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Abstract Ornithinine carbamoyltransferase (OTC) is an
enzyme that catalyzes the key step in arginine biosynthesis in
bacteria and plants. OTC is also involved in the urea cycle
and deficiency of the enzyme in human leads to disease. The
argF gene encoding OTC has been reported in many bacteria
and few plants. Here we report the characterization of a gene
encoding OTC from rice (OsOTC). Analysis of a cDNA se-
quence from rice revealed that the full-length open reading
frame of OsOTC consisted of 367 amino acids, corresponding
to a protein of approximately 39.7 kDa. The predicted amino
acid sequence of OsOTC harbor distinct five OTC signature
sites and is highly homologous to that of enzymes of plants,
animals and many bacterial OTCs. Expression of OsOTC in
argF mutants of Escherichia coli showed that the gene was
able to functionally complement to the mutant. These results
suggest that the OsOTC encode a protein for ornithine
carbamoyltransferase in rice.

Keywords  Arginine, Rice (Oryza sativa), Omithine carba-
moyltransferase. Gene cloning

Introduction

Arginine (Arg) and its metabolism are of central importance
in plant biology (Slocum, 2005). Arg is one of the most met-
abolically versatile amino acids and serves as a precursor for
the synthesis of urea, nitric oxide, polyamines, proline, gluta-
mate, creatine, and agmatine. Arg is metabolized through a
complex in animals and highly regulated set of pathways that
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remain incompletely understood at both the whole-body and
the cellular levels (Morris, 2006). The main pathway for Arg
metabolism in animals is the urea or Krebs-Henseleit cycle.
Arg may represent as much as 40% of the total nitrogen in
seed storage proteins (Vanetten ef a/. 1963) and is the most
abundant free amino acid in cotyledons of pea seeds, where
it is catabolized as a nitrogen source during the early stages
of germination (deRuiter and Kolldffel, 1985).

The first step in this pathway is the reaction between ornithine
and carbamoyl-phosphate to form citrulline. This reaction
catalyzed by an enzyme ornithine carbamoyltransferase (OTC,
EC 2.1.3.3) that is a ubiquitous and essential enzyme involved
in the key step of the Arg biosynthesis (Fig. 1). This reaction
is the essential step in the de novo synthesis of Arg in
prokaryotes and eukaryotes (Thomson, 1980; Acaster et al.
1989; Huygen et al. 1987). L-citrulline is a substrate for
argininosuccinate synthase, the enzyme involved in the final
step in arginine biosynthesis. In animals, OTC is involved in
the urea cycle and deficiency of the OTC enzyme in human
leads to the broad range of diseases (Tuchman et al. 1998).
The OTC genes have been characterized from all kinds of
organisms including bacteria, fungi, plants and animals such
as Escherichia coli (Jin et al. 1997; Ha et al. 1997, Langley
et al. 2000), Mycobacterium tuberculosis (Sankaranyanan et
al. 2008; Danielle et al. 2008), Pseudomonas aeruginosa
(Villeret et al.1995), Pseudomonas syringae (Mosqueda et
al.1990), Pyrococcus furiosus (Villeret et al.1998; Massant
et al. 2003), Saccharomyces cerevisiae (Eisenstein et al.
1984); Arabidopsis thaliana (Slocum et al. 2000), Pisum sati-
vum (deRuiter and Kolloffel, 1985; Eid ef al. 1974; Slocum
etal. 1991; Taylor et al. 1981; Williamson et al. 1996), sugar-
cane (Glenn and Maretzki, 1977), Phaseolus vulgaris (Lee et
al. 1997), Pyrus malus (Spencer and Titus, 1974) and also
characterized in humans (Shi ez a/. 1998). However, there is
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Fig. 1 Schematic diagram of arginine biosynthesis pathway in
plants. The gene names from bacteria and yeast are provided in
italic letters (adopted and modified from Slocum, 2005)

little information regarding the role of OTC in regulation of
the biosynthesis of Arg in plants, coordination of Arg and pyri-
midine pathway activities at the level of carbamoyl-phosphate
utilization, or related metabolic process (Slocum et a/. 2000).
There are little reports of Arg synthesis related in OTC in rice.
The results related OTC with different locations and chemical
properties have been reported (deRuiter and Kolloffel, 1985;
Eid et al. 1974; Glenn and Maretzki, 1977). The enzymes of
plant Arg biosynthesis and their metabolic control have been
incompletely characterized, but appear to be similar to those
of most prokaryotes and lower eukaryotes. Subcellular
compartmentation of Arg synthesis is still poorly understood.
With few exceptions, plant genes encoding enzymes in Arg
synthesis have not been identified and their gene products
have not been characterized (Slocum, 2005). Major cereal
crops such as rice, wheat and corn contain lower prot ein
amounts compared to leguminous crops. To improve nutri-
tional qualities in cereal crops, it is necessary to investigate
the Arg biosynthesis pathway in crop plants. We studied here
the characterization and expression of a gene encoding OTC
from rice that is such an important crop plant.

Methods and Materials

Strains and Plasmids

Two E. colis trains, H1238 and Gif41, were used in the study.
The genotype of the strains is as follows: H1238 [Hfr(PO100),

thr-25, fhud49, argF58, reldA1, spoTl, purA54, argl61] and
Gif41 [Hfr(PO1), thrC1001, LAM-, el4-, relAl, spoTl, thi-1]
(Theze et al.1974). The source of both strains was the E. coli
Genetic Stock Center (CGSC) in Yale University, USA. The
GenBank accession number of the rice EST expected to encode
for putative ornithine carbamoyltransferase is AK243192 and
the clone name is J100039MO06. The rice EST was ordered
from Rice Genome Resource Center (RGRC), National Insti-
tute of Agro biological Science (NIAS), Japan.

DNA sequence analysis

An EST clone (GenBank accession no. AK243192) was deri-
ved from rice cDNA library (Osato et al. 2002) from develop-
ing seeds prepared in pBluescript SK-. DNA sequencing was
performed by an automatic sequencer (AlFexpress DNA
sequencer, Pharmacia Biotech. Inc., UK) with synthetic olig-
onucleotide primers. Nucleotide sequences and amino acid
sequences were compared with sequences present in the Gen-
Bank and EMBL databases and analyzed using BLAST (Wh-
eeler et al. 2003) and CLUSTAL W multiple sequence align-
ment program (Thompson ez al. 1994) or Biology WorkBench
3.2 (http://workbench.sdsc.edu; San Diego Supercomputer
Center; University of California San Diego, USA). Compari-
son of sequences was performed at the nucleotide and amino
acid level. Motifs were searched by GenomeNet Computation
Service at Kyoto University (http://www.genome.ad.jp) and
phylogenetic tree with bootstrap value was prepared by using
the Mega 4.1 program (Kumer et al., 2008).

Polymerase chain reaction (PCR) and recombinant construct

To amplify the full-length open reading frame (ORF) and
overexpress the gene product in E. coli, the OsOTC specific
primers were designed from the sequence information around
the translational start and stop codons of OsOTC: OsOTC-F
(5’-AGG ATC CAC AGG TTG AAA GAG AGCTGA TG
C-3’) and OsOTC-R (5°-AGG ATC CTC ACA AAG ACC
TGG GTT ACA AGC-3’). Polymerase chain reaction (PCR,
Sambrook et al. 2001) was conducted to amplify the ORF of
OsOTC. After a plasmid in rice EST clone was purified from
a pellet harvested from liquid culture containing Amp, the
ORF was amplified using the designed primers from OsOTC
sequence. The PCR reaction was performed using My Cycler
TM PCR system (BioRad, U.S.A) for 40 cycles with 95C

for 1 min, 45°C for 1 min, and 72°C for 2 min, with 10 uM
primers. The PCR products were analyzed on 1% (w/v)
agarose gel. The 1.1 kb PCR fragment was subcloned into a
pMPM-K2 cloning vector and digested with BamHI and in-
serted into the same site of pBluescript II KS+ to construct pB
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control by electroporation (ECM399, BTX, USA), respec-
tively after producing competent cell by washing with water
and glycerol (Kim and Leustek, 1996) using the cuvette with
0.1 cm electrode gap and then plated on LB medium (20 g/L)
with Amp (100 pg/ml). Amp-resistant colonies were then re-
plica plated onto M9 minimal medium [(5 x M9 salts (200
ml/L), 1 MMgSOs (2 ml/L), 1 M CaCl, (0.1 ml/L)], containing
1 mM Isoptopyl 3-D-thiogalactopyranoside (IPTG), 20%
glucose (20 ml/L), Amp (25 pg/ml), and 19 amino acids (Sigma,
Germany) each at a concentration of 25 pg/ml, excluding Arg.
The plate was incubated at 37°C for 2-days. The growing co-
lonies were retested for growth on Arg free medium (Kim and
Leustek, 1996).

