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The anti-oxidant naphterpin is a natural product containing
a polyketide-based aromatic core with an attached 10-carbon
geranyl group derived from isoprenoid (terpene) metabolism1–3.
Hybrid natural products such as naphterpin that contain 5-carbon
(dimethylallyl), 10-carbon (geranyl) or 15-carbon (farnesyl)
isoprenoid chains possess biological activities distinct from
their non-prenylated aromatic precursors4. These hybrid natural
products represent new anti-microbial, anti-oxidant, anti-
inflammatory, anti-viral and anti-cancer compounds. A small
number of aromatic prenyltransferases (PTases) responsible for
prenyl group attachment have only recently been isolated and
characterized5,6. Here we report the gene identification, biochemi-
cal characterization and high-resolution X-ray crystal structures
of an architecturally novel aromatic PTase, Orf2 from Strepto-
myces sp. strain CL190, with substrates and substrate analogues
bound. In vivo, Orf2 attaches a geranyl group to a 1,3,6,8-tetra-
hydroxynaphthalene-derived polyketide during naphterpin bio-
synthesis. In vitro, Orf2 catalyses carbon–carbon-based and
carbon–oxygen-based prenylation of a diverse collection of
hydroxyl-containing aromatic acceptors of synthetic, microbial
and plant origin. These crystal structures, coupled with in vitro
assays, provide a basis for understanding and potentially manipu-
lating the regio-specific prenylation of aromatic small molecules
using this structurally unique family of aromatic PTases.
Naphterpin is produced via both mevalonate (MVA) and poly-

ketide biosynthetic pathways. Naphterpin biosynthesis includes

1,3,6,8-tetrahydroxynaphthalene (THN), which after oxidative
transformation to flaviolin, is prenylated with a 10-carbon geranyl
moiety before final biosynthetic elaboration of the product3 (Fig. 1).
To understand the biosynthesis of this hybrid isoprenoid-polyketide-
derived natural product, the gene cluster responsible for naphterpin
production was identified based upon proximity to genes encoding
the MVA pathway (T. Kumano et al., unpublished data)
An upstream region of the gene cluster containing the MVA

pathway genes revealed three new open reading frames (ORFs)
designated orf1, orf2 and orf3 (Supplementary Table S1). PSI-
BLAST searches revealed strong homologies between Orf2 and
three other bacterial proteins: a hypothetical protein from Strepto-
myces coelicolor A3(2) (HypSc, GenBank accession number
AL939130) and the previously described 4-hydroxyphenylpyruvate:
dimethylallyl transferase proteins encoded by the genes cloQ (acces-
sion number AF329398) and novQ (accession number AF170880)
from Streptomyces roseochromogenes and Streptomyces spheroides
NCIMB 11891, respectively5 (Supplementary Fig. S1). A recently
identified aromatic PTase from Lyngbya majuscula (accession num-
ber AY588942) involved in lyngbyatoxin biosynthesis displays low
similarity with Orf26. The Streptomyces sp. CL190 mutant strain
resulting from disruption of the orf2 gene exhibited no naphterpin
production. Moreover, the high degree of homology between Orf2
and the functionally characterized PTases CloQ and NovQ5, and the
fact that Orf3 is a type III polyketide synthase with amino acid
similarity to THN synthase (Supplementary Table S1)7,8, strongly

Figure 1 | Biosynthesis of
naphterpin and other hybrid
isoprenoid-polyketide compounds
produced by Actinomycetes. The
synthesis of naphterpin involves the
prenylation of THN, flaviolin or a
derived metabolite using a GPP
co-substrate. The THN skeleton is
further modified, prenylated and
incorporated into hybrid
isoprenoid-polyketides such as
naphterpin, furaquinocin A,
napyradiomycin A and marinone.
Each isoprenoid C5 unit is shown in
red.
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suggest that orf2 encodes a PTase involved in geranyl group
transfer to THN or a THN metabolite resulting from additional
biosynthetic elaborations catalysed by Orf3 and possibly other
tailoring enzymes.
When expressed in Escherichia coli, Orf2 behaves as a soluble

