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SUMMARY

Threonine (Thr), lysine (Lys) valine (Val), isoleucine (Ile) and leucine (Leu) are
essential amino acids in all animals including humans. Thr and Lys are derived from
aspartate (Asp). Val, Ile and Leu are derived from branched amino acids in plants. These
amino acids are unequally synthesized and stored in monocot and dicot plants. To reveal the
regulation mechanism in the molecular and biochemical level, the genes of key regulation
steps were focused in rice, an important crop plant. Specifically, the genes were investigated
for threonine synthase (TS), dihydrodipicolinate synthase (DHDPS), acetolactate synthase
(ALS), 3-isopropylmalate dehydrogenase (IPMDH) from rice. They have been analyzed and
characterized in many bacteria and few plants, but have not been reported in rice plant. The
full length ¢cDNAs were predicted by BLAST and other bioinformatics program in
comparison with Arabidopsis or bacterial genes and ordered from SALK or NAIS. The
molecular weights of the deduced enzymes for TS, DHDPS, ALS and IPMDH are
approximately 57.2, 41.4, 37.1 and 59.9 kDa, respectively. Those four rice genes were
treated in M9 minimal medium with IPTG, ampicillin, and 19 /18 amino acids without Thr,
Lys, Ile, Val and Leu for respective rice genes. They showed functional activity in
respective genes. They were able to complement in thrC, dapA, ilvH and [euB mutants of
Escherichia coli, respectively. TS and DHDPS were functionally complemented, so its
might be useful to investigate mechanisms of synthesis and distribution of Asp-pathway
amino acids and to improve food qualities in crop plants. ALS and IPMDH are known to be
targets for development of herbicides.

The bases in nucleic acids are also important for various nucleotide metabolisms
including transcription and replication in all living things. Uridine kinase (UK) and uracil
phosphoribosyltransferase (UPRT) are essential enzymes in the pyrimidine salvage pathway.

5-Fluorouracil (FU) and 5-Fluorouridine  (FD), toxic analogs of uracil and uridine

vi
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which are substrates of UPRT or UK, have been used successfully as anticancer agents. The
principle of cancer therapy is that FU and/or FD are toxic to metabolize as fluoro-derivatives
of UMP or UTP and finally cause cell death. The OsUK/UPRT] from rice was grown in M9
minimal medium with FU/FD containing ampicillin without uracil. OsUK/UPRT1 was able
to functionally complement in udk/upp mutants of E. coli. Analysis and characterization of a
gene with dual functions for UK and UPRT enzymes from rice would be able to investigate
the pyrimidine salvage pathway in plants and to be applied further cancer gene therapy in

humans.

Vil

Collection @ jeju



Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7A

Fig. 7B

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

LIST OF FIGURES

Schematic diagram of the threonine and lysine biosynthesis pathway
of aspartate family in plants................cooiiiiiiiiiiii
Amino acid sequence alignment of TSS .........c...cooeiiiiii.
Amino acid sequence alignment of DHDPSs.........................
Phylogenetic analysis of OsTS related proteins using ClustalW and
Mega 4.1 neighbor-joining program.............ceoeeveeieiieinnannnn..
Phylogenetic analysis of OsDHDPS related proteins using ClustalW
and Mega 4.1 neighbor-joining program...............c.ceeeeieennen..
Functional complementation assay for OsTS and OsDHDPS........
Growth curves of E. coli mutant Gif41 and s@415 harboring OsTS
Without Met ... e
Growth curves of E. coli mutant Gif4l and s@415 harboring OsTS
supplementing Met..........ooiiiiiiiii e
Growth curves of dapA mutant E. coli strain AT997 harboring
OsDHDPS and control plasmid.............oooooiiiiiiiiiii i,
Biosynthetic pathway of branched amino acids in plants...........
Amino acid sequence alignment of ALSs................ooni
Amino acid sequence alignment of IPMDHSs.........................
Phylogenetic analysis of OsALS related proteins using ClustalW and
Mega 4.1 neighbor-joining program .............cooevieeiiiieeinennnnnnn
Phylogenetic analysis of OsIPMDH related proteins using ClustalW
and Mega 4.1 neighbor-joining program ...............cccceeeiuennann..

Functional complementation assay for OsALS and OsIPMDH........

viii

@ jeju

16

18

19

21

24

2J

28

30

37

44

45

47

49

52



Fig. 15A

Fig. 15B

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

16

17

18

19

20

21

22

23

24

25

Growth curves of E. coli mutant M 1262 harboring OsALS and control
plasmid without lleand Val....................ooiiii,
Growth curves of E. coli mutant FD1062 (B) harboring OsALS and
control plasmid without lleand Val.....................oo..
Growth curves of E. coli mutant M 1262 harboring OsIPMDH........
Pyrimidine salvage pathway...........cooooiiiiiiiiiiiiiiiii,
Possible mechanism cancer Sene ...............oceveeiiiiiivneannnnnnn.

Amino acid sequence alignment of UPRT or UK from bacteria and

Phylogenetic analysis of OsUK/UPRT1 related proteins using
ClustalW . ..
Functional complementation of OsUDK/UPRTI by FU and FD......
Growth curves of E. coli upp-udk mutant X2224 expressing
OsUK/UPRTI and control plasmid and upp mutant GT4 & s@408
expressing OsUK/UPRT1 inresponseto FU.........................
Growth curves of E. coli upp-udk mutant, X2224, and wild type
expressing OsUK/UPRT1and control plasmid in response to FU...
Growth curves of E. coli upp-udk mutant X2224 expressing
OsUK/UPRTIor control and upp mutant GT4 & s@408 expressing
OsUK/UPRTI inresponse to FD..........cooevviiieiiiiiiiinnnn,
Growth curves of E. coli upp-udk mutant, X2224, and wild type

(IM109) expressing OsUK/UPRTIor control in response to FD ....

X

@ jeju

54

55

57

63

64

72

74

77

80

82

&5

&7



LIST OF TABLES

Table 1.  E. coli strains used in part | 11

Table2.  E. coli strains used in part 11 39

Table3.  E. coli W{Ssﬁhm U N / V‘\ 66

S IR
K 5
: —
“O
_—
v,
= Qe »

D

ﬁ"_ggtﬂg;w

)Collection @ jeju



ABBREVIATIONS

AK aspartate kinase

ALS acetolactate synthase

Amp ampicillin

ASA 3-aspartic semialdyde

Asp aspartate

ATP adenine 5'-triphosphate
CGSC E. coli Genetic Stock Center
CGS cystathionine y-synthase
CTP cytidine 5’-triphosphate
DHDPS dihydrodipicolinate synthase
EST expressed sequence tag

FD 5-fluorouridine

FU 5-fluorouracil

GTP guanosine 5’-triphosphate
HSD homoserine dehydrogenase
ICDH isocitrate dehydrogenase

Ile isoleucine

IPMDH 3-isopropylmalate dehydrogenase
IPTG isoptopyl B-D-thiogalactopyranoside
Leu leucine

Lys lysine

Met methionine

MM M9 minimal medium

X1

Collection @ jeju



NIAS National Institute of Agro Biological Science

OMP orotate S-monophosphate

OPH O-phosphohomoserine

ORF open reading frame

PCR polymerase chain reaction

PLP pyridoxal-5’-phosphate

PRPP phosphoribosyl-a-1-pyrophosphate
RGRC rice genome resource center
SAM S-adenosylmethionine

TDH threonine dehydratase

ThDP thiamine diphosphate

Thr threonine

TPP thiamine pyrophosphate

TS threonine synthase

UDP uridine 5-diphosphate

UK uridine kinase

UMP uridine 5’-monophosphate
UPRT uracil phosphoribosyltransferase
UPM uridine 5’-monophosphate

UTP uridine 5’-triphosphate

Val valine

Xil

Collection @ jeju



BACKGROUND

Rice (Oryza sativa) is a very important crop as the staple food for more than half of
the world’s population. Rice is an ideal model plant among the monocot cereal crop species
for genetic and molecular studies because of its genome compared to those of other cereals,
in additional, its suitable for efficient genetic analysis and transformation (Rakwal and
Agrawal, 2003). Rice is also an important protein source for humans especially in Asian
countries. The demand for rice as a dietary protein source is expected to increase
dramatically in the future since the world population will be doubled by 2030 (Mann, 1997).
Furthermore, to feed the increasing population of the world, it is essential to improve yield
and quality of rice (Khan and Komatsu, 2004). Similar to other cereals, rice seed protein is
deficient in some essential amino acids (Sotelo ef al., 1994).

Cereal crops represent approximately 50% of the plant protein consumed
worldwide; however, cereal seeds are nutritionally deficient in important amino acids such
as lysine (Lys), threonine (Thr) and tryptophan (Trp). This situation has presented
researchers with the major task of improving the nutritive value of cereal seeds (Azevedo et
al., 2006). Amino acids such as Thr and Lys are essential for human and monogastric
animals. Thus the modification of amino acid profile of the rice grain to develop high
nutritional varieties is one of the most important objectives in breeding of rice seed. This
implies a demand for large numbers of analysis to determine the amino acid composition of
rice grain (Jianguo et al., 2002). Amino acids that are produced by fermentation are often
added to animal feed to improve its nutritional value. The world-wide cost of these
supplemented amino acids is considerable, estimated at several billion dollars annually

(Mueller and Huebner, 2003).

The essential amino acids Lys, methionine (Met), Thr and the branched chain

amino acids Ile, Leu and Val are synthesized in plants and microorganisms by the aspartate

_1_
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(Asp)-derived and the branched-chain amino acid pathways, respectively. The two pathways
are interconnected both in terms of carbon precursor filiations and allosteric interactions
(Curien et al., 2008). The Asp derived amino acid pathway in plants leads to the biosynthesis
of Lys, Met, Thr and Ile. These four amino acids are essential in the diets of humans and
other animals, but are present in growth-limiting quantities in some of the world’s major
food crops (Jander and Joshi, 2009). Research interest in the biosynthesis of Asp derived
amino acids is driven in part by their economic value. Major field crops, which either
directly or indirectly (as animal feed) make up the majority of the diets of most human
populations, are deficient in one or more of the Asp-derived amino acids. These deficiencies
include Lys and Thr in cereals crops (Debadov, 2003).

An additional practical reason for studying amino acid biosynthesis pathways
comes from their role as herbicide targets. The fundamental requirement of amino acids for
plant survival, as well as the absence of essential amino acid biosynthesis in humans and
other animals, makes the Asp-derived amino acid pathway an attractive target for herbicide
development. For instance, acetolactate synthase, an enzyme in the biosynthetic pathway
leading from Thr to Ile, is the target of several classes of economically important herbicides,
including sulfonylureas, imidazolinones, triazolopyrimidines, and pyrimidinyl oxybenzoates
(Ott et al., 1996). Although biosynthesis of Asp-derived amino acids has been studied in
several plant species, much of the recent advances in this field have come from research
conducted with Arabidopsis thaliana. The well-developed genetic resources available for
this model plant have led to numerous new discoveries, including not only previously
unknown biosynthetic enzymes, but also novel regulatory mechanisms for pathway enzymes
(Jander and Joshi, 2009).

The branched chain amino acids Val, Leu and Ile are three among the ten essential
amino acids that are not synthesized in mammals. Therefore, biosynthesis of branched chain

amino acids in plants has interest due to their importance in animal diets including
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humans. In addition, in the early 1980s, two new classes of herbicides (imidazolinones and
sulfonylureas) were introduced that inhibit the branched chain amino acid biosynthetic
pathway (Levitt et al., 1981; Ray, 1984). These new herbicides were unique in that they
control many weeds in different crops at low-use rates. The introduction of these two classes
of herbicides initiated a new era in agricultural practices worldwide due to their unique
mode of action, coupled with their low mammalian toxicity and high potency. The discovery
and development of these herbicides and of crops resistant to them have led to an explosion
in the scientific literature on biochemical, molecular, and genetic aspects of branched chain
amino acid biosynthesis (Singh and Shaner, 1995).

Uridine kinase (UK) and uracil phosphoribosyltransferase (UPRT) have an
important function in the pyrimidine salvage pathway. The cDNA encoding a bifunctional
enzyme expressing both UK and UPRT have been identified in Arabidopsis thaliana (Islam
et al., 2007). The UK activity was found in the N-terminal region whereas the UPRT activity
was located in the C-terminal region. The molecular function of UK, i.e. catalyzing the
formation of uridine 5'-monophosphate (UMP) from uridine and adenine 5'-triphosphate
(ATP) and UPRT, i.c. catalyzing the formation of UMP from uracil and phosphoribosyl-
alpha-1-pyrophosphate (PRPP), respectively was confirmed in mutants and double mutants
of E. coli. These mutants were unable to express UK and/or UPRT activities and therefore
unable to use either S-fluorouracil (FU) or the 5-fluorouridine (FD) (Islam ef al., 2007).

The FU and FD are toxic analogs of uracil and uridine which are substrates of UPRT
and UK, respectively. These toxic activities have been well used as an anticancer agent since
1950°s and are used medically to treat various cancers in the large intestine, stomach,
pancreas, breast, prostate etc. (Miyagi et al., 2003). The successive production of the fluro-
derivatives of UMP and UTP by UMP kinase and UDP kinase results in RNA damage and
inhibition to protein synthesis, which causes a broad range of growth retardation in bacterial

cells (Koyama et al., 2003). The principle of cancer therapy is that FU and FD are
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\ toxic to metabolize fluro-derivatives of UMP and UTP, and finally cause mistakes of RNA
base and gene expression especially in cancer cells if UK and UPRT are overexpressed and
active in their catalytic activity (Koyama ef al., 2003).
Considering the above information, the present study was undertaken with the
following specific objectives:
To analyze the functional complementation of rice genes as well as
» to improve rice qualities
» to target development of harbicides

» to investigate pyrimidine salvage pathway in plants

Collection @ jeju
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ABSTRACT

Threonine synthase (TS) and dihydrodipicolinate synthase (DHDPS) are enzymes of the
aspartate family pathway leading to biosynthesis of Thr and Lys in plants and
microorganisms, respectively. Sequence analysis of the cDNA of those enzymes from rice
revealed that they harbor a full-length open reading frame for OsTS encoding for 521 amino
acids, corresponding to a protein of approximately 57.2 kDa and OsDHDPS also encoding
for 380 amino acids, corresponding to a protein of approximately 41.4 kDa. The predicted
amino acid sequence of OsTS and OsDHDPS are highly homologous to those of
Arabidopsis and many bacterial respective sequences that are encoded for thrC and dapA
gene, respectively. The OsTS protein harbors a signature binding motif for pyridoxal-5’-
phosphate at the amino terminus. The OsTS expression was complemented by a thrC mutant
strain of E. coli. The OsTS expression was correlated with the survival of the th»C mutant,
which is affected by the supplementation of an Asp pathway metabolite, Met. Expression of
OsDHDPS in dapA mutants of E. coli showed that the gene was able to functionally
complement with the mutant. The result suggested that the OsTS and OsDHDPS encode a

protein TS and DHDPS, respectively in rice.
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1. INTRODUCTION

Thr and Lys are two of ten essential amino acids that cannot be synthesized in
animals and humans but must be provided in the diet for animals including humans. In
contrast, plants and bacteria can synthesize Thr and Lys and they share similar biosynthetic
pathways that use Asp as a precursor (Elena ef al., 2008). The biosynthetic pathway of Thr
and Lys are initiated from Asp, and is called the Asp family pathway in plants (Fig. 1). The
Asp derived amino-acid pathway from plants is well suited for analyzing the function of the
allosteric network of interactions in branched pathways (Curien et al., 2009). In plants and
microorganisms, Thr and Lys synthesis are component of the multibranched biosynthetic
pathway originating with Asp and resulting in the synthesis of Lys, Met, Thr and Ile (Curien
et al., 1996). In order to increase Thr and Lys formation in different organisms by
molecular techniques, information of Thr and Lys biosynthesis and availability of the
functional genes are required.

Threonine synthase (TS: EC 4.2.99.2) is pyridoxal 5’-phosphate (PLP)-dependent enzyme
and catalyses the final step of Thr formation (Curien et al., 2008; Mas-Droux et al., 2006).
TS catalyzes the conversion of O-phosphohomoserine (OPH) into Thr and inorganic
phosphate via a PLP dependent reaction in plants (Mas-Droux et al., 2006; Casazza et al.,
2000). The TS activity has been identified, purified and described in a variety of
microorganisms, such as Neurospora crassa (Flavin and Slaughter, 1960), E. coli
(Farrington et al., 1993) and Corynebacterium glutamicum (Eikmanns et al., 1993),
Crytococcus neoformans (Kingsbury and McCusker, 2008), Streptococcus sp. (Tang et al.,
2007) and Mycobacterium tuberculosis (Covarrubias et al., 2008). The corresponding gene
was isolated from a number of bacteria (Han ef al., 1990; Clepet et al., 1992). The
characterization and analysis of several plant genes have been reported, including those of
Arabidopsis thaliana (Curien et al., 1998; Avraham and Amir, 2005; Lee et al., 2005),

Solanum tuberosum L (Casazza et al., 2000) and Sorghum bicolor (Ferreira et al., 20006).

_7_
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Aspartate
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Fig. 1. Scheme of the Thr and Lys biosynthesis pathway of Asp family in plants. The
abbreviations are AK, aspartate kinase; 3-ASA, 3-aspartic semialdyde; HSD, homoserine
dehydrogenase; OPH, O-phosphohomoserine; SAM, S-adennosylmethionine, CGS,
cystathionine y-synthase; TS, threonine synthase; TDH, threonine dehydratase. Symbols are

indicated:*%> ; allosteric activation, =}; feedback repression and =; feedback inhibition.

DHDPS (EC.4.2.1.52) is the unique enzyme in that DHDPS catalyzes the first step
— 8 —
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specific to Lys synthesis in the pathway for biosynthesis of Asp derived amino acids
including Thr, Met and Ile. Higher plants are supposed to synthesize Lys via the
diaminopimlate pathway (Bryn, 1980). The gene encoding DHDPS has been cloned and
characterized in many microbes and plants such as: E. coli (Emma et al., 1995; Dobson et
al., 2005), Bacillus licheniformis (Halling and Stahly, 1976), Thermotoga maritima (Pearce
et al., 20006), Coix lacryma-jobi (Ricardo et al., 1991), Spinacia oleracea (Wallsgrove and
Mazelis, 1981),  Triticum aestivum cell suspension culture (Kumpaisal et al., 1987),
Glycine max (silk et al., 1994), Nicotiana tabacum (Ghislain et al., 1990), Zea mays (David
et al., 1991), Arabidopsis thaliana (Marc et al., 1999) and Corynebacterium glutamicum
(Elena et al., 2008).

The synthesis of Asp derived amino acids is subject to complex regulation. The key
to pathway control of the pathway is feedback inhibition to aspartate kinase (AK) by Lys
and/or Thr, or by Lys in concert with S-adenosylmethionine (SAM) (Rinder et al., 2008). Ak,
the first enzyme in the pathway, is inhibited allosterically by Lys and Thr (Lee et al., 2005).
TS competes with the first enzyme required for subsequent Met biosynthesis, cystathionine-
v-synthase (CGS), for their common substrate OPH (Thompson et al., 1982). TS enzyme
activity is activated by SAM and inhibited by cysteine (Curien ef al., 1996). SAM is, in turn,
directly synthesized from Met; therefore, increasing Met levels will result in increases in the
concentration of SAM and subsequently affect TS activity (Casazza et al., 2000).

There is also a Lys binding site in DHDPS located in the cleft at the tight dimmer
interface with one Lys molecule binding per monomer (Blickling et al., 1997). The enzyme
is particularly sensitive to Lys feedback inhibition (Galili, 1995). Transgenic plants
expressing a mutant’s form of DHDPS less sensitive to Lys feedback inhibition accumulate
free Lys (Falco et al., 1995). Additionally, the positive correlations shown between DHDPS

activity or DHDPS protein level and free Lys content suggest that the amount of the

enzyme may influence Lys accumulation (Falco et al., 1995). Many antibiotics or
— 9 —
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herbicides for killing microorganism or plants, respectively, are targeted to a specific
enzyme in amino acid biosynthesis (Kelland et al., 1986). The insensitivity of DHDPS
enzyme activity from gram-positive bacteria to Lys inhibition has been used to develop
maize plants that accumulate increased levels of free Lys in grain (Huang et al., 2005). Here,
the report the analysis and characterization of two genes for the TS and DHDPS enzymes

from rice, an important crop plant.

_10_
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2.1 MATERIALS AND METHODS
2. 1. Strains
Four E. coli strains were used in this part are presented in Table 1. The source of all

strains was the E. coli Genetic Stock Center (CGSC) at Yale University, USA.

Tablel. E. coli strains used in the part I

Name Genotype Remark
Gif41 thrC1001,114-, el4-, relAl, spoTl, th-1 thi-1 Thr
mutant
AT997 hfr (PO45), LAM-, el4-, dapAl5, reldl, spoTl, thi-1 Lys
mutant
Sp415 udk-2,upp-11,rclA1,rpsL254(strR),metB1 wild type

ES4 f~ fhuA2, lacYl or lacZ4, tsx-1 or tsx-70, ginV44 (AS), gal-6, wild type

LAM-, mtlA2, purA45

_11_
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2. 2. DNA sequence analysis

Two EST clones (Genbank accession no. AK101669 and AK(071042) used were
obtained from the Rice Genome Resource Center (RGRC), National Institute of
Agrobiological Science (NIAS), Japan. The clones were derived from a rice cDNA library
(Osato et al., 2002) from developing seeds prepared in pBluescript SK-. DNA sequencing
was conducted using an automatic sequencer (AlFexpress DNA sequencer, Pharmacia
Biotech. Inc., UK) with synthetic oligonucleotide primers. Nucleotide sequences and amino
acid sequences were compared with the sequences in the GenBank and EMBL databases and
analyzed via BLAST (Wheeler et al., 2003) and the ClustalW multiple sequence alignment
program (Thompson et al., 1994) or Biology WorkBench 3.2 (http://workbench.sdsc.edu;
San Diego Supercomputer Center; University of California San Diego, USA). Sequence
comparisons were conducted at the nucleotide and amino acid levels. Motifs were searched
by the GenomeNet Computation Service at Kyoto University (http://www.genome.ad.jp) and
Phylogenic tree with bootstrap value prepared by the Mega 4.1 neighbor-joining program

(Kumer ef al., 2008).

2. 3. Polymerase chain reaction (PCR) and recombinant constructs
OsTS and OsDHDPS sequence analysis showed an open reading frame. Therefore,
the specific primers were designed from the sequence information around the translational
start and stop codons of OsTS and OsDHDPS to amplify the full-length open reading frame
(ORF) and to over express the gene product in E. coli. Polymerase chain reaction (PCR)
(Sambrook and Russell, 2001) was conducted to amplify the full-length ORF after the ESTs
were purified from a pellet harvested from a liquid culture containing Amp.
The ORF of OsTS was amplified from the EST clone as a template, and the
following primers were designed from the OsT7S sequence: OsTS-F (5’- AAA
GCTTTCACTCACTCCCTAAAACCC-3°) and OsTS-R (5 AAAGCTTCACAC

TTCAGAGCTTACCCT -3°) using AmpliTaqGold polymerase (Perkin-Elmer, U.S.A). The
— 12 —
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underlined bases in the OsTS-F and OsTS-R primers are the designed restriction sites for
HindIll to facilitate subcloning, respectively. The PCR was conducted using a MYCyler™
PCR system (BioRad, U.S.A) for 35 cycles with 95°C for 1 min, 55°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 amplified fragment (1540 bp) was then sub cloned into pGEM-T-easy vector (Promega)
and finally sub cloned into pBluescript II KS+ (Stratagene Inc., U.S.A) as a Hindlll
fragment, to give pB::OsTS.

The cDNA of OsDHDPS was amplified by using designed primers from OsDHDPS
sequence: OsDHDPS-F (5’- AGGATCCAACCCTAGTCCGTTCTT TCTCCA -3°) and
OsDHDPS -R (5’- AGGATCCCATCAACGTACATGGGACTT GCA -3°). The PCR was
performed using MY Cyler TM PCR system (BioRad, U.S.A) for 45 cycles with 95°C for 1
min, 45°C for 1 min, and 72°C for 1 min, with 10 uM primers. PCR products were analyzed
on 1% (w/v) agarose gel. The 1140 bp PCR fragment was subcloned into a pMPM-K2
cloning vector and digested with BamHI and inserted into the same site ofpBluescript II KS+
to give pB::OsDHDPS. Restriction analysis was conducted effort to confirm the
recombinant DNA construct of pB::OsTS and pB::OsDHDPS with the right orientation for

over expression.
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2. 4. Functional complementation and growth assay

The competent thrC and dapA mutants of the Gif41 and AT997 E. coli strain were
transformed with pB::OsTS and pB::OsDHDPS via electroporation (ECM399, BTX,
USA) using a cuvette with a 0.1 cm electrode gap, then plated on LB medium (20 g/L) with
Amp (100 pg/ml). The growing culture was tested separately, for growth retardation in MM
containing Amp (25 pg/ml), 20% glucose, 1| mM isopropyl B-D-thiogalactopyranoside
(IPTG) and with 19 amino acids (Sigma, Germany) each at a concentration of 25 pg/ml,
excluding Thr and, a second, excluding Lys. Bacterial growth was then assessed by
measuring OD at 595 nm (ODs¢s) at one-hour intervals and after 12 hrs; the diluted culture

was plated and incubated overnight at 37°C.

2. 5. Growth inhibition assay in E. coli with OsTS and OsDHDPS

The thrC mutant E. coli harboring the pB::OsTS construct, control vector plasmid
and wild type with control vector plasmid were grown at 37°C in MM with IPTG (0.1 M),
20% glucose (20 ml/L), containing 19 amino acids and Amp (25 ug/ml), excluding Thr and
the same medium was used with all the reagents kept constant, but an additional
supplementation of 10-fold high Met. Similarly, pB::OsDHDPS construct with dapA mutant
E. coli strain and control plasmid as well as wild type were grown at the same medium and
19 amino acids excluding Lys. The respective bacterial growth was monitored via OD
measurements every hour using a spectrophotometer (UV1101, Biochrom, England) at 595

nm (OD595).
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3. RESULTS

3. 1. Sequence analysis of OsTS and OsDHDPS

Two expressed sequence tag (EST) clones (GenBank Accession number AK101669
and AK071042) obtained from the Rice Genome Resource Center (RGRC) were analyzed to
determine the nucleotide sequence using the designed primers. The cDNA (OsTS) sequence
harbored a full-length open reading frame consisting of 1563 bp, encoding for a protein of
approximately 57.2 kDa and the cDNA (OsDSDPS) consisting of 1140 bp, encoding 41.4
kDa The expected isoelectric point (pl) of the proteins were 6.60 and 5.99. Data analysis
revealed that the OsTS and OsDHDPS sequence were identical to the genomic region
located in chromosome V and IV, respectively. Comparisons of the amino acid sequence of
the OsTS and the homologous sequences from maize (Zea mays) and arabidopsis (4.
thaliana) revealed high identity, at 91% and 71%, respectively (Fig. 2).

Analysis of the OsTS amino acid sequence revealed a signature binding motif for
PLP in the N-terminal region (189-203) (Fig. 2). The motif sequence
(HCGISHTGSFKDLGM) was highly homologous to the consensus [DESH]-x (4, 5)-
[STVG]-{EVKD}-[AS]-[FYI]-K-[DLIFSA]-[RLVMFE]-[GA]-[LIVMGA], where  the
underlined amino acids were well conserved. The binding motif for PLP is present in
bacterial TSs and serine/threonine dehydratases that utilize PLP as a cofactor. The exact PLP
binding site seemed to be K-199, and was identified via comparison with the binding site of

bacterial TS. This result indicates that the OsTS product utilizes PLP as a co-factor.
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CaTs 1 MAATTHAASLEFLLEHPHPTSEFNFNFNFNLFLERAPHREVRECATDAAATREH

AL TSz 1 MASFELDHEATYFPIHS-ETSLEPHSALSFTWR-CTSASP AVEDGT POED
EcTS T MELYN
OaTS 51 RRAADENIREEAARHRACNHNF SAWYAEFCCAPNGDEDERYSLDET VYRS
atTS= 49 RRSPDENIRDEARRRPHQLONLSARYVEFNAPPS -—STESYSLDEIVYRS
EcTs 6 LEDHNEQVSFAQAVTQELOKNG -81LFFEHDLE ——————— EFSLTEIDEML

oaTs 101 S3GELLDV¥RHDMDALARFPESYWEDLFD SRVGRT THEFGE GVHWIKNEF VL
BETEZ 37 QSGALLDFQHDFARLKRYDEEF WRNLFD SRVEKT NHE ¥E 3 CWHI KK EHVL
BEcTS& 4F K-—--LDF¥TRSAKILSAFIGDE IFQEILEERVEALFAFPADPWAN —— ——WE

FLF binding site
OsT8 151 PEIDPDHIVSLFEENSNLFWAERLERDHLAGMND LWVEHCGISHTGC SPED
ALTSZ 147 PEIDDDDI?S%&E SNLFHhERFGKQYLQ—HNDLH?LHGGISHTGSFKB
EcTs 31 SD¥G---CLELBHE-

CaTsa 201 LGH'?L?SQ?NRLRRHPLSR?IAG?GCAﬁTGDTS&ALSLYCARHGIPAI?
BETEZ 136 |LEM BV LV IQVNRLR——KHNEPV IGVGCASTGD TS RALSAY CRARIIPAIV
EcTS: 1039 |F FMLOML THIACS- ——-DEPVTILTATECDTCARVAHAR YELPNWEVVL

Oa T8 251 FLEANREE--LEqBEIqrIaNca TVvLELETHFIcENREIR-————— EVTARE
ALTSZ 244 FLPADKIS--MAQLVQPIANGAFVLSIDTDFDGEMHLIR-————— VTAE
EcTa 1656 LYPRGKISFLQEKLFCTLECNIETWAIDGDEDACALVEGAFDDEELEVA

OaTs 292 DrIv1ENS1LE= ECHETARIBILGEF DNEVEDWVIN-—-EcENL.EnIYE
ALTE2 266 LEPIYLANSINS ofal KTAAI%ILQQFNHQ?PDH?I?——PG&NL@NIEA

EcTS® 206 LOLNSANSINISRLLAQICYYFEAVAQLDQETRNGLV¥SVESENFEDLTA

OaTs 241 FYECSFEMCREVI
BETS2 234 FYKGFHMCEE
EcTSa 266 o-———-LLAES

DRVEHLVCECAANA NP LYRY ¥KISCHT E -F TEQ VARD
svDRIE%%?CBQAANANPLILH!KSGFKEDFNPLKRNT
B ——W IAATHNVHD TVPRFLHDE ——— —QHEEMATQA

CaTE 230 TFHSﬁIQIGDE?SUDﬁA??RLKHTDGI?EEATEEELHNRHSL&DRTGHFR
DETEZ 264 TFASATQIGDEVEIDRAVY AT NKESNGIVEEATEEELMDAT ATADSTGHFT
HcoT=E Z 36 TLSNLHD?SQ?NNHPR?EELFRRKIHQLKELGYAH&DDETTQQTHRELKE

CaTs 440 CPHTG?RLR@LFKLRDQR&IGPNDRT?F?S LkFSQSKIDYHDSKIE
DETEZ 4324 CPHTIGVATLTAILMELERKEGVIGANDRTVVVS LEFTQSEIDYHSKNIE
EcTE 246 LOYTSEPHAAVAYRALRDQLNE CE¥YCLFL AEFEES-WVEATLSETL

BETEE 454 EMACE ——PEVEVEAKFGSVHNDVLEEYLEENDEK
BcoTE 235 DLFPEE REODILPLLEHNLEPADFAMTLEE T HMNH)

0aT8 430 DHHGK%EE——PP?S?KﬂDFGh?HDvZKKRLKGKL
Fig. 2. Amino acid sequence alignment of TS from Oryza sativa (OsTS), Arabidopsis
thaliana (AtTS2), and E. coli (EcTS). Shaded residues represent amino acids that are

identical among all sequences of the three amino acids. GenBank accession numbers;

AK101669 (OsTS), Q9SSP5 (AtTS2) and NP_414545 (EcTS).
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A sequence comparison of the predicted amino acids for the OsDHDPS with the
deduced sequence from maize (Zea mays), arabidopsis (4. thaliana) and E. coli showed high
homology with an identity of 84%, 74%, and 33% respectively.

Analysis of the amino acid sequence of OsDHDPS revealed signature motifs in the
N- terminal region (116-133) and middle region (209-239) positions. The DHDPS 1 motif
sequence (GVIVGGTTGEGHLMSWDE) was highly homologous to the consensus [GSA]-
[LIVM]-[LIVMFY]-x(2)-G-[ST]-[TG]-G-E-[GASNF]-x(6)-[EQ], where the wunderlined
amino acids are well conserved (Fig. 3). Another signature motif exists in the middle region
(YNVPSRTGQDIPPAVIEAVSSFTNLAGVKEC) of the OsDHDPS (Fig. 3). The DHDPS 2
motif sequence (OsDHDPS) for DAP is highly homologous to the consensus [Y-[DNSAH]-
[LIVMFAN]-P-x  (2)-[STAV]-x (2, 3)-[LIVMFT]x (13, 14)-[LIVMCF]-x-[SGA]-
[LIVMFNS]-K-[DEQAFYH]-[STACI] in which the underlined amino acids are well
conserved (Hofmann et al., 1999). The motif is related to DHDPS signature 2.

Phylogenetic tree derived from the related sequence indicated that OsTS and
OsDHDPS are divergent and evolved from ancestor bacterial TS and DHDPS. Branching
pattern and numbers at nodes indicate levels of bootstrap value support based on neighbor-
joining analysis of 1,000 re-sample data sets. Numbers on branches are percentages of

bootstrap analyses supporting the grouping of each branch (Fig. 4 and Fig. 5).
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CoDHDES 1 HARTLL-TARTECEAHRLAMKDAAATL.SPAPRLARPHELAVAAPAPT.IL RIS RS

EsDHDES 1 —
EcDHDES I e e
BEDHDES 1 1 M3ALKNYGLISIDSALHF PRSNQLQSYKRRNAKMV S IAAVVENF ——— ——
CoDHDES 50 KFALQAITLDDYLPMRSTEVENRTSTADITSLREVITEVETEY LPDERFDL
E=DHDES T e e MNFEGNVSTAMITEF DNKENVIF
EcDHDES 1T —— e MFTESIVAIVTEMDENENVCR
BEDHDES 1 4 ———————— HLPHRSLEDKHRTNTDDIRSLR?IThIKTﬁYLPDGBFDL
DI-]I)PS signature I

CsDHDES 100 EaYDSRINMQIDGER

Bz DHDES 22 QELATLIDYLLENET

EcDHDES 22z ASLEKKLIDYHWASGET

AEDHDEE_1 5 QAYDDLWNTQIENER

FcxTEIEEL Iz FEA
NEPEOEEHYOHE KA
¥NRFSGESLYHF KA
GETEIEEMNAHE QT

C=DHDES 150 SHeTREATHATEQOFAVEMHARLHINE
BoDHDES 73 F II&G EENNTEDS I T EAREAGVDAVHLYT
EcDHDES 72 PA IAG GANATAEATSLTQRFNDABIVECLTVT
ALDHDPS_1 135 KWIGNTGSNSTRBAIHATEQGFAMGMHGALHIN

DHDPE signature IT

OnDHDES 200 ¥1PMe--BTI ¥NVESRIGQDIPPAVIEAVIS-FINLAGY H----u
EsDHDES 123 IAAETSLEVHLYNVECRIVASLABETTIRLAADIFNVVAIL LEAT
EcDHDES 122 IAEHTDLEQILYN TENLT RV

TECDLLEETWERLAK -VENI IGI%?

BEDHDPS_1 185 WLHMG--BTI '-1? CQDIPEQVIFKLSQ-NENMAGH

0= DHDES 243 ISFASNLIFGLEHDENY
EsDHDPS 173 S¥ASHTAG TDMOOMINK
EcDHDES 171 ISV TANVALRDMACMCHE
BEDHDPS_1 ZZE ISV TSNLVE CLURKLNF

C=DHDES £93 BESEN-—-——- KTLNEK? anwﬁﬁcg IALNTRLAQLEVVRE -VF
BsDHDPS 222 NYTHNEQTANARL INQELLPIMEELFEAL APVETALOLRELDVE -8V
EcDHDPS 220 LAAERCHFAEARVINQRLMPLHNKLEVEDNE IPVKWACKELELVATDTL
BEDHDPS_1 278 EGRN-————- SALNAKLLELMDWLEQEENEICVNTALAQLEV ARD —VF
OsDHDES 236 PI?%FLEK EFVREIVE S IGRENFVCENEARVLDD DDF VWLV SRY
BsDHDFS 271 PLVPLTEDERL3SLSSTISEL

EcDHDPS 270 BMTEITDSGRET VRAALKHASLL

ALDHDES_1 221 BYVELF LSKRIEFVELVKEIGREHFVEDRIVQVLDDDDFILIGRY

Fig. 3. Amino acid sequence alignment of DHDPSs using Box shade program after
CLUSTALW alignment. Amino acids that are identical among at least 4, 3 of the 4 amino
acids residues are visually shown as yellow, green and cyan, respectively. Accession
numbers are as follows: AK071042 (OsDHDPS from Oryza sativa, this study), NP_850730
(AtDHDPS1 from Arabidopsis thaliana), NP_416973 (EcDHDPS from E. coli) and

NP_389559 (BsDHDPS from Bacillus subtilis).
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Fig. 4. Phylogenetic analysis of OsTS related proteins using ClustalW and Mega 4.1
neighbor-joining program. Accession numbers are as follows: AK101669 (OsTS from Oryza
sativa), XP_002514088 (RcTS; Ricinus communis), Q9STBS (AtTS1; Arabidopsis thaliana),
QOSSPS5 (AtTS2; Arabidopsis thaliana), ABC00741(GmTS; Glycine max), ACG39080
(ZmTS; Zea mays), XP_001698517 (CrTS; Chlamydomonas reinhardtii), YP_001515596
(AmTS; Acaryochloris marina), YP_002463167(CaTS; Chloroflexus aurantiacus),
YP 003264969 (HoTS;  Haliangium ochraceum), YP 002492618 (AdTS;
Anaeromyxobacter dehalogenans), YP_002753372 (AcTS; Acidobacterium capsulatum),

_19_

Collection @ jeju



YP 002522459 (TrTS: Thermomicrobium roseum), YP_002760880 ( GaTS; Gemmatimonas
aurantiaca), 7P 01923848 (VVTS; Victivallis vadensis), YP_ 001330351 (MmTs;
Methanococcus maripaludis), NP_070145 (AfTS; Archaeoglobus fulgidus), YP_002466596
(CmTS; Candidatus Methanosphaerula), YP_503069 (MhTS; Methanospirillum hungatei)

and NP 414545 (E. coli).
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Fig. 5. Phylogenetic analysis of OsDHDPS related proteins using ClustalW and Mega4.1
neighbor-joining program. Accession numbers are as follows: AK071042 (OsDHDPS from
Oryza sativa), ZP 03766378 (NaDHDPS from Nostoc azollae), YP 172957 (SeDHDPS
from Synechococcus elongatus), YP_001661282 (MaDHDPS from Microcystis aeruginosa),
ACL13295 (BmDHDPS from Bacillus methanolicus), NP_ 389559 (BsDHDPS from
Bacillus subtilis), ZP_06116634 (ChDHDPS from Clostridium hathewayi), ZP 05346547
(BfDHDPS from Bryantella formatexigens), YP_001003764 (HhDHDPS from
Halorhodospira  halophila), NP_416973  (EcDHDPS from  Escherichia  coli),

YP 003166625 (CaDHDPS from Candidatus Accumulibacter), YP_001632085 (BpDHDPS
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from Bordetella petrii), YP 314856 (TdDHDPS from Thiobacillus denitrificans),
YP 003049383 (MmDHDPS from Methylotenera mobilis), BAB61104 (MgDHDPS from
Methylobacillus glycogenes), XP_001699738 (CrDHDPS from Chlamydomonas reinhardtii),
CAL53889 (OtDHDPS from Ostreococcus tauri), NP_850730 (AtDHDPS from Arabidopsis
thaliana 1), AAG28565 (AtDHDPS from Arabidopsis thaliana 2), XP_002521713
(RcDHDPS from Ricinus communis), ABE28526 (ZIDHDPS from Zizania latifolia),

NP_001105425 (ZmDHDPS from Zea mays), NP_001148623 (ZmDHDPS from Zea mays2)

3. 2. OsTS and OsDHDPS expression in E. coli and in vivo activity
— 22 —
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The recombinant DNA, pB::OsTS and pB::OsDHDPS, were constructed using
respective ORF of a PCR-amplified OsTS and OsDHDPS fragment. After the transformation
of E. coli with the recombinant DNA, OsTS activity was monitored in vivo in a medium
containing IPTG and 19 amino acids, excluding Thr and in case OsDHDPS, excluding Lys.
Functional complementation was performed separately, using the TS and DHDPS mutant of
E. coli to confirm the enzyme activity of the gene product of OsTS and OsDHDPS. To assess
the viability of E. coli cells by OsTS and OsDHDPS activity, the OsTS expressing cells were
cultured for 12 hrs with shaking, and the diluted portion was plated on agar medium
containing the 19 amino acids and Amp (25 mg/ml) without Thr and another time, the
OsDHDPS expressing cells were cultured for 12 hrs with shaking, and the diluted solution
was plated on agar medium containing the 19 amino acids and Amp (25 mg/ml) without Lys
(Fig. 6). The viable colonies greatly differed among the plasmids. The ¢47C mutant of E. coli
with OsTS could grow under conditions in which the mutant without OsTS could not. This
showed that the OsTS was capable to complement as an evidence of functional TS activity.

Similar results showed in case of OsDHDPS.
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dapd mutant +p B:0sDHDFPS  dapd mutant + p 8 wild type +p 8

Fig. 6. Functional complementation assay for OsTS and OsDHDPS. The thrC mutant E.
coli strain Gif4l containing pB::OsTS and control plasmid and S¢415 wild type E. coli
containing control plasmid (upper line). The dapA mutant E. coli strain AT997 containing

pB::OsDHDPS and control and wild type E. coli containing control plasmid (lower line).
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3. 3. Expression of OsTS can complement the thrC mutant of E. coli

A growth study was performed to determine whether the Os7S gene would increase
the sensitivity of bacterial cells to Thr. The pB::OsTS construct was transformed into the
thrC mutant E. coli strain Gif41. A control plasmid was also transformed into wild type
strain (S@415) and the thrC mutant Gif4l. The pB::OsTS activity was monitored via a
growth assay in the absence of Thr. Bacterial cells were grown in MM with 19 amino acids
excluding Thr, containing IPTG and Amp. The wild type E. coli strain Sp415 harboring the
control plasmid grew normally and evidenced an S-shaped classical growth curve in the
medium without Thr (Fig. 7A). The Sg415 strain could synthesize Thr itself, and thus grew
normally in the medium. The tArC mutant strain Gif41 expressing pB::OsTS also grew
normally and evidenced an S-shaped classical growth curve in the same medium, but grew
slightly more slowly than the wild type strain containing the control plasmid (Fig. 7A). The
Gif41 strain harboring the control plasmid in the same medium without Thr evidenced
dramatically retarded growth. In this case, the th»C mutant E. coli strain Gif41 could not
synthesize Thr itself, and thus it was not grow; however, the same E. coli strain Gif41
containing pB::OsTS grew well because the thrC mutant E. coli strain was able to
synthesize Thr using TS expressed by the pB.::OsTS plasmid (Fig. 7A). This is a
consequence of pB::OsTS activity. From the above finding, it was concluded that OsTS

expression can functionally complement the th»C mutant E. coli.
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3. 4. The Growth of the #hrC mutant of E. coli was influenced by the expression of OsTS
in high levels of Met

The growth pattern of the #h7C mutant of E. coli complemented with pB::OsTS was
also assessed in the presence of high Met levels. The wildtype E. coli strain Sp415 harboring
the control plasmid grew normally and evidenced an S-shaped classical growth curve in MM
with 19 amino acids (excluding Thr, containing 1 mM IPTG and supplemented with
additional 10-fold high Met). The E. coli strain Gif41 grew and evidenced an S-shaped
classical growth curve in the same medium, but the growth pattern was much more vigorous
than in the medium without Met (Fig. 7B). In this case, when a high level of Met was added,
the Met was converted to SAM and the SAM allosterically activated TS activity--this is why
the thrC mutant of E. coli grew so vigorously. This result is consistent with previously
reported results in studies of bacteria and plants (Curien et al., 1996; Casazza et al., 2000;
Ferreira et al., 2006). The principal feature of plant TS, in contrast to its bacterial
counterpart, may be allosteric regulation by SAM, which induces a dramatic stimulation of
TS activity (Hesse et al., 2004). However, the Gif41 strain harboring the control plasmid
also evidenced dramatically retarded growth in the same medium owing to a lack of Thr,
even when 10-fold high Met was added (Fig. 7B). This finding indicates that Met has a

marked influence on OsTS activity in rice plants.
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Fig. 7A. Growth curves of E. coli mutant Gif41 and sp415 harboring OsTS without Met (A).
Bacterial cells were grown at 37°C in MM containing 19 amino acids except Thr. Growth

was monitored via optical density measurements at 595 nm (ODsys). Symbols: A, Gif41+

pB::OsTS; ®, Sp415+ control; A, Gif41+ control
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Fig. 7B. Growth curves of E. coli mutant Gif4l and s@415 harboring Os7S and
supplementing Met. Bacterial cells were grown at 37°C in MM containing 19 amino acids
except Thr in which the same medium was supplemented with an additional 10 times high

Met. Growth was monitored via optical density measurements at 595 nm (ODsys). Symbols:

A, Gifdl+ pB::OsTS; ®, Sp415+ control; A, Gif41+ control
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3. 5. Lysine sensitivity of E. coli mutants was influenced by the expression of OsDHDPS

A growth study was performed to determine whether the OsDHPDS gene would
increase the sensitivity of bacterial cells to Lys. The pB::OsDHDPS construct was
transformed into dapA mutant E. coli strains AT997. The others two control plasmids were
also transformed into wild type strain (ES4) and dapdA mutant strain AT997. The
pB::OsDHDPS activity was monitored by the growth assay in the absence of Lys. Bacterial
cells were grown in MM with 19 amino acids excluding Lys, containing IPTG and Amp. The
wild type E. coli strain ES4 harboring control plasmid grew normally and showed S-shape
classical growth curve in the medium in spite of lack of Lys amino acid (Fig. 8). The ES4
strain had produced Lys itself; that’s why it grew normally in the medium. However, the
dapA mutant strain AT997 expressing pB::OsDHDPS also grew normally and showed S-
shape classical growth curve in the same medium (Fig. 8). When the mutant strain AT997
harboring control then it was dramatically retarded in growth phase in the same medium due
to lack of the essential amino acid Lys. In this case, the dap4 mutant E. coli strain AT997
could not produce Lys itself, so it showed dramatically retarded in growth phase in the same
medium but when the same mutant strain containing OSDHDPS then grew well because
dapA mutant strain got Lys from rice plasmid and rapid growth resulted (Fig. 8). This is an
outcome of OsDHDPS activity. From the above situation, it was concluded that the
expression of the OsDHDPS is able to functionally complement and it has the function of

Lys.
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Fig. 8. Growth curves of dapA mutant E. coli strain AT997 harboring pB::OsDHDPS and
control plasmid. Wild type strain was harboring control plasmid. Bacterial cells were grown

at 37°C in MM containing all amino acids except Lys. Growth was monitored by optical
density measurement at 595 nm (ODses). Symbols: A, AT997 + pB.:OsDHDPS; ®, wild

type + control; A, AT997 + control.
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4. DISCUSSION

Cereal crops such as rice, corn, wheat, etc are considered to be of major nutritional
importance in human foods and animal feedstuffs. Among cereal crops, rice is the primary
source of carbohydrates for millions of people world-wide (particularly in South Asia).
However, the amount of protein in these crops is comparatively low as compared to
leguminous crops such as the soybean, chickpea, etc. Amino acids are important nitrogen
containing compounds and protein constituents, and amino acid metabolism is an essential
process in plant growth and development (Andrews et al., 2004; Raven et al., 2005). To
improve the protein contents of cereal crops, then, it is clearly necessary to gain a greater
understanding of the amino acid biosynthetic pathways in crop plants.

TS and DHDPS are the essential enzymes for the Thr and Lys biosynthetic pathway
in plants. TS and DHDPS genes have been previously cloned and characterized from many
bacteria and a few plant species. We identified and characterized two genes encoding TS and
DHDPS from rice. The deduced amino acid sequence of OsTS evidenced profound similarity
to its counterparts in other plant species and bacterial TSs and similar to OsDHDPS that
deduced amino acid sequence of OsDHDPS. We noted a severe retardation in the growth of
the thrC mutant E. coli containing the control plasmid, as the mutant itself was not able to
synthesize the amino acid Thr. However, the same E. coli containing the pB.::OsTS plasmid
grew and evidenced an S-shaped classical growth curve. It also noted the growth
retardation of the dapA mutant E. coli harboring the control plasmid whereas when the same
mutant £. coli containing pB::OsDHDPS then it showed S-shape growth curve, in this case
the mutant strain got Lys from pB.:OsDHDPS; thus, it grew well. Attempts are currently
underway to obtain some important information about the substrate specificity of the
enzymes by purifying recombinant OsTS and OsDHDPS in E. coli and to assess the
physiological functions of these novel enzymes for Thr and Lys metabolism by screening T-

DNA insertion mutants in which the OsTS and OsDHDPS genes are knocked out in rice. The
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report regarding the cloning and characterization of the cDNAs encoding for TS and
DHDPS from rice have generated bioinformatics predictions, as well as motifs and
complementation, in a thrC and dapA mutants of E. coli. These results may constitute a
starting point for investigations at the molecular level to investigate Thr and Lys
biosynthesis in rice, which might eventually be applied to modify the nutritional

compositions of crop plants.

_32_

Collection @ jeju



()Collection @ jeju



ABSTRACT

Acetolactate synthase (ALS) and 3-isopropylmalate dehydrogenase (IPMDH) are key
enzymes in the biosynthetic pathway leading to Ile, Val and Leu in plants and
microorganisms. ALS and IPMDH are the target site of several classes’ of herbicides
including sulfonylureas, imidazolinones and trizolopyrimidines that are effective to protect a
broad range of crops from different weeds. The ALS and IPMDH enzymes have been
characterized and sequenced in many bacteria and few plants. Sequence analysis of the
cDNA from rice revealed that it harbors a full-length open reading frame for OsALS
encoding for 558 amino acids and approximately 59.9 kDa protein. The cDNA for
OsIPMDH encoded of 348 amino acids and approximately 37.1 kDa protein. The predicted
amino acid sequence of OsALS is highly homologous to that of many bacterial ALS
encoded by the i/vH gene and Os/PMDH which is also highly homologous to the enzyme for
IPMDH encoded by leuB. OsALS or OsIPMDH expression was complemented by an ilvH or
a leuB mutant strain of E. coli, respectively. OsALS and OsIPMDH expression were

correlated with the survival of respective mutants.
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1. INTRODUCTION

Most plant and microorganism have a full complement of biosynthetic pathways
and component enzymes of the pathway are able to synthesize all of their organic
constituents from CO,. In contrast, animals have complex dietary requirements due to their
inability to make fats, amino acids, vitamins and so on. The branched amino acids (Val,
Leu and Ile) are not produced by animals but it is essential for diet of animals. In plant and
many microorganism, Val and Leu are synthesized by a common pathway that begins with
the formation of 2-acetolactate from two molecules of pyruvate. lle is synthesized in a
parallel pathway starting with the formation of 2-aceto-2-hydroxy-butyrate from pyruvate
and 2-ketobutyrate. The parallel step involved four enzymes; anabolic acetolactate synthase
is one of four enzymes (Fig. 9).

Acetolactate synthase (ALS, EC 4.1.3.18) is an enzyme that catalyzes the first step
in the synthesis of the branched-chain amino acids. ALS enzyme is of substantial importance
because it is the target of several classes of herbicides, including all members of the popular
sulfonylurea and imidazolinome families (Duggleby er al., 2008). ALS requires FAD,
thiamine diphosphate (ThDP) and a bivalent metal ion, Mg®* or Mn*", for its activity (Singh
et al., 1988). The enzyme used the ThDP as coenzyme in the condensation reactions, and
Mg is presumed to be required for the binding of ThDP to the enzyme, as it is for other
ThDP-dependent enzymes (Muller ef al., 1993). ALS-inhibiting herbicides do not act as
analogs of the substrates and cofactors, suggesting that the inhibition mechanism is complex.
The most active ALS research areas are the structural studies of the herbicide binding site, as
well as herbicide resistant mutations (Yoon et al., 2003).

The metabolic enzyme 3-isopropylmalate dehydrogenase (IPMDH: EC 1.1.1.85),
a product of the /euB gene is a bifunctional dimeric enzyme that catalyzes dehydrogenation
and decarboxylation reactions in the presence of NAD" and a divalent cation, such as Mg*"

or Mn®", which is involved in Leu biosynthesis. The reaction involves a
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dehydrogenation and subsequent decarboxylation of threo-D-3-isopropylmalate to 2-
oxoisocaprorate with the concomitant reduction of NAD". This dimeric enzyme belongs to a
new family of dehydrogenases which comparies only two members: isocitrate
dehydrogenase (ICDH) and isopropylmalate dehydrogenase (IPMDH). IPMDH oxidizes 3-
isopropylmalate with NAD" to generate 2-isopropyl-3-oxosuccinate and NADH (Wallon et
al., 1997). The ALS gene activity has been identified, purified, and sequenced in a variety
of microorganisms and plant species, such as Saccharomyces cerevisiae (Falco and Dumas.,
1985), Mycobacterium tuberculosis (Choia et al., 2005), Escherichia coli (Eoyang and
Silverman, 1984; Grimminger and Umbarger, 1979), Salmonella typhimurium (Schloss et al.,
1985) Arabidopsis thaliana (Chang and Duggleby, 1997), Nicotiana tabacum (Mazur et
al.,1987), Hordeum vulgare L (Durner and Boger, 1988 and Yoon et al., 2003), Triticum
eastivum leaves (Southan and Copeland, 1996) and Zea mays (Muhitch et al., 1987). The
enzymological and kinetic studies on inhibition of ALS by herbicides have been carried out
with the ALS, which resembles the plant enzyme with regard to its sensitivity to herbicides,
but is different in subunit composition and feedback regulation (Ray, 1984; Schloss, 1988).
The IPMDH has been purified and characterized in many bacteria and few plants such as E.
coli (Umbarger, 1996), Thiobacillus ferrooxidans (Matsunami et al.,1998), Bacillus
subtillis (Nagahari and Sakaguchi, 1978), Candida utilis (Hamasawa et al, 1987),
Sulfobus sp. (Suzuki et al., 1997), Salmonella typhimurium (Umbarger, 1996; Wittenbach et
al., 1994),  Pseudomonas aeruginosa (Hoang and Schweizer, 1997), Arabidopsis
thaliana (Nozawa et al., 2005), Brassica napus (Ellerstrom et al., 1992), Solanum

tuberosum (Jackson et al., 1993).
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Fig. 9. Schematic diagram of branched amino acids pathway in plants.
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The IPMDH has herbicidal activity and the sensitivity of this enzyme to O-Isobutenyl
oxalyhydroxamate (O-IBOHA) and that only LeuB and 2-ketoisocaproate were able to
protect the roots from inhibition of the enzyme (Wittenbach et al., 1994). Several enzymes
in this pathway are inhibited by commercial and experimental herbicides (Singh and Shaner,
1995). Sulfonylureas and imidazolinones classes of compounds are notable for their high
herbicidal potencies, their low mammalian toxicities, and, for some analogs, their selective
toxicity to weed species as compared to crop species (Levitt ef al., 1981; Shaner et al., 1984).
Here, this report the analysis and characterization of two genes for ALS and IPMDH

enzymes from rice, an important crop plant, and the influence on its activities.
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2. MATERIALS AND METHODS

2.1 Strains

Three E. coli strains were used in the part II that is presented in Table 2. The source

of all strains was the E. coli Genetic stock Center (CGSC) at Yale University, USA.

Table 2. E. coli strains used in part II

Name Genotype Remark
MI1262 hfr(PO1), leuB6(Am), ilvi614, ilvH612, LAM-, relA]l, Leu, Ile
spoTl, ilvB619, ilvG605(Am), ilvG603(Act), thi-1 mutant
FDI1062  hfr(POI1), araCl4, ilvi614, ilvH612, LAM-, glyA18, relAl, Ile
spoTl, ilvB619, bglR20, rbs-5::Tnj, ilvG468(Act), thi-1 mutant
Gif41 hfr(PO1), thrC1001, LAM-, el4-, relAl, spoTl, thi-1 wild type
~ 139 -
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2. 2. DNA sequence analysis

Two EST clones (GenBank accession aumber AK242817 and AK 120254, Clone ID
206892 and 214973) were obtained from the Rice Genome Resource Center (RGRC). The
clones were derived from the rice cDNA library (Osato et al., 2002) from developing seeds
prepared in pBluescript SK-. DNA sequencing was performed by an automatic sequencer
(AlFexpress DNA sequencer, Pharmacia Biotech. Inc., UK) with synthetic oligonucleotide
primers. Nucleotide sequences and amino acid sequences were compared with sequences
present in the GenBank and EMBL databases and analyzed using BLAST (Wheeler et al.,
2003) and CLUSTALW multiple sequence alignment program (Thompson et al., 1994) or
Biology Workbench 3.2 (http://workbench.sdsc.edu; San Diego Supercomputer Center;
University of California San Diego, USA). Comparison of sequences was performed at the
nucleotide and amino acid level. Motifs were searched by Genome Net Computation Service
at Kyoto University (http://www.genome.ad.jp) and phylogenetic tree with bootstrap value

was prepared by using Mega 4.1- neighbor-joining program (Kumar ez al., 2008).

2. 3. Polymerase chain reaction (PCR) and recombinant constructs

The two sequences analysis showed the presence of an ATG start codon located in-
frame at -2540 and -53 positions upstream from the translation-starting site. Therefore, the
specific primers were designed from the sequence information around the translational start
and stop codons of OsALS and OsIPMDH to amplify the full-length open reading frame
(ORF) and to over express the gene products in E. coli. Polymerase chain reaction (PCR)
(Sambrook and Russell, 2001) was conducted to amplify the full-length ORF.

After the EST was purified from a pellet harvested from a liquid culture containing
Amp, the ORF of OsALS was amplified from the EST clone as a template, and the

following primers were designed from the OsALS sequence: OsALS-F (5°-
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AGTCGACTGGGACAGCTTAAAAGTGGGCTA-3’) and OsALS-R

(5> AGTCGACCCCTGATTAGTCTGTACCGAAGT-3") using AmpliTaqGold polymerase
(Perkin-Elmer, U.S.A). The underlined bases in the OsALS-F and OsALS-R primers are the
designed restriction sites GTCGAC of for Sall to facilitate subcloning, respectively. The
PCR was conducted using a MYCyler™ PCR system (BioRad, U.S.A) for 35 cycles with
95°C for 1 min, 45°C for 1 min, and 72°C for 1 min, with 10 pM primers. The PCR products
were analyzed on 1% (w/v) agarose gel. The amplified fragment (1.6 kb) was then sub
cloned into pEZZ18 vector and finally sub cloned into pBluescript II KS+ (Stratagene Inc.,
U.S.A) as a Sall fragment, to give pB::OsALS.

In case of IPMDH, also using designed primers were also used from OsIPMDH
sequence: OsIPMDH -F (5’-AGGATCCTACTACTCCTCTTTCCCACTCCT-3’) and
OsIPMDH -R (5’- AGGATCCGGTGCATGGGGACCTGATTTTTA-3’). The polymerase
chain reaction was performed sing MY Cyler TM PCR system (BioRad, U.S.A) for 45
cycles with 95°Cfor 1 min, 45°C for 1 min, and 72°C for 1 min, with 10 pM  primers. PCR
products were analyzed on 1% (w/v) agarose gel. The 1030 bp PCR fragment was sub
cloned into a pMPM-K2 cloning vector and digested with BamHI and inserted into the same
site of GGATCC plasmid to contrast OsIPMDH. Restriction analysis was performed to
confirm the constract of both enzymes. Restriction analysis was conducted in an effort to
confirm the recombinant DNA constructs of pB.::OsALS and pB::OsIPMDH with the right

orientation for overexpression.
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2. 4. Functional complementation and growth assay

The competent i/vH mutants of the M1262 and FD1062 E. coli strains were
transformed with pB.:OsALS and LeuB mutants of the M1262 which were also transformed
with pB::OsIPMDH via electroporation (ECM399, BTX, USA) using a cuvette with a 0.1
cm electrode gap, then plated on LB medium (20 g/L) with Amp (100 pg/ml). The growing
culture was tested for growth retardation in MM medium containing Amp (25 pg/ml), 20%
glucose, IPTG, Amp (25 pg/ml) and 18 amino acids excluding Ile and Val (For OsALS)
and/or 19 amino acids excluding Leu (For OsIPMDH). Bacterial growth was then assessed
by measuring OD at 595 nm (ODsys) at one-hour intervals. After 12 hrs, the diluted culture

was plated and incubated overnight at 37°C.

2. 5. Growth inhibition assay of OsALS and OsIPMDH in E. coli

The respective E. coli mutant strains harboring the pB::OsALS and pB::OsIPMDH
construct, control plasmid, and wild-type with control plasmid were grown at 37°C in MM
with IPTG (0.1 M), 20% glucose (20 ml/L) and Amp (25 pg/ml) and In the case of, ALS,
containing 18 amino acids excluding Ile and Val; in the case of [IPMDH, 19 amino acids
excluding Leu. The bacterial growth was monitored via OD measurements every hour using

a spectrophotometer (UV1101, Biochrom, England) at 595 nm (ODsys).
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3. RESULTS

3. 1. Sequence analysis of OSALS and OsIPMDH

Two expressed sequence tag (EST) clones (GenBank accession number AK242817
and AK120254) cDNA (OsALS and OsIPMDH) sequences harbored a full-length open
reading frame consisting of 1677 bp and 1047 bp encoding for a protein of approximately
59.9 kDa and 37.1 kDa, respectively. The expected pl of the proteins was 6.54 and 5.87.
Data analysis revealed that the OsALS and OsIPMDH sequence was identical to the
genomic region located in chromosome V and III, respectively. Comparisons of the amino
acid sequence of the OsALS and the homologous sequences from maize (Zea mays) and
arabidopsis (4. thaliana) revealed high identity, at 91% and 71%, respectively.

Analysis amino acid sequence of OsALS in Pfam database revealed that
there are three thiamine pyrophosphate enzyme (TPP_enzyme) site found in the sequence
such as N-terminal TPP binding domain (71-241), central TPP binding domain (263-396)
and C-terminal TPP binding domain (458-558) (Fig. 10). The predicted amino acids for the
OsIPMDS with the deduced sequence from maize (Zea mays), arabidopsis (4. thaliana),
bacteria (Bacillus subtilis) and E. coli showed conserved sequence exaggerates with an
identity  76.4%, 68.4%, 50.3% and 43.9%, respectively. Analysis of the amino acid
sequence of OsIPMDS revealed a signature binding motif for PLP in the N- terminal region

(266-285). The motif sequence (NIFGDILSDEASMLTGSIGM) was highly homologous to

the consensus [[NSK]-[LIMYTV]-[EYDNH]-[GEA]-[DNGSTY]-[IMVYL]-x-[STGDN]-
[DN]-x(1, 2)-[SGAP]-x(3, 4)-[GE]-[STG]-[LIVMPA]-[GA]-[LIVMF] where the that
underlined amino acids are well conserved (Fig. 11). The binding motif for NAD" is present
and well in bacterial IPMDH in which the underlined amino acids are well conserved
(Hofmann et al., 1999). The motif is related to isocitrate and isopropylmalate

dehydrogenases signature.
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Fig. 10. Amino acid sequence alignment of ALSs using Boxshade program after
CLUSTALW alignment. Completely conserved, identical and similar residues are visually
shown as yellow, green and cyan, respectively. Accession numbers are as: AK242817
(OsALS from Oryza sativa, this study), AAK68759 (AtALS from Arabidopsis thaliana)

and NP_418127 (EcALS from E. coli).
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Fig. 11. Amino acid sequence alignment of IPMDHs using Boxshade program after

CIUSTALW alignment. Completely conserved, identical and similar residues are visually

shown as yellow, green and cyan, respectively. Accession numbers are as: AK120254

(OsIPMDH from Oryza sativa), NP_178171 (AtIPMDH from Arabidopsis thaliana) and

AAGS54377 (EcIPMDH from E. coli).
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To determine the relationship between plant and bacterial ALS and IPMDH
enzymes, we performed phylogenetic analysis with the Mega 4.1 neighbor-joining program
(Kumar et al., 2008). Phylogenetic tree derived from the related sequence indicated further
that OsALS and OsIPMDH are divergent and evolved from ancestor bacterial ALS and
IPMDH, respectively. Branching pattern and numbers at nodes indicate levels of bootstrap
support based on neighbor-joining analysis of 1,000 re-sample data sets. Numbers on
branches are percentages of bootstrap analyses supporting the grouping of each branch (Fig.

12 & Fig. 13).
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Fig. 12. Phylogenetic analysis of OsALS related proteins using ClustalW and Mega4.1
neighbor-joining program. Accession numbers are as follows: AK242817 (OsALS from
Oryza sativa), XP_002511176 (RcALS from Ricinus communis), CAA87084 (GhALS from
Gossypium  hirsutum), AAR06607 (CmALS from Camelina microcarpa), AAK68759
(AtALS from Arabidopsis thaliana), ACF17639 (CaALS from Capsicum annuum),
AAK50821 (ApALS from Amaranthus powellii), AAT07325 (HaALS1 from Helianthus
annuus), AAT07327 (HaALS2 from Helianthus annuus), BAF57909 (StSLS from Sagittaria

trifolia), BAH60833 (SpALS from Sagittaria pygmaea), BAE97677 (SjJALS from
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Schoenoplectus juncoides), ACD93201 (SmALS from Schoenoplectus mucronatus),
BAI44129 (ZjALS from Zoysia japonica), CAD24801 (AMALS from Alopecurus
myosuroides), NP_418127 (EcALS1 from E. coli), YP 543276 (EcALS2 from E. coli),

EDV11602 (ScALS from Saccharomyces cerevisiae)
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Fig. 13. Phylogenetic analysis of OsIPMDH related proteins using ClustalW and Mega4.1
neighbor-joining program. Accession numbers are as follows: AK120254 (OsIPMDH from
Oryza sativa), YP_001866278 (NpIPMDH, from Nostoc punctiforme), ZP 03766655
(NaIPMDH from Nostoc azollae), YP 323492 (AvIPMDH from Anabaena variabilis),
ZP 01632298 (NsIPMDH from Nodularia spumigena), ZP_05030606 (McIPMDH from
Microcoleus chthonoplastes), YP_ 723864 (TelPMDH from Trichodesmium erythraeum)

ZP 00514246 (CwIPMDH from Crocosphaera watsonii), YP_958834 (MalPMDH from



Marinobacter aquaeolei),  7ZP 03272601 (AmIPMDH from Arthrospira maxima),
YP 173200 (SeIPMDH from Synechococcus elongates), YP_001515254 (AmIPMDH from
Acaryochloris marina), NP 001150956 (ZmIPMDH from Zea mays), NP_ 178171
(AtIPMDH from Arabidopsis thaliana), XP_ 002530452 (RcIPMDH from Ricinus
communis), YP_ 003073929 (TtIPMDH from Teredinibacter turnerae), ZP_ 05362385
(ArIMPDH  from Acinetobacter radioresistens),YP 001708216 (AbIPMDH from
Acinetobacter baumannii),P_433663 (HcIPMDH from Hahella chejuensis), YP_391067
(TcIPMDH  from  Thiomicrospira crunogena), ZP_05105225 (MtIPMDH from
Methylophaga thiooxidans), YP_ 343052 (NoIPMDH from Nitrosococcus oceani)

AAG54377 (EcIPMDH from E. coli).
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3. 2. OsALS and OsIPMDH expression in E. coli and in vivo activity

The recombinant DNAs, pB::OsALS and, pB::OsIPMDH, were constructed using
the ORF of a PCR-amplified OsALS and OsIPMDH fragment, respectively. After the
transformation of E. coli with the recombinant DNA, OsALS and OsIPMDH activity were
monitored in vivo in a medium containing IPTG and 18 amino acids, excluding Ile and Val
(OsALS) and 19 amino acids excluding Leu (OsIPMDH). Functional complementation was
performed using the ALS mutant of E. coli to confirm the enzyme activity of the gene
product of OsALS, and similarly the /euB mutants of E. coli to be sure the enzyme activity
by the gene product of pB:: OsIPMDS. To assess the viability of E. coli cells by OsALS and
OsIPMDH activity, the OsALS and OsIPMDH expressing cells were cultured for 12 hrs
with shaking, and the diluted portion was plated on agar medium containing the 18 amino
acids and Amp (25 mg/ml) without Ile and Val and 19 amino acids excluding Leu (Fig. 14).
The viable colonies greatly differed among the plasmids. These could grow under conditions
in which the mutant without OsALS/OsIPMDH could not. This showed that the OsALS and
OsIPMDH were capable to complement, as an evidenced functional ALS and IPMDH

activity, respectively.
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Fig. 14. Functional complementation assay for OsALS and OsIPMDH. The i/vH mutant E.
coli strain M1262 containing pB::OsALS and control and wild-type E. coli strain
Gif41containing control plasmid (upper line). The leuB mutant E. coli strain M1262
containing pB::OsIPMDH and control; and Gif4l, wild-type E. coli containing control

plasmid (lower line).
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3. 3. Expression of OsALS can complement the ilvH mutants of E. coli

A growth study was performed to determine whether the OsALS gene would
increase the sensitivity of bacterial cells to ilvH. The pB::OsALS construct was transformed
into the i/vH mutant E. coli strains M1262 and FD1062. A control plasmid was also
transformed into wildtype (Gif41) and the ilvH mutants M1262 and FD1062. The
pB::OsALS activity was monitored via a growth assay in the absence of Ile and Val
Bacterial cells were grown in MM with 18 amino acids excluding Ile and Val, containing
IPTG and Amp. The wildtype E. coli strain Gif4l harboring the control plasmid grew
normally and showed an S-shaped classical growth curve in the medium without Ile and Val
(Fig. 15A) The Gif41 strain could synthesize Ile and Val itself, and thus grew normally in
the medium. The i/vH mutant strains M1262 and FD1062 expressing pB::OsALS also grew
normally and showed an S-shaped classical growth curve in the same medium, but grew
slightly more slowly than the wild type strain containing the control plasmid (Fig. 15A & B),
the M1262 and FD1062 strains harboring the control plasmid in the same medium without
Ile and Val evidenced dramatically retarded growth. In this case, the i/lvHH mutant E. coli
strains M 1262 and FD1062 could not synthesize Ile and Val itself, and thus it was not grow;
however, the same E. coli strains M1262 and FD1062 containing pB::OsALS grew well
because the ilvH mutants E. coli was able to synthesize Ile and Val using ALS expressed by
the pB::OsALS plasmid (Fig. 15A & B). This is a consequence of pB::OsALS activity. From
the above finding, it was concluded that OsALS expression can functionally complement the

ilvH mutants E. coli.
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Fig. 15 A. Growth curves of E. coli mutant M1262 harboring pB::OsALS and control
plasmid without Ile and Val and wild type strain containing control Plasmid. Bacterial cells
were grown at 37°C in MM containing 18 amino acids except Ile and Val. Growth was
monitored via OD measurements at 595 nm (ODsgs). Symbols: A) A, M1262 + pB::OsALS;

e, wild type + control; A, M1262 + control.
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Fig.15B. Growth curves of E. coli mutant and FD1062 harboring pB::0OsALS and control
plasmid without Ile and Val and wild type strain Gif4lcontaining control Plasmid.
Bacterial cells were grown at 37°C in MM containing 18 amino acids except Ile and Val.

Growth was monitored via optical density measurements at 595 nm (ODsgs). Symbols: A,

FD1062 + pB::OsALS; e, wild type + control; A, FD1062 + control.
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3. 4. Leucine sensitivity of E. coli mutants was influenced by the expression of pB::
OsIPMDS

A growth study was performed to determine whether the pB:: OsIPMDS, gene
would increase the sensitivity of bacterial cells to Leu. The pB:: OsIPMDS, construct was
transformed into /euB mutant E. coli strain M1262. The control plasmid was transformed
into /euB mutant E. coli strain M1262 and a wild type E. coli strain. The pB::OsIPMDS,
activity was monitored by a growth assay in the absence of Leu. Bacterial cells were grown
in MM with 19 amino acids excluding Leu, containing IPTG, 20% glucose and Amp. The
wild type E. coli strain harboring a control plasmid grew normally and showed S-shape
classical growth curve in the medium in spite of lack of Leu amino acid (Fig. 16). The wild
type strain produced in Leu of itself resluting in normal growth in the medium. However, the
leuB mutant strain M 1262 expressing pB:: OsIPMDS also grew normally and showed S-
shape classical growth curve in the same medium (Fig. 16). The /euB mutant strain M 1262
harboring a control plasmid was dramatically retarded in the growth phase in the same
medium due to lack of the essential amino acid Leu. In this case, the leuB mutant E. coli
strain pB:: OsIPMDS could not produce Leu itself, thus it showed dramatically retarded
growth in the same medium but when the same E. coli containing pB:: OsIPMDS it then
grew well because leuB mutant E. coli got Leu from pB:: OsIPMDS as a result well
growth (Fig. 16). This result indicated the activity of pB:: OsIPMDS . From the above
situation, it was concluded that the expression of the pB.: OsIPMDS is able to functionally

complement and it has the function of Leu.
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Fig. 16. Growth curves of E. coli mutant M1262 was harboring pB.:OsIPMDH. M1262 and
Gif41 were containing respective control plasmid. Bacterial cells were grown at 37°C in
MM containing 19 amino acids except Leu. Growth was monitored by optical density
measurement at 595nm (ODsys). Symbols: A, M1262 + pB::OsIPMDH; e, wild type +

control; A, M1262 + control.
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4. DISCUSSION

The breached chain amino acids Val, Leu and Ile are three among ten essentials
amino acids that are not synthesized in mammals; however there is more interest due to their
importance in animal diets. Leu, Ile and Val, are synthesized in all plant parts, as indicated
by the ubiquitous presence of the mRNAs, the encoded proteins, and the activities of various
enzymes of the pathway (Hattori et al., 1992). The branched chain amino acid biosynthetic
pathway feeds carbon into three different amino acids. The flow of carbon must therefore be
tightly regulated so that no one of these amino acids becomes limiting for plant growth
(Singh and Shaner, 1995). Amino acids such as Leu, Val and Ile are essential for
monogastric animal but can not synthesize it. Thus the modification of the amino acid
profile of the rice grain to enhance high nutritional varieties is one of the most important
objectives in breeding for seed quality.

This implies a demand for large numbers of analyses to determine the amino
acid composition of the rice grain (Jianguo et al., 2002). ALS is the first enzyme in the
branched chain amino acids and IPMDH is third enzyme of Leu biosynthesis in higher
plants. These enzymes are targeted in herbicidal activity. Here we report characterization of
two genes encoded by OsALS and OsIMPDH from rice. The deduced amino acid sequence
of OsALS and OsIMPDH showed extensive similarity to its counterparts in other plant
species and respective bacterial ALS and IMPDH. The full-length ¢cDNA of ALS and
OsIMPDH encoded 558 and 348 amino acids, and approximately 59.9 and 37.1 kDa protein,
respectively.

After transformation of both genes, we treated then separately with 18 amino
acids excluding Ile and Val, with 19 amino acids without Leu in MM medium containing
Amp and IPTG. We observed that i/vH mutants E. coli strains showed growth retardation

when harboring control. In this case, the mutant strain could not produce Ile and Val
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thus it failed to grow. The same mutant E. coli strain expreesing pB::OsALS then grew well
and the wild type strain normally grew well. Similar circumstances showed in the case of
leuB mutant E, coli strain and pB::OsIMPDH and control. Another wild type E. coli
strain Gif41 containing control plasmid that grew normally also showed S-shaped classical
curve, in this case, wild type strain produced Leu itself and grew normally.

Here we are investigating to find out some important clues about substrate specificity of the
enzyme by purifying recombinant pB::OsALS and pB::OsIMPDH in E. coli and
physiological functions of this novel enzyme for Ile , Val and Leu metabolism by screening
T-DNA insertion mutants in which the expression of rice pB::OsALS and pB::OsIMPDH
gene is knockout this would provide important clues into the substrate specificity and
physiological function of this noble enzyme for nucleotide metabolism in rice plants. The
ALS & IPMDH genes were cloned by functional complementation. The ALS & IPMDH
genes could be used as a powerful tool for future application to develop herbicide resistant
crops in selectable markers. ALS & IPMDH genes could be reintroduced into crop plants for

improvement of rice qualities.
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ABATRACT

UK and UPRT are enzymes catalyzing the formation of uridine 5’-monophosphate from
urindine and adenosine 5’-triphosphate or uracil and 5-phosphoribosyl-1-pyrophosphate
(PRPP) in the pyrimidine salvage pathway, respectively. The genes for UK or UPRT were
reported as separate genes in bacteria or yeasts. Here we report the analysis of a gene with
dual domains for UK and UPRT from rice (OsUK/UPRTI). Sequence analysis was revealed
that it contains a full-length open reading frame for OsUK/UPRTI which is encoded as 496
amino acids, approximately 55.2 kDa protein. The predicted amino acid sequence of
OsUK/UPRTT is similar to the two proteins for UK and UPRT. Amino-terminal region is
similar to UDK of Escherichia coli and many bacteria containing an ATP/GTP-binding site
motif called a P-loop whereas the carboxyl-terminal is similar to UPP of E. coli containing
signature-binding motif for a uracil and a PRPP. Expression of OsUK/UPRT1 in an upp and
udk mutant of E. coli led to growth inhibition effect with 5-fluorouracil (FU) or 5-
fluorouridine (FD). These results suggest that the OsUK/UPRT1 product can use both uracil

and uridine as substrates and would be a natural fusion protein of UK and UPRT enzyme.
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1. INTRODUCTION

The diverse phenotype among different organisms is originated from the
expression of nucleic acids that are composed of purine and pyrimidine bases such as
adenine, guanine, thymine, cytosine and uracil. Various DNA metabolisms including
replication and repair are needed for such bases as raw materials, which should be
synthesized de novo or digested from nucleic acids in foods. The biosynthetic pathway of
pyrimidines including uridine 5’-triphosphate (UTP) and cytidine 5’-triphosphate (CTP) is
initiated by carbamoyl phosphate synthetase with glutamine and CO, (Islam et al., 2007).
Through three more following steps, orotate is synthesized and then converted to uridine 5°-
monophosphate (UMP) via orotidine 5’-phosphate. UTP is synthesized from UMP by
successive reactions and further metabolized to synthesis of CTP. Besides biosynthesis of
pyrimidines, uracil, uridine, or cytosine are salvaged to synthesize UMP or cytidine 5’-
monophosphate by the pyrimidine salvage pathway (Fig. 17) (Islam et al., 2007).

Uracil phosphoribosyltransferase (UPRT, EC 2.4.2.9) is an enzyme catalyzing the
formation of UMP from uracil and 5-phosphoribosyl-1-pyrophosphate (PRPP) in the
pyrimidine salvage pathway. Uridine kinase (UK, EC 2.7.1.48) is also an enzyme involved
in the formation of UMP from uridine and adenosine 5-triphosphate (ATP). The related
genes for UPRT, UK, and orotidine 5’ -phosphate decarboxylase were reported to upp, udk,
pyrF in E. coli and FURI, URKI, URA3 in Saccharomyces cerevisiae, respectively
(Andersen et al., 1992). The UPRT is well characterized in bacteria, yeasts, and protozoa. It
is active in various forms such as monomer in Toxoplasma gondii (Carter et al., 1997),
heterodimer in S. cerevisiae (Natalini et al., 1979), homodimer in Crithidia luciliae (Asai et
al., 1990), and homotrimer in E. coli (Rasmussen et al., 1986). The UPRT from 7. gondii is
needed Ca’"and Co®" for enzyme activity and denatured with no activity at 50°C (Carter et
al., 1997). It has been reported that UPRT from 7. gondii, E. coli, and Sulfolobus shibatae is

activated by guanosine 5’-triphosphate (GTP) (Schumacher et al., 2002).

_62_

@ jeju



Glutamine + CO,

e Ox

l &~ Uracil (5FU)
ik
oMP :
Uridine ' Uridine
l pImspharyhse; nucleosidase

X L

UMPase o on
»  Uridine (5-FD)

o Ll -

K 4im

UMP (SFUMP) ™ Uridine kinase

'

UDP (5-FUDP)

UTP (5-FUTP)

Fig. 17. The Pathway of pyrimidine biosynthesis as adapted from Moffatt and Ashihara
(2002). The reaction by uridine phosphorylase was found in E. co/i or yeast but not in plant
(Anderson ef al., 1992). The pathway of E. coli including FU and FD metabolism is marked
by parenthesis. OMP, orotate 5-monophosphate; UMP, uridine 5’-monophosphate; UDP,

uridine 5-diphosphate; UTP, uridine 5-triphoasphate (Islam ef al., 2007).
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The genes encoding UPRT have been cloned and characterized from bacteria,
yeasts and protozoa (Carter et al., 1997), Bacillus subtilis (Martinussen et al., 1995),
Lactococcus lactis (Martinussen and Hammer, 1994), Arabidopsis thaliana (Islam et al.,
2007) and humans (Li et al, 2007). UK also has been characterized to occur from E. coli
(Fast and Skold, 1977), S. cerevisiae (Kern 1990) and as a fusion gene for UK and UPRT in
Arabidopsis thaliana (Islam et al. 2007). The UPRT protein is composed of ranging from
208 to 251 amino acids in microbes such as E. coli, S. cerevisiae, and T. gonddi (Kern et al.,
1989) and has relatively small molecular weight ranging from 23 kDa to 36 kDa. The
binding motifs for the two substrates of UPRT which are PRPP and uracil are well conserved
as a sequence “DPMLATGGSA” and YI(F)VPGLGDA(F)GDRL(Y,M)F(Y)G(C)T(V)K,
respectively in many bacteria including B. subtilis and L. lactis (Schumacher et al. 1998).
UPRT and UK have been found in all organisms, and the salvage activity is a more
important source of UMP than the de novo pathway for many mammalian cells (Webler et
al., 1978). The FU and FD are toxic analogs of uracil and uridine which are substrates of
UPRT and UK, respectively.

These toxic substances have been well used as an anticancer agent since the 1950’s
and used medically to treat various cancers in the large intestine, stomach, pancreas, breast,
prostate etc. (Miyagi et al., 2003). The successive production of the fluro-derivatives of
UMP and UTP by UMP kinase and UDP kinase results in RNA damage and inhibition to
protein synthesis, which causes broad range of growth retardation in bacterial cells (Koyama
et al., 2003). The principle of cancer therapy is that FU and FD are toxic to metabolize fluro-
derivatives of UMP and UTP, and finally cause a mistake of RNA base and also in gene
expression (Fig. 18). Here this report the analysis of a gene with dual domains for UPRT and

UK enzyme from rice to investigate the pyrimidine salvage pathway in crop plants.
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Fig. 18. Cancer gene therapy (Possible mechanism of cell death in cancer cells by treatment

of FU & FD).
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2. 1. Strains

Four E. coli strains were used in this study. The source of all strains except JM109
(Stratagene) was the E. coli Genetic Stock Center (CGSC) in Yale University, USA. E. coli

strain JM109 was frequently used as a host for cloning purposes.

Table. 3. E. coli strains used in the part I11

Strains Genotype Remark
GT4 ushAl, glnV44, (AS)A-, thi-1, upp-32 upp
mutant
Sp408 upp-11, relAl, rpsL254 (strR), MetB1 udk, upp
mutant
X2224 thur-1, leuB6 (Am), secA208, fhuA2, lacY1, ginV44, (AS), galK2 udk, upp
mutant

(Oc), minB-2, rpsL 109 (strR), malTl (AR), Xyl-7, mtlA2, thi-1, tdk-
2, udk-30, upp-30
IM109  el4- (McrA-), recAl, endAl, thi-1, supE44, relAl, A (lac-proAB), wild type

(F'traD36 proAB lacl’ZAM15), hsdR17 (t-mk+)
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2. 2. DNA sequence analysis

The clone (Accession Number AK102065, cDNA ID 212912) was derived from rice
cDNA library (Osato et al., 2002) from developing seeds prepared in pBluescript SK-. DNA
sequencing was performed by an automatic sequencer (AlFexpress DNA sequencer,
Pharmacia Biotech. Inc., UK) with synthetic oligonucleotide primