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The full-length cDNA sequence (P93622_VITVI) of polyphenol oxidase (PPO) cDNA from grape

Vitis vinifera L., cv Grenache, was found to encode a translated protein of 607 amino acids with an

expected molecular weight of ca. 67 kDa and a predicted pI of 6.83. The translated amino acid

sequence was 99%, identical to that of a white grape berry PPO (1) (5 out of 607 amino acid

potential sequence differences). The protein was purified from Grenache grape berries by using

traditional methods, and it was crystallized with ammonium acetate by the hanging-drop vapor

diffusion method. The crystals were orthorhombic, space group C2221. The structure was obtained

at 2.2 Å resolution using synchrotron radiation using the 39 kDa isozyme of sweet potato PPO (PDB

code: 1BT1) as a phase donor. The basic symmetry of the cell parameters (a, b, and c and R, β,
and γ) as well as in the number of asymmetric units in the unit cell of the crystals of PPO, differed

between the two proteins. The structures of the two enzymes are quite similar in overall fold, the

location of the helix bundles at the core, and the active site in which three histidines bind each of the

two catalytic copper ions, and one of the histidines is engaged in a thioether linkage with a cysteine

residue. The possibility that the formation of the Cys-His thioether linkage constitutes the activation

step is proposed. No evidence of phosphorylation or glycoslyation was found in the electron density

map. The mass of the crystallized protein appears to be only 38.4 kDa, and the processing that

occurs in the grape berry that leads to this smaller size is discussed.
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Polyphenol oxidase (PPO; 1,2-benzenediol:oxygen oxido-
reductase; EC 1.10.3.1) is a copper-containing enzyme that acts
on a variety of substituted catechols. Polyphenol oxidases cata-
lyze the oxidation of catechol and related phenolic compounds
(reaction 1, Scheme 1, referred to as catechol oxidase or catecho-
lase activity), butmany also exhibitmonophenolmonooxygenase
(EC 1.14.18.1) activity (reaction 2, Scheme 1, also referred to as
cresolase or tyrosinase activity), catalyzing the oxidation of L-tyrosine
to 3,4-dihydroxy-L-phenylalanine (L-DOPA). Cresolase activity is
generally considered to be a property of fungal and mammalian
enzymes, although it has also been observed in other organisms.

PPO is found in both prokaryotes and eukaryotes, and it is
involved in the formation of pigments of polyphenolic origin such
asmelanins in animals, tannins in plants, and cuticles in arthropods
(for a review, see ref2). Several plant PPO genes and cDNAs have

been reported, including seven genes in tomato (3), several cDNAs
from potato (4, 5), and three cDNAs from fava bean (6). The
existence of multiple genes and the localization of PPO in different
plant compartments, together with its contribution to such diverse
processes as wound response and ripening, have suggested the
existence of multiple isozymes. In grape, only one PPO-encoding
gene is indicated, based on Southern analysis (1). Most sequenced
PPOs are encodedby ca. 2 kb transcripts andare single polypeptide
enzymes, although mushroom PPO has four polypeptide sub-
units (7). Predictedmolecular weights formaturemonomeric plant
PPOs range from 57 to 62 kDa (3, 4). A 2 kb transcript is clearly
capable of encoding a protein of more than 70 kDa, which is much
larger than the PPOs that have been characterized; the initial gene
product undergoes substantial processing (reviewed in ref 8). The
tomato leaf PPO gene encodes a 67 kDa protein containing an
N-terminal signal peptide that targets the nuclear-encoded product
to the thylakoid lumen. This precursor protein is hydrolytically*Correspondence should be addressed to gmsmith@ucdavis.edu.



1190 J. Agric. Food Chem., Vol. 58, No. 2, 2010 Virador et al.

processed to a 62 kDa intermediate, which appears in the stroma,
and is converted to themature 59 kDa form following transport to
the thylakoid lumen (9). Although this form is termed “mature”, it
is apparently not yet active.

The function of PPO has the characteristics of a wound or
protective response in that it is activated by a disruption of tissue
(10, 11), as reviewed by Meyer (12) and, in at least some systems,
becomes inactive after a limited number of catalytic cycles (13), thus
restricting the location and amount of product to the region near the
wound. Activation is thought to involve proteolytic processing that
may cause release from the thylakoid membrane. Although proteo-
lytic processingappears tobe required for activity (14),manymature
PPOs appear to remain in a latent form (reviewed in ref 8).

Models for the reactionmechanism of PPOhave been based on
the Neurospora enzyme, which has an active site containing a
binuclear copper center, with each copper ion ligated by three His
residues (15-17). The crystal structure of the 39 kDa isozyme of
sweet potato PPO shows a hydrophobic pocket close to the
surface, which encloses the catalytic copper center located in a
four-helix-bundle. H109, ligated to the CuA ion, is covalently
linked to C92 by an unusual thioether bond (18), which had also
been reported inN. crasssa PPO (19). There is a striking similarity
between the active site of N. crassa PPO and that of the oxygen
carrier hemocyanin from spiny lobster (Panulirus interruptus) (20).
But despite the structural similarities, hemocyanin, tyrosinase, and
catechol oxidase exhibit different reactivities.

In this work, the primary structure of grape PPO was deduced
from cloned cDNA derived from the leaf RNA of a white variety
of Grenache grapes (Vitis vinifera L. cv. Grenache). PPO was
purified to homogeneity from Grenache berries. The protein
produced 200 μm crystals, and the crystal structure of Grenache
PPO was obtained at 2.2 Å resolution using synchrotron radia-
tion by fitting the electron density to our cDNA sequence. We
compare this structure to similar structures that are available and
to the deduced amino acid sequence.

