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Abstract: We report the first X-ray structure of the unique
“head-to-middle” monoterpene synthase, lavandulyl diphos-
phate synthase (LPPS). LPPS catalyzes the condensation of
two molecules of dimethylallyl diphosphate (DMAPP) to form
lavandulyl diphosphate, a precursor to the fragrance lavandu-
lol. The structure is similar to that of the bacterial cis-prenyl
synthase, undecaprenyl diphosphate synthase (UPPS), and
contains an allylic site (S1) in which DMAPP ionizes and
a second site (S2) which houses the DM A PP nucleophile. Both
S-thiolo-dimethylallyl diphosphate and S-thiolo-isopentenyl
diphosphate bind intact to S2, but are cleaved to (thio)diphos-
phate, in S1. His78 (Asn in UPPS) is essential for catalysis and
is proposed to facilitate diphosphate release in S1, while the Pl
phosphate in S2 abstracts a proton from the lavandulyl
carbocation to form the LPP product. The results are of
interest since they provide the first structure and structure-
based mechanism of this unusual prenyl synthase.

There are >65000 terpene or isoprene-like compounds
known.!"' In general, there are three main classes of enzymes!?
involved in their biosynthesis: trans-prenyltransferases such
as farnesyl diphosphate (FPP; Scheme 1) synthase, involved
in for example, protein prenylation and quinone biosynthesis;
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Scheme 1. Structures of some isoprenoid compounds discussed in the
text; OPP =diphosphate.

cis-prenyltransferases such as undecaprenyl diphosphate
synthase (UPPS), involved in bacterial cell wall biosynthesis;
and a diverse range of terpene cyclases, some of which are
modular proteins.”] With the cis and trans prenyltransferases,
an allylic diphosphate condenses with the homoallylic species
isopentenyl diphosphate (IPP, Scheme 1) to form longer-
chain isoprenoids such as FPP, many of which are then acted
on by other synthases. For example, squalene synthase
produces presqualene diphosphate (PSPP, Scheme 1) and
then squalene, a precursor to sterols. There are also many
more unusual prenyl synthases. For example, iridoid synthase
converts 8-oxo-geranial to nepetalactol (Scheme 1), a key
component in formation of the indole-terpenoid drugs
vincristine and vinblastine.>! There are also “irregular”
terpene synthases such as lavandulyl diphosphate synthase
(LPPS) in which two DMAPP molecules—both allylic
diphosphates—condense via a so-called “head-to-middle”
condensation!” to form the (C,)) monterpene, lavandulyl
diphosphate (LPP, Scheme 1), the precursor of the fragrances
(R)-lavandulol and (R)-lavandulyl acetate. The structure of
this enzyme is unknown. Based on a BLAST (basic local
alignment search tool)”! search of all reported genomes, LPPS
has closest homology (ca. 47 % identity over 234 residues) to
(plant) dehydrodolichyl diphosphate synthases, but none of
these structures have been reported. When compared with
just bacterial genomes, there is also close homology to
undecaprenyl diphosphate synthases (ca. 42 % identity) for
a catalytic “core” of 230 LPPS residues, and the structures of
several UPPS proteins are known.®? However, it has also
been shown that LPP can be made by a chimeric terpenoid
synthase with the conventional “FPPS-like” fold"” (PDB ID
code 4KK?2). Here, we sought to determine the structure of
LPPS (from Lavandula x intermedia); to determine how
ligands bind; and to use this and other information to propose
a structural basis for the LPPS mechanism of action.
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We first attempted to crystallize LPPS using a full-length
(316 residue) construct, that is, containing the putative
catalytic domain (261 residues) together with the chloro-
plast-targeting!"!! N-terminus (55 residues). We were not
successful in obtaining soluble protein, due perhaps to the
presence of the lipid (membrane) targeting domain. We thus
next expressed truncated proteins with 30, 50, or 55 N-
terminal residues deleted. The A30- and AS0O proteins were
unstable but the AS55 protein was successfully expressed, and
crystallized. Crystals diffracted to 1.87 A resolution and full
crystallographic data acquisition and structure refinement
details (for three structures) are given in Table S1 in the
Supporting Information. LPPS crystallized in the orthorhom-
bic space group C222, and the structure of the dimeric
apo-protein (PDB ID code SHC6) is shown in Figure 1 A.

Figure 1. Structure of Lavandula x intermedia LPPS and comparisons with the structures of three
cis-prenyltransferases. A) Structure of the dimeric protein in complex with sulfate (PDB ID code
5HC6). B) Structural superimposition of LPPS (green; PDB ID code 5HC6) with ECUPPS in
complex with IPP and FPP (yellow; PDB ID codes 1X08 and 1X09). C) As (B) but with M.
tuberculosis cis-farnesyl diphosphate synthase in complex with FPP, Pi (Rv1086, PDB ID code
2VG1, cyan). D) As (B) but with cis-decaprenyl diphosphate synthase in complex with citronellyl
diphosphate (Rv2361, PDB ID code 2VG3, magenta).

