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Identification and expression of /euD Gene in Rice (Oryza sativa L.)
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A rice OsLeuD gene for small subunit of 3-isopropylmalate isomerase (IPMI) (EC 4.2.1.33) has been
isolated. OsLeuD gene is located on 109.3 cM of chromosome 2. OsLeuD gene was expressed abun-
dantly in metabolically active organs including leaves and developing seeds, indicating that OsLeuD
gene expression is developmentally regulated. The cDNA of OsLeuD gene was coded for 257 amino
acids which showed 58% and 48% homology to small subunits of I[PMI in LueD genes of cyanobacteria
and green sulfur bacteria, respectively. The molecular character of OsLeuD is closely related to those
of photosynthetic bacteria rather than those of eukaryotes including fungi and yeast. This suggests
that OsLeuD gene in chromosomal genome of plants may possibly be originated from chloroplast

genome.
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Introduction

Leucine biosynthesis genes of Escherichia coli [12],
Salmonella  typimurium [9], Bacillus subtilis [14], and
Lacococus lactis [4] are consisted a single operon in the or-
der leuABCD [3,15]. The leuA and leuB genes encode 2-iso-
propylmalate synthase and 3-isoprophylmalate de-
hydrogenase, respectively. However, leuC and leuD genes
encode the large subunit and small subunits of iso-
prophylmalate isomerase (IPMI), respectively. Leucine bio-
synthesis was mediated sequentially by committing en-
zymes [12]. The 2-isopropylmalate synthase (EC 2.3.3.13)
encoded by leuA catalyzes the transfer of an acetyl group
from acetyl-CoA to 2-ketoisovalerate to produce 3-car-
boxy-3-hydroxyisocaproate ~ (isopropylmalte). The iso-
prophylmalate isomerase (IPMI) (EC 4.2.1.33) which is en-
coded by leuC and leuD, synonymously called 3-iso-
prophylmalate dehydratase, causes migration of the hy-
droxyl group to form 3-carboxy-2-hydroxyisocaprote
(3-isoprophylmalate) [5]. The isopropylmalate dehydrogen-
ase (EC 1.1.1.85) encoded by leuB decarboxylates 3-iso-
prophylmalate to 2-ketoisocaproate [8,13]. The branched-
chain amino acid aminotransferase (EC 2.6.1.42) reversibly
catalyzes the transfer of the amino group of L-leucine ami-
no acid to 2-oxoglutarate to form a 4-methyl-2-oxopen-

tanoate and L-glutamate.
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Bacterial isoprophylmalate isomerase (IPMI) is consisted
with a heterodimer with two subunits, a large subunit is
encoded by leuC and a small subunit is encoded by leuD
[2], although fungal and yeast IPMIs are monomeric en-
zymes encoded by LEUI [1,11,7]. Up to date, although leu-
cine biosynthesis in bacteria and yeast has well been inves-
tigated, leucine biosynthesis in plants is largely unexplored.
Here we found a rice cDNA encoding a protein homology
to small subunit of IPMI of leuD gene of bacteria. This is
the first report for expression of leuD gene of rice.

Materials and Methods

Plant Material and cDNA Cloning

A ¢DNA clone encoded for p-subunit of 3-isopropylma-
late isomerase was selected from early seeds cDNA library
of Oryza sativa cv. Japonica, cv. Il-poom. Nucleotide se-
quencing was performed with the Bigdye™ Terminator
Cycle Sequencing kits (PE Biosystems, Foster City, CA,
USA) using an automated DNA sequencer (ABI 3100,
Applied Biosystems, Rockvill, MD, USA). DNA sequences
and deduced amino acids were analyzed using the pro-
grams DNAsis (Hitachi, Japan), BLAST, and Clustal W
programs.