MATERIALS AND METHODS

Isolation of RNA and DNA. Young, actively growing leaf tissues of
V. vinifera L. cv. Grenache were picked early in the morning. RNA was
extracted by the method of Franke et al. (21), which is suitable for tissues
that contain a high amount of polysaccharides and phenolic compounds.
DNA was isolated by a modification of the method of Bowers et al. (22).
Fresh leaf tissue (about 100mg per tube) was ground in liquidnitrogen and
added to 2 mL centrifuge tubes containing 1600 μL of extraction buffer
composed of 0.1 M Tris HCl, pH 8.0, 1.4 M NaCl, 20 mM EDTA, 2%
(w/v) CTAB, and 4 μL of 2-mercaptoethanol. Tubes were held at 60 �C for
15 min and then centrifuged for 2 min. DNA was precipitated from the
supernatant with isopropanol/isoamyl alcohol (24:1; v/v). Pellets were
washed in 70% (v/v) ethanol, dried under vacuum, resuspended in 300 μL
ofTE (10mMTris-HCl, 1mMEDTA, pH7.4), and heated to 60 �C for 1 h

to dissolve. To precipitate theDNA, 200 μL of 5MNaCl was added along
with 1mLof cold ethanol, and the samplewas centrifuged at 4 �C for 5min
with a final wash in 70% (v/v) ethanol for 5 min. Pellets were dried under
vacuum and resuspended in 100 μLof 0.1�TE (10mMTris-HCl, 0.1 mM
EDTA, pH 8.0).

Rapid Amplification of cDNA Ends (RACE-PCR). Specific pri-
mers (Table 1) were designed on the basis of a pileup of sequences from
different PPOs (2). Total RNA (33 μg in 12.5 μL of H2O) was heated for 3
min at 65 �C to denature the secondary structure. RACE-PCR was
performed according to Frohman et al. (23). To obtain the 30 end of
Grenache leaf cDNA, the primers sp2 (Table 1) cp1 and cpt1were utilized.
PCR reactions were optimized according to Innis and Gelfand (24) with
annealing steps 5 �C below the Tm of the particular pair of primers,
resulting in clone pVM1. To obtain the 50 end of Grenache leaf cDNA,
40 μg of total RNA was heated for 3 min at 65 �C to denature the
secondary structure. Following the reverse transcriptase reaction, cDNAs
were purified from unbound primers and unincorporated nucleotides by
centrifugation at 4 �C in a Centricon 100 (Millipore, Billerica, MA) at
1000g for 20 min. For terminal tailing in a total volume of 20 μL, 15 μL of
the purified cDNA pool was treated for 10 min at 37 �C, in 0.5� PCR
buffer (50 mM KCl, 10 mM Tris-HCl, pH 9.0, 1% (v/v) Triton X-100),
containing 0.1 mM dithiothreitol, 0.1 μg/μL BSA, 0.2 mM dCTP, and
20 units of terminal transferase (Promega,Madison,WI). Terminal trans-
ferasewas heat inactivated at 70 �Cafter addition of 10μLof 0.1MEDTA
and 70 μLof TE. For the second strand synthesis, 0.5-1 μL aliquots of the
tailed RT products were added to a reaction containing, in a 25 mL total
volume, 1� PCR buffer (50 mMKCl, 10 mMTris-HCl, pH 9.0, 1% (v/v)
Triton X-100), 0.1 mM each dNTP, 0.2 μM cp2g, 2 μM sp3, 2.5 mM
MgCl2, and 0.2 units of Taq polymerase (Promega, Madison, WI). After
four PCR cycles with an annealing temperature of 45 �C for 30 s, the
temperature was raised to 94 �C for 1 min. A 9:1 mix of primers cp2 and
cp2g (4 μL of 10 μM stocks) was added along with 0.1 units of Taq
polymerase, and PCR was continued for an additional 35 cycles with an
annealing step of 57 �C. For nested amplification of fragments, 0.2-1 μL
aliquots of these PCR products were amplified with primers sp3 and sp4 at
5 �Cbelow the lowestTm (25), to yield clone pVM2, orwith nested primers
sp5 and sp6 to yield clone pVM72.

Cloning, Sequencing, and Analysis of PPO PCR Products. The
PCR products were separated using 1% submarine agarose electrophoresis
preparative gels. DNA bands were eluted from the gel using a Gene Clean
kit (MP Biomedicals, Solon, OH), ligated to pCRII (Invitrogen, Carlsbad,
CA), and sequenced. The complete sequence reported here (GenBank
accession number U83274), designated P93622_VITVI, was obtained by
assembly and translation of the above-mentioned three overlapping cDNA
fragments. BLASTp (26) was used to generate alignments.

AnalyticalMethods. Protein concentration was determined using the
Bradford assay (27) or by following absorbance at 220 nm. PPO activity
was determined by amodification of the colorimetric method described by
Joslyn and Ponting (28) using 5 mM catechol as substrate and measuring
the initial change in absorbance at 420 nm (pH 6.5, 25 �C). SDS-PAGE
was carried out on slab gels containing 13% total acrylamide (electro-
phoresis supplies were from BioRad, Hercules, CA). The catecholase
activity of PPO on slab gels after SDS-PAGEwas determined using 4-tert-
butylcatechol (Fluka, Buchs, Switzerland) as substrate. The substrate was
readily oxidized to the corresponding yellow o-quinone, which in turn
quickly reacted with the coupling agent, 4-amino-N,N-diethylaniline
sulfate (Fluka, Buchs, Switzerland), to produce a deep blue adduct (29).
The absence of tyrosinase (monophenolase) activity was confirmed by the
method of Duckworth and Coleman (30), using tyrosine as substrate.