Using the PDBeFold server!™? we find that this (plant) LPPS
has high structural similarity to the bacterial protein UPPS
from both Staphylococcus aureus (PDB ID code 4US82,
a 1.16 A Co rmsd over 232 aligned residues) and E. coli
(PDB ID code 1X06, a 1.11 A Ca rmsd over 225 aligned
residues). A structural superposition of apo-LPPS with (FPP
and IPP-liganded) EcUPPS is shown in Figure 1B in which
the two ligand binding sites in UPPS—the allylic S1 site into
which FPP binds and the IPP site S2—are indicated.
Analogous sites are present in the LPPS structure and are
occupied by sulfate (Figure S1) and the LPPS structure is also
very similar to those of the cis-FPP and cis-decaprenyl
diphosphate synthases from Mycobacterium tuberculosis (Fig-
ure 1C,D).
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These structural similarities are of interest since the
mechanism of action of UPPS is well understood.'! In UPPS,
the allylic species (initially, FPP) binds to the allylic site S1
with both phosphates in its diphosphate group bound to
a single Mg*" which in turn is coordinated to a highly
conserved Asp (D26 in E. coli UPPS), which based on
sequence and structural alignments (Figure S2) is also present
in LPPS (D76, due to the presence of the N-terminal plastid-
targeting sequence), as well as in the homologous M. tuber-
culosis proteins, and Staphylococcus aureus UPPS (Fig-
ure S2). In UPPS,; there is also a second, homoallylic binding
site, S2, that houses the IPP used in chain elongation.
Mechanistically, in UPPS the allylic diphosphate in S1 is
attacked by the IPP double bond (in S2) in a concerted (that
is, not sequential) manner, resulting in diphosphate loss and
chain elongation. Logically, then, it
would follow that in LPPS, one
DMAPP should bind to the S1 allylic
site with multiple interactions between
its diphosphate and Mg**, facilitating
PPi removal, while the second DMAPP
would bind to S2. However, UPPS does
not condense DMAPP to LPP, and
LPPS does not condense DMAPP +
IPP to longer chain species, so there
must be important differences in active
site structure/ligand binding between
the two proteins. We thus next sought
ligand-bound structures.

We soaked LPPS crystals with
S-thiolo-dimethylallyl diphosphate
(DMASPP, Scheme 1), and for com-
parison,  S-thiolo-isopentenyldiphos-
phate (ISPP, Scheme 1). Full data
acquisition and structure refinement
details for the DMASPP (PDB ID
code SHCS) and ISPP (PDB ID code
SHC7) complex structures are given in
Table S1. The complex structures are
very similar to the apo structure (PDB
ID code SHC6) with ca. 0.1 A Ca rmsd
values, indicating that protein folding is
not significantly altered on ligand bind-
ing. There were, however, some sur-
prises. With DMASPP, the ligand elec-
tron density in the S2 site is well defined (Figure 2A) and
there is clearly a bond between one phosphate and Mg*"
(which is also coordinated to D76 and two water molecules).
However, equally clearly, there is a break in the electron
density for the species in the allylic site, S1, Figure 2 A. There
is also a well defined diphosphate (presumably actually
a thiodiphosphate) group in S1 bound via both phosphates to
Mg?", together with a planar Cs species below the diphosphate
and with no connecting electron density. Only two sulfates can
be modeled into the pyrophosphate binding site in apo LPPS
crystals prior to soaking with DMASPP (Figure S1) so it
appears that the DMASPP in S1 is unusually reactive,
ionizing to form PPi and the dimethylallyl carbocation
which then looses a proton to form the planar Cs species,
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Figure 2. Electron density maps of bound ligands (stick) and Mg*"
(sphere), contoured at 1.0 o (gray) and 3.0 o (red). A) DMASPP; PDB
ID code 5HC8. B) ISPP; PDB ID code 5HC7.

isoprene. With ISPP (Figure 2B) the electron density results
show a well defined (ISPP) ligand bound in the S2 site but
only a PPi or SPPi (bound to Mg*") in S1, together with
a small additional density due, perhaps, to an H,O (Fig-
ure 2B). This result was even more surprising than the
DMASPP result because the homoallylic species ISPP is
expected to be less reactive chemically than the allylic
DMASPP.

We thus determined a second ISPP structure using
a commercial sample of ISPP and obtained the same results
(Figure S3). It thus appears that the S1 site in LPPS catalyzes
diphosphate ionization with both DMASPP and ISPP,
facilitating perhaps, the “head-to-middle” condensation reac-
tion with DMAPP. There was no organic fragment observed
with ISPP (on SPPi loss), suggesting formation of a polar
(isopentenyl alcohol) product that would not bind tightly to
the hydrophobic S1 site. Why then might DMASPP and ISPP
be cleaved, in S1? And how might this relate to catalytic
activity ?