RNA blot and Genomic DNA blot Analysis

For genomic Southern blot analysis, a radioactive labeled
probe was generated by random primer labeling system
(Promega Co. Medison, WL, USA). For Southern blot analy-



sis, oa-[P] dCTP labeled DNA probe was generated by a
random primer labeling system (Promega, Madison, WI,
USA). Genomic DNA from rice seedlings was isolated us-
ing the CTAB method (10). Twenty micrograms of genomic
DNA were digested to completion with BamHI, EcoRI and
HindIl. The enzyme treated genomic DNAs were electro-
phoretically separated for 8 h (25V) in 1X TAE buffer on a
0.8% agarose gel, denatured and then transferred onto ny-
lon membrane (Amersham, Piscataway, NJ) in 25 mM
Na;HPO,/NaH,POy buffer(pH 7.0). The membranes were
UV-cross linked with 1,200 ] under a UV crosslinker.
Prehybridization with DNA blotted nylon membranes was
performed at 42°C for 3 h in 50% (v/v) formamide, 6X SSC
(IX 55C is 015 M NaCl, 025 M NaHPO4 and 25 mM
Na;EDTA), 5X Denhardt’s solution [1% (w/v) Ficoll, 1%
(w/v) polyvinylpyrrolidone, 1% (w/v) bovine serum albu-
min], 0.5% (w/v) SDS, and 01 mg/mL Herring sperm
DNA. DNA blotted nylon membranes were hybridized in
the prehybridization buffer with radioactive labeled probes
at 42°C for 12 h. After completion of hybridization, the
DNA blotted membranes were washed twice in 2X SSPE,
0.1% SDS at room temperature for 5 min, once in 1X SSPE,
0.1% SDS at room temperature for 10 min, once in 0.1X
SSPE, 0.1% SDS at room temperature for 20 min and once
in 0.1X SSPE, 0.1% SDS at 42°C for 5 min.

For Northern blot analysis, total RNA was extracted
from different organs including, roots, young and mature
leaves and flowers in meiosis stage, 5 days after pollina-
tion (5-DAP). Twenty micrograms of total RNA was elec-
trophoretically separated on a 14% agarose gel using 1X
MOPS [3-(N-morpholino)-propanesulfonic acid] buffer and
transferred to nylon membranes in 25mM phosphate buf-
fer, pH 7.0 for 12 hrs. The membranes were UV-cross
linked with 1200 J. Prehybridization was performed at 42°C
for 3 h in 50% (v/v) formamide, 6X SSC (1X SSC is 0.15
M NaCl, 025 M NaH,PO4 and 25 mM NaEDTA), 5X
Denhardt’s solution [1% (w/v) Ficoll, 1% (w/v) poly-
vinylpyrrolidone, 1% (w/v) bovine serum albumin], 0.5%
(w/v) SDS, and 01 mg/mL Herring sperm DNA.
Hybridization was then performed in a prehybridization
solution with a-[*P] CTP labeled probe at 65°C for 14 h.
The a-[SZP] CTP labeled probe labeled RNA probe were
synthesized using T7 RNA polymerase (Promega Co.) ac-
cording to manufactures’ protocol. After performing hy-
bridization, the RNA blotted nylon membranes were wash-
ed twice in 2X S5C, 0.1% SDS at room temperature for 5
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min, once in 1X SSC, 0.1% SDS at room temperature for 10
min, once in 0.1X SSC, 0.1% SDS at room temperature for
20 min, and once in 0.1X SSC, 0.1% SDS at 65°C for 5 min.
Membranes were exposed for 24 h to X-ray film and devel-
oped for their autoradiographic images.

Results and Discussion

Luecine D gene of rice (OsLueD)

The cDNA encoded a protein of 257 amino acids which
showed 333% identity to 3-isopropylmalate dehydratase
small subunit (EC 4.2133) (isopropylmalate isomerase 2,
IPMI). IPMI was encoded by the LueD gene of cyanobacteria.
The deduced amino acids of the LueD gene of rice contained
three protein kinase C phosphorylation sites, one glyco-
sylation site and one cAMP-dependent protein kinase phos-
phorylation site were contained (Fig. 1).