Scheme 1 Table 1. Primers Used

cp1 50GGCTCGAGAGATCTGGATCCTTT3
0

cpt1 50CTCGAGAGATCTGGATCCTTTTTTTTTTTTTTTTTTTT3
0

cp2 50GGCCACGCGTCGACTAGTAC3
0

cp2g 50GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG30

sp2 50C1133AATGTCGATCGGATGTGGA1152
30

sp3 50TCCACATCCGATCGACATTG30

sp4 50
521ATAAAAAGGCCATTGAGCTGC542

30

sp5 50GCAGCTCAATGGCCTTTTTAT3
0

sp6 50CTCAATGGCCTTTTTATACT3
0

sp7 50AGCTATGGCTTCTTTGCCTTG30
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Myosin (200,000 Da), β-galactosidase (116,250 Da), phosphorylase b
(97,400 Da), bovine serum albumin (66,200 Da), ovalbumin (45,000 Da),
carbonic anhydrase (31,000 Da), trypsin inhibitor (21,500 Da), lysozyme
(14,400 Da), and aprotinin (6,500 Da) were used as molecular weight
standards (all from Bio-Rad, Hercules, CA).

Purification of Grenache Polyphenol Oxidase. Mature Grenache
grapes (200 g) were picked from the vineyard at the University of
California, Davis, CA, and frozen. All procedures were carried out at
4 �C. Grapes were blended for 5 min with 2 volumes (w/v) of buffer
(100 mM sodium phosphate, 0.03 M ascorbic acid, 10% (w/v) PVPP,
pH 6.5). The pulp was separated by centrifugation (24000g for 30 min),
and the supernatant, which contained little activity, was discarded. The
precipitate was mixed with an equal volume of buffer (100 mM sodium
phosphate, 0.1% (v/v) Triton X-100, 2.5% (w/v) PVPP at pH 6.5) and
stirred for 30min. After centrifugation (24000g for 30min), the precipitate
was discarded and the supernatant was concentrated by ultrafiltration
using anYM10membrane in anAmiconmicroconcentrator. The solution
was brought to 40% saturation with ammonium sulfate, allowed to stand
for 30 min, and centrifuged (39200g for 60 min). The supernatant was
further saturated to 95% with ammonium sulfate, let stand for 30 min at
4 �C, and centrifuged (39200g for 60 min). The pellet (∼50% of the total
activity) was frozen until use. The precipitates from several extractions
were dissolved in buffer (5 mM sodium phosphate, pH 8.0) and dialyzed
against the same buffer at 4 �C. The sample was chromatographed on a
Sephadex G-75 column. The fractions containing activity were pooled
and subjected to anion exchange chromatography using an Econo-Pac Q
cartridge (Bio-Rad). The protein eluting at∼0.1MNaCl was applied to a
Superose-R 12 column (Pharmacia HR10/30) equilibrated with 10 mM
Tris-HCl, pH 7.5, and chromatographed in the same buffer, yielding one
major peak with three shoulders, all of which contained activity. These
fractions were analyzed by SDS PAGE and stained for protein (31) and
activity by treatment with 25 mM 4-tert-butylcatechol and 25 mM
4-amino-N,N-diethylaniline sulfate. One peak showed a single protein
and a single activity band and was selected for crystallization.

Crystallization of PPO. The enzyme was crystallized by using the
hanging-drop vapor diffusion method in NEXTAL plates (Code NCP-
24-100). Crystallization was achieved with Crystal Screen I (Hampton
Research). The Hampton Research kit condition No. 9 produced useable
crystals. Aliquots of 2.5 μL of freshly purified protein solution at a
concentration of 10 mg/mL in 100 mM citrate buffer, pH 5.6, were mixed
with the reservoir (2.5 μL) solution that had 30% (w/v) PEG-4000 in
100 mM buffer citrate pH 5.6 and 200 mM ammonium acetate. Crystal-
lization boxes were incubated at 18 �C for 10 days. Between 1 week and
10 days, several crystals were obtained, reaching maximum dimensions of
0.20 � 0.1 � 0.1 mm3.

X-ray Diffraction and High-Resolution 3D Structure of Poly-

phenol Oxidase. X-ray data were collected at 2.2 Å resolution using

synchrotron radiation in beamline X29 at the Brookhaven National
Laboratory, Upton, NY. A full data set of 360 oscillation images half a
degree each (360/0.5�) was collected at-165 �C with an ADSC Quantum
Detector 315 with a crystal-detector distance of 300 mm. All data were
integrated using CrystalClear and then reduced with SCALE and TRUN-
CATE of the CCP4 program (32).

Structure Determination and Refinement. The structure of native
PPO was solved by the molecular replacement method (MOLREP) and

refined by using suites CCP4 and CNS 1.1v. The phase donor molecule

used for the replacement was the 39 kDa isozyme of sweet potato PPO

(PDB code 1BT1), having a secondary structure identity of 56.8%.
Electron density maps were created and adjusted by the Crystallographic

Object-OrientedToolkit (COOT) using the deduced primary structure.All

data related to the structure were deposited in the PDB (code 2P3X).

