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Dear Editor,

In plants, monoterpenes are a large family of volatiles that play

essential roles in communicating with the surrounding environ-

ment, including pollinator attraction, pathogen defense, and

plant–plant interactions (Sun et al., 2016). Dozens of

monoterpene derivatives have been widely applied in the

pharmaceutical, nutraceutical, flavor, and fragrance industries.

Because of their high economic value, the biosynthesis

of monoterpenes has been thoroughly studied (Degenhardt

et al., 2009; Vranova et al., 2013). Typically, such biosynthesis

reactions are accomplished by various monoterpene synthases,

which convert the 10-carbon prenyl diphosphate (usually geranyl

pyrophosphate [GPP]) into a large range of products (Tholl

and Gershenzon, 2015). A common carbocationic reaction

mechanism for all monoterpene synthases starts with the

ionization of GPP through removal of the pyrophosphate group,

resulting in a carbocation intermediate that can undergo

cyclization, hydride shifts, or other rearrangements (Degenhardt

et al., 2009).

A monoterpene synthase-independent pathway was recently

identified in Rosa hybrid cultivar (Magnard et al., 2015). One

cytosolic hydrolase, Rosa hybrid cultivar Nudix1 (RhNUDX1),

which belongs to the Nudix hydrolase family, catalyzes the

transformation of GPP into geranyl monophosphate (GP) by

hydrolyzing a single phosphate (Magnard et al., 2015; Sun

et al., 2016) (Figure 1A). Notably, RhNUDX1 was discovered to

be responsible for the production of geraniol in rose flowers.

Hence, it has application potentials in the chemical or floral

industry (Wurtzel and Kutchan, 2016). However, the underlying

mechanism by which RhNUDX1 recognizes GPP is still unknown.

To answer these questions, we first sought to determine the com-

plex structure of RhNUDX1 with geranyl compounds but were

unsuccessful. Thus, we screened RhNUDX1 homologs from

certain economically important crops and plants commonly

used in research, such as Arabidopsis thaliana. These

homologs from the Nudix family shared a conserved 23-amino

acid sequence termed the Nudix motif (GX5EX7REUXEEXGU,

where U is an aliphatic, hydrophobic residue), which is required

for substrate catalysis (McLennan, 2006; Kraszewska, 2008).

Based on full-length sequence searches, we selected eight

protein candidates for further biochemical and structural studies

(Supplemental Figure 1A). First, we detected the enzyme activity

using liquid chromatography–tandem mass spectrometry

(LC–MS/MS). All the selected proteins exhibited GPP hydrolysis

activity (Supplemental Figure 1B), as exemplified by

Arabidopsis thaliana Nudix1 (AtNUDX1). AtNUDX1 was shown

to efficiently hydrolyze GPP to GP, and the mutant E56A (one of
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three essential E variants in the core of Nudix box) completely

abolished this activity (Figure 1A). Therefore, we chose

AtNUDX1 and the E56A variant for crystallization.

We ultimately crystallized AtNUDX1 without GPP in the space

group P2 2121, determined the structure by molecular replace-

ment based on the available coordinates (MutT, PDB: 4KYX),

and refined the structure at a resolution of 1.39 Å

(Supplemental Table 1). Most of the amino acids were well

assigned in the distinct electron density map, except for five

N-terminal residues. Although the cyclic electron density near

the Nudix motif was difficult to model (Supplemental Figure 2A),

three divalent cations were accommodated by the catalytic

center of the Nudix box (Supplemental Figure 2B). These

divalent cations are usually magnesium or manganese cations

(Mildvan et al., 2005). In one asymmetric unit, two protein

molecules displaying an almost identical conformation, formed

an antiparallel dimer with an interface area of approximately

950 Å2 (Figure 1B). Structural analysis revealed that the

interface is primarily mediated by a network of water-mediated

hydrogen bonds. The dimer interface contains 11 residues from

each protomer and contains three regions: from residues P8 to

V10, F45 to E47, and L71 to H86. The protein retains a dimeric

structure in the soluble state, which was confirmed by size-

exclusion chromatography (SEC) and analytical ultracentrifuga-

tion (AUC) analyses (Supplemental Figure 3).

AtNUDX1 adopts a typical Nudix fold (Mildvan et al., 2005;

McLennan, 2006). The structure contains four b strands (b1, b5,

b6, and b7) with additional mixed b sheets (b2, b3, b4, and b8)

sandwiched by the catalytic helix (a1) and an orthogonally

orientated C-terminal helix (a2) (Figure 1B). This arrangement

appears to form a pocket. The Nudix motif displays a loop-

helix-loop structure near the N terminus that is adjacent to the

pocket. Importantly, the Nudix motif is responsible for divalent

ion coordination and acts as the catalytically active site in Nudix

family proteins (McLennan, 2006; Kraszewska, 2008).

