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Watermelon ( Citrullus lanatus ) Hydroperoxide Lyase Greatly
Increases C ¢ Aldehyde Formation in Transgenic Leaves

HIROTADA FUKUSHIGE AND DAvVID F. HILDEBRAND*

Department of Agronomy, University of Kentucky, 1405 Veterans Drive,
Lexington, Kentucky 40546-0312

Fatty acid hydroperoxide lyase (HL) is the key enzyme for the production of the “green note”
compounds, leaf aldehyde [(2E)-hexenal] and leaf alcohol [(32)-hexenol], in plant tissues. A cDNA
encoding HL was cloned from leaves of watermelon (Citrullus lanatus) and expressed in Nicotiana
tabacum. The enzyme is 3 times more active with 13-hydroperoxylinolenic acid than with 13-
hydroperoxylinoleic acid. The activity against 9-hydroperoxides of polyunsaturated fatty acids is
minimal. Enzyme activity of the watermelon HL in the transgenic leaves was ~50 times higher than
endogenous HL activity in the wild-type N. tabacum plants. When compared with Arabidopsis HL
also expressed in N. tabacum, the highest HL activity is 10 times higher in watermelon HL
overexpressing leaves than in Arabidopsis HL overexpressers.

KEYWORDS: Hydroperoxide lyase; (2 E)-hexenal; (3 2)-hexenal; Citrullus lanatus ; Nicotiana tabacum ;
oxylipins

INTRODUCTION synthases (AOSs)], CYP74B (13-HLs), CYP74C (9/13-HLs),

When leaves of nearly any plant species are crushed, a large?"d CYP74D [divinyl ether synthases (DES)], all of which
amount of six-carbon (¢} aldehydes and alcohols is generated, synthesuz_e oxyllpms, _bloact|ve oxygenated fatty acid derivatives
which are characteristics of the “green notes” of leaves. These SUCh as jasmonic acid (20—22). _

Cs volatile compounds such as leaf aldehydéE]Rexenal] and A gene encoding HL was first clor_led and characterized from
leaf alcohol [(Z)-hexenol] are also important components of 9réen pepperl7), followed by Arabidopsis(23, 24), alfalfa
the aroma and flavor of fruits and vegetables and are widely (25), tomato (2627), guava (28), cucumber (29), melon (30),
used as flavors in foods and beverages. The enzyme responsibl@nd potato (11). However, until now, this gene has not been
for the production of these compounds is a fatty acid hydro- isolated from watermelorGjtrullus Ignatus), the leaves of which
peroxide lyase (HL), which forms very unstable hemiacetals &€ reported to be one of the highest &dehyde producers
from hydroperoxides of polyunsaturated fatty acids, generating 2M0Ng plant tissue81) and also used as the source of industrial
aldehydes and aldehyde enols by spontaneous dissociajion ( Production of leaf aldehyde and alcoh8R). Here, we report
This reaction mechanism was propose 3) and recently '.[he glonlng pf the HL gene from watermelon leaves and confirm
elucidated (1). Some of thes@ldehydes and alcohols have ItS high activity.

been known to have antimicrobial and antifungal properties

(4—8) as well as negative effects on arthropods directly and MATERIALS AND METHODS

indirectly (9—11). Recently, these volatiles were also reported  chemicals. All of the chemicals, unless otherwise noted, were
to induce defense-related genes in plafis {3) as well asthe  obtained from Sigma (St. Louis, MO). 18)- or 9(S)-hydroperoxides

emission of other volatiles (14,5). of linolenic acid or linoleic acid were prepared using soybean LOX
There are possibly three types of HLs depending on the (33) or tomato LOX (34).
substrate specificity. 13-HLs, such @sabidopsisHL and Plant Material. Watermelon C. lanatug cv. Sugar Baby was grown

watermelon HL, have a strong preference for 13(S)-hydroper- in soil in a greenhouse (r)nain}ained with a 16 h light/8 h dark
oxides over 9(S)-hydroperoxides, whereas 9-HLs such as pealphotoperlod, a ZB_C da_y/21 2C rlllght_temperature setting, and a light
HL (16) have the opposite preference. 9/13-HLs can act on both Mensity >800 uEinstein m* s with supplemental high-pressure
9- and 13-hydroperoxides somewhat equally. So far, no 9-HL sodium buI_bs.Nlcotlana tabacum:_v. Peyte Havana and KY1_4 fc_)r