RESULTS AND DISCUSSION

Cloning of Grenache Leaf Polyphenol Oxidase. Grenache PPO
cDNA was cloned by the method of Frohman et al. (23). Rapid
amplification of cDNA end (RACE) primers (Table 1) was based
on two conserved regions of the amino acid sequences of several
PPOs (2). Reverse transcriptase reactions employed RNA ex-
tracted from leaves and from immature grape berries; however,
the first ca. 900 bp fragment that could be obtained by PCR
originated from RNA from leaves, and all subsequent cloning
attempts employed RT products from leaves. Primer pairs sp2
and cp1/cpt1 gave a 30 end clone (clone pVM1). Clone pVM2was
derived by reamplification of 50 endRACEproductswith primers
sp3 and sp4, whereas clone pVM72 was derived from ream-
plification of 50 end RACE products with primers sp7 and sp5/
sp6. Three overlapping fragments were sequenced. Assembly of
all three sequences produced the final sequence, P93622_VITVI
(GenBank accession number U83274).

DNA Sequence Analysis of Grenache Leaf PPO. The complete
GrenachePPOcDNA is 1978 bp long; it has a singleORFof 1824
bp and encodes a 607 amino acid product with amolecular weight
of 67 kDa (Supporting Information Table 1). However, signifi-
cant posttranslational processing is thought to occur to yield the
mature, active protein, as discussed below.

Figure 1 shows the deduced amino acid sequence of Grenache
leaf PPO, together with predicted sites of posttranslational
modification. Possible phosphorylation sites are abundant, which
is consistent with some reports on phosphorylation of PPOs; for
example, Sokolenko et al. (33) suggested that a transmembrane

Figure 1. Deduced amino acid sequence of PPO fromGrenache leaves, P93622_VITVI. Copper-binding regions, determined from homology to hemocyanins
(Prosite http://www.expasy.ch), are in bold, ligand His residues are marked with an asterisk, His residues conserved across all higher plants are boldface and
underlined, residues differing from those of the published ppo_vitvi sequence are underlined, and the first and last residues appearing in the X-ray structure are
marked with down and up arrows, respectively. Predicted glycosylation sites are marked with an overbar, predicted phosphorylation sites are marked with a
single underbar, predicted myrstolation sites are marked with a light box, and low complexity regions (55) are marked with a heavy box, as predicted by
PROSITE (56). The three-line bar underline highlights sequence similarity to the N-terminal processing of spinach PPO: APILPDVEKC, which coincides with
the first residue appearing in the X-ray structure.
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Figure 2. Continued.
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Figure 2. Continued.
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span of the PPO C-terminus would be phosphorylated. The
occurrence of six potential myristoylation sites (Figure 1) also
suggests association with a membrane (34). We identified poten-
tial N-glycosylation sites at residues 19 and 40; in animal tyro-
sinases, 5 to 6 such sites have been identified (35, 36).

Aligned sequences of plant PPOs are shown in Figure 2. These
include the two grape sequences, P93622_VITVI (this work) and
PPO_VITVI (1), apple, bean (6), sweet potato, potato (4), two
tomato sequences (3), and spinach (38). The two grape cDNAs
share 99% identity. Our Southern analysis is in accordance with
that ofDry andRobinson (1) and suggests the existence of a single
gene for Grenache grape PPO (data not shown). In general, the
amino acid differences between the two grape cDNAs occur in
regions without conserved secondary structure motifs; the sub-
stitutions F for S at position 11 and K for N at position 444 also
occur in other plant PPOs. The P at position 243 is conserved, and
most family members have F and not I in the position equivalent

to 240, although hemocyanin has V and not F (see NCBI
pfam00264.12 at http://www.ncbi.nlm.nih.gov/Structure). We
note that the electron density (see below) suggested F rather than
I at position 240 and P rather than A at position 243, which are
consistentwith the sequence of sultana PPO (1), butV rather than
A at position 340, which is consistent with our sequencing results.

Purification of PPO from Grape Berries. Grape berry extract
was chromatographed on Sephadex G-75 (Figure 3A). The
fractions comprising peak 2 were pooled and subjected to anion
exchange chromatography (Figure 3B), producing two activity
peaks, with a major peak eluting at about 0.1 M NaCl and a
smaller peak eluting during the steeply ramped salt wash. The
fractions corresponding to peak 1 (Figure 3B) were again sub-
jected to size exclusion chromatography, but using a Superose-R
12 column. This step yielded one major peak with three shoulders
(Figure 3C). The four peaks containing activity were submitted
to SDS-PAGE, and the gels were stained for protein (31) and

Figure 2. Multisequence alignment of PPOs. Alignment of amino acid sequences obtained from c-DNAs of 9 higher plant PPOs. (See text for details.)
Conserved amino acids are shownwith dashes. Gaps are dots. Upper case letters are aligned; lower case letters are insertions. Putative processing site, based
on similarity with sequence APILPDVEKC, which was shown to be the N-terminal sequence of mature spinach PPO (57). The sequence alignment
corresponds to PPOs from the following plants: P93622_VITVI (Grenache leaf cDNA), PPO_VITVI P43311 (Sultana berry cDNA) (1), PPO_MALDOP43309
(apple) (37), PPO_VICFA Q06215 (bean) (6), PPO2_IPOBA Q9MB14, Q84 V52, Q9ARD3 (sweet potato), PPOB_SOLTU Q06355 (potato) (4),
PPOD_SOLLC Q08306 (tomato) (3), PPO_SPIOL P43310 (spinach) (38), PPOA_SOLLC Q08303 (tomato) (3). Identical residues and conservative
substitutions are shown in bold. * indicates grenache leaf cDNAP93622. ** indicates sultana berry cDNAP43311. Residues that are different between the two
grapePPOs are highlighted. Alignments of the common central domain of tyrosinase (accession number PF00264) can be viewed at http://www.sanger.ac.uk/
Software/Pfam/data/jtml/seed/PF00264.shtml.
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activity. Peak number 4, which had an apparent mass of 40 kDa,
showed a single protein and a single activity band and was used
for crystallization and X-ray analysis.

