization during the course of a single enzyme-

catalyzed reaction.""°

Canonical terpene cyclases are generally grouped into two classes that exhibit various
combinations of a-helical domains designated a, B, or y.'>'® A class | enzyme exhibits a, o, or
aBy domain architecture and utilizes a trinuclear metal cluster in the a domain to initiate
isoprenoid diphosphate ionization, carbocation generation, and cyclization. A class Il enzyme
exhibits B, By, or afy domain architecture and utilizes an aspartic acid in the B domain to initiate

carbocation generation and cyclization by protonation of an isoprenoid C=C bond.

Intriguingly, some terpene synthases are bifunctional and catalyze two sequential
reactions."'® For example, abietadiene synthase exhibits aBy domain architecture and
catalyzes the class Il cyclization of GGPP at the By domain interface to generate copalyl
19-21

diphosphate, which then undergoes class | cyclization in the a domain to yield abietadiene.

In another example, fusicoccadiene synthase exhibits (aa)s architecture and catalyzes a chain-
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elongation reaction in the prenyltransferase a domain to yield GGPP, which is then channeled

to the cyclase a domain for the generation of fusicoccadiene.?>%

Even more notable, but quite rare, are bifunctional terpene synthases that combine
terpene cyclization with a second, completely distinct activity. A recently discovered example is
drimenol synthase from the marine bacterium Aquimarina spongiae (AsDMS).?” This
bifunctional sesquiterpene synthase catalyzes the class Il cyclization of FPP to form drimenyl
diphosphate, which is then hydrolyzed to yield drimenol (Figure 1). Drimenol is a sesquiterpene
alcohol known for its antibacterial, antifungal, antiparasitic, and anticancer activities.?’?° Based
on amino acid sequence analysis, drimenol synthase consists of a terpene cyclase B domain
linked to a haloacid dehalogenase (HAD)-like phosphatase domain; these domains are

proposed to assemble such that they share a common active site.?’

OPP OPP
X
Class Il HAD-like
. Cyclase . Phosphatase
farnesyl diphosphate drimenyl diphosphate drimenol

(FPP)

Figure 1. Reaction sequence catalyzed by drimenol synthase from Aquimarina spongiae (AsDMS); OPP
= diphosphate, HAD = haloacid dehalogenase. The primary structure of the 61-kD AsDMS N-terminal
deletion variant prepared for study is shown below; the phosphatase domain is connected to the cyclase
domain through a 12-residue linker (red).

Here, we advance our understanding of bifunctional terpene synthases with mechanistic
studies and the X-ray crystal structure determination of AsDMS. In contrast with the previously
proposed model,?” the X-ray crystal structure of ASDMS reveals an alternative assembly of
catalytic domains with two distinct active sites. Curiously, an exceptionally unstable primary
carbocation intermediate is proposed for the hydrolysis of drimenyl diphosphate to yield

drimenol and inorganic pyrophosphate (PP:).2” Our enzymological studies rule out this pathway
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and instead support a mechanism in which drimenyl diphosphate undergoes sequential
phosphate hydrolysis reactions to yield drimenol and two equivalents of inorganic phosphate
(Py). Finally, AsDMS cocrystallized with farnesyl-S-thiolodiphosphate (FSPP) yields the structure
of the complex with farnesyl thiol. Surprisingly, FSPP is sufficiently reactive to enable the
AsDMS-catalyzed formation of farnesyl thiol as well as drimenyl thiol over the time course of the
cocrystallization experiment, demonstrating AsDMS has a wider substrate scope than

previously anticipated.
Results

Mechanistic Studies. The conversion of drimenyl diphosphate into drimenol requires
hydrolysis of the substrate diphosphate group, but it is not clear whether this occurs through a
single reaction yielding inorganic pyrophosphate (PP;) or sequential reactions yielding two
equivalents of inorganic phosphate (P:). The previously proposed AsDMS phosphatase
mechanism involves Sy1 dissociation of the PP; anion to yield a highly unstable primary
carbonium ion intermediate, which is quenched by a water molecule from bulk solvent to yield

1.7 Such a mechanism would be atypical for a HAD-like phosphatase. For example, the

drimeno
HAD-like phosphatase domain of bifunctional human soluble epoxide hydrolase (SEH)*°
catalyzes the stepwise hydrolysis of isoprenoid diphosphate substrates such as FPP and GGPP
to yield the corresponding alcohol and two P; anions.®' Since the phosphatase domain of
AsDMS is structurally homologous to the phosphatase domain of sEH, we hypothesized that

AsDMS would similarly catalyze the stepwise hydrolysis of drimenol diphosphate to yield

drimenol and two P; anions.

