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Introduction. Stilbene synthase [STS; Enzyme Commis-
sion (EC) 2.3.1.95] and chalcone synthase (CHS; EC
2.3.1.74) are members of the type III polyketide synthases
(PKSs) and plant-specific enzymes.1 CHS is widely found
in higher plants and plays a key role in the flavonoid
biosynthesis by supplying chalcone to downstream en-
zymes. In contrast, a limited number of plants have STS
essential for the synthesis of resveratrol utilized in the
stilbenoid biosynthesis.2 The members of CHS superfam-
ily, including STS, produce linear polyketide intermedi-
ates by a common catalytic mechanism where coenzyme A
(CoA)-linked starter molecules are iteratively condensed
by acetyl units from malonyl-CoA.3 STS and CHS share
around 70% sequence identity without significant dele-
tions and insertions; therefore, the enzymatic mechanism
of STS has been considered to be very close to that of CHS.
STS and CHS catalyze condensation reactions of p-
coumaroyl-CoA and 3 acetyl units from malonyl-CoA, and
produce a common linear tetraketide intermediate. In the
following cyclization reaction, however, STS and CHS
catalyze aldol and Claisen condensation of the tetraketide,
resulting in 2 different final products, resveratrol and
chalcone, respectively. The crystal structure and molecu-
lar mechanism of CHS from Medicago sativa (alfalfa) have
recently been reported,4 but the primary determinant of
the cyclization reactions catalyzed by STS and CHS was
not clear. More recently, the crystal structure of STS from
Pinus silvestris (pine) was reported and provided a frame-
work for understanding the specificity in the cyclization
reaction.5 This report describes the crystal structures of
STS from Arachis hypogaea (peanut) in the absence and
presence of its final product resveratrol at 2.4 Å and 2.9 Å,
respectively. Detailed structural comparisons of STS from
A. hypogaea (peanut STS) with STS from P. silvestris (pine
STS) and CHS (alfalfa CHS) evidently revealed common
differences between STS and CHS in the local conforma-
tion around the active site pocket.

Materials and Methods. STS from A. hypogaea was
expressed in Escherichia coli BL21 (DE3) pLysS as a Trx

(thioredoxin)–Histag (6 � histidine) fusion protein.6 Follow-
ing Ni2� affinity purification, the Trx-Histag region was
cleaved by enterokinase (Invitrogen; Carlsbad, CA). Fur-
ther purification was performed with a phenyl Sepharose
hydrophobic interaction column and Superdex 200 gel
filtration column (Amersham Biosciences, Buckingham-
shire, UK). The protein solution was concentrated to 30
mg/mL using a Centriprep YM-10 concentrator (Millipore;
Billerica, MA). The apo form of STS (STS-apo) was crystal-
lized at 293 K by the sitting drop vapor diffusion method
mixing 3 �L of protein solution [30 mg/mL protein, 50 mM
potassium phosphate, pH 7.2, 50 mM potassium chloride,
and 1 mM dithiothreitol (DTT)] with 3 �L of the precipi-
tant solution [100 mM sodium citrate pH 4.6, 150 mM
ammonium sulfate, 16% (w/v) polyethylene glycol 6000,
and 10% (v/v) glycerol]. Crystals of STS in the complex
with resveratrol (STS-resveratrol) were obtained by using
a protein solution containing 5 mM resveratrol and the
same precipitant solution as used for STS-apo crystals. For
cryoprotection, the crystals were stepwise transferred into
a precipitant solution including 25% (v/v) glycerol and
subsequently flash-cooled in a cold nitrogen-gas stream.
Diffraction data were collected at SPring-8 beamline
BL44B2 and processed using HKL suite.7 Both the apo-
and resveratrol-bound STS crystals belong to space group
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P3121 and contain a monomer per asymmetric unit (see
Table I). The structures were determined by molecular
replacement with MolRep8 using the polyalanine model of
alfalfa CHS as a search model. Further model correction
and structure refinement were iteratively carried out
using O9 and Crystallography & NMR system (CNS).10