Basic Symmetry Characterization of the Crystal Structure of

Grenache Berry PPO. The crystals obtained (Figure 4) belonged
to the orthorhombic space group C2221 with cell dimensions
a=60.03, b=120.77, and c=140.80 Å, and R=β=γ=90�.
Table 2 shows the characteristics of the crystals of three different
PPOs. The basic symmetry of these three crystals is completely
different in terms of cell parameters and crystal packing, which
suggests the possibility of additional variability within the plant
enzymes, as has been observed for animal tyrosinases at thewhole
enzyme level (39).

Three-Dimensional Structure of Grenache Berry PPO. All data
and statistics obtained after processing the X-ray diffraction are
shown in Table 3. These data yielded a unique data set of 183,718
reflections with an Rmerge of 0.125%. One hundred twenty-eight
water molecules were in the structure, and the crystals contained
46.0% solvent, as determined by the formula of Matthews (40).
The program PROCHECK (41) indicated that almost all residues
(96.74%) in the asymmetric unit were located in themost favorable

regions of the Ramachandran plot, with 2.08% of the residues in
the allowed region and 1.14% (4 residues) in the disallowed region.

The overall structure of the polyphenol oxidase from
V. vinifera is a monomeric protein of 38.4 kDa. It is an ellipsoid
with dimensions 56.7� 48.0� 48.3 Å3 (Figure 5). The secondary
structure is primarilyR-helical with the core of the protein formed
by a four-helix-bundle composed of R-helices R4, R5, R12, and
R14 (Figure 5A). Figure 5B shows overlapping images of the three
existing PPO structures. There are a few areas where the folding is
slightly different. For themost part, these differences occur on the
surface and do not involve changes in R-helices or β-strands.

N-Terminal Processing. PPO is a nuclear-encoded protein
that is nonetheless associated with chloroplasts. Using in vitro-
translated tomato gene product and pea plastids, Sommer and
co-workers (9) found that the initial translated product was indeed
67 kDa in size. This precursor was processed to a 62 kDa product
in the chloroplast stroma and further processed to 59 kDa in the
thylakoid lumen. Their interpretation of these events was con-
sistent with the primary structure of the translated product, which
exhibited a 48-residue hydroxyamino acid-rich N-terminal seq-
uence, associated with targeting to the stroma. Processing was

Figure 3. Purification of grenache berry PPO. (A) Gel filtration chromatography of combined ammonium sulfate pellets after dialysis was applied to a
Sephadex G-75 (167 � 1.7 cm2) column, equilibrated with 5 mM sodium phosphate, pH 8.0, and eluted with the same buffer at a flow rate of 0.3 mL/min;
4.0mL fractions were collected. The fractions containing peak 2were combined for ion exchange chromatography. (B)Anion-exchange chromatography using
an Econo-Pac High Q cartridge (1� 5 cm2). Elution was obtained using a NaCl gradient from 0 to 0.2 M NaCl in 5 mM sodium phosphate, pH 8.0, for 136min
at a flow rate of 1.0 mL/min, collecting 2.0 mL fractions. After 166 min, the gradient was increased to 1.0 M NaCl, eluting a second, smaller peak with PPO
activity. (C) HPLC chromatography of the fractions corresponding to peak 1 of part B on a Superose 12 HR10/30 column, equilibrated with 10 mM Tris-HCl,
pH 7.5. (D) SDS-PAGE. Lanes 1-4 contained fractions 1-4 from the HPLC experiment shown in part C; lane 5, molecular mass markers. Upper gel: silver
stain, fully denatured protein; lower gel: activity stain using 25 mM 4-tert-butylcatechol and 25 mM 4-amino-N,N-diethylaniline sulfate. Incompletely denatured
protein was used for the activity gel, and bands might not represent different molecular weights.
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presumed to occur between Lys and Val residues in the sequence
KVSC, which is conserved among the PPOs shown in Figure 2.
The lumen-targeting domain is defined by a pair of Arg residues,
immediately followed by NVLLGL and a hydrophobic run of
about 20 residues, predicted to be myristoylated and there-
fore membrane bound. The C-terminal end of that targeting
peptide was assigned to a Thr residue homologous to A104 of
P93622_VITVI (Figure 1), immediately before a conserved pro-
line. This Ala residue appears in our X-ray structure as the
N-terminus of the mature protein. Based on these two processing
events, which are typical of transit peptides for nuclear-encoded,
plastid-targeted proteins, the product should have a molecular
weight of 56.7 kDa. Sommer and co-workers (9) suggested that
this secondN-terminal processing step occurs on the stromal face
of the thylakoid membrane and is catalyzed by a membrane-
bound protein. Indeed, this run of ca. 20 hydrophobic amino
acids between the pair of Arg residues and the site of cleavage
suggests that the transit peptide is a membrane-spanning region.
A significant amount of the N-terminally processed protein
(59 kD in the tomato enzyme) was found soluble in the thylakoid
lumen of pea chloroplasts in their in vitro study, indicating that it
is released from the putative transmembrane domain. There was
an indication that the extent of the second proteolytic cleavage
depends on the developmental stage of the plastids. These results
are also consistent with the N-terminal sequence and processing
of lumen-located spinach PPO (33, 42).