To test this hypothesis, we utilized the EnzChek pyrophosphate detection assay.
Typically, this assay relies on inorganic pyrophosphatase (IPPase) to generate P; from PP;; P; is
then utilized as a substrate by purine nucleoside phosphorylase (PNPase) to cleave 2-amino-6-

mercapto-7-methylpurine ribonucleoside, which yields the chromophore 2-amino-6-mercapto-7-
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methylpurine to enable detection and quantification. However, if IPPase were excluded from the
assay and if PP; were generated, there would be no measurable signal since PP; cannot be
utilized as a substrate by PNPase. Using this assay, we observe a robust signal for P; in the
absence of IPPase (Figure S1). This result is consistent only with stepwise hydrolysis reactions

yielding two P; anions rather than a single hydrolysis reaction yielding one PP; anion.

The previously proposed phosphatase mechanism of AsDMS suggests that the hydroxyl
oxygen atom of drimenol derives from a water molecule.?” However, the hydroxyl oxygen atom
of drimenol might alternatively derive from the prenyl oxygen atom of FPP. To distinguish
between these two possibilities, a sample of AsSDMS was lyophilized and resuspended in H2'®0
prior to incubation with FPP. Extraction of product drimenol from the reaction mixture and
analysis using gas chromatography-mass spectrometry (GC-MS) shows that the molecular
weight of drimenol remains unchanged at 222.2 (Figure S2); if ®0 were incorporated, the
molecular weight would increase to 224.2. Therefore, the hydroxyl oxygen of drimenol must

derive from the prenyl oxygen of substrate FPP and not a water molecule from bulk solution.

This mechanistic conclusion is also consistent with the generation of drimenyl thiol from
FSPP, since the prenyl sulfur atom of FSPP is retained in drimenyl thiol. FSPP might be
presumed to be an unreactive substrate analogue due to the substitution of a sulfur atom for the
prenyl oxygen atom. However, we considered the potential reactivity of FSPP due to the
observation of farnesyl thiol bound in the AsDMS active site in cocrystallization experiments
described below. Surprisingly, GC-MS analysis of organic extracts of the reaction mixture after
AsDMS is incubated with FSPP overnight reveals the generation of three different hydrocarbon
products on the gas chromatogram (Figure S3). Comparisons of chromatographic retention
times and mass spectra with those of authentic sesquiterpene alcohol samples suggest that two
of the products generated correspond to farnesyl thiol and drimenyl thiol (chromatographic

retention times of 10.27 min and 10.72 min, respectively; butterfly plots of mass spectra are
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recorded in Figure S4A,B). A third peak in the chromatogram with a retention time of 10.64 min
could not be conclusively identified by mass spectrum but exhibits a fragmentation pattern that
appears to be consistent with a sesquiterpene thiol; this product is generated in equal proportion
to drimenyl thiol and likely represents a prematurely quenched monocyclic product (Figure
S4C). The retention of the prenyl sulfur atom of FSPP in drimenyl thiol is consistent with the

stepwise hydrolysis of the thiodiphosphate group by the phosphatase domain of AsDMS.

Finally, while metal ions are not required for the catalytic mechanism of a class Il cyclase
(although Mg®* may be required for substrate binding®®), Mg®* is essential for the
dephosphorylation reaction catalyzed by a HAD-like phosphatase.>** To confirm the expected
requirement for Mg?* in catalysis by AsDMS, we measured activity with FPP in the absence of
metal ion and in the presence of Mg?*, Ca®*, Mn**, Co?*, Ni?*, and Zn**. The generation of

drimenol was observed only in the presence of Mg**.

Crystal Structures. The 2.2-A resolution crystal structure of AsDMS complexed with the
benzyltriethylammonium cation (BTAC), P;, and Mg** reveals that the HAD-like phosphatase
domain and the terpene cyclase 3 domain each contain a distinct active site (Figure 2A). This
didomain architecture revises the model previously advanced by another group in which the two
catalytic domains share a common active site.”” Two essentially identical monomers are found
in the asymmetric unit of the C2 unit cell, related by a pairwise root-mean-square deviation
(rmsd) of 0.615 A for 457 Ca atoms. Analysis of the crystal structure using PISA® suggests that
AsDMS forms a biological dimer. However, mass photometry indicates that ASDMS is a
monomer in solution (Figure S5), so the apparent dimerization evident in the crystal structure

may be an artifact of crystal packing interactions.
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Figure 2. (A) Crystal structure of AsDMS complexed with BTAC, P;, and Mg?*. The cyclase and
phosphatase domains are blue and green, respectively. BTAC (yellow) and P; (P = orange, O = red) are
bound in the cyclase active site, while Mg?* (violet sphere) is bound in the phosphatase active site.
Notably, the two active sites are on opposite sides of the protein. Dotted lines indicate disordered
segments. (B) Crystal structure of AsDMS complexed with farnesyl thiol. Color-coding is identical to that
in (A), with farnesyl thiol shown in pink.