N ! transformation were grown aseptically in a growth room maintained
has been cloned. HLs belong to a novel family of cytochrome o 554 3°c with a 23 h light/1 h dark photoperiod and a light intensity
P450s, CYP74, which catalyze the conversion of hydroperoxides of 60 yEinstein m2 s2.
of polyunsaturated fatty acids without molecular oxygen or  cDNA Cloning of Watermelon HL. Total RNA was isolated from
cofactors (17—19). The CYP74 family is divided into four young but fully expanded leaves of watermelon plants using the TRIzol
subfamilies based on sequence identity: CYP74A [allene oxide reagent (Life Technologies, Gaithersburg, MD). Messenger RNA was
partially purified using oligo(dT)-cellulose. Several pairs of degenerate

* Corresponding author [telephone (859) 257-5020, ext. 80760; fax (859) Primers were designed on the basis of conserved regions of published
257-7874; e-mail dhild@uky.edu]. sequences of several HL and AOS genes and obtained from Integrated
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DNA Techno|ogies (Coralvi”e' |A) A product of the expected size 1 ATGAAGGTCACCATGACCTCCGGCGGAATGCCTTCCATACCTTCATCGATTTCGCCACCG
was obtained using the following primer pair; HL5B (GGNT- towovE T s e e mE s r s s 18
TYAAYGCNTWYGGNGG) and HLSB (CYTTNGCNGCRCAYT' 61 CCGGTCACTTTACCGCTCAGAAATATCCCCGGCAGCTACGGTTTGCCGCTGTTCGGATCC

3 22 P VT L P L R NI P G S8 Y G L P L F G 8
GYTGYTTRTT). The sequence of the HL cDNA was determined by
121 ATCGGTGACCGGCTGGATTACTTCTGGTTTCAAGGACCCGAGAAGTTCTTCAGGTCTCGG

a RACE using a SMART cDNA amplification kit (Clontech, Palo Alto, 21 1 ¢ DR LODGYFWEFOGT P ETEKTFETFETERS SR
CA)_' From the sequence obtained, the foI_Iowmg_ Primer pair Was ) 11aeacarGAATCARAGTACGATTTTCAGAACGARTGTTCCTCCATCGTTCCCTTTCTTC
designed for the cloning of the full-length coding region of watermelon ¢é1 v 8 « ¥ ¢ s T v F R T N V P P 8 F P F F
HL: CLHL5 (CGCACTAGTATGAAGGTCACCATGACCTC) and 241 TTCACCGATCCGAGAGTGATTGCGGTTCTGGATTGCARGTCATTTGCGCATCTATTCGAC

CLHL3 (GGTAAGCTTCAGTTGGTCCTTTGAAAAGC). The 5end 88 F T D P R V I AV L DCKSFAHLFD
primer was designed to contain tipel recognition site just before 301 ATGGAAATCGTGGAGAAGAAGAATGTTCTGGTCGGTGATTTCATGCCGAGCACAAGTTTC
the start codon, whereas the 3'-end primer containeHiradlll 01 M E I VEXKKNVLVYGEDTFMPSTSFE

recognition site just after the stop codon. The PCR product obtained 361 ACCGGARATATGAGAGTCTGTGCGTATTTGGATACGTCGGAATCTCARCACTCGAAGATA

using this primer pair was ligated into the pGEM-T Easy cloning vector > * ¢ & ™ ® ¥ € 2 ¥ L D ® § & § 0 H § X I
(Promega Mad|SOn WI) 421 AAAAACTTCGTCATGGACGTTCTGCGGCGCGAGCTCGAGGATTTGGATACAGGAGTTGGAA
T o . . 1417 K N F V M D vV L R R 8§ 8§ R I W I Q E L E

cDNA Cloning of ArabidopsisHL. Total RNA was isolated from
481 TCGAACCTATCGACGATGTGGGACAGCATAGAATCCGAAATCGCAAAGGACACAAAATCC

wounded, young rosette leavesfrfabidopsis thalianavith the TRIzol 161 § N L § T M W D § T E S E T A K D T K S
reagent. The messe_nger RNAS V_Vere partially p_u”f'ed using 0"99(dT)' 541 AGCTTCAGAAACCATCTCCAACCAACTCTTTTCAATTTCTTCTCCAARACCCTGGCCGGC
cellulose. The following pair of primers was designed froma published 181 s F R ¥ # L. ¢ 2 T L F N F F 8§ X T L A G
sequence of tharabidopsisHL gene: AtHL5d (ACACTAGTATGT- 601 GCCGACACTGCAAAATCACCGGAACTGGCTAAATCCGGCTACATCGACGTCATAATTTCS
CACAGCTTCCCCTCCGTA) and AtHL3b (CACTAGTCGGCGAC- 200 A DT AKSPEVAKSGYTIDVYITIW
CGTTGAAGATTGATTA). These primers were designed to contain 661  CTGEGECTCCAGCTGGTCCCCACCATCCACATCGGCATTCTCCARCCCCTGGARGARATA
the Spé recognition sites flanking the coding region. The PCR product 22! * ¢ L @ L v 2 T I # 1 G I L Q@ F L E E I
obtained using this primer pair was ||gated into the pGEM_T Easy 721 TTCCTCCACTCTTTCCGATTACCCTTCTTCCCCATCGCCTCTCGCTACCAAAGACTCTAC

. 241 F L H §S F R L P F F P I A 8 R Y Q R L Y
cloning vector.

Phylogenetic Analysis.Amino acid sequence alignment and phy- 2 0T L e e e S e+ & 1.
IOgeneth tree COnSt!’UCthn Were. performed Wlth V.eCtOr NTI AdVanCe 841 ACGAAGGATGAAGCAATTCACAATCTCATCTTCACCATGGGATTCAACGCCTACGGTGGT
9 (InforMax, Frederick, MD) using ClustalW algorithm (35) andthe 281 '+ x b B 2 T 8 N L T F T M ¢ F N A Y G G
n6|ghb0r-JO|nlng mEthOd (36) 901 TTCAGTCTCTTCTTCCCGGTTCTACTCGATCGGATACTCAACGACAARACCGGTTTACAA

Plant Transformation. The cloned cDNA of watermelon or 301 F § L F F PV LLDRTILINDEKTGTLQ
ArabidopsisHL was inserted in a CMV 35S promoter-driven binary 91  caGaGAATCCTCGAGGAAGTCAAGGCAAARACCGGCTCCGGTCTGACATTCGAGTCGGTC
vector pKYLX71:35S2 (37) €http://www.uky.edu/~aghunt00/ky- 322 Q R I L EEV K2AKTGSELTFESV
Ix.html>). The cDNA was digested Witﬁpel and |igated into the vector 1021 AAGGAGATGGATCTCATCTACTCCGTCGTTTACGAGACACTCCGGCTTGACCCGCCGGTT
digested withXbal, which produces a compatiblé-&tension. The 1 K EM DL I XS VVYETLELRDPFPY
binary VeCtOI’ was then transferred imgrobacterium tumefaciemrain 1081 CCAACCCAGTACGCGAGAGCCAGAAAGGATTTCAAGCTAAGTTCCTACGATTCAGCGTAT