To elucidate the structural basis of GPP hydrolysis by AtNUDX1,

we attempted to determine the complex structure of GPP-bound

AtNUDX1. After the E56A variant was crystallized, the crystals

were saturated with GPP and the complex structure determina-

tion was ultimately successful (Supplemental Table 1). After the

assignment of most of the AtNUDX1 amino acids in the electron

density map, the density corresponding to the GPP molecule

was clearly visible. In one asymmetric unit, four protein
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Figure 1. Structural Basis of GPP Hydrolysis by NUDX1.
(A) Schematic reaction of NUDX1 hydrolyzing GPP. NUDX1 cleaves the bond between the a-phosphate and the b-phosphate to generate GP and one

phosphate (Pi). The LC–MS/MS chromatograms show the activity of AtNUDX1 and its variant E56A against GPP. Black traces indicate the ion intensities

for the mass of GPP (m/z 313.10), and blue traces show the ion intensities for the mass of GP (m/z 233.10).

(legend continued on next page)
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molecules bound four GPP substrates (each protein binds one

GPP molecule) (Supplemental Figure 4A). The superposition of

dimers in the GPP-free and GPP-bound state resulted in a root-

mean-square deviation value of 0.44 Å over 137 Ca atoms

(Supplemental Figure 4B), implying that few conformational

changes occurred upon GPP binding. The soluble GPP-bound

AtNUDX1 complex remains in a dimer state based on our SEC

and AUC data (Supplemental Figure 3D and 3E); therefore, the

tetrameric complex is likely a consequence of crystal packing.

To investigate the functional role of dimerization, we generated

a series of mutations at the dimer interface to identify a

monomer variant and analyze its hydrolase activity. After

several unsuccessful trials, we eventually found that a mutation

(V10K) can lead to the dissociation of the AtNUDX1 dimer. This

monomeric variant showed efficient hydrolase activity

comparable with the wild-type, suggesting that dimerization is

dispensable for the catalytic function (Supplemental Figure 5).

In the substrate-bond structure, each subunit holds one GPP

molecule in the core of the pocket (Figure 1C). GPP was

coordinated by eight residues of AtNUDX1 via hydrogen

bonds and hydrophobic interactions (Figure 1D). The oxygen

atom on the a-phosphate was hydrogen bonded to the

guanidinium group of R27, and the oxygen atom on the

b-phosphate interacted with the side chains of H42 and Y87

through two hydrogen bonds (Figure 1D). The geranyl moiety

of GPP was surrounded by a network of extensive

hydrophobic contacts mediated by V13, L38, F78, F127, and

P129. The importance of these residues was supported by the

mutational analysis (Figure 1E). Indeed, the point mutation of

the three residues participating in hydrogen-bond formation

(R27A, H42A, and Y87A) largely caused the abolishment of

the enzyme’s GPP hydrolysis activity. The V13N, L38N, F78N,

F127N, and P129N mutants retained approximately half of

their catalyzing activity. Moreover, a double mutation (F127N

and P129N) completely abrogated the enzyme activity,

supporting the structural observations. These residues are

highly conserved (Supplemental Figure 1A). Therefore, we

introduced several point mutations back into RhNUDX1 for

further validation. Consistent with the mutagenesis

observations of AtNUDX1, four mutations in RhNUDX1 (R34A,

L45N, Y94A, and F134N and P136N) led to severely

compromised hydrolase activity toward GPP. Asparagine

substitutions of V20, F85, and F134 decreased the enzyme

activity by nearly half or more, whereas the two mutations

(H49A and P136N) exhibited little effect on the catalytic

reaction (Supplemental Figure 6). These results suggest that

the proteins in the NUDX1 family may all be able to bind and

act upon GPP.
(B) Overview of the dimeric structure of AtNUDX1 (molecule A in brown and m

structure elements and the N and C termini are labeled. All figures representi

(C) Side view of the AtNUDX1 dimer ribbon representation with GPP coor

(diphosphate group) ball-and-stick representation.

(D) Close-up representation of the coordination of GPP by the side chains of th

bond formation are shown as yellow sticks, and the hydrophobic residues are

(E)Catalytic activity of themutations of the residues coordinating GPP. The act

intensity difference determined by three independent measurements.