The cyclase B domain of AsDMS is formed by a bundle of 12 a-helices and closely
resembles the B domains found in other class Il terpene cyclases. Intriguingly, however, all
other canonical class Il terpene cyclases exhibit By or afy domain architecture, with the active
site located at the By domain interface.'*'*3" In view of the sequence identity and structural

homology between the B and y domains,* which are oriented toward each other in By
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assemblies, the y domain is thought to be the result of gene duplication and fusion with the 3
domain early in the evolution of terpene synthases. The domain architecture of AsDMS is quite
different in that the phosphatase and cyclase active sites are oriented away from one another
(Figure 2). Consequently, the class Il cyclase active site in the B domain of AsDMS is more
solvent-exposed compared with the cyclase active site in a By or afy domain assembly, e.g., as
observed in squalene-hopene cyclase or copalyl diphosphate synthase, respectively.?**' The
protein structure most closely related to the 3 domain of AsDMS is that of the meroterpene
cyclase MstE, which catalyzes the class Il cyclization of the ubiquinone-like substrate 5-
geranylgeranyl-3,4-dihydroxybenzoate.*? Analysis using DALI* indicates that these two proteins
are related by 12% sequence identity, a Z score of 23.9, and an RMSD of 3.0 A for 347 residues

(Figure S6).

The B domain active site is located in a hydrophobic pocket situated in the middle of the
helix bundle (Figure 3A). A single P; anion binds at the top of the active site, stabilized by
ideally-oriented** hydrogen bonds with R368, R370, and R415. These residues may also
interact with the diphosphate group of FPP to hold the substrate in a productive conformation for
cyclization. BTAC binds more deeply in the hydrophobic pocket, such that its quaternary
ammonium cation makes electrostatic interactions with the catalytic DXDT motif at the base of
the pocket (the second aspartic acid in this motif is the general acid catalyst that initiates the
cyclization cascade). BTAC has been utilized as a partial analogue of a carbocation
intermediate in structural studies of class | sesquiterpene cyclases, such as epi-isozizaene
synthase,*® and is a useful indicator of possible enzyme-substrate interactions. The structure of
the AsDMS-BTAC complex is the first of a BTAC complex with a class Il cyclase, and the
binding of BTAC may similarly exemplify possible enzyme-substrate interactions. For example,

cation—Tr interactions observed between the quaternary ammonium group of BTAC and the
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aromatic side chains of F271, F308, and Y417 may similarly stabilize carbocation intermediates

in catalysis by AsDMS.

R368

370 $128

R415 N190

Figure 3. Cyclase domain and phosphatase domain active sites. (A) Cyclase domain in monomer B.
Polder omit maps show BTAC (yellow, 40 contour), Pi (orange, 50 contour), and polyethylene glycol
(PEG, grey, 50 contour) bound in the active site. Hydrogen bonds are indicated by dotted lines. (B)
Phosphatase domain in monomer A. The Polder omit map (50 contour) shows a Mg?* ion (purple)
coordinated by D33, D186, the backbone carbonyl of G35, and three water molecules (red spheres) with
octahedral geometry.

The HAD-like phosphatase domain of AsDMS contains an a/f3 Rossmann-like fold in a
central core domain. The central -sheet of the core domain consists of five 3-strands (1-5) in
the order 54123 with all Baf connections being right-handed. HAD-like phosphatases employ a
four-loop scaffold within the core domain that positions four key motifs in the active site.*®*” The
first is the DXD motif, which has diverged to D33-L34-G35 in AsDMS. The first aspartate
residue in this motif is responsible for nucleophilic attack at the substrate phosphate group. The
second motif is a highly conserved serine or threonine at the end of 2, which corresponds to
S128 in AsDMS, and the third motif is a lysine, K161, at the end of the helix between 1 and 4.
The second and third motifs stabilize reaction intermediates, with the positive charge of the
lysine likely stabilizing the negatively charged phosphate leaving group. The fourth motif at the
end of B4 includes acidic residues comprising either a DD, GDxxxD, or GDxxxxD motif; in

AsDMS, the DD motif is D185-D186.
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HAD-like phosphatases typically exhibit Mg®*-dependent catalytic activity,***° and
catalysis by AsDMS accordingly requires Mg®* as mentioned in the previous section. The crystal
structure reveals that a single Mg?* ion binds in the phosphatase active site and is octahedrally
coordinated by D33, D186, the backbone carbonyl of G35, and three water molecules (Figure
3B). This coordination geometry is consistent with previous observations in other HAD-like
phosphatases that the carboxylate group of the first aspartate and the backbone carbonyl of the
second aspartate in the DXD motif (which appears as DXG in AsDMS), coordinate to the

catalytic Mg®* ion, as well as one aspartate from the fourth motif.*®

In some HAD-like phosphatases, this core domain is sufficient for activity. However,
most also possess cap domains that confer substrate specificity and mediate solvent access to
the active site.*>*° HAD-like phosphatases can be differentiated based on their cap domains
classified as CO, C1, or C2. The AsDMS phosphatase has a C1 cap domain consisting of a ~70-

residue four-helix bundle.

The structure of AsDMS cocrystallized with FSPP was determined at 2.6 A resolution,
revealing that FSPP had been dephosphorylated during cocrystallization to yield one molecule
of farnesyl thiol bound in the cyclase active site (Figure 2B, Figure 4). The terminal isoprenoid
moiety faces the catalytic DXDT motif, poised as FPP would be for protonation and initiation of
the cyclization cascade. However, the partly-extended conformation of the linear isoprenoid is
not consistent with that required for substrate binding, i.e., the overall conformation of farnesyl
thiol does not reflect the productive FPP conformation that would lead to drimenyl diphosphate
generation. However, the isoprenoid conformation would be consistent with the formation of a
monocyclic sesquiterpene thiol such as the prematurely quenched product proposed in Figure
S4C. As noted above, FSPP is also utilized as a substrate by the cyclase domain over the time
course of cocrystallization to generate drimenyl thiol, despite which there is no evidence of

drimenyl thiol binding or drimeny! thiodiphosphate binding in either catalytic domain.

11
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R370

Y309

R415

Figure 4. Active site of the cyclase domain in the AsDMS-farnesyl thiol complex (monomer B). The
cyclase domain is colored blue. Polder omit maps of farnesyl thiol (pink) and Pi (orange) are contoured at
5 and 8.5 o, respectively. Hydrogen bonds are indicated by dashed lines.

Discussion

It is instructive to compare the structure of AsDMS with that of the recently reported
drimenyl diphosphate synthase from Streptomyces showdoensis (SsDMS).** Both AsDMS and
SsDMS contain a class Il cyclase domain where FPP is converted into drimenyl diphosphate,
but only AsDMS contains a phosphatase domain that converts drimenyl diphosphate into
drimenol. Accordingly, these enzymes exhibit substantially different domain architectures.
SsDMS exhibits the By domain architecture characteristic of most class Il terpene cyclases, with
its active site located at the interdomain interface. In contrast, the class Il cyclase domain of
AsDMS consists of only a § domain. Comparison of the § domains of AsDMS and SsDMS using
DALI* reveals that these two proteins are related by 15% sequence identity, a Z score of 22.3,
and an rmsd of 3.5 A for 493 residues. It is notable that the same cyclization reaction is
catalyzed in B domain active sites with such contrasting structures; the lack of a y domain in
AsDMS results in longer loop segments at the top of the active site to protect the binding

pocket, much as the y domain serves this function in SSDMS (Figure 5A).
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Figure 5. (A) Structural comparison of the D303E SsDMS-FPP complex (left, PDB 7XR7) and the
AsDMS-farnesyl thiol complex (right). In SsDMS, the y domain (yellow) largely caps the active site in the
B domain (pale cyan). In AsDMS, longer loop segments serve a similar role in capping the active site in
the B domain (blue); the phosphatase domain is green. (B) Close-up views of the active sites in D303E
SsDMS (left) and AsDMS (right). Apart from R501, all SsSDMS residues involved in Mg?* binding and
substrate hydrogen bonding are located in the y domain. In AsDMS, R370, R415, and Y416 form
hydrogen bonds with a P; anion; R503 (blue circle) is disordered in the crystal structure but may become
ordered to form a hydrogen bond with the substrate diphosphate group. Dashed black lines indicate
hydrogen bonds, and dashed purple and mauve lines indicate trajectories of carbon-carbon bond
formation in SsDMS and AsDMS, respectively. A dashed line between the catalytic general acid (D303E
in SsDMS, D323 in AsDMS) and the substrate indicates the protonation of the isoprenoid C=C bond that
initiates the cyclization cascade. Notably, electrophilic activation of the substrate diphosphate group in
AsDMS is achieved solely by hydrogen bonding and not by metal ion coordination.

Cocrystallization of a variant of SsSDMS in which the catalytic aspartic acid was replaced
by a glutamic acid with FPP and Mg?* enabled the structure determination of an intact enzyme-
substrate complex (Figure 5B).%® Interestingly, the binding mode of FPP exhibits similarities to
that of farnesyl thiol in its complex with AsDMS (Figure 5B). In both complexes, the hydrophobic
tail of the isoprenoid ligand is nestled within the hydrophobic pocket of the cyclase. The
conformation of FPP is compressed in the SsDMS active site is consistent with the two carbon-

carbon bond forming reactions in the cyclization cascade, whereas the conformation of farnesyl
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thiol is more extended in the AsDMS active site, though it may be poised to enable the first
cyclization reaction. Of note, however, the re face of the terminal C=C bond is oriented toward
the catalytic general acid (D323) in AsDMS, whereas the si face of the terminal C=C bond is

oriented toward the catalytic general acid (D303E) in SsDMS.

It is also interesting to compare phosphate/diphosphate binding sites between AsDMS
and SsDMS. In the AsDMS-BTAC-P; complex, the free phosphate group is stabilized by
hydrogen bonds with R368, R370, R415, and Y416, all located on two loops in the B domain
(Figure 3A). No other basic residues or metal-binding aspartate or glutamate residues are found
in this region. In contrast, in the D303E SsDMS-FPP complex, the diphosphate group of FPP
forms hydrogen bonds with R501 in the B domain and R132 and K133 in the y domain, and is
additionally stabilized by coordination to two Mg?* ions coordinated by E169 in the y domain.
None of these residues are conserved in AsDMS, so it appears that Mg?* is not required for FPP
binding and activation. Instead, four arginine residues and a tyrosine residue likely form
hydrogen bonds with the substrate diphosphate group, based on hydrogen bonds with the
phosphate anion observed in AsDMS structures (R368, R370, R415, and Y416; R503 is likely
involved as well, but this residue is on a disordered loop at the top of the active site that

probably becomes ordered upon substrate binding).

All structural and enzymological data presented above can be integrated into a chemical
mechanism for the AsDMS-catalyzed conversion of FPP into drimenol (Figure 6). Upon FPP
binding to the class Il cyclase domain, the terminal isoprenoid C=C bond is protonated by
general acid D323, which triggers concerted C—C bond formation leading to the trans-bicyclic
ring system containing a tertiary carbocation. After proton elimination, product drimenyl
diphosphate freely diffuses to the phosphatase domain, where it undergoes stepwise
dephosphorylation reactions to yield drimenol. Notably, FSPP can undergo the same reaction

sequence to generate drimenyl thiol (Figure S4A), but the reaction sequence with this non-
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native substrate is subject to premature termination based on the generation of farnesyl thiol
(Figure S4B) and a putative monocyclic sesquiterpene (Figure S4C). The partly-extended
conformation of farnesyl thiol in the cyclase active site, in which only one 6-membered ring
appears to be poised for C—C bond formation, could represent the FSPP conformation leading

to the putative monocyclic sesquiterpene shown in Figure S4C.

R368 R370 R415 Y416 R503 R368 R370 R415 Y416 R503 R368 R370 R415 Y416 R503
opp opp
X
/‘ | ~ —_— —_—
g, free diffusion to
phosphatase
J Y domain
0. OH (o) (o (o) (o -
FPP drimenyl
diphosphate
D323 D323 D323

- 00O O

O\P/o_ hY D33

o= 07 Mo

0 ;
Mg+ H,0
—_—
drimenyl
monophosphate
00 O
\/

o /P\0 D33

H,0
Mgz+ o

)k/ D33
-0

drimenol

Figure 6. Proposed mechanism for the tandem cyclization-phosphatase reactions catalyzed by AsDMS.
FPP is converted to drimenyl diphosphate in the class Il cyclase domain (blue arrows), after which
drimenyl diphosphate undergoes stepwise dephosphorylation reactions in the phosphatase domain
(green arrows). Since the characteristic DXD motif of HAD-like phosphatases appears as DXG in AsDMS,
which eliminates the general acid in the phosphatase reaction, the general acid is indicated as A—H
above.
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Concluding Remarks

The X-ray crystal structures of AsDMS and its complex with farnesyl thiol are the first of
a bifunctional terpene cyclase-phosphatase. Two distinct active sites are observed for the
isoprenoid cyclization and dephosphorylation reactions, and enzymological studies show that
the dephosphorylation of intermediate drimenyl diphosphate occurs in stepwise fashion to
general drimenol. The crystal structure of AsDMS corrects a previous proposal of a single active
site for both catalytic activities of drimenol synthase based on molecular modeling studies.?’
Additionally, the enzymological data reported herein correct a previously proposed catalytic
mechanism proceeding through a highly unstable primary carbocation intermediate generated
from drimenyl diphosphate, with quenching by a water molecule from bulk solvent to yield the
hydroxyl group of drimenol.?’ Instead, the hydroxyl oxygen of drimenol derives from the prenyl

oxygen atom of substrate FPP.