. . . . 31 P T Q Y A R A R K D F K L 8 8 Y D 8§ A Y
GV3850 using the freezethaw method, and integrity was confirmed
by PCR.N. tabacunplants Petite Havana and KY14 were transformed e
by the leaf disk method witAgrobacteriumcontaining the watermelon oo o GACGTTTARTCOGEOCCCETTCCOEECACAGAAGIGAGEEENS
HL and ArabidopsisHL, respectively, and the transgenic lineswere 401 v # ~ xk » K T P ¥ 2 ¢ R F R G E K G A A
selected for kanamycin resistance. 1261 CTGCTGGATTATTTGTTCTGGTCGAACGGGCCGCAGACGGGACTACCGAGCGAGCATAAC

Enzyme Extraction and Assay.The crude enzyme extracts were 421 L L D Y L F W 8§ N ¢ P 0 T G L P 8 E H N
prepared from leaves. Two volumes of an extraction buffer [100 mMM 1321 AAGCAGTGCGCCCEGARGGATTTGETEGTCCTCACCECAGTGGTETTCETGECTTACATA
Tris HCI, pH 8.5, 3 mM EDTA, 3 mM dithiothreitol, 1% (w/v) protease ~ #4* * ¢ £ 2 ¢ X D L vV vV L T A vV V F VvV a ¥ I
inhibitor cocktail, 0.5% (W/V) Triton X-100, ah5 g Lt p0|yviny|p0|y_ 1381 TTTCGAARGGTATGATTGGATTGCAGGGGAAGGAGCGTTCGATTACAGCTTTTCARAGGACC

. . - 46 F R R Y D W I A G E G G 8 I T A F Q R T
pyrrolidone (PVPP)] was used for the extraction. The slurries were
ﬁltered through a |ayer Of Miracloth (EMD BiOSCienCeS, San DiegO, 1;}:1 AﬁCT(*SAAGTGAAATATATATATATATGTAGATTGAGAACTGCAGCTTTTTTTGTTCATGG
CA) and briefly centrifuged at 4C to remove the remaining PVPP.
The enzyme activity was measured usingS)3tydroperoxylinolenic
acid (13-HPOT) in the presence of yeast alcohol dehydrogenase and'6? AAATTAAGATICCATTTARARARAARARARARARAAARAAGCAAARAAARARARRARARA
NADH, where the production of aldehydes was measured by the 1621 ARAARAAAARAA
reduction of NADH consumed by ADH converting aldehyde to alcohol Figure 1. Nucleotide and deduced amino acid sequences of the
spectrophotometrically (38). The reaction buffer consisted of 25 mM watermelon HL gene. Absolutely conserved amino acid residues among
PIPES buffer, pH 6.5, 0.1 mM 13-HPOT, 0.1 mM NADH, 57 units  cytochrome P450s (Glu352, Arg355, Arg412, and Cys443) are underlined.
mL~! yeast alcohol dehydrogenase, and 0.01% (w/v) Tween 20. The GenBank accession no. AY703450.
loss of absorbance at 340 nm wavelength was measured.

