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Characterization of PPO (Polyphenol Oxidase) cDNA in Sweet
Persimmon (Diospyros kaki)
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Polyphenol oxidases (PPOs) are copper metalloproteins which play a critical role in producing various derivatives of
polyphenolic compounds. These enzymes are encoded in the nuclear genome and subsequently transported into the
plastid. A partial cDNA clone encoding polyphenol oxidase was isolated from immature sweet persimmon leaves.
Using two degenerate primers, a single band of PCR product was produced by the touchdown PCR method. In
sequence analysis, this clone (define SPO; 1381 bp) revealed high similarities to the previously reported plant PPO
genes. Moreovey, this SPO clone was comprised of copper A and copper B-binding sites and a histidine-rich region,
indicating that this clone contained the key conserved elements of PPO. To characterize the spatial and temporal
expression of PPO, total RNAs were extracted from leaf and fruit peel tissues at different developmental stages. In
northern analysis, transcripts of PPO were detected in all the samples tested, but the strongest expression levels were
detected in mature fruit peels and leaves. Expression of PPO was inhibited in the transitional stage from chloroplast
to chromoplast. In addition, the expression of PPO was highly induced in wounded immature fruit peel tissues.

Keywords: Copper metalloprotein, Degenerate primer, PPO - (Polyphenol Oxidase), Sweet Persimmon  (Diospyros kaki,
Touchdown PCR

Polyphenol oxidases (PPQs) are nuclear-encoded, vacuole while PPO are in the plastids, the browning
copper metalloproteins which play a critical role in reaction only occurs when tissues are damaged and
producing various derivatives of polyphenolic com- compartmentation is destabilized Dry ¢t al., 1994).
pounds These enzymes contain copper, which is Several alterative views have been propased for
essential for their activity (Delhize ot al., 1985). Dit- the function of PPO) in plant-pest interactions. Because
ferent PPOs catalyze a scries of chemical reactions. In quimones produced by PPO maodity the nucleophilic
general, PPOs catalyze two apparent reactions; one is amino acids such as His, Cys, Met, Trp and Lys, the
the hydroxylation of monophenols to  o-diphenols linditation of these amino acids results in a distur-
resulting from the activities of cresolase, tyrosinase or bance of insect growth on plant surfaces. Covalent
monophenol monooxygenase, and the other s the maodification of these essential amino acids in PPO-
dehydrogenation of o-dihydroxyphenols 1o o-quino- activated plants decreases their nutritional availability
nes mediated by the activity of catecholase or diphe- to herbivores and may result in decreased rates of
nol oxygen oxidoreductase (Hunt ot al., 1993). The insect growth and pathogen development (Hunt et
o-quinones can react with amino acids and proteins al., 1993). In addition, dired toxicity of quinones
to form melanin-like brown pigments, which often against pathogens has also proposed (Mayer, 1987;
cause the loss o quality of fruits and vegetablos. Thipyapong et al., 1997).

PPOs are plastid-targeted proteins deduced from Recently, Bachem et al. (1994 reported that anti-
the existence of transit peptides in the immature sense expression ol potato PPO cDNA - down-regu-
polypeptides {Lawrence ot al, 19931 Although lated PPO - production of the tomato, resulting in
reports of their occurrence in other cellular parts are pathogen hypersusceptibility without side effects on
abundant, these enzymes are generally localized in growth, development, or reproduction. This result
the plastid. Theyv have been observed in plastid enve- confirmed that PPO is involved in defense mecha-
lopes and in the thylakoid fumen (Sommer et al., nisms against invading pathogens or insect pests.
1994). Because phenolic substrates are located in the Molecular studies on PPO have been performed on

o o avariety of crop plants with the intention of improv-
*Corresponcling author; fax +82-2-927-9028 ing post-harvesting quality of agricultural product by
e-mail jsshin@kucenx.korea.ac.kr suppression of gene expression. As yet, little is known
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about the molecular biogenesis of sweet persimmon
PPO. In order to characterize the molecular basis of
this enzyme in sweet persimmon, PPO ¢cDNA was
isolated and characterized in this study.