(F) Maximum likelihood phylogenetic tree of NUDX1 homologs in the plant kin

not shown. The UniProt accession numbers are depicted at each branch. T

structural studies.
Interestingly, the geranyl moiety of GPP displayed two conforma-

tions (Figure 1D). In the crystal, GPP can occur in two alternative

states when bound to AtNUDX1. This phenomenon raises the

possibility that AtNUDX1 can bind and subsequently hydrolyze

similar skeletal molecules. To test our assumption, we used

farnesyl pyrophosphate (FPP), a C15 sesquiterpene that

contains one more isoprenyl unit than GPP in the terpene

skeletal, to conduct a similar hydrolysis reaction. We identified

the resulting compounds from the incubation of AtNUDX1 with

FPP by LC–MS/MS. Similar to the GPP-to-GP reaction, FPP

was converted to FP by cleaving the bond between a- and

b-phosphate (Supplemental Figure 7A). Furthermore, the other

eight homologs also showed activity toward FPP (Supplemental

Figure 7B), including RhNUDX1, which is consistent with

previous findings (Magnard et al., 2015). We also docked FPP

in the pocket of AtNUDX1 and further minimized it by a

molecular dynamics simulation (Supplemental Figure 7C). The

final calculated interaction energy was estimated at �43.23

kcal/mol, thus indicating a stable interaction between the

protein and FPP. However, the physiological role of this NUDX

family capable of hydrolyzing FPP requires additional

investigation.

To understand how this noncanonical monoterpene synthesis

pathway is distributed and has evolved, we analyzed 486 homol-

ogous NUDX1 proteins from bacteria to eukaryotes

(Supplemental Table 2). The phylogenetic tree revealed that the

predominant majority of NUDX1 homologs can be clustered

into four major groups: Proteobacteria (144 of 178); Dikarya

(141 of 146), which contains two subgroups; dicots (53 of 63);

and Vertebrata (63 of 75) (Supplemental Figure 8). Interestingly,

most plant proteins form an evolutionarily conserved clade in

dicots (Figure 1F), whereas only one protein from Zostera

marina belongs to the monocots. This finding suggests that

NUDX1 genes are divergently distributed in dicots and

monocots and eventually evolved in dicots. The enzymatic

assays demonstrated that the other seven homologous

proteins from the clade also displayed catalytic activity toward

these two substrates (Supplemental Figures 1B and 7B),

implying the widespread occurrence of this noncanonical

pathway. In the future, the genes involved in this unique

monoterpene biosynthesis pathway will serve as an important

foundation for understanding their roles in plant evolution.

The chemical compound industry has expressed increasing inter-

est in enzymes, and investigations of enzymes for both natural

and industrial usage are important and valuable for the synthesis

of economically important compounds (Koksal et al., 2011).

Notably, RhNUDX1, the key player in a unique monoterpene
olecule B in blue), and the Nudix motif is highlighted in red. The secondary

ng the structure were prepared with PyMOL (Schr€odinger, LLC).

dination. GPP is illustrated using a green (geranyl moiety) and orange

e residues from the AtNUDX1 pocket. The residues involved in hydrogen-

shown as magenta sticks.

ivity was quantified by LC–MS/MS. Error bars represent the SEMof the ion

gdom. For clarity, values of bootstrapping 1000 replicates below 50% are

he blue solid circles indicate the homologs applied in biochemical and
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synthesis pathway, removes only one phosphate from the

precursor GPP. This enzyme was reported to be much more

efficient than known monoterpene synthases (Tholl and

Gershenzon, 2015), indicating that it has application potential

as a tool enzyme. Our investigations of the reaction of this

enzyme showed that it not only differed from those of all known

monoterpene synthases, which remove two phosphates in one

reaction, but it also differed from classic nucleoside-

diphosphate-hydrolysis (GPP does not contain the nucleoside

moiety). These findings suggest an important role of this enzyme

in evolution and functional divergence. Here, we provide the first

structural views of GPP-free and GPP-bound AtNUDX1, the

closest homolog of RhNUDX1 (Magnard et al., 2015). These

structures imply that the pocket of AtNUDX1 contains several

conserved hydrophobic residues and is responsible for

accommodating the dynamic C10 hydrocarbon of GPP and

possibly other similar molecules, such as FPP. Furthermore,

our findings provide new opportunities for structure-guided

enzyme engineering (Wurtzel and Kutchan, 2016) and the

realization of new biosynthetic pathways for the industrially

optimal biosynthetic production of fragrant monoterpenes.
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