C-Terminal Processing. These N-terminal processing steps
would yield a 56.7 kD protein and therefore do not explain the
observed molecular weight of the crystallized V. vinifera PPO.

Further processing of PPOs in the hemolymph of arthropods is
accomplished by a serine protease that is activated by bacterial
cell wall components (10). This processing in plants and fungi was
discussed by van Gelder and co-workers (8) and more recently by
Marusek and co-workers (43); the latter discussion included
comparisons to related proteins, the hemocyanins. The products
encoded by genes from plants and higher eukaryotes show
reasonable homology and can be divided into three domains:
an N-terminal domain containing signal and transit peptides, a
central domain containing binding sites for two copper centers,
and a C-terminal domain of unknown significance. The products
of fungal and bacterial genes lack the N-terminal domain, since
these organisms also lack the plastids to which the plant PPO is

Figure 4. Crystals of PPO obtained by the hanging-drop vapor-diffusion method. The inset shows the largest crystal, 200 μm in the longest dimension, which
was used to obtain a full data set.

Table 2. X-ray Characterization of the Basic Symmetry for Crystals of
Different PPOs

PPO

(space group)

cell parameters (Å),

angles (deg)

monomers in the

asymmetric unit

grenache berry

(C2221)

a = 60.03, b = 120.77,

c = 140.80

one

sweet potato

(P21212)

a = 46.00, b = 157.60,

c = 55.80

four

sweet potato

(P21)

a = 45.70, b = 165.80,

c = 51.60, β = 97.10

two

Table 3. Crystallographic Statisticsa

Data Collection

space group C2221
unit cell parameters (Å) a = 60.03, b = 120.77, and c = 140.80

resolution, Å (highest shell) 37.06-2.20 (2.26-2.20)

number of molecules in the

asymmetric unit

1

total/unique reflections 183718/23748

redundancy 6.96 (5.41)

I/σI 8.1 (2.9)

completeness, % 99.8 (97.8)

Rmerge 0.125 (0.487)

Refinement

R (working) (%) 20.1

R-free (%) 25.2

rms deviation of ideality

bond length (Å) 0.22

bond angles (deg) 1.95

no. of atoms per asymmetric unit 2847

Average B-Factors (Å2)

overall 44.82

protein 37.65

water 43.68%

copper 53.15

aData cutoff for refinement was (Fourier coefficient amplitudes, F) F > 0. The
values in parentheses are for the outer resolution shell. I/σI is the ratio of the mean
intensity to the mean standard deviation of the intensity.
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targeted, and the targeting sequence of themammalian product is
thought to direct it tomelanosomes inmelanocytes (44).All of the
PPOs that have been studied are known to undergo significant
processing to cleave the C-terminal domain, and gene sequences
suggest the existence of similar processing sites in a host of related
proteins. Marusek and co-workers (43) have identified a “linker
sequence”, which begins shortly after an invariant “tyrosine
motif” (YQY beginning at position 328 in theV. vinifera protein,
residue 431 predicted in P93622_VITVI) that connects the
central domain with the C-terminal domain. They postulate that
C-terminal processing occurs within the linker region, which they
predict is unstructured and therefore available to protease attack.
Our electron density map shows P339 (P236 in the crystal
structure) as the C-terminal residue, which occurs only seven
residues into the linker region, a region in which secondary
structure prediction algorithms do not assign structure in the
V. vinifera protein. This Pro residue is on the surface of the
protein and could easily be the site of proteolysis by peptidyl-Lys
metalloendopeptidase-like activity. However, because of the
position of the proline on the surface, it is also possible that there
are additional C-terminal amino acids that are either mobile or
disordered in the crystal and do not produce a distinct electron
density map. The sequence in that region is WLPKNTKAKAK,
in which only the Trp is conserved among plant PPO sequences,
but numerous Lys residues occur nearby, though not in precisely
homologous positions, to the lysine that follows the supposed
C-terminal proline. Tryptic activity would leave a C-terminal PK
sequence, and it is possible that a C-terminal, surface lysinemight
not be sufficiently rigidly structured to yield an interpretable
electron density map.

Despite the evidence from bioinformatics, the fact that the
proteolytic processing steps occur in grape berry PPO is some-
what surprising, in light of the fact that bothN-terminal cleavages
are associatedwith targeting to a specific compartment within the
chloroplast, and the C-terminal cleavage is thought to be carried
out by enzymes in the thylakoid lumen.However, this proteinwas
isolated from the berry, which contains relatively few chloro-
plasts, localized near the skin surrounding a large mesocarp. The
fact that the grape berry PPO has the N- and C-termini predicted

from processing arguments suggests (1) that the berry PPO arises
from a related gene that encodes a smaller protein, (2) that the
message is transcribed from the 1824-bp orf but processed before
translation, (3) that the majority of PPO in the berry is processed
in the thylakoid lumen and then either secreted into the cytoplasm
or released during extraction, or (4) that processing occurs in
the cytoplasm by cytoplasmic enzymes. To investigate the first
possibility, we searched the complete genome of Pinot Noir (45)
and found four homologues, all in chromosome 10 contigs.
However, it is not clear if more than one of them is expressed,
since the Genebank grape transcriptome information does not
seem to be complete. Our Southern analysis indicates the expres-
sion of only one gene in Grenache grapes. Although we cannot
rule out the third possibility, the fourth explanation also seems
plausible.We suggest that the nuclear-encoded protein is targeted
to the plastids in cells that contain plastids and to the cytoplasmof
mesocarp cells, where proteolytically sensitive bonds are cleaved
by cytoplasmic proteases. Alternatively, N-terminal processing
could occur in the plastid, followed by secretion and C-terminal
processing in the cytoplasm.