MATERIALS AND METHODS

Plant Materials

Sweet persimmon (Diospyros kaki) cultivar “Fuyu”
used in this study were obtained from the Kimhae
Sweet-Persimmon Experimental Station of the Rural
Development Administration, Gyeongnam. Leaves and
peels of fruits were collected, frozen in liquid nitrogen
and stored at --80°C. prior to nucleic acid extraction.

RNA Extraction and Reverse Transcription

Total RNA was isolated from various developmen-
tal organs of sweet persimmon: young and mature
leaves, and green, colour-tumning, fully mature and
wounded fruits. RNA was extracted as described by
Manning (1991), using two 2-n-butoxyethanol differ-
ential precipitation steps. Poly(A)* RNA was isolated
using Dynabeads Oligo(dT),; (Dynal, Norway).

The first strand of cDNA was prepared with 1 ug of
poly(A)* RNA by MMLV (Moloney murine leukemia
virus) reverse transcriptase in a final volume of 10 pL,
using an anchor oligo (dT) primer containing two
degenerate nucleotide positions at the 3' end (Mcpher-
son et al., 1995). The second strand was synthesized
with a mixture of Escherichia coli DNA polymerase,
RNase H and E. coli DNA ligase in a total volume of
80 pL (Clontech, USA), and then purified with phe-
nol and stored at —20"C.

PCR Amplification of Internal PPO cDNA Fragment

Consensus sequences in the conserved regions of
the previously published PPO sequences were used
to design two degenerate oligonucleotides primers.
Forward primer was (A/OGIAVGAGA/GIAATGT(G/
TICTTCTTGG, and reverse primer was (C/T)AA
DAANGICTIC/TCCT/G/IOGCAAACTC (Wada et al.,
1992; Nakamura et al., 1997). These primers were
used in the PCR reaction to amplify the internal par-
tial PPO cDNA fragment.

As a template, the double stranded cDNA was
diluted with 50 volumes of Tricine-EDTA buffer and
denatured for 2 min at 95°C. PCR amplification was
carried out with 5 pL of the denatured cDNA, 1 pL of

20 pmol primers, 5 pL of 10X ExTag buffer, 250 pM
dNTPs, 1U [xTag DNA polymerase (TaKaRa, Japan) in
a total volume of 50 pl.. A PCR thermal cycler 480
(Perkin Elmer, USA) was set to denature for 1T min 30
s at 94“C, anneal for 1T min 30 s, and polymerize for 2
min at 72°C, followed by 10 min elongation at 72°C
(Efich et al., 1991). The anncaling temperature of this
reaction was decreased 1°C every second cycle from
65"Ctoa 'touchdown’ at 50°C, at which tempera-
ture 10 cycles were carried out. (Don et al., 1991)

PCR products were separated by electrophoresis on
1% agarose gel. The amplified target DNA band was
excised and purified with a PrepMate kit (Bioneer,
Korea), and then cloned into pCR2.1 TOPO T/A
cloning vector {Invitrogen, USA).

DNA Sequence Analysis

The cDNA insert was sequenced in both directions
with M13 universal primers and gene specific prim-
ers, using the BigDye Terminator Cycle Sequencing
Ready Reaction Kit (Perkin Elmer Applied Biosys-
tems, USA). Electrophoresis was performed using an
ABI PRISM 310 Genetic Analyzer (Perkin Elmer,
USA). Nucleotide and amino acid sequences were
analyzed using the PC/GENE program (IntelliGenet-
ics, Switzerland).