1501 CTTCTTTTTTATGTATGAGTGTGGAGCCCAAATGAAAARAATTGGAARAATTAATCAATA

cucumber (29). Like several other HLs cloned, the N-terminal
sequence lacked the typical features of a transit peptide and
thus failed to be identified (PSOR¥http://psort.nibb.ac.jp>;
Cloning and Sequence Analysis of the Watermelon HL TargetP 1.0<http://www.cbs.dtu.dk>) or was predicted to be
Gene. Poly(A)™ RNA isolated from leaves was used as a longer than expected (SignalP 3<thttp://www.cbs.dtu.dk>;
template for RT-PCR using degenerated primers designed fromChloroP 1.1<http://www.cbs.dtu.dk). The phylogenetic analy-
conserved amino acid sequences of several HLs and AOSssis of amino acid sequences of 25 HL genes showed the
cloned thus far. RT-PCR yielded a single clone with high clustering of HLs within plant families except for the diversion
similarity with other HLs. RACE was attempted to obtain the between 13-HL and 9/13-HL (Figure 2).
full-length cDNA for the putative watermelon HL. The sequence  Cytochrome P450s have a conserved structural fold even
of the putative coding region of this enzyme was obtained though their sequences are diverse and have low ide®y (
(Figure 1), but very little 3-untranslated region was sequenced, 40). These proteins consist of two domains: cadomain rich
possibly due to the secondary structure in this region. This hasin a-helices and #-domain rich inS-strands. Bundles of four
been deposited in GenBank, accession no. AY703450. The operhelices, D, E, I, and LL, and helices J and K compose the
reading frame encoded a deduced protein of 481 amino acids,structural core of thex-domain. Although overall sequence
which had 87.5% identity with a hypothetical 13-HL of identity is low among P450s, there are several consensus

RESULTS
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Figure 2. Phylogenetic tree of the HLs. The phylogenetic tree was constructed using the neighbor-joining method in Vector NTI Suite 9 (Informax) from
the deduced amino acid sequences of HL genes. The organism names and GenBank accession numbers, if available, are as follows: AtHL (Arabidopsis
thaliana), AF087932; CaHL (Capsicum annuum), U51674; CjHL (Citrus jambhir), ABO77765; *CIHL (Citrullus lanatus), this paper; CmHL (Cucumis
melo), AF081955; Cs13HL (C. sativus), AF229812; CsOHL (C. sativus), AF229811; CsiHL (Citrus sinensis), AY242385; GmHL1, 2, and 3 (Glycine max),
U.S. Patent Application 0040010822; HvVHL (Hordeum vulgare), AJ318870; LeHL (Lycopersicon esculentum), AF230372; MaHL (Musa sp.), A65873;
MsHL1 (Medicago sativa), AJ249245; MsHL2 (M. sativa), AJ249246; MsHL3 (M. sativa), AJ249247; MtHL1 (M. truncatula), AJ316562; MtHL2 (M. truncatula),
AJ316563; NaHL (Nicotiana attenuata), AJ414400; NtHL (N. tabacum), our unpublished data; OsHL (Oryza sativa), AY340220; PgHL (Psidium guajava),
AF239670; StHL (Solanum tuberosum), AJ310520; and ZmHL (Zea mays), AAN88707. The scale bar indicates the expected number of amino acid
substitutions per amino acid.

sequences known. One is Phe-X-X-Gly-X-Arg-X-Cys-X-Gly the length of the F—G loop is two to three amino acids longer
located just before the L helix, with the absolutely conserved among 9/13-HLs with an extra charged residue (Lys) compared
cysteine that serves as the fifth ligand to the heme iron. The to other CYP74s. 9-DESs, LeDES, and NtDES, which also act
second is the ERR triad consisting of the Glu-X-X-Arg motif on 9-hydroperoxides, have a shorter loop, but they also contain
in the K helix and the Pro-Glu-Arg-Phe motif found near the two extra charged residues (Lys). This region is also flanked
so-called “meander” region near the L helix. This set of motifs by two of the possible six substrate recognition site) (How

is considered to stabilize the core structure. These four aminothe Lys here affects the substrate specificity and/or the interac-
acids (Cys, Glu, Arg, and Arg underlined) are absolutely tion with the membrane is not clear and requires mutation
conserved among P450s. The third is Ala/Gly-Gly-X-Asp/Glu- experiments. The highly conserved Thr in the oxygen binding
Thr-Thr/Ser in the | helix, which is thought to be involved in  motif in the I helix is not seen in CYP74s because these enzymes
oxygen binding. There is also the Trp/His-X-X-X-Arg motif  do not require molecular oxygen for the reaction. The C-terminal
found in the C helix, which coordinates one of the heme end of 13-HLs past the L helix, which is considered to form
propionates. All of the plant P450s characterized thus far are two to fourf-strands and one of the substrate recognition sites,
membrane-bound proteindq). The membrane interaction of is much shorter than other CYP74s.