A recent proteomic study of ripe grape (cv. Gamay noir)
berries (46) detected three major proteins corresponding to the
deduced PPO sequence, one of about 36 kDa and two of about
20 kDa, but with slightly different pI values. Themost C-terminal
tryptic peptide found in the 36 kDa protein corresponded to
YQYQDIPIPWLPK (47), which is one residue beyond the
C-terminal residue that we were able to observe in the electron
density map. This result is entirely consistent with our observa-
tions. On the other hand, although themajority of peptides found
in the 20 kDa spots are C-terminal to the end of the 36 kDa
protein, there is one surprising exception: both C-terminal pep-
tides contained the tryptic peptide MWNIWKTIGGK, which
begins inside the 36 kDa protein, about 50 residues from its
C-terminus. This observation suggests that if the C-terminal
proteolytic processing does occur in the berry, such processing
might be less specific than processing in the thylakoid, leading to
multiple active isoforms. This suggestion is supported by the data
shown in Figure 3. The size exclusion column yielded a major
peakwith three shoulders. Although the size exclusion separation

Figure 5. X-ray structure of PPO from V. vinifera. (A) Ribbon model showing the overall ellipsoidal shape, two β-sheets, and the dicopper center within a
four-helix bundle. (B) CR representation of V. vinifera PPO (blue) overlapping with those of PPO from sweet potato (yellow) (18) and Neurospora crassa
(green) (PDB code 1wx2). The superposition of theV. vinifera protein structure with that of sweet potato showed a 0.76 Å root-mean-square (rms) deviation for
325 CR pairs, and that for the monomer of theN. crassa enzyme showed a 1.11 Å deviation for 170 CR pairs; the V. vinifera PPO structure was the reference
structure in both cases.
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indicated slightly different hydrodynamic sizes, the SDS gel
demonstrated that the sizes of themajor proteins were very similar.
It is therefore likely that C-terminal processing occurred at more
than one site, although alternative splicing of the message is also
possible. This explanation is consistent both with the proteomic
study, which is designed to detect distinguishable isoforms, and
with our crystallographic study, which focused only on the homo-
geneous fraction selected for crystallization. There is a second
surprising conclusion from the proteomic study, which demon-
strated that the C-terminal fragments (i.e., the 20 kDa peptides)
persist in the tissue at levels comparable to that of the active
enzyme. Whether or not they have a function is not known.

PPO activity and proteolytic processing have recently been
studied inolive tree (Oleaeuropaea cv.“Picual”) leavesand fruit (48).
Although the leaf PPO had a molecular weight of 50 kDa, the fruit
enzyme had a molecular weight of 55 kDa and appeared to be a
dimer of 27.7 kDa subunits. During the last stages of maturation, a
secondproteinwithPPOactivitywith an apparentmolecularweight
of 36kDaappeared in the fruit but not in the leaves.The leaf enzyme
presumably functions in wound response, but the fruit enzyme is
involved in the formationofnumerousphenolic compounds that are
produced during ripening. It is therefore not surprising that PPO in
the chloroplast-rich grape leavesmight be processeddifferently from
that in chloroplast-poor grape berries.

Despite the existence of predicted glycosylation and phosphory-
lation sites (Figure 1), we observed no electron density correspond-
ing to covalent modification of any side chains. Many of the

predicted sites occur outside the mature protein sequence, and we
have no evidence concerning their modification or the significance
of such modification. The mature, active form of the enzyme that
we crystallized is also devoid of phosphorylation and glycosy-
lation. It is also likely that our purification and the crystallization
process selected against modified forms. Phosphorylated isoforms,
in particular, would have been removed by the anion exchange
separation (e.g., peak 2 in Figure 3B). In any case, none of these
modifications is required for activity.

Active Site.As inN. crassa PPO and lobster hemocyanin, three
His residues bind each of the two copper ions. The 3D structure of
the R subunit of domain 2 of Panulirus interruptus hemocyanin
contains six His residues coordinating the two Cu ions as well.
These His residues are located on four R-helices that fold in
proximity to each other (4 helix bundle motif) (20). By similarity
to N. crassa PPO, H211, H220, H342, H346, and H375 of their
deduced sequence were designated as Cu binding residues in
ppo_vitvi (1). Tryptophan occurs in conserved positions close to
the proposed active site histidines. The sequence homologies
shown in Figure 2 indicate some residues that are absolutely
conserved among the plant PPOs.