33-kDa (307 residues) monomeric protein. To assess enzyme activity,
purified recombinant Orf2 was incubated with putative aromatic
acceptors in the presence of dimethylallyl diphosphate (DMAPP,
C5), geranyl diphosphate (GPP, C10) or farnesyl diphosphate
(FPP, C15). The resultant PTase activity of Orf2 displayed relaxed
substrate specificity for aromatic small molecules, as prenylated
products accumulate using THN analogues including 1,3-
dihydroxynaphthalene (1,3-DHN), 1,6-DHN and 2,7-DHN, as well
as flaviolin (Fig. 2a, b). Orf2 also catalyses the prenylation of the
CloQ substrate 4-hydroxyphenylpyruvate (4-HPP) (Fig. 2b). For the
isoprenoid diphosphate substrates, Orf2 exhibited no activity with
DMAPP, the highest relative activity with GPPand detectable activity
with FPP.
Although the true physiological substrate of Orf2 is still

under investigation, significant Mg2þ-dependent, in vitro activity is
observed with the dihydroxy-containing THN analogues (Fig. 2a, b).
Notably, the formation of two prenylated products, 1,6-DHN-P1 and
1,6-DHN-P2, was readily detected by thin-layer chromatography
(TLC) whenOrf2 was incubated with both 1,6-DHNandGPP. Large-
scale incubations with GPP and 1,6-DHN produced a sufficient
amount of both products—in a 10:1 ratio—to permit their structural
elucidation using both mass spectrometry (MS) and 1H nuclear
magnetic resonance (NMR) analyses (see Supplementary Data).
Each compound possessed a single geranyl chain at C2 and C5,

resulting in trans-2-geranyl 1,6-DHN and trans-5-geranyl 1,6-DHN,
respectively (Fig. 2a).
Orf2 was next assayed against various flavonoids, isoflavonoids

and related plant polyketides including resveratrol, olivetol and
olivetolic acid, for which significant activity was observed (Fig. 2b).
In the presence of naringenin (5,7,4 0-trihydroxyflavanone) and GPP,
two reaction products, 6-geranyl naringenin and 7-O-geranyl
naringenin, form (Fig. 2b). 6-geranyl naringenin, also known as
bonannione A9, is a prenylated flavanone displaying significant
antibacterial activity10. 7-O-geranyl naringenin is, to the best of our
knowledge, a novel prenylated flavonoid. Orf2 also geranylated
olivetol and olivetolic acid (Fig. 2b). These two plant polyketides
and their geranylated products serve as intermediates in the bio-
synthesis of the plant-derived polyketide-terpene natural product
D9-tetrahydrocannabinol (D9-THC)11.
To investigate the architectural principles underlying prenyl chain-

length determination, aromatic substrate selectivity and the mecha-
nism of prenyl group transfer, we determined four X-ray crystal
structures of Orf2 substrate/substrate analogue complexes, including
Orf2 bound to a TAPS buffer molecule, a binary Orf2 complex
containing GPP and Mg2þ, a ternary Orf2 complex containing a
non-hydrolysable GPP analogue, geranyl S-thiolodiphosphate
(GSPP),Mg2þ and 1,6-DHN, and a ternary Orf2 complex containing
GSPP, Mg2þ and flaviolin (Supplementary Table S2). The three-
dimensional structure of Orf2 consists of a single domain possessing
a novel barrel fold (Fig. 3). This new barrel, here termed a PT barrel,
is a cylindrical b-sheet comprising ten anti-parallel b-strands
arranged around a central solvent-filled core. In an arrangement
reminiscent of a TIM barrel, the cylindrical b-sheet is surrounded by