RNA Gel Blot Analysis

Using High Prime '™ (BM, Germany) containing ran-
dom oligonucleotides, the amplified partial PPO
(SPO) was radiolabelled with P Approximately 20
ug of total RNA extracted from various samples were
separated on the denatured 1% agarose gels contain-
ing 6% (vA) formaldehyde and 1X Mops buffer (20
mM 4-morpholinopropanesulfonic acid, 5 mM sodium
acetate, 1T mM EDTA, pH 7.0) and transferred onto
Hybond-N" membrane (Amersham, England) for 5 h
according to the method of Chomczynski (1992).

Membranes were hybridized with the prepared
probes at 65°C overnight, washed under high strin-
gent conditions and exposed to X-ray film (Sambrook
et al., 1989).

RESULTS AND DISCUSSION

Isolation of Internal cDNA Fragment of PPO

The touchdown PCR method was used in the am-
plification reaction with degenerate primers because
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it gave rise o gene-specific amplification through its
unique kinetics (Don et al., 1991). Initially, the regular
3-step PCR method with a stationary anncaling tem-
perature was used but initial trials failed to produce a
clear single target band. Genomic DNA as well as
double stranded ¢DNA was used as PCR template.
Several non-specific bands were observed trom the
amplification with genomic DNA. Sequence analyses,
however, revealed the pulative fragments as false
amplification (data not shown). o circumvent the
generation of non-specific smaller fragments,  the
touchdown PCR method was used.

Using double stranded ¢DNA originated from a
poly (A)' RNA mixture of various developmental
leaves and fruits, touchdown PCR was performed
with two degenerate primers deduced from the pre-
viously published PPO sequences of various plant
species. As a result, a clear 1381 bp fragment was
amplified, which was thought to be an internal PPO
gene fragment from its expected size (Fig. 1), In terms
of multiplicity of the gene, PPO genes were known to
be present as multigene families in most species
{Thygesen et al,, 1995), but single PPO genes had
been identified in a few species (Dry et al., 1994),

The PCR amplified band was subcloned into a
cloning vector and six colonies were chosen for
sequencing to confirm the multiplicity of the gene.
The sequence analysis of the amplified  ragment
revealed that all the colonies represented a single

1
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Figure 1. Agarose gel electrophoresis of the amplitied PPO
¢DNA fragment by RT-PCR. The: ds ¢IINA was diluted with
50X Tricine EDTA buffer (Lane 1) andt sterile water (Lane 2).
Two depenerate primers, Torward primer (VCIGIVOIAGIA
GAATCTIGMCTTCTTGG and reverse primer (C/TANT)
AANGICTCDCCTGOGOCAAACTC were used tor touch-
down PCR. Lanc M is the Lambda/Hind bl +T'coR1 molecular
weight marker.
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gene, and the presence of two degenerate primers at
both 5" and 3 ends was confirmed. Usage of the high
fidelity enzyme, [Alag (Takara, Japan), known for its
top performance in PCR amplification, seemed 1o
provide consistent results as indicated in the sequence
analysis. The sequences of the six cones were identi-
fied, suggesting that they all originated from a single
gene (data not shown).

Sequence Analysis and Characterization of PPO
cDNA Clones

fhe subcloned fragment was sequenced using the
mternal gene specific primers and - analyzed. The
comparison of the internal tragment of PPO with the
virious PPO) sequences derived from other plants
revealed that it contained  almost all nucleotide
sequences encoding an immature PPO except small
parts of the 3 and 5 termini Figs. 2 and 3). The uni-
dentified 5' sequences scemed 10 include o transit
peplide for plastid targeting (loy ot al., 1995). None-
theless, the conserved cleavage site for mature PPO
protein was confirmed at 70 bp downstream from
the 5' end of the fragment iHunt el al., 1993; Dry et
al. 1994). 1t has been suggested that the C-terminal
extension might be involved in targeting the protein
to the chloroplast thylakoid membranes (Sommer et
al.. 1994). However, the function of the C-terminal
extension was still not cear with the limited amount
ol information available. in this study, to obtain the 3'
terminal sequence could not provide any informa-
tion on the C-terminal processing,