1 CCTCACACACTG AMCACCATEGUEG S GEG 6066 aG6CTCORGCTC TATCCTTGGCOGAG
M A A AAAAPALSTLAEIWN
61 GOGGAGO0E TG ACAGCAG TTC TeGCACS TETCOCACGCOC TCRAGGACETTACGOTGC
AAPYTAVLAPCPTPSRLZIFRERM
121 COCAGCTGEG TCOCSGLTATCTCCCOGCOCECTC TG ABATECCAGT ACAS TCG TCCCC TG«
R SVY¥VAAICRPALEKTCEHEHESTE RPLSH
181 AQTGOCG T66OCGOTGOGGCTICCEGCTOONGCTCOGGEGGG6 ACTCOACGTCGECORGCs
TV R E LA LEDs TS 46w
241 GTATTOCACGGCG A6 TGCTTCG TG TGGCEG ATAACATCE ACACEG ACCAGATCATCONCG &
VFHEHGECFVYYGDNTIDTDO QTIJIFP®He
301 GOCGAGCACCTGAOCCTGE TCCCE TOCAAGCOTG ACG AG TACCGCAAGC TCGGCTCETIC
AEEBLTLVYPSEKPDETREKLEGSGSFIlgn
361 GOCTICGTTGGCC ICCOCACCGOOGL TACCOL ACHCO6 TCG TOGCOCCTR6 L5 AGGAG
AFVGLPTAATYPTPFTYAPGEEI3e
421 ACCACCCGCTACGOCG TCATCATOGGCGOCGOCAAC TICGEC TGAGGCTCCTCONG TG AG
I TRYAVIIGGANFGCGEGSSRE IS
481 CACGOGCOCG TGOCC TE6GCEONGCNGOCEaTCOCEC0E TCHTG6CIEAGGGCTATICG
HAPVALGAAGARAYVYAEG]Y AINw
541 CGCATCTICTICCGCAAL TOCG TGGOCACCGGTGAGG TCTACCEGT TGG AGC TAGCCEACH
RIFERNSTYATGET VYTYPLETLADINe
601 ACTGGAGOCTGGAAGG AG TCCAAG ACCGGGG ATG T66 TCACGG TGG AACTIGATAATTGC:
TG6GAWEKECEKTGDVYTVELDNC24e
661 GICATGATCANCCACACATOCGOCAAGCAGTACANCC TG AKGCC TATOGG OO ATGCOR GG
VM INEHT S &LQYKLEKTPTIGDAG?2H
721 CCSGITATTGAGGCAGGCGCEATCT TIGOC TATGOCCOE AAG ACOGG AL TGATCSCATCC Y
PV IEAGG GIFATYARETG GIMNTIASBZ54
781 AMGTCTGOGTGAGGGARAGGCG AR TTIGGTCTOCTS TCAAGATAGTCOAGGCCICTGCAG
K §_A x257¢
841 ATAGCAAGACTGGGTIGTGGATTIGAACCTATTGCACCTCTATGOGATIG TCCATCAG TT+
901 GTACTGCTGTTITTACCTAGGTTGTG T6 TCATCAG T6G 16 TTTTIGGAATAG T TAAAAG »
B61 TTACAGAGTACTGAACTATGATG TATTAG TCCATG TGATC T TATGTAACCCCCTTATGTAY
1021 ATAACACTOGTTTATACCTGOCAMAMASAAMASRAAMARA 1063

Fig. 1. Nucleotide sequence of OsLeuD ¢DNA and its deduced
amino acid sequence. Amino acids sequences for either
chloroplast signaling for thylakoid space or mitochon-
drial localization signaling sequences for mitochondria
intermembrane space were shaded. The putative poly
(A) signal is bolded. Three protein kinase C phosphor-
ylation sites were ifalic bolded and wunderlined.
Glycosaminoglycan attachment site is bold and under-
lined (218-NHTS). cAMP-dependent protein kinase
phosphorylation site (33-RRRS) was bolded and double
underlined. GenBank Accession of OsPIG-F is AY363174.
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Further analysis for amino acid composition showed
that both chloroplast signaling for thylakoid space or mi-
tochondrial localization signaling sequences for mitochon-
dria intermembrane space were contained from amino ter-
minus sequences to amino acid residue from 54 to 68 in
the 3-isopropylmalate dehydratase small subunit of rice
(Fig. 1). This suggested that the predicted locations of this

protein in cellular organelles could be in chloroplast thyla-
koid space. Alignment of amino acid sequences of rice
IPMI small subunit revealed that the protein shared high
homology with those of algae and cyanobacteria (Fig. 2)
[3,5,8,14]. Moreover, phylogenic analysis showed that rice
IPMI was grouped with that of green algae, cyanobacteria,
eudicots and green sulfur bacteria (Fig. 3). This phylogenic

Hel -———mr————mm IVSSQPSRVCSRQFACLR PVLHRECR-~—~——— 26
Ter
Ath MAASLQSANPTLSRTLASPNKPSSFATFRSPFLRFNSTSVASNFKPLVSREAS————mmm 53
Osa  —MAAAAAAPALSLAEAAPVTAVLAPCPTPSRTFRRRSWVAAICRPALKCHHSRPLTAVA 58
Cte
Gte
Tma
Mma
Hel ARRVTVAAQTSRSGTRRVTGKCYITKDNIDTDQIIPAEYLTLVPSKPAEYEKLGSYAMAG 86
Ter ———————————-MTKSLTGKIFVLDDNIDTDQIIPAEYLTLVPSKPDEYDKLGTYALCG 47

Ath SSFVTRSAAEPQ-ERKTFHGLCYVVGDNIDTDQIIPAEFLTLVPSNPEEYEKLGSYALVG 112
Osa  AAAAAAAAAGDSTSAGVFHGECFVVGDNIDTDQIIPAEHLTLVPSKPDEYRKLGSFAFVG 118

Cte ————————————] MDTIIQGKAYVLGKNIDTDQIIPAEHLVYSLSDPEEVKMYGKYALSG 47
Gte — ~MSKNNIKGRVYILGNDINTDQILTAEYMK INPATKEGYQELGSLAMSG 48
Tma —- -MVVKIKGKVFVFGDNVNTDEIIPARYLNTSDP——--QELAKYCMED 42
Mma -——-——————e———MKKTVEGKAWVFGDNIDTDAILPARYLVYTTE~~——-EQLAKYAMTG 42
LR DT Lrrrdek ke ok e et
Hel LPEEKYPIP———FVAPGSTKTEYAVIIGGDNFGCGSSREHAPVCLGAAGSQVVVAQSF 141
Ter LP-DRYGR-——— FMEPEAMKTKYPIIVAGENFGCGSSREHAPTALGASGVQAVVAQSY 100
Ath LP-ASYKER- —FVQPGEMKTKYSIIIGGENFGCGSSREHAPVCLGAAGAKAVVAQSY 166
Osa LPTAAYPTP----- FVAPGEETTRYAVIIGGANFGCGSSREHAPVALGAAGARAVVAEGY 173
Cte VPIDQAGLPEGNIPFVEEGEFTSPYSIIIAGPNFGCGSSREHAPFALKVAGAKAITIAESY 107
Gte LSESELP—————— FIDKSTGKSYYSIIVAGKNFGCGSSREHAPTALGASGIKAVIAESF 101
Tma ARPGFGRR————————— DDIKGSIIVAGENFGCGSSREHAPVAIKAAGISCVIAKSE 90
Mma TDPEFPEK-—— ATV-GDIIVGGKNFGCGSSREHAPIGLKGLGISMVIAESF 89
1, %k skksolokokolokokokkek, ¢ * IBE T

Hel ARIFFRNCVATGELYPVE-CDTRLCDELNTGSEVEVDME--NDVLTDLKTGKKYTLKPLG 198
Ter ARIFFRNCSATGELYPWE~SSDRLCELFKTGQKVTIDFE—KNQIVNHTLDQTYQLKSLG 157
Ath ARIFFRNSVATGEVYPLD~SEVRVCDECTTGDVATVELREGDSILINHTTGKEYKLKPIG 225
Osa ARIFFRNSVATGEVYPLELADTGAWKECKTGDVVTVELD—NCYMINHTSGKQYKLKPIG 231
Cte ARIFYRNCVDGGEVIPFE~TAQPLNKSIMTGDELSLDME—~NNTLTNLTQNITYELRPLG 164
Gte ARIFFRNCISTGEILPVQ-VSQNLYTLLNTGDILTIQSS——DNKIILPDKKNIINFKDLG 158
Tma ARIFFRNAINIG--LPIV-ELKEADEFE-EGDIAEVDLE-—NGVVRNLTKGKEYRIRPYP 144
Mma ARIFYRNSINIG——FPLL-ECKDISKHVKEGDVLRVDLD—KGTVKNVTITGVELTGQNLP 144

ddeskeskoke 7 ok, * * A*, H . :
Hel D-AGPVIDAGGLFAFARNEGMIKAAA————— 223
Ter E-VRPVIDAGGLFAYARQTGMISQKEV———— 183
Ath D-AGPVIDAGGIFAYARKAGMIPSAAA-———-— 251
Osa D-AGPVIEAGGIFAYARKTGMIASKSA-———— 257
Cte D-VINIVQAGGIFEYARKNNLMASTEA—-— 190
Gte D-LVEIVNAGGLFNYARKINKIPHTQNNLLVH 189
Tma EFLMKIMEAGGWLEYCLK-—EVGE—————— 166
Mma DFMMEILNNGGLMPHLKK-~KISKA-——-—-— 167
: HERE S N H :

Fig. 2. Multiple sequence alignment of amino acid sequences of IPMI small subunits. Homologus proteins were aligned. Osa is
AAQ67235.1 [Oryza sativa (japonica cultivar-group)] (monocots); Ath is AAL34203.1 (Arabidopsis thaliana: eudicots); Hel is
AAU93934.1 (Helicosporidium sp. ex Simulium jonesi: green algae); Ter is ZP_00324779.1 (Trichodesmium erythraeum: cyanobac-
teria); Cte is NP_661513.1 (Chlorobium tepidum TLS: green sulfur bacteria); Gte is YP_063541.1 (Gracilaria tenuistipitata var.
liui: red algae); Tma is MSB8, NP_228365.1 (Thermotoga maritime: thermotogals); and Mma is NP_987256.1 (Methanococcus
maripaludis: euryarchaeots). Numbers indicate amino acid positions in the presented- proteins. Consensus sequences and ho-
mologous sequences are marked (*) and (), respectively.



1897 Gte (red algae)
oe7
1584 Tma (thermotogals)
bos
1894 Mma (euryarchaetds)
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Fig. 3. Phylogeny of IPMI small subunits. Osa is AAQ67235.1
Oryza sativa (monocots); Ath is AAL34203.1 (Arabidopsis
thaliana: eudicots); Hel is AAU93934.1 (Helicosporidium
sp. ex Simulium jonesi: green algae); Ter is
ZP_00324779.1 (Trichodesmium erythraeum: cyanobac-
teria); Cte is NP_661513.1 (Chlorobium tepidum TLS:
green sulfur bacteria); Gte is YP_063541.1 (Gracilaria
tenuistipitata var. liui: red algae); Tma is MSBS,
NP_228365.1 (Thermotoga maritime: thermotogals); and
Mma is NP_987256.1 (Methanococcus maripaludis: eur-
yarchaeots). Each distance is indicated on the line.

analysis suggests that OsLeuD (AY363174) in genomic
DNA is chloroplast origin.

OsLeuD allele on chromosome 2 in Oryza sativa
Japonica group

Further genomic BLAST search in the Rice Genomic
Program (RGP; http:/ /rgp.dna.affrc.gojp) [6] revealed that
OsLeuD ¢DNA was a transcript of genomic DNA sequence
of accession number AP005006 (P0519E06), which was lo-
cated on the 109.3 cM of chromosome 2 of the high density
linkage maps of O. sativa cv. Nipponbare of japonica ge-
nome [6]. BLAST analysis of view gene in GRAMENE da-
tabase (http://www.gramene.org) revealed that LueD gene
is located in 2645 Mb of genomic DNA (accession
AP004676_3715_131955) on chromosome 2 of Oryza sativa
(japonica cultivar-group) (Fig. 4A). OsLeuD mRNA is the
same as a CDS of a predicted coding sequence of The
Institute for Genomic Research (TIGR) model 3642.m00172.
LeuD gene of rice is closely linked to between RM7245 and
RMb5706 of the Rice simple sequence repeat (SSR) marks
(Fig. 4A). Since a cDNA coded for 3-isopropylmalate dehy-
dratase small subunit had been experimentally cloned it
needed for approve whether the transcripts of the CDS on
the rice genomic DNA on chromosome 2 was the same
transcript as the cloned ¢DNA by performing genomic
Southern blot analysis. On the genomic DNA sequence
AP004676, a 3.1 kb of DNA fragment of EcoRI restriction
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A. Hindll 4y g4y  Hindll
31kb |

{ L — on
pr24g  EcoRl | EcoRl RM5706

Fig. 4. Map and genomic southern blot analysis of OsLeuD. A,
Constitution of OsLeuD gene in genomic DNA of chro-
mosome 2 in rice Oryza sativa Japonica. RM7245 and
RM5706 are rice simple sequence repeat (SSR) marks.
Restriction enzymes are indicated. B, Genomic DNA in
each lane was digested by specific restriction enzymes
including BamHI, EcoRIl and HindHI.

sites and a 11.8 kb DNA fragment of HindIIl sites were
identified (Fig. 4B). Southern blot analysis revealed that
these predicted fragments of restriction enzymes were ex-
actly identified as 3.1 kb fragment in the EcoRI-digested
DNA and as 11.8 kb fragment in the HindlIIl-digested DNA
(Fig. 4B, Hindlll). This indicated that the OsLeuD cDNA
was the transcripts of a predicted ORF of genomic DNA
BAC clone, AJ037662. Further BLAST search revealed that
the 3-isopropylmalate isomerase large subunit has been
identified (Accession number XM_463952), indicating that
3-isopropylmalate isomerase of plant consists with large
and small subunits like that of photosynthetic bacteria, dis-
like monomeric 3-isopropylmalate isomerases of yeast or
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Seeds
R ,}:..,,EF LF 1d‘3d}\5d 15d

Fig. 5. Expression patterns of OsLeuD gene in selected rice or-
gans indicated as R, root; L, leaf; EF, early flower; LF,
late flower; and 1d, 3d, 5d and 15d, days after pollina-
tion in seed developing seeds.

animal. This suggests that some components of leucine bi-
osyntesis of plants were originated from genome of
chloroplast.

OsLeuD gene expression

Based on RNA blot analysis, OsLeuD gene expression
was developmentally regulated. As shown in Figure 5, the
transcripts of OsLeuD were abundant in leaves and pani-
cles after pollination, but low in flower before pollination.
As we are generally known that leaves are most metabolic
active organs for producing organic carbons by photosyn-
thesis in chloroplasts. For photosynthesis, the components
of photosynthetic proteins such as RuBisCo, chlorophyll
A/B binding proteins and other thylakoid membrane bind-
ing proteins are continually synthesized. Therefore, amino
acids such as leucine are required for accomplish theses
protein synthesis in chloroplasts. As we observed in RNA
blot analysis in Figure 5, high level of OsLeuD gene ex-
pression in leaves is for increasing leucine biosynthesis for
supplying leucine to protein synthesis in chloroplasts.

It is interesting that the level of the OsLeuD gene ex-
pression was markedly induced in developing seeds (Fig.
5). In the initial stage of seed development such as milky
and dough stages in rice, the levels of protein synthesis
and the rate of metabolism are usually accelerated. For
these seed developing stages, recruitment for amino acids
and components of protein synthesis are mostly required.
Therefore, we may understand that inducible pattern of
the OsLeuD gene expression is for supplying amino acids
valine, leucine, and isoleucine for protein synthesis during
seed development.
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