Figure 2 | Enzymatic assays of
Orf2. a, Mg2þ-dependent
prenylation of 1,6-DHN. In lane 1
(control), Orf2 was boiled before
addition. The reaction mixture
analysed in lane 2 contained no
MgCl2, whereas 5mM MgCl2 was
added in lane 3. b, Promiscuous
activity against chemically diverse
aromatic acceptors. Assays used the
substrates named and numbered on
the left side of the TLC. The
chemical structures of four reaction
products were determined by
MS/NMR analyses and are shown
to the right of the TLC.
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a ring of solvent-exposed a-helices; however, the connectivity of
Orf2’s secondary structure elements is not shared with TIM barrels
(Supplementary Fig. S2b).
The secondary connectivity nearly conforms to a (aabb)5 classi-

fication, but is more specifically described using the (aabb)4-(abb)-
a nomenclature due to a helical kink between a-helices 7 and 8.
Searches for structurally related proteins retrieved examples belong-
ing to either the TIM barrel or the b-barrel structural families
(Supplementary Fig. S2), both of which display barrel folds with
connectivity patterns that are distinctively different from the PT
barrel described here12–15 (see Supplementary Discussion). A number

of hydrophobic residues located inside the PT barrel sequester the
geranyl tail of GPP and GSPP, whereas the diphosphate or the thio-
diphosphate head groups, respectively, point towards the ‘upper’,
more polar end of the barrel where a Mg2þ ion is coordinated.
Whereas Orf2 and its structural homologue CloQ display con-

siderable aromatic PTase activities, the primary sequence and tertiary
structure of Orf2 are not shared with any known PTase or mecha-
nistically related biosynthetic enzymes16–22. Moreover, the sequence
does not contain the (N/D)DXXD signature motif indicative of
Mg2þ-dependent isoprenoid diphosphate recognition. Even within
the Orf2 family of PTases, some members such as CloQ exhibit

Figure 3 | Structures of Orf2’s PT
barrel. a, Stereo view of the Orf2
monomer viewed with the central
barrel axis oriented vertically in
the plane of the page. The
cylindrical solvent-filled b-sheet
and outer belt of a-helices are
differentially coloured. Bound
GSPP and 1,6-DHN reside within
the PT barrel and are represented
as colour-coded sticks. Mg2þ is
shown as a gold-coloured van der
Waal’s sphere. b, Orf2 substrate/
substrate analogue complexes.
Only the b-strands (minus
b-strands 1 and 10) plus the
C-terminal a-helix are displayed
in the same vertical orientation as
in a after a 308 anticlockwise
rotation around the barrel axis.
Hydrogen and coordination
bonds are shown as green
spheres.

Figure 4 | Mg21 dependence and substrate
recognition in aromatic PTases. a,
Representative 2Fo 2 Fc electron density map,
contoured at 1.0j, displaying the octahedral
coordination of the catalytic Mg2þ. The
orientation is the same as that in Figs 3b and 4b
after a 1808 rotation around the vertical barrel
axis. b, Schematic representation of Orf2’s
active site. The side chains involved in Mg2þ,
GSPP and 1,6-DHN binding are depicted with
direct hydrogen and coordination bonds shown
as green dashes and water-mediated bonds as
blue dashes. Half circles depict van der Waal’s
contacts with grey for residues in the back of
the GSPP–1,6-DHN plane, black in the same
plane and thick black in the front. c,
Biochemical characterization of HypSc. PTase
activity was assayed and visualized as in Fig. 2a
using 1,6-DHN as a prenyl acceptor and either
DMAPP or GPP as potential prenyl donors.
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activity in the absence of Mg2þ ions5, whereas Orf2’s PTase activity
is Mg2þ dependent (Fig. 2a). Complexes with Mg2þ and GPP, or a
non-hydrolysable analogue, GSPP, precisely define the binding of
GPP and the coordination of Mg2þ (Fig. 3b). Lys 119, Asn 173 and
Arg 228, located near the polar open end of the barrel, tether the
b-phosphate of GSPP (Fig. 4a). The a-phosphate linked to the
geranyl chain forms a hydrogen bond with Tyr 216 and Lys 284,
and also coordinates a Mg2þ ion. The bound Mg2þ exhibits octa-
hedral coordination, with four equatorially arranged watermolecules
and two axially located oxygen atoms contributed by the side chain
carboxylate of Asp 62 and a non-bridging oxygen of the aforemen-
tioned a-phosphate (Fig. 4a, b). Tyr 121 resides within hydrogen-
bonding distance of the bridging atom (sulphur in GSPP and oxygen
in GPP) linking the diphosphate moiety to the C10 geranyl chain.
Finally, the hydrophobic geranyl chains of the GPP or GSPP mol-
ecules rest against the side chains of Val 49, Phe 123, Met 162, Tyr 175
and Tyr 216 (Fig. 4b).
The ternary complexes with Mg2þ, GSPP and either 1,6-DHN or