Like grape PPO “GPO1” (Dry et al,, 1994), apple
PPO “APOS” iBoss et al., 199%), tomato PPO “TOM
" (Newman ¢l al., 1993) and potato PPO "POT32"
{Thygesen ot al., 1995), the partial N-terminus of per-
sitnmon PPO contained a high content of the hydro-
phobic amino acids (Ala and Valj tFlurkey, 1989). The
two copper-binding regions, A and B, which play a
crtical role in the activity of PPO were also tound in
the persimmon PPO sequence. These two domains
are known 1o be highly conserved between and within
plant species. Histidine resicdues predicted to be the
copper-binding ligands for the activity of tyrosinase
and haemocyanin (Cary et al.. 1992; Shahar et al.,
1992; Dry et al,, 1994) showed complete homology
in copper binding region.

A phylogenetic analysis ol the persimmon PPO with

2 deduced PPOs from 4 ditferent plant species was
used 1o assign the genelic relationship  of SPO
(AF039165) to others (Fig. 4. Three separate branches
ol PPOs were observed in the phylogenetic tree. Per-
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FORWARD PRIMER
1 AGGAGGAATGTGCTTATTGEGTTAGGAGGTCTTTATEGTGE Ib’TﬁAI‘lll:f ACCATTA &0
RENVLIGSGILGGELY G AR L & P L

61 GCCTCTGCTTCTS LLM‘F‘C"AL “TCC TGATCTARAATCTTGTGGTGTTGCCCATGTAACA 120
A S A S P I P DL EKSCOGVY AHBRUVYT
*fﬁ]"ﬂ?} PRL”H’J START

121 GAAGGTGTTGATGTGACATATAGTTGTTGCCCTCCAGTACCCGATGATATCGATAGTSTT 180
E

GV DpPVvVTY SCCPPVYPDLIDIDSVW

181 COGTACTACAAGTTCCCTCCTATGACTAAACTCCGUATCCOCCCCOUTGCTCATECGGES 240
PY Y KFPPFMTELERIRPFAHAA

24) GATGAGGAGTATGTAGCCAAGTATCAATTGGCTACGAGTCGAATGAGGGAACTTGATAAA 300
0DEEY VY AKYQLATSRMRETLTIDEK

301 GACTCTTTTGACCCTCTTGOGTTTAAACAACAAGCTAATATTCATIGTGCTTATTIGTAAT 360
08 FDPLGF X oOQANTIHLCAYZQCN

361 ummrnrnaad11amu,nnmurmrTJLML.T*PAITI‘CTCGTGM*TTTT“F TCOG 420

G AY KVGOGEKETLDQ®D 13823313313
[CUsJ binding region

421 TTTCATAGATGGTACTTGTATTICTATGAAAGAAT ATTGGGATCACTTATTAATGATCCA 480
FIaf8dg383ImEERODG 3}

481 ACTTITGCTTTACCATATTGGAATTGSGATCATCCARAAGGTATGCGTATECCTCCCATG 540
530338235 0HEF EKEGMRMETPHM

541 TTTGATCGTCAGGGGTCATCTCTTTACGATGAT AAACCTAACCARAACCATCGCAATGGA 60O

FDREGSSILYDDEKE RNI GCNIHERNGEG

601 ACTATTATTCATCTTGGTTATITTGGTCAGCAAGT TGACACACCTCAGCTTCAGATANTG 660
TI1 1 DLGYFGQEVDTPOLQIM

661 .-\LTF-ATAHTTTMCALT&AIGIACL"TCMAIL?.'l_.ﬂ.("’ﬁML,.,u\iluu.\,l.; CCAA 720
T N L L M VTNAFPCEPSGC

121 TTCTTOGGTSCTGCTTACCCTCTGRGEACTEAACCAAGTCCAGGAATGEGTACTATTEAG 780
FFGAAYPLGTETFPSPGMGTITE

781 AACATCCCTCATACCCCGGTCCATATCTGGACTGETGATAGTCCTAGACARARAAACGGT 840

vrrp 103 8IASaRTSRDEDDN

[CUs) binding region
B41 Giﬁ.ﬁi(.'F%G(;gl'Aﬁ'.l'”(.‘1'ﬁ'[TC.'AGCfx;GTTTAGﬁOCCG.\TTTmmGTCﬁUCﬁC@Cﬁ 00
|