Surprisingly, incubation of AsDMS with FSPP yields drimenyl thiol, in which the thiol
sulfur derives from the prenyl sulfur atom of FSPP. Farnesyl thiol and a putative monocyclic
sesquiterpene thiol are also generated from FSPP and represent derailment products from the
normal isoprenoid cyclization cascade. We anticipate that future studies of AsDMS and its site-
specific mutants will set the foundation for engineering “designer cyclases” capable of

generating new terpenoids from FPP, FSPP, and perhaps other isoprenoid substrates.
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Methods

Expression and Purification. A model of AsDMS generated with AlphaFold®' revealed
that the first 10 residues at the N-terminus had a low predicted local distance difference test
(pLDDT) score, which reflected low confidence in the model prediction. Anticipating that these
residues might be disordered in the full-length protein, a pET-His6-MBP-TEV-AsDMS plasmid
lacking these residues was designed (His6 = hexahistidine purification tag, MBP = maltose
binding protein, TEV = tobacco etch virus protease), codon-optimized for expression in

Escherichia coli, and purchased from GenScript (Piscataway, NJ) (Scheme 1).

Scheme 1. Expression plasmid for AsDMS truncation variant

His6 MBP — Phosphatase Domain —_— Cyclase Domain

¢ 1 213 226 526
slosvagersie
The AsDMS plasmid was transformed into BL21(DE3) E. coli cells (New England
Biolabs) and grown overnight at 37° C on Luria—Bertani (LB)-agar plates containing 50 pg/mL
kanamycin. Single colonies were picked and used to inoculate 250 mL of LB media
supplemented with 50 ug/mL kanamycin. This 250-mL starter culture was incubated overnight in
an orbital shaker (175 rpm, 37° C) and subsequently used to inoculate 12 x 1-L flasks
containing 1-L of LB media supplemented with 50 pg/mL kanamycin. The 1-L cultures were
incubated (175 rpm, 37° C) until each reached an optical density at 600 nm (ODsgoo) of ~0.6-1.0.
Protein expression was then induced by the addition of isopropyl-3-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.5 mM, and cultures were incubated overnight in the orbital
shaker (175 rpm, 18° C) for expression. Cells were pelleted via centrifugation (20 min, 6000

rpm, 4° C), and the pellet was stored at —80° C until purification.

Purification of AsDMS began with resuspension of the cell pellet in buffer A [50 mM

sodium phosphate (monobasic, monohydrate, pH 7.3), 500 mM NaCl, and 20% glycerol]. The
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suspended pellet was treated with 100 mg lysozyme (GoldBio), 8 mg DNase | — Grade Il (Roche
Diagnostics), and one EDTA-free cOmplete Mini Protease Inhibitor Tablet (Roche Diagnostics)
and stirred at room temperature for 1 h. The cell suspension was then lysed using a Q700
sonicator (Qsonica) at an amplitude of 30% for 10 min (cycling between 1 s on/2 s off). Cell

lysate was clarified by centrifugation at 18,000 rpm for 1 h at 4° C.

Supernatant was loaded at 3 mL/min onto a 5-mL HiTrap TALON column (GE
Healthcare) preequilibrated with buffer A, and eluted via a 50-mL gradient to buffer B [50 mM
sodium phosphate (monobasic, monohydrate, pH 7.3), 500 mM NaCl, 200 mM imidazole, 20%
glycerol]. Selected fractions were analyzed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Fractions determined to contain eluted protein were pooled and

treated with 3 mg of TEV protease while undergoing dialysis into buffer A at 4° C.

The dialyzed sample of AsDMS was loaded onto a tandem 5-mL HiTrap TALON/MBP
Trap column. The flow-through was analyzed by SDS-PAGE, and fractions containing eluted
protein were collected, pooled, and concentrated to approximately 5 mL using a 50-kDa cutoff
Amicon Ultra-15 Centrifugal Filter Unit. The sample was then loaded onto a HiLoad 26/60
Superdex 200-pg size-exclusion column (GE Healthcare), which was pre-equilibrated with buffer
C [20 mM Tris-HCI (pH 7.3), 150 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 10%
glycerol]. Fractions containing eluted protein were determined to be >95% pure based on SDS-

PAGE and were pooled and concentrated to approximately 10-30 mg/mL.