The final model of STS-apo contains 2982 protein atoms
(residues 2–389), 2 citric acid molecules, and 180 solvent
atoms. The same region of the polypeptides, a resveratrol
molecule and 87 solvent atoms, were included in the model
of STS-resveratrol. The final R of STS-apo and STS-
resveratrol are 20.6% (Rfree 24.3%) and 19.2% (Rfree 25.2%),
respectively. Root-mean-square deviations (RMSDs) for
C� positions were calculated with LSQMAN11 for each
subunit in asymmetric units. The coordinates and struc-
ture factors have been submitted to the Protein Data Bank
(PDB accession codes, 1Z1E and 1Z1F).

Results and Discussion. STS is a homodimeric protein
composed of 43 kDa subunits that are related by a
crystallographic dyad in the crystal structures [Fig. 1(A)].
Bound resveratrol molecules in the STS-resveratrol struc-
ture are clearly observed for the first time [Fig. 1(B)]. No
remarkable conformational changes occurred around the
active site pocket upon the binding of resveratrol, with the
exception that the side-chain of Phe265, which is disor-
dered in the STS-apo structure, is clearly visible in the

STS-resveratrol structure [Fig. 1(B)], as seen in other
structures of related enzymes.1 The overall structure of
peanut STS is highly homologous to that of alfalfa CHS, as
revealed by the RMSDs of 0.53 Å and 0.62 Å (calculated for
2 subunits in the asymmetric unit of the alfalfa CHS
structure) for the 386 C� positions. Unexpectedly, RMSDs
from 0.62 Å to 0.70 Å (calculated for 6 subunits in the
asymmetric unit of the pine STS structure) between the
structures of peanut STS and pine STS for the 386 C�

positions were comparable with the values between the
structures of peanut STS and alfalfa CHS, indicating a
relatively high diversity in the tertiary structures of STS
from different species. The plot of RMSD as a function of
sequential residue number (data not shown) indicates that
3 areas, 133–136 (a1), 248–256 (a2), and 265–269 (a3), are
particularly divergent between the structures of peanut
STS and alfalfa CHS [Fig. 1(A)]. Considering the effect by
crystal packing, however, a2 and a3 are close to a neighbor-
ing molecule in the crystals, and it is still not clear whether
the divergences observed at a2 and a3 result from the
crystal-packing contact or intrinsic conformational differ-
ences. Of the 3 areas, a1 and a2 show high RMSDs
between the structures of peanut STS and pine STS as
well. For the area a1, Austin et al.5 recently suggested that
Thr132 in the area plays a critical role as a functionally
relevant residue for the cyclization reaction of the tetra-
ketide intermediate by furnishing STS with a thioesterase-
like activity. While Thr132 is a highly conserved residue
among the members of CHS superfamily [Fig. 1(C)], the
positional difference significantly affects the hydrogen-
bond network around the catalytic cysteine, which deter-
mines the manner for the cyclization reaction according to
their model. The position of Thr132 is highly homologous
between 2 STS structures, and in analogy to pine STS, the
hydroxyl group in the side-chain of peanut STS seems to
contribute to the hydrogen-bond network between Glu192
and Ser338 through a water molecule, which is not ob-
served in the structure of alfalfa CHS [Fig. 1(D)]. Besides,
the downstream region (residues 133–135) is considerably
divergent, as indicated by the maximum RMSD of 2.5 Å in
spite of the high similarity between peanut STS and CHSs
in the amino acid sequence [Fig. 1(C)]. Therefore, the
difference between STS and CHS in the conformation
around a1 is likely to be caused by another region, rather
than to exist per se. A more extended comparison between
the structures of peanut STS and alfalfa CHS revealed
that the side-chain of Met98 directly affects the structural
displacement in the area (a1) by its steric hindrance [Fig.
1(D)]. However, it is still not clear if the only substitution
of this residue is enough for functional conversion between
STS and CHS, or if additional substitutions are required,
because the conformation of the main-chain around the
residue also seems to be critical, in addition to the bulki-
ness of the side-chain. We have also found that the single
substitution of Gly255 with bulkier residues remote to this
region of peanut STS results in a functional conversion of
STS to CHS (to be published). Therefore, there seems to be
more factors that determine the manner for the cyclization
reaction. Further biochemical studies with mutagenesis