1358003 FETDN

901 ARTGTGGACCGOATGTGECATGAATGGAART TAA I TGECEGEARAAGAASGGATCTATCA 960

73338 AFEERNIIRL s

961 AATARAGATTGGTTGAACTCAGAATTCTITTTCTACGATGAARATCGCAACCCTTACCGT 1020
KU WLNSEFVFVF¥F Y DENTE RUNPEPYR

1021 GTGAAAGTCUGTGACTETTTOEACAGTAAAAAANTGGGATTCAGTTACGCTCCAATGCCA 1080
vV KV RDCLDSI3EKEKMGEFSYAPMP

1081 ACTCCATGE "'!'MTﬂTRM\,(“AnTCRGhAMP.( TACAGCAGGAAAAGTGAATACAGCG 1140
T F W E N F F R KETTAGEKWVHNTA

1141 l\.M]’]’uEﬁl‘.L}TLh{“"Mﬂ,J TCCCACTAGCGAAGCTGRACCGTRCARTTTCGTTC 1200
g1 APV TK F F L AKLUDRATILIZSTF

1201 TCTATCACTASACCAGCTTOSTCAAGGACTACACCGGAGARAAATGAGCAAGAGGAGATA 1260
8§ 1 T HPASBSSETTZPEFEIEKNE® GQEE.I

1261 CTGACATTCAACAAAGTAGCCTATGATGATACTAAGTATGTAAGGTTCGATGTGTTCCTG 1320
LTFNEKVYAY DDTEKEYVRFIDVFL

REVERSE FRIMER
ATAAGGCGGAGTTTGCUGGAAGCTAT 1380
K AEF AG S Y

1321 ARCCTTGACAAGACTGTGRATGCGGATGAGCTT:
NV D KTV NADE

1381 A

Figure 2. Tmnslated amino acnd sequence of the partial cDNA dlone encoding persimmon PPO protein. The regions of the two
degenerate primers used for synthesis are underlined. The N-terminal amino acid of the mature persimmon PPO protein is
marked. Two putative copper bincling regions are indicated by black highlighting and marked 1CU | and [CU,|.

simmon PPO was not clustered with the PPOs from
grape and apple which are thought to be closely
related by morphology, but was clustered in the same
subgroup with TOM E, one of the tomato PPOs. It
seems that tomato PPOs have most genetic diversity
while apple PPOs are genetically narrow. Two potato
PPOs are clustered within the same subgroup but
they are also separated hy tomato PPOs. These
results indicate that low levels of sequence homology
even in the same species was prevalently exist, and
that the amino acid sequences of PPOs was not cor-
responded to the phylogenetic or morphological
relatedness among plants.

Expression of PPO in Persimmon Tissues

In order to investigate the spatial and temporal
expression of PPO, total RNAs isolated from various
organs of sweet persimmon were characterized by
northern blot analysis.