Enzyme Activity. For identification and quantification of reaction products, activity
assays were conducted using gas chromatography-mass spectrometry (GC-MS) with an Agilent
8890 GC/5597C MSD system equipped with a J&W HP-5 ms Ultra Inert GC capillary column
(30 m x 0.25 mm x 0.25 pym). Assays were performed in triplicate on a 200-uL scale using an
enzyme concentration of 5 uM in reaction buffer [20 mM Tris-HCI (pH 7.3), 150 mM NaCl, 1 mM

TCEP, 10% glycerol] with 2 mM MgCl,*6H.0. Farnesyl diphosphate (FPP) was purchased from
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Isoprenoids.com and resuspended in 7:3 methanol/10 mM NH4HCO3 at a concentration of 10
mM. Reactions were initiated by addition of 10 uL of the 10 mM FPP stock followed immediately
by carefully layering 200 pL of hexanes containing an internal standard of 125 mM B-pinene
over the aqueous phase. Reactions were incubated at room temperature overnight, and were
quenched by vortexing for 10 s, followed by centrifugation for 15 s at 12,000 rpm. An aliquot of
the organic phase (100 pL) was removed for GC-MS analysis. For all samples, the temperature
program began with an oven temperature of 60 °C sustained for 2 min, followed by a ramp at 20
°C/min to reach 240 °C. A positive EI mode was used to collect MS data after a solvent delay of
3 min. Product drimenol was characterized through comparison of retention time and mass
spectrum with data archived in the National Institute of Standards and Technology (NIST)

database.

To test enzymatic activity in the presence of various metals, assays were performed as
described above, except the enzyme-buffer mixture with no added metal was preincubated with
2 mM EDTA to chelate any residual metal ions remaining from the purification process. After 30
min, 4 mM of the metal of interest was added and reactions were initiated upon the addition of

FPP.

To determine whether a water molecule from bulk solution is the source of the hydroxyl
group of drimenol, a 570-uL sample containing 5 yM enzyme in reaction buffer 20 mM Tris-HCI
(pH 7.3), 150 mM NacCl, 1 mM TCEP] with 2 mM MgCl,*6H,O was lyophilized for 2 h. The
sample was resolubilized in 570 pL H2'80 and split into three vials, and reactions were initiated
upon the addition of 10 uL of the 10 mM FPP stock solution. Samples were incubated overnight

and subject to GC-MS analysis, as described above.

For assays using the weakly reactive substrate FSPP, the same approach outlined
above was utilized except reactions were initiated upon the addition of 2.5 uL of a 40 mM FSPP

stock solution.
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To ascertain whether AsDMS catalyzes stepwise phosphate (P;) removal rather than
removal of intact pyrophosphate (PPi) from the substrate, we modified the EnzChek
Pyrophosphate Detection Assay Kit (ThermoFisher Scientific) to detected free phosphate in
solution.? Purine nucleoside phosphorylase (PNP) converts the substrate 2-amino6-mercapto-
7-methylpurine riboside (MESG) into ribose 1-phosphate and 2-amino6-mercapto-7-
methylpurine in the presence of P;, which results in an absorbance shift from 330 nm to 360 nm.
Typically, inorganic pyrophosphatase in included to break down pyrophosphate into free P;; by
excluding inorganic pyrophosphatase, the assay will only yield an absorbance shift if P;, rather
than PP; is produced by AsDMS. All assays were performed in triplicate on a 100-uL scale using
1 uM AsDMS reaction buffer [20 mM Tris-HCI (pH 7.3), 150 mM NaCl, 1 mM TCEP], 50 uM
substrate, 0.1 U of PNP, and 200 yM MESG. Absorbance at 360 nm was measured using UV-
Vis Spectroscopy after incubation for 1 h at 22°C. A control reaction in the absence of enzyme
was used as a baseline. Absorbance was converted to P; concentration by comparison to a

standard curve.

Crystal Structure Determination. Crystallization was achieved by the sitting-drop vapor
diffusion method, using a Mosquito pipetting robot (SPT Labtech) to screen crystallization

conditions. Crystals were generated using two different conditions:

Condition 1: A 100-nL drop of protein solution [13 mg/mL AsDMS, 20 mM Tris-HCI (pH
7.3), 150 mM NaCl, 1 mM TCEP, 10% glycerol, 2 mM farnesyl S-thiolodiphosphate (FSPP),
MgCl,-6H,0O] was added to a 100-nL drop of precipitant solution [0.1 M Sodium citrate tribasic
dihydrate pH 5.5, 26% v/v Jeffamine® ED-2001 pH 7.0] and equilibrated against a 50-pL

reservoir of precipitant solution.

Condition 2: A 100-nL drop of protein solution [13 mg/mL AsDMS, 20 mM Tris-HCI (pH
7.3), 150 mM NaCl, 1 mM TCEP, 10% glycerol, 2 mM benzyltriethylammonium chloride (BTAC),

2 mM sodium pyrophosphate, 2 mM MgCl,-6H.O] was added to a 100-nL drop of precipitant
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solution [0.1 M 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic acid (HEPES) (pH 7.5), 0.2 M
sodium chloride, 25% w/v PEG 3350] and equilibrated against a 50-pL reservoir of precipitant

solution.