mitochondrial and microsomal P450s is considered to involve  Characterization of Watermelon HL Expressed in Trans-

a hydrophobic helix near the N-terminal and/or theG loop genic Plants.The full-length coding region of the watermelon
between the F and G heliced1(—43). When the multiple HL was expressed il. tabacumleaves behind the enhanced
sequence alignment was expanded to include other members35S promoter. The highest expresser line 16, which had three
of CYP74 genes, several interesting findings emergeguge or more copies of the gene, haeb0 times more HL activity

3). First, the consensus sequence around the heme-binding sitéhan that of wild-typeN. tabacun(Figure 4) or a vector control
near the L helix appears to be Trp-Ser-Asn-Gly/Glu-Pro/Arg- (Figure 5), and the main volatile product from 13-hydroper-
Glu/GIn-Thr-Glu/Gly-X-Pro-X-X-X-Asn-Lys-GIn-Cys-Ala/Pro-  oxylinolenic acid (HPOT) was confirmed asZBhexenal by
Gly/Ala-Lys-Asp/Asn-X-Val, where Arg, two residues ahead GC-MS (data not shown). Some of the third and fourth
of the heme-binding Cys, is replaced with Lys. The fifth residue generations of line 16 plants had HL activities as low as that in
from Trp is Pro forl3-HLs and 13-A0S, whereas a charged/ nontransformed\. tabacum(data not shown). It is likely that
polar residue, mainly Arg, replaces Pro in 9/13-HLs, 9-DESs, the transgenes were cosuppressed due to the high number of
and 9/13-A0Ss. Second, in the Thr/His-X-X-X-Arg motif in  copies and/or transcripts. Moreover, the highest activities in the
the C helix, Arg is replaced by Lys, and His and Lys are third and fourth generations among different lines, whether they
absolutely conserved among CYP74s sequenced thus far. Thirdcontained single or multiple copies of the gene, rarely reached
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13-BL (Dicots)
C1HL -HSKIK- -WLGLQLVPTIHIGIL QPLEE- -GGFSLF- -VYETLRLDP- -FNPDRF - -WSNGPQTGLPSEHNKQCAGKDIV- -RYDWIAGEGG SITAFQRTN
LeHL -HAQIK- -WLAIQLAPTVSIGVL QPLEE- -GGFSIF- -VYETLRLSP- -FVLERF - -WSNGPQTGRPTESNKQCAAKDMV - -KYDSVSFSSG SLTSVKKAS
MsHL2 -HAKAK- -WLAVQLLPTVSVGTI QPLEE- -GGFSIF- -VYETLRMNP - -FKPERF - -WSNGPQTGSPTVSNKQCAGKDIV- -RYDLIKGDGS SITALRKAK
13-HEL (Monocots)
MaHL -HARVK- -WLALQLLPTVKVGAIP QPLEE- -GGFSVF - -VYEVLRLNP- -FAPERF- -WSNGPETGTPTPANKQCAAKDYV - -RYDEFVCADD AISVTKLDRAREWE
OsHL -HARTK- -WLALQLVPTQKVGVIP QPLEE- -GGFSVF- -VYEVLRMQP - -FAPERF - -WSNGPETGEPSPGNKQCAAKEVV - -RYDDFECDGT SFTKLDKRELTPS
9/13-HL
CmHL -HSVLK- -WLVFQLAPLASIGLPKIFSVFED- -GGMKVL- -VYEALRIEP- -FVGDRF - -WSNERETVEPTPENKQCPGKNLV - -RYDTFTVEVADLPLGPAVKFKSLTRATDMV
MEHL2 -HALIK- ~-WLLFQLAPLATLGPPKIFNYLED- -GGLKNQ- -VYEAMRIEP- -FVAKRF- ~-WSNGKETEEPSVGNKQCPGKNLV - -RYDTFENETKNNAFGAAVSITSLTKASSV
9-DES
LeDES -HAALK- -WLFPQLIPSLSAKKLP NIIED- -AGLNAF - -VYETLRLRP- -FVPDRF - -WSNGRETESPAPDNKQCPGKDLV - -RYDTFTLEITPLFRAPNVAFNTLTKASK
NtDES -HAALK- -WLFPQLIPSLSARKLP SFIED- -AGLNAF - -VYETLRLRP- -FIPDRF- -WSNGRETENPAPDNKQCAGKDLV - -RYDTFTVEITPLFRAPNVAIKTLTKAT
9/13-A0S
HvVAOS1 -HTKVK- -WLIFQLHPLVTLGLP MILEE- -GGLKVL - -VWEALRLDP- -FVGDRF - ~-WSNGRETESPSVHNKQCPGKNLV - -RYDTFTAKVGLDLLGTKVEFTGVTKATSGVADAV
OsAOS -HAKIK- -WLLWQLAPLTTLGLP MIIED- -GGFKLL- -VWEALRLDP - -FVGDRF - -WSNGRETENPSVDNKQCPGKNLV - -RYDTFTAEAG KKVVITGVTKASTSAVNRTA
13-2A08
LeAOS2 -HEKLK- -WILLQLHPVITLGLP KFLDD- -GGMKIF - -VYEALRVDP- -FVADRF- -WSNGPETESPTVGNKQCAGKDFV - ~RYGTLNVDVGTSALGSSITITSLKKA
MLACS -HEQLK- -WVLFQLGPVLKLGLP KFVED- -GGMKLF - -VYEAFRIDP- -FVADRF - -WSNGPESQSPTVGNKQCAGKDFT - -RYDSFEIQVGNSPLGPSITLTSLKRSSF
CYP74 HXXXK WLXXQLXPXXXXG LEE GGXXXX VYEXXRXXP FXXDRF WSNGPETEXPXXXNKQCAGKDXV
Motifs ID A W B ERQ G PA N
P450 WXXXR AGXDTT EXXR PERF FXXGXRXCXG
Motifs H G S H