The presence of PPO transcripts was examined in
fruits and leaves at different developmental stages

(Fig. 5). Recently, many sludies of PPO expression
have been reported in various plants. Dry et al.
(1994) showed that the PPO mRNA was highly
expressed in young developing tissues of grape ber-
ries and leaves but not detected in other developing
tissue.  Similar  developmental expression patterns
were shown in tomato (Shahar et al., 1992) and
potato (Hunt et al., 1993). However, the results of this
study revealed that the PPO gene of sweet persim-
mon was expressed in fruits and leaves in all develop-
mental stages. Especially high expression levels were
detected in fully mature and developed fruits and
leaves. An investigation of plastid-targeted proteins
has revealed that their expression stops 5 to 10 days
before the fruits are fully matured (Lawrence, 1993).
The relatively weak signal from fruits at the color-turmn-
ing stage appeared to resull from the transition of
chloroplast to chromoplast when the expression of
PPO was reduced; corresponding with the existence
of its transit peptide and localization in plastid. The
expression pattern of PPO in various organs and at
various times indicates that the gene expression is
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Figure 3. Comparison of the: deduced amino acid sequence of sweet persimmon PPO <DNA with sequences of previously pub-
lishecl PPOs from other plants. Conserved amino acid residues are indicated by " and simiilar amino acid residues by ©
tical amino acid residues in the putative copper binding region|CLs 4 and [CU,i ot other known PPO) are shown with black

highlighting. The N-terminal amino acid of the mature persimmon PPC protein is marked by
terminal cleavage of grape PPO is marked by “ €

histidine residues known to be involved in copper hlndmg,, in tyrosinase and haemocvanin are marked by "y

nearly constitutive; probably due to its important role
in defense mechanisms.

For a more detailed study on the induced expres-
sion of persimmon PPO during fruit-tissue browning
after wounding, total RNA was isolated from wounded
fruits at the color-turning stage, at 0, 6, 12, and 24 h,
respectively (Fig. 6). High levels of PPO mRNA accu-
mulation were detected in wounded truit tissues. The
expression of PPO was maximized at 6 h and main-
tained until 24 h after wounding. This observation
revealed that the induction of PPO expression culmi-
nates quickly in sweet persimmon. However, the
detection of PPO by northern analysis, espedially at

. lden-

" and the predicted site of C-
A gapt-i was introduced in the PPO sequences for alignment purposes. The

high levels, seemed not 1o be frequent case. Other
rescarches often failed o deteat the PPO activity by
northern analysis even in fruil tissue without wound-
ing. though the gene was detected by RT-PCR in the

same tissue tBoss et al.,

1995},

The wound-inducible

gene expression of persimmon also revealed that the
expression of PPO was controlled in mRNA levels,
and specitically up-regulated in this case.

In conclusion. although the possible roles of PPO in
sweel persimmon have not yet been defined, its
unique mechanisms of enzvmatic function lie in the
detense of the cell when the cell structure is collapsed
by mechanicai or biological damage.
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Figure 4. Phylogenetic analysis based on the deduced
amino acid sequence from SPO (AF039165) and other
PPOs like grape PPO "G, PO1” (Dry et al., 1994), apple PPO
[“APOS5" (Boss et al., 1995), AP()S (I)87669) and “"APQ7”
(D87670)\, tomat()PPOl “TOMAAY, "TOMB", “TOMC",
“TOM D", “TOME", and “TOM F {Newman et al., 1 ‘)93)]
and potato PPO | “POT32" and  “POT33" (Thygesen et al.,
T995)1.

SG CT FM

YL ML

2 kb »

25S [ e T ] | :

188 M“-‘-‘:’-‘

Figure 5. RNA northern hybridization analysis of the
induced PPO mRNA by ripening in persimmon. For each
sample, 20 pg of total RNAs was loaded, from small green
fruits (5 cm in diameter)(SG), color-tuming fruits (CT), fully
mature fruits (FM), immature small leaves without wax (YL),
and mature leaves coated by wax (ML). Gels were ethidium
bromide-stained to ensure equal loading of total RNA.
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Figure 6. RNA northern hybridization analysis of the
induced PP() mRNA after wounding in immature persim-
mon fruits. Each total RNA was solated from persimmon
peel samples, while the supericial wound was developed
after being cut with a sterile knife. Each peel samples were
obtained from fruit tissue in 0, 6, 12, 24 h after wounding.
Gels were ethidium bromide-stained to ensure equal load-
ing of total RNA,
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