Growth assay in E. coli

The argF mutant E. coli harboring the pB::OsOTC construct,
control plasmid or wild-type E. coli with control plasmid
was used in growth assay. The 1 ml of overnight culture in LB
medium with Amp of the E. coli strains were inoculated in
100 ml of M9 minimal medium containing 1 mM IPTG, 20%
glucose, Amp (25 pg/ml) and 19 amino acids excluding Arg.
The bacterial cell growth at 37°C was monitored through
optical density measurements every hour using the spectro-
photometer (UV1101, Biochrom, England) at 595 nm (ODsos).
After 12 hrs, the diluted culture was plated and incubated over-
night at 37°C to check the survival of E. coli cells.

Results and Discussion

Sequence analysis of OsOTC

An EST clone (GenBank accession number AK243192 and
clone name J100039M06) obtained from Rice Genome Re-
source Center (RGRC) was analyzed to determine the nucleo-
tide sequence using designed primers. The EST (OsOTC)
sequence contained a full-length open reading frame consi-
sted of 1084 bp, encoding for a protein of approximately 39.7
kDa. The expected isoelectric point of the protein was 6.4.
Data analysis indicates that the OsOTC sequence was identical
to the genomic region located in chromosomes I1 in rice. Align-
ments and comparison of the predicted amino acid sequence
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Fig. 2 Amino acid sequence alignment of OTCs using Boxshade
program after CLUSTAL W alignment. Completely conserved,
identical and similar residues are visually shown as yellow, green
and cyan, respectively. Accession numbers are as follows: AK24
3192 (OsOTC from Oryza sativa, this study), EDN63490 (ScOTC
from Saccharomyces cerevisiae), CAA30121 (MmOTC from Mus
musculus), NP_850730 (AtOTC from Arabidopsis thaliana) and
NP 416973 (EcOTC from Escherichia coli)

for the OsOTC with other similar sequences have been highly
conserved among diverse monocot and dicot plant species
exhibiting between identity 73% to 88% such as Zea mays
(88%), Arbidopsis thaliana (73%), Ricinus communis (76%)
and Canavalia lineata (77%) and also showed identity 30%
to 55% with different bacteria like E. coli (40%) and Bacillus
subtilis (46%), respectively.

Analysis of the amino acid sequence of OsOTC in BLOCKS
and PRINTS database revealed that there are 5 signature sites
for OTC found in that amino acid sequence such as (110-124)
(MIFAKPSMRTRVSFE), (143-156) (QMGKREETRDVA
RV), (183-197) (VPVINGLTDYNHPCQ), (282-292) (VY
TDVWASMGQ), (344-355) (SIVFPQAENRMH)(Fig. 2).
Phylogenic analysis based on comparison of the related se-
quences further indicated that OsOTC is divergent and classi-
fied in plant OTCs distinct from bacterial or animal OTC
groups and proposed to evolve from ancestral bacterial OTC.
Numbers at nodes indicate levels of bootstrap support based
at neighbor-joining analysis of 1000 re-sampled data set by
using Mega 4.1. Numbers on branches are percentage of boot-
strap analysis supporting the grouping of each branch (Fig. 3).
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Fig. 3 Phylogenetic analysis of OsOTC related proteins using
Clustal W and Mega 4.1 program. GenBank accession numbers
are as follows: AK243192 (OsOTC from, Oryza sativa), YP_00
1124801 (GtOTC, Geobacillus thermodenitrificans), YP_002316
490 (AfOTC, Anoxybacillus flavithermus), NP_389007 (BsOTC,
Bacillus subtilis), ZP 02327162 (PIOTC, Paenibacillus larvae),
YP 001111650 (DrOTC, Desulfotomaculum reducens), YP_645
612 (RxOTC, Rubrobacter xylanophilus), YP_590894 (CkOTC,
Candidatus koribacter), YP_002306817 (ToOTC, Thermococcus
onnurineus), NP_578323 (PfOTC, Pyrococcus furiosus), YP_00
1130397 (PvOTC, Prosthecochloris vibrioformis), XP_0014154
32 (OIOTC, Ostreococcus lucimarinus), CAA04115 (AtOTC,
Arabidopsis thaliana), NP_001151252 (ZmOTC; Zea mays), XP_
002510416 (RcOTC, Ricinus communis), AAF17705 (CIOTC, Ca-
navalia lineata), ACM47214 (MtOTC, Medicago truncatula),
NP _001157474 (SsOTC, Sus scrofa), AAI07155 (HsOTC, Homo
sapiens), CAA30121 (MmOTC, Mus musculus), NP_037210 (Rn
OTC, Rattus norvegicus), ACX40954 (EcOTC, Escherichia coli)

HI1238 +

H1238 + Control Gif41 + Control

Fig. 4 Functional complementation assay. The argF mutant E.
coli strain H1238 containing pB::OsOTC and pBluescript II KS+;
and Gif41 wild-type E. coli containing pBluescript II KS+ as a
control

Functional complementation

The recombinant DNA, pB::OsOTC, was constructed using
ORF of PCR-amplified OsOTC fragment. After transforma-
tion to E. coli, OsOTC activity in vivo was monitored a medi-
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Fig. 5 Growth curves of E. coli mutant H1238 harboring pB::
OsOTC and pBluescript II KS+; and Gif4] containing control
plasmid. Bacterial cells were grown at 37°C in M9 minimal me-
dium containing 19 amino acids except Arg. Growth was moni-
tored via optical density measurements at 595 nm (ODsos). Sym-
bols: @, HI1238 + pB::OsOTC A, Wild type + pBluescript SK+
M, H1238 + pBluescript SK+

um containing]PTG and 19 amino acids excluding Arg. The
functional complementation was performed using the argF’
mutants of E. coli to confirm the enzyme activity by the gene
product of OsOTC. To check the viability of E. coli cells by
OsOTC activity, the cells harboring pB::OsOTC were cul-
tured for 12 hrs with shaking and the diluted portion was pla-
ted on agar medium containing the 19 amino acids and Amp
(100 mg/ml) without Arg (Fig. 4). The viable colonies app-
eared in the argF mutants of E. coli harboring pB::OsOTC
otherwise the same E. coli with control plasmid could not.
These results indicated that the mutant E. coli viability with
pB::0sOTC was an evidence of functional OTC activity by
complementation.

Expression of OsOTC in E. coli

A growth study was performed to determine whether it would
increase the sensitivity of bacterial cells to Arg by the OsOTC
or not. The pB::OsOTC construct was transformed into argF
mutant E. coli H1238. The pBluescript 11 KS+ as control plas-
mid were also transformed into wild type (Gif41) and argF
mutant H1238. The OsOTC activity was monitored through
a growth assay in the absence of Arg. Bacterial cells were grown
in M9 minimal medium with 19 amino acids excluding Arg,
containing IPTG and Amp. The wild type E. coli strain Gif41
harboring control plasmid grew normally and showed classi-
cal S-shape growth curve in the medium lacking Arg (Fig. 5).
An explanation is that the wild type E. coli strain could syn-
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thesize Arg itself thus it grew normally in the medium. The
argF mutant strain H1238 expressing OsOTC also grew nor-
mally and showed S-shape growth curve in the same medium
(Fig. 5). When the mutant H/238 with control plasmid was
showed dramatic retardation in the medium due to lack of
Arg. In this case, the argF mutant E. coli strain H1238 could
not synthesize Arg itself (Fig. 5). From these results, it was
concluded that the expression of the OsOTC is able to
functionally complement and this is an outcome of OsOTC
activity. It would deduce that the OsOTC is functioning in
Arg biosynthesis in rice.

We are now trying to investigate some important clues about
substrate specificity of the enzyme by purifying recombinant
OsOTC in E. coli and the physiological functions of this novel
enzyme for Arg metabolism by screening T-DNA insertion
mutants with the expression of OsOTC. These results may
constitute a starting point at the molecular level to investigate
Arg biosynthesis in rice, which might eventually be applied
to modify the nutritional compositions of crop plants.
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