TABLE I. Statistics of Diffraction Data and Structural
Refinement

Data set STS-apo STS-resveratrol

Diffraction data
Space group P3121 P3121
Cell parameters (Å) a,c 100.8, 74.0 100.7, 74.1
Resolution (Å) 57–2.4 57–2.9
Measured intensities 324,636 160,433
Unique reflections 17,189 9,941
Completeness (%)a 99.3 (95.1) 92.9 (84.7)
Multiplicitya 8.2 (4.8) 7.2 (4.7)
Mean I/� (I)a,b 14.7 (2.1) 9.6 (3.4)
Rsym (%)a,c 7.1 (24.6) 11.5 (18.7)

Refinement
Resolution range (Å) 40–2.4 40–2.9
Rwork (%)d 20.6 19.2
Rfree (%)d,e 24.3 25.2
Protein atoms 2982 2988
Solvent atoms 180 87
Ligand atoms 26 30

Deviations from ideality
RMSD for bond lengths (Å) 0.007 0.007
rmsd for Bond angles (degrees) 1.3 1.3
B-factors RMSD for bonded main-

chain atoms (Å2)
2.0 1.1

B-factors RMSD for bonded side-
chain atoms (Å2)

3.0 1.7

Most favored �–� angles (%
residues)

90.5 88.4

Disallowed �–� angles (%
residues)

0 0

aValues in parentheses are for highest resolution shells.
bSignal-to-noise ratio of intensities.
cRsym � 	(�I 
 �I��)/	I.
dR � 	(�Fo 
 Fc�)/	Fo.
eFive percent of reflections were randomly chosen for calculation of
free R value.
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Fig. 1. (A) Ribbon diagram of the homodimeric structure of peanut STS-resveratrol with each monomer colored separately. Bound resveratrols are
depicted in ball-and-stick models. Structurally divergent areas, a1, a2, and a3, are highlighted in green in the right monomer, and the N- and C-termini are
labeled. Figures are produced with DINO12 and POV-Ray.13 (B) Enlarged view of the active site pockets in STS-apo and STS-resveratrol in the indicated
colors. An Fo 
 Fc difference Fourier electron density map calculated with data from a resveratrol-derivative crystal is indicated in brown (contoured at
1.5 �), and the refined model of resveratrol is depicted in magenta. Catalytic-triad residues4 (Cys164, His303, and Asn336) are indicated in red
characters. (C) Sequence alignments around Met98 and Thr132 for peanut STS1 (GeneBank accession code: AB027606), pine STS1 (Swiss-Prot
accession code: P48407), alfalfa CHS2 (Swiss-Prot accession code: P30074), and pine CHS1 (Swiss-Prot accession code: O65872). Unvaried residues
are colored in red. The residues belonging to a1 is enclosed with a blue frame. (D) Comparison among the structures of peanut STS, pine STS (PDB
code: 1U0U, chain A), and alfalfa CHS (1BL5, chain A) around the area a1. Each model is indicated in a different color, and water molecules found in the
peanut STS structure are depicted with red balls. An Fo 
 Fc difference Fourier electron density map calculated with data from a peanut STS-apo crystal,
and the model without waters and corresponding residues is indicated in orange (contoured at 1.8 �). The hydrogen-bond network found in the peanut
STS structure is indicated with dotted lines of magenta and the bond lengths are shown in Angstrom units.
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and structural studies on related enzymes will elucidate
the mechanism of each enzyme in greater detail.
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