C-Helix F-G Loop I-Helix K-Helix (Heme-binding Site) L-Helix B3/B4-sSheets

Figure 3. Multiple alignment of conserved amino acid sequences of CYP74. Two to three sequences were chosen from each of dicot 13-HLs, monocot
13-HLs, 9/13-HLs, 9-DESs, 9/13-A0Ss, and 13-A0Ss for the alignment, although the actual comparison was conducted using 44 published plant CYP74s
excluding the ones from a moss. The four absolutely conserved amino acid residues (Glu, Arg, Arg, and Cys) are underlined in the CYP74 motifs. The
charged residues, Arg and Lys, in the F—G loop and near the heme-binding motif are in bold. The organism names and GenBank accession numbers
are as follows: HvAOS1 (H. vulgare), AJ250864; LeAOS?2 (L. esculentum), AF230371; LeDES (L. esculentum), AF317515; MtAOS (M. truncatula),

AJ316561; NtDES (N. tabacum), AF070976; and OSAQOS (Oryza sativa), AY055775. For HLs, see the caption of Figure 2.

25
20
[72]
E
1%
o
S 15 A
k=
o
E
c
'E 10
=
[=]
E
-
5 B
0 T T T T T T T — T T T
© @ o = ~ W =] - ] o @ E
I o i 3 | i} 3 b 3 3 3
I I I I < I I I I b =
— - e | -l o | ) | — o | P | p |
o o o o o o o o o o o
Plant Line#

Figure 4. HL activity among transgenic lines (T, generation) of N. tabacum
plants overexpressing watermelon HL. HL activity was measured at pH
6.5 using 13-HPOT as a substrate. Each bar represents the mean and
standard error of three or four replicates. CLHL, watermelon HL
overexpressing line; WT, wild-type N. tabacum.

above 15umol min~t mg~! of protein or~75% of the highest
level seen in the Tgeneration, indicating the activity levels
were regulated. It was not clear if the regulation is at DNA,
RNA, and/or protein levels.