The X-ray data indicate that the active site is located in the
central part of this groupof helices, surroundedbyR-helices 3 and
9 and short β-strands. The applicationCAVER (49) shows a clear
path from the surface of the protein to the active-site copper ions
in all three of the known PPO structures (Figure 6A). From the
X-ray data, it can be seen that nine conserved His, six conserved

Figure 6. Active site of PPO, showing V. vinifera PPO (blue) and sweet potato (yellow) and N. crassa enzyme (green) (PDB 1wx2). (A) Access of the
dicopper center to the surface of the enzyme as determined using CAVER (49). This structure is rotated by 90� from those in Figure 5 for clarity. (B) Detail of
the coordination of the copper ions by active-site His side chains and of the thioether linkage between C91 and H108 (V. vinifera PPO numbering). The
internuclear distances were as follows: Cu-Cu, 4.17 Å; CuA to H87, 2.07 Å; H108, 2.16 Å; H117, 2.35 Å; CuB to H239, 2.04 Å; H243, 2.15 Å; H272, 2.02 Å.
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Trp, seven of the eight conserved Phe, three of the seven
conserved Arg, and seven of the twelve conserved Leu residues
are in the active site region. Each of the two active site copper ions
is coordinated by three histidine side chains contributed by the
helices of the R-bundle. As shown in Figure 6B, one copper ion
(CuA) is coordinated byH87,H108, andH117 (residues 190, 211,
and 220 in the deduced sequence). H87 is located in the central
part of the helix R-4; H108 precedes helix R-5, and finally H117 is
located at the beginning of helix R-5. The second catalytic copper
ion (CuB) is coordinated by H239, H243, and H272 (342, 346,
and 375 in the deduced sequence), which are located at the
beginning and at the end of helices R-12 and R-14, respectively.
The structure is stabilized along the N-terminus by two disulfide
bridges located between C11 and C26 and between C25 and C88
(corresponding to residues 114, 129, 128, and 191, respectively, in
the deduced structure). Of the three remaining Cys residues in the
sequence, C52 is lost by N-terminal processing, C91 (C194 in the
deduced sequence) is engaged in a novel thioether bond to the ring
of H108, and C320 (423 in the deduced sequence) exists as a free
sulfhydryl group and is not conserved throughout the sequences
shown in Figure 2.

It appears that the majority of plant PPOs that have been
examined exist in amature form that is latent (8). The latent form
is quite stable (50), at least in the carrot enzyme, whereas, once
activated, (e.g., refs 13 and 51), it undergoes self-inactivation.
These observations are consistent with the function of PPO as a
wound-response enzyme. The mechanism of activation remains
obscure. In this regard, it is significant that H108, which is part of
the coordination ring with CuA, is covalently bound to C91
(Figure 6B), as was discovered by Lerch during peptide sequen-
cing (19). The cysteine sulfur atom and histidine ring are coplanar
in the X-ray structure, indicating that the ring exists as imidazole,
as opposed to dihydroimidazole. Klabunde suggested that the
bond might be formed via a free radical reaction, in analogy to a
Cys-Tyr cross-link proposed for galactose oxidase. But imidazole
is not aromatic, and a simple addition reaction could occur,
followed by oxidation to restore the planar geometry. The initial
adduct would be a substituted dihydroimidazole (Scheme 2), the
formation ofwhich is aided by the presence of the copper ion. The
imidazole C4 and the ligand nitrogen would be tetrahedral in this
structure; the tautomers of the initial and final structures pro-
posed in the scheme are suggested by X-ray structures of Cu(II)-
imidazole complexes (52). We suggest that this is the latent form
of PPO or one of the latent forms. We further suggest that when
oxygen binds to the copper ions at the active site, the dihydroi-
midazole is oxidized to imidazole, which causes a local conforma-
tion change that alters the coordination geometry to that
observed in theX-ray structures. This cross-link is not responsible
for the observed turnover-based inactivation of the enzyme (17),

because such inactivation requires exposure to the phenolic
substrate as well as O2 (13, 17, 51) and because the crystals are
composed of active protein. It is tempting, however, to suggest
that the oxidation of the resulting adduct constitutes the final
activation step for PPO. C91 is the only cysteine conserved in the
mature protein across plant and fungal species (43). A cysteine
residue homologous to C91 is absent in octopus hemocyanin
(homologies according to ref 43), but another cysteine, residue
2560, is attached via a thioether bridge to H2562 (53), which is
homologous to H108 of the V. vinifera PPO. These observations
suggest that the thioether bridge to the ligand imidazole ring is
essential. An inactive C91-substituted mutant would not be a
definitive test of this suggestion, and the concept of activation for
hemocyanins is equally difficult to test.

As pointed out by van Gelder and others (8), many treatments
or conditions are capable of activating latent PPO, including
treatment with anionic detergents; proteolytic cleavage is often
proposed as the activation step. Robinson andDry (54) isolated a
60 kD protein from V. faba leaves and found that it was
hydrolyzed to a 45 kD “mature form”; however, the relevance
to activation is obscured by the fact that both forms of the protein
were activated by the inclusion of 2 mM SDS and were equally
active. Their data showed that this C-terminal processing step
neither prevented nor caused full activation of the enzyme (in
SDS), although such cleavage could constitute a portion of the
activation step, in vivo.

Tyrosinase Activity. Our assays of monophenol oxygenase
activity in the protein used for the crystallization indicate that
grape berry PPO does not catalyze this reaction. This result is
consistent with the similarity between the active sites of the grape
enzyme and the sweet potato enzyme (18), which also possesses
catecholase but not tyrosinase (monophenol oxygenase) activity.
The residue E236, proposed to function as a general acid/base in
diphenol oxidation (18), is conserved in the V. vinifera enzyme.
Without a structure of an enzyme with monophenol oxygenase
activity, we cannot determine what might be lacking in the grape
enzyme that prevents it from catalyzing the oxygenation reaction.

ABBREVIATIONS USED

PPO, polyphenol oxidase; L-DOPA, L-dihydroxyphenylala-
nine; EDTA, ethylaminediamine tetraacetic acid; CTAB, cetyl
trimethylammonium bromide; PCR, polymerase chain reaction;
RACE-PCR, rapid amplification of cDNA ends; PVPP, poly-
vinyl polypyrrolidone.
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