On inspection of the amino acid sequences (Figure S2), as
well as the LPPS/UPPS X-ray structures (Figure 3), we see
that there is one major difference (in the S1 active site region)
between LPPS and the other cis-prenyltransferases. Specifi-
cally, LPPS contains an active site His (His78), but in all of the
other proteins (Figure S2) the corresponding residue is
a (neutral) asparagine. The other, basic, active site residues
in LPPS and the structurally homologous cis-prenyltransfer-
ases are all located in similar spatial positions in both the S1
and S2 sites (Figure 3), suggesting that His78 might be
important in catalyzing the LPPS reaction, by facilitating
PPi loss. To test this hypothesis, we produced the H78N LPPS
mutant (since Asn is present in UPPS). There was no
lavandulyl diphosphate formation found (Figure S4). We
also produced Y139F and W100V mutants, based on the
UPPS structures. Y139F had 62 % the activity of WT while
W100V had 15 % activity, so these mutations do have effects
on folding/activity, but clearly only H78 is essential for
catalysis (Figure S4).

The X-ray crystallographic, sequence homology and
mutagenesis results thus lead to the LPPS mechanism of
action shown in Figure 4. Figure 4 A shows a view of the LPPS
active site region in which, for clarity in explaining the
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Figure 3. Stereoview of the S1 and S2 site-forming residues in LPPS
(cyan, PDB ID code 5HC8, blue letters) and EcUPPS (yellow, PDB ID
code 1X08, red letters). A) S1 site. B) S2 site.

catalytic mechanism, we have connected the PPi and Cs
fragments in the DMASPP structure to model DMAPP. A
ChemDraw version of this substrate-bound model is shown in
Figure 4B and the product-bound model is shown in Fig-
ure 4 C. The proposed mechanism is as follows. First, loss of
PPi from the DMAPP in S1 is facilitated by the presence of
the basic residue His78, Figure 4 B, since there are 2.8 A and
4.1 A interactions between the H78N81 and (P1)O1,(P1)02,
and a 2.7 A interaction between R127Ne and (P1)O2. The
double bond in the DMAPP in S2 then attacks the carbocat-
ion in S1 forming the “lavandulyl carbocation”®—although
a concerted reaction cannot be ruled out. There are no basic
residues near the DMASPP in S2 to effect the required
proton abstraction to form LPP (Figure S5) but one oxygen in
the proximal phosphate is only 3 A from one of the DMAPP
methyl protons (in the DMASPP structure), suggesting this
phosphate acts as the base-just as proposed for the proximal
DMAPP phosphate in the isoprene synthase reaction. The
DMASPP (S1; C1) to DMASPP (S2; C2) distance is long
(5.4 A)—but this is actually the same distance as found
between the two FPP (FSPP) molecules in dehydrosqualene
synthase'! which condense to form PSPP—so such large
ligand movements do have precedent in prenyl synthases. In
addition, based on this structural model, the product is (R)-
lavandulyl diphosphate, as found experimentally.
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Figure 4. Proposed LPPS mechanism of action. A) A view of the LPPS
active site. B) Schematic illustration of the LPPS mechanism based on
the structure in (A). C) Product-bound structural model.

In summary: we have obtained the first structure of
a “head-to-middle” isoprene synthase, lavandulyl diphos-
phate synthase, and propose a detailed structure-based
mechanism of action. The structure of this plant enzyme is
remarkably similar to that found in many bacterial cis-prenyl
diphosphate synthases. The S-thiolo analogs of DMAPP and
IPP bind to the “S2” site occupied by IPP in the conventional
cis-prenyltransferases, but with both ligands the S1 site
contains a diphosphate (bound to Mg*") together with, in
the case of DMASPP, a planar C;s species. The most obvious
structural/sequence difference between LPPS and the other
cis-prenyltransferases in the active site region is the presence
of an active-site His (H78) in LPPS, which is Asn in the other
proteins. An H78N mutant did not catalyze LPP production,
consistent with a key role for this His in catalysis. There were
no basic residues close to the S2 DMAPP methyl groups,
suggesting that the proximal phosphate group acts as the base
needed to deprotonate the “lavandulyl carbocation” inter-
mediate—basically the same role as the DMAPP (di)phos-
phate in isoprene synthase. Overall, the results are of broad

www.angewandte.org

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

general interest since we have determined the first structure
and structure-based mechanism of action of the irregular
terpene synthase, lavandulyl diphosphate synthase, involved
in formation of the commercially important fragrances,
lavandulol and lavandulyl acetate.
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