The substrate specificity of watermelon HL is showTable
1. It has very little activity with 9-hydroperoxides and +s3
times more active toward 13-HPOT than13-hydroperoxylinoleic
acid (HPOD). The specificity toward 13-HPOT was not as
specific as that of guava HL (10 time<8), green pepper HL
(12 times) (45), or sunflower leaf HL (16 time<)§), but more
specific than that of alfalfa HLs<(1.5 times) 25) or sunflower
hypocotyl HLs (-2 times) é6). The pH profile of the enzyme
activity was very similar to the data from the original report
with its optimum at pH 6.247) (data not shown).

Comparison of HL Activity in Transgenic Plants. To
compare the watermelon HL activity with another HL gene,

|

umol/min/mg of protein
[
|
i
1

H

I s (I

T T T

CLHL16 ATHL24 Ve Nt WM
Figure 5. Comparison of HL activity among leaves of transgenic N.
tabacum plants (T3 generation) overexpressing watermelon HL or
Arabidopsis HL, vector control, nontransgenic N. tabacum and watermelon.
See the caption of Figure 4 for the activity measurement. CLHL,
watermelon HL overexpressing line; ATHL, Arabidopsis HL overexpressing
line; VC, vector control; Nt, nontransgenic N. tabacum Petite Havana;
WM, watermelon.

0.0

HL cDNA was isolated fronArabidopsis/Arabidopsis thalian
and expressed ifN. tabacumplants using the same binary
vector. The results shown iRigure 5 demonstrated 10 times
more activity from watermelon HL than from thrabidopsis
HL transgenic line with the highest activity among 22 trans-
formed plants screened.

DISCUSSION

The HL in watermelon plants was first purified from
germinating seedlings and characterized as a 13-HL by Vick
and Zimmerman47). Watermelon leaves were also noted as
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Table 1. Substrate Specificity of Watermelon HL Expressed in N.

Fukushige and Hildebrand

tabacum Leaves

substrate

activity? (umol min—* mg~* of protein)

relative activity (%)

13(S)-hydroperoxy-(9Z,11E,152)-octadecatrienoic acid
13(S)-hydroperoxy-(9Z,11E)-octadecadienoic acid
9(S)-hydroperoxy-(10E,122,152)-octadecatrienoic acid
9(S)-hydroperoxy-(10E,122)-octadecadienoic acid

413+0.13 100.0
1.47 £0.015 35.6
0.0131 +0.0043 0.32
0.0143 +0.0028 0.35

2 Average and standard error of three readings.

one of the high galdehyde producers among 28 plant species (9Z,11E,157)-octadecatrienoic (linolenic) acid; 13-HPOD, $B(

by Sekiya et al.31), apparently due to the high activity of both

hydroperoxy-(9Z,11E)-octadecadienoic (linoleic) acid; LOX,

HL and lipoxygenase (LOX). Currently, watermelon leaves are lipoxygenase; NADH,j-nicotinamide adenine dinucleotide

used in the industrial production ofgGldehydes (32). The

(reduced form); PCR, Polymerase Chain Reaction; PIPES,

watermelon HL cDNA cloned from mature leaves in this study piperazineN,N'-bis(ethanesulfonic acid); PVPP, polyvinylpoly-
shows an 87.5% amino acid identity with the hypothetical 13- pyrrolidone; RACE, rapid amplification of cDNA ends.

HL from cucumber, another member of the Cucurbitaceae

family to which watermelon belongs. Its amino acid identity | tErRATURE CITED
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