For each crystallization condition, crystals appeared within 14 days and were
cryoprotected in mother liquor augmented with 20% (v/v) glycerol prior to flash-cooling in liquid

nitrogen.

All X-ray diffraction data were collected at the 17-ID-1 AMX beamline at National
Synchrotron Light Source Il (NSLS-II) at Brookhaven National Laboratory (Upton, NY). Each
data set was indexed, integrated, and scaled with XDS®? and merged with AIMLESS as part of
the autoPROC pipeline.®® The data set from condition 1 was phased using molecular
replacement with the PHASER module of PHENIX,*** and an AlphaFold-predicted®' structure
of AsDMS was used as the search model. The space group was authenticated using Zanuda,®
and the output model underwent a round of manual model building using Coot.*’ Iterative
rounds of manual model building and crystallographic refinement were performed using Coot
and PHENIX. During model building, side chains were deleted which exhibited no or poor
electron density in the 2|F|, — |F|c map contoured at 1.50. The data set from condition 2 was
phased using the refined crystal structure from condition 1 as the search model. The structure
from condition 2 was refined in the same manner as the structure from condition 1. Bound
ligands and solvent molecules, including buffer components (glycerol and PEG fragments) were
added to the model in the final stages of refinement. The final refined structure was validated

using MolProbity.%® All data collection and refinement statistics are recorded in Table 1.

In the final refined crystal structure from condition 1, some segments of AsDMS are
disordered and hence excluded from the final model. In monomer A, these segments include 13
residues at the N-terminus (N1-L13), the interdomain linker (1214—M225), and a small loop in

the cyclase domain (N297-Q301). In monomer B, these segments include an N-terminal
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segment (N1-Q18), the interdomain linker (1214—-M225), and a small loop in the cyclase domain

(H298-Q301).

In the final refined crystal structure from condition 2, disordered segments are also
observed in both monomers and thus excluded from the final model. In monomer A, these
segments include ten residues at the N-terminus (N1-T10) a loop in the phosphatase domain
(F46-T50), and the interdomain linker (G216—M225). In monomer B, these segments include
the N-terminus (N1-L20), a loop in the phosphatase domain (W41-D54), and the interdomain

linker (N205-K206 and G216-M225).
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Table 1. Data collection and refinement statistics

Complex AsDMS-BTAC-Pi-Mg?* AsDMS-farnesyl thiol-P;
Space group Cc2 P41242
a,b,c (A) 179.90, 76.25, 106.43 154.74,154.74, 132.98
a, B,y (°) 90.00, 111.68, 90.00 90.00, 90.00, 90.00
Rrmerge® 0.174 (1.297) 0.406 (3.808)
Rpim® 0.095 (0.698) 0.101 (0.928)
CCap¢ 0.989(0.330) 0.993 (0.339)
Redundancy 4.5(4.6) 17.0 (17.6)
Completeness (%) 99.9 (99.1) 99.9 (99.4)
llo 6.4 (1.3) 7.0 (0.9)
Refinement
Resolution (A) 2.23 2.64
No. reflections 65482 47665
Rwork/Rfree® 0.206/0.249 0.217/0.265
(0.293)/(0.347) (0.301)/(0.345)
Number of atoms'
Protein 7606 7552
Ligands 77 68
Solvent 197 94
Average B factors (A?)
Protein 34 50
Ligands 43 60
Solvent 36 45
RMS deviations
Bond lengths (A) 0.007 0.008
Bond angles (°) 0.8 0.9
Ramachandran plot?
Favored (%) 98.35 94.98
Allowed (%) 1.65 4.71
Outliers (%) 0.00 0.31
Molprobity score 1.38 2.07
PDB Entry 9MHS 9MLO

aValues in parentheses refer to the highest-resolution shell of data.

P Rmerge = 3 ndillin = (Nal/Zn3in, Where {l)s is the average intensity calculated for
reflection h from i replicate measurements.
Rpim. = (Sa(T(N-1)"25]1in =] )3 1Y i lin, where N is the number of reflections and
(I)n is the average intensity calculated for reflection h from replicate measurements.
dPearson correlation coefficient between random half-datasets.

*Rwork = Y ||Fo| = |Fe||/>|Fo| for reflections contained in the working set. |Fo| and |F| are
the observed and calculated structure factor amplitudes, respectively. Ryree is
calculated using the same expression for reflections contained in the test set held

aside during refinement.
fPer asymmetric unit.

9Calculated with MolProbity.
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Data Availability
The atomic coordinates and crystallographic structure factors of the AsDMS-BTAC-P-Mg**

complex and the AsDMS-farnesyl thiol-P; complex have been deposited in the Protein Data

Bank (www.rcsb.org) with accession codes 9MHS and 9MLO, respectively.
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