flaviolin delineate the surprisingly spacious aromatic substrate bind-
ing pocket (Figs 3b and 4b), partially explaining Orf2’s relaxed
specificity for aromatic small-molecule substrates. 1,6-DHN rests
against the geranyl tail of GSPP, and the bicyclic aromatic rings are
sequestered between the side chains of Met 162 and Phe 213. The side
chains of Gln 295 and Leu 298, provided by the short carboxy-
terminal helical cap of the PT barrel, line the wall of the aromatic
substrate binding pocket, with additional contacts made through
the side chains of Phe 213, Ser 214 and Tyr 288 (Fig. 3b). Although
the aromatic planes of both 1,6-DHNand flaviolin reside in the same
active site orientation, the flaviolin molecule binds in a slightly
different position than 1,6-DHN, with extra pairs of hydrogen
bonds formed with Ser 214, Tyr 288 and Gln 295 (Fig. 3b).
At least two distinct catalytic mechanisms can be considered for

prenylation of aromatic substrates. One reaction invokes carbon-
mediated nucleophilic attack on C1 of GPP, with the diphosphate
moiety stabilized by Mg2þ coordination and the basic character of
the diphosphate binding site serving as a leaving group. This SN2-like
mechanism has been described for protein farnesyltransferase
(PFTase)17. A second mechanism invokes carbocation-mediated
electrophilic capture, as proposed for the trans-prenyltransferase
reaction of FPP synthase21 and numerous terpene synthases
(cyclases) of secondary metabolism22 (see Supplementary Discus-
sion). The distance between the site of C-prenylation on 1,6-DHN
and C1 of GSPP is 4 Å. Because C1 of GPP is spatially constrained by
covalent attachment to the electrostatically coordinated diphosphate
moiety, PTase-catalysed cleavage of the carbon–oxygen bond before
prenylation of the aromatic acceptor is more consistent with an
electrophilic aromatic substitution reaction in Orf2 (Supplementary
Fig. S3). Ongoing kinetic studies using 2-fluoro-substituted GPP
(2F-GPP) will provide an experimental means to ascertain the most
likely mechanism.
In order to decipher prenyl diphosphate chain-length selectivity,

aromatic substrate recognition and divalent cation dependence,
homology modelling of CloQ, NovQ and HypSc was carried out
using Orf2 as a structural template (Supplementary Fig. S4). Asp 62,
involved in the diphosphate binding site of Orf2 via a coordinated
Mg2þ, is replaced in HypSc by Asn 63 and in CloQ and NovQ by
Ser 64. As a possible explanation for the Mg2þ-independent PTase
activity of CloQ and NovQ, Ser 51 in Orf2 is replaced by Lys 54 in
CloQ and NovQ, and Arg 51 in HypSc. These basic residues can be
positioned over the Mg2þ observed in the Orf2 active site. These
notable active site differences in CloQ/NovQ and HypSc possibly
serve as catalytic surrogates for Mg2þ-mediated a-phosphate
binding and catalysis, supporting the Mg2þ-independent activity
previously observed for CloQ and NovQ (ref. 5), and suggestive
of a Mg2þ-independent mechanism in HypSc. Also, in both the
CloQ/NovQ and HypSc models, residues equivalent to Ser 64 and
Gly 286 in Orf2 are replaced by Arg and Glu residues, respectively

(Supplementary Fig. S4). The presence of putative salt bridges across
these two positions in the prenyl diphosphate binding sites of CloQ,
NovQ and HypSc appear to prevent the binding of a prenyl donor
with an isoprenoid chain longer than dimethylallyl, again supporting
the observed selectivity of CloQ and NovQ for the five-carbon
DMAPP substrate5.
These models not only explain the chain-length selectivity and

Mg2þ-independent catalytic activity measured for CloQ and NovQ
but suggest that HypSc should exhibit DMAPP specificity andMg2þ-
independent PTase activity as well. To test these hypotheses, HypSc
was overexpressed in E. coli as an octahistidine-tagged protein and
assayed either in the absence or presence ofMgCl2 using DMAPP and
GPP as prenyl donors and 1,6-DHN as an aromatic acceptor.
Measurable PTase activity was detected when using DMAPP and
1,6-DHN as substrates in the absence or presence of Mg2þ, support-
ing the chain-length selectivity and Mg2þ-independent catalytic
activity of HypSc first suggested from its homology model described
above (Fig. 4c).
The present work describes the identification of two novel aro-

matic prenyltransferases: Orf2 from Streptomyces sp. CL190 and
HypSc from Streptomyces coelicolor A3(2), each possessing PTase
activity against aromatic small molecule substrates. Owing to Orf2’s
relaxed specificity for aromatic substrates, it can be used as an
efficient biological catalyst for the regio-specific prenylation of
aromatic small molecules. Moreover, the experimental crystal struc-
tures of Orf2 and the homology models of phylogenetically related
PTases serve as starting points for rationally engineering the in vitro
and in vivo prenylation of natural products of both microbial and
plant origin.

METHODS
Protein expression and purification. The orf2 gene from Streptomyces sp. strain
CL190 (GenBank accession AB187169) was amplified by polymerase chain
reaction (PCR) from total genomic DNA using oligonucleotides designed for
ligation into the E. coli expression vector pQE30 (Qiagen), generating
pQEORF2. PCR amplification using pQEORF2 and oligonucleotides for ligation
into the E. coli expression vector pHIS8 (ref. 23) was carried out with the forward
primer 5 0 -GGGGGGGGATCCTCCGAAGCCGCTGATGTCG-3 0 (BamHI site
underlined) and the reverse primer 5 0 -GGGGGGGAATTCTCAGTCCTCCAGC
GAGTCG-3 0 (EcoRI site underlined) to generate pHIS8ORF2. Constructs of
pHIS8ORF2 were transformed into E. coli BL21 (DE3). Recombinant Orf2
protein was obtained and purified using a protocol previously described23.
Seleno-methionine (Se-Met)-substituted protein was obtained from E. coli
grown in M9 minimal medium using the methionine pathway inhibition
approach24, and purified as described for the native protein. HypSc (GenBank
accession number AB187170) was subcloned from Streptomyces coelicolor A3(2)
genomic DNA using the forward primer 5 0 -GGGGGGCCATGGCCCTACTGG
TAGAACGACGG-3

0
(NcoI site underlined) and the reverse primer 5

0
-

GGGGGGGGATCCTCAGCGGTTCCAGTAGCCG-3
0
(BamHI site underlined),

inserted into the NcoI and BamHI sites of pHIS8, overexpressed in E. coli as an
octahistidine-tagged protein and purified by Ni2þ-chelation chromatography
and gel filtration chromatography, as described23.
Crystallization and data collection. Crystals were obtained by vapour diffusion
at 4 8C. Two-microlitre hanging drops containing a 1:1 mixture of 15mgml21

protein with crystallization buffer (28% (w/v) PEG 4000, 0.3M magnesium
nitrate, 2mM DL-dithiothreitol (DTT), 0.1M TAPS, pH 8.5) equilibrated over a
500ml reservoir of the same solution produced small diffracting crystals over-
night. Larger crystals were obtained by macro-seeding into the same conditions.
Crystals were stabilized by soaking briefly in a cryoprotectant solution (30%
(w/v) PEG 4000, 15% (v/v) glycerol, 0.3Mmagnesiumnitrate, 2mMDTT, 0.1M
TAPS, pH 8.5), and flash frozen in liquid nitrogen before data collection. Orf2
crystals belong to the P21212 space group with average unit cell dimensions of
a ¼ 71 Å, b ¼ 92 Å, c ¼ 48 Å, a ¼ b ¼ g ¼ 908, contain one monomer per
asymmetric unit and have a solvent content of 45%. Se-Met-substituted
crystals were obtained as described for native crystals. Substrate and substrate
analogue complexes were obtained by soaking Orf2 crystals in stabilization
solutions containing 5mM GPP, or 10mM GSPP and 40mM 1,6-DHN, or
10mM GSPP and 10mM flaviolin (GPP and GSPP were purchased from
Echelon Biosciences).
Structure determination and refinement. A multi-wavelength anomalous
dispersion (MAD) data set was collected at the selenium edge on a Se-Met
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Orf2 crystal at the Brookhaven National Laboratory (BNL) on beamline X8C.
Data were processed with HKL2000 (ref. 25) and reduced to a unique set of
indexed intensities to a resolution of 1.6 Å. Single-wavelength data sets were
collected at the Salk Institute for Biological Studies, BNL (beamline X6A), the
European Synchrotron Radiation Facility (ESRF, beamline FIP/BM30A) and
the Stanford Synchrotron Radiation Laboratory (SSRL, beamline 9.1) on
substrate and substrate analogue complexes (Supplementary Table S2).
Phasing, density modification and automatic model building were carried out
with the program suite Solve/Resolve26 using seven identified Se sites. Additional
rounds of building and refinement were carried out with O27 and CNS28,
respectively. Subsequent complexes were solved by molecular replacement
with AMoRe29.
Prenylation assays and product identification. The reaction conditions for
prenylation of 1,6-DHNusing either Orf2 or HypSc consisted of 50mMHEPES
(pH7.5), either no MgCl2 (minus) or 5mMMgCl2 (plus), 5mM 1,6-DHN, and
5mM DMAPP, GPP or FPP in a final volume of 20 ml. Reactions were initiated
with 20mg of Orf2 or 20 mg HypSc. After incubation at 25 8C for 4 h (Orf2) or
overnight (HypSc), reactions were dried and spotted on a silica gel TLC plate.
TLC plates were developed with a chloroform/methanol (20:1) solvent mixture.
1,6-DHNand reaction products were detected at 254 nm. The chemical analyses
of the two HPLC-purified products obtained from Orf2 incubations were
accomplished by MS and 1H NMR (Supplementary Data). Reactions measuring
the activity of Orf2 against various synthetic and natural aromaticmolecules (see
Fig. 2b) consisted of 50mM HEPES (pH7.5), 5mM MgCl2, 0.1mM GPP,
0.009mM [14C]GPP, 0.1mM each aromatic substrate, 30 mg of Orf2 in a final
volume of 20ml. After incubation at 25 8C for 6 h, the mixtures were dried,
spotted on a silica gel TLC plate and developed with a chloroform/methanol
(15:1) solvent mixture. Products were detected using a [14C] imaging plate (Fuji
Photo Film).
Database searches. Searches were performedwith PSI-BLASTand VAST (http://
www.ncbi.nlm.nih.gov), SSM and DALI (http://www.ebi.ac.uk/msd-srv/ssm),
CE (http://cl.sdsc.edu/ce.html) and DEJAVU (http://portray.bmc.uu.se/), avail-
able through the Protein Data Bank (http://www.rcsb.org/pdb/), the Structural
Classification of Proteins (SCOP; http://scop.mrc-lmb.cam.ac.uk/scop), and the
CATH Protein structure classification (http://www.biochem.ucl.ac.uk/bsm/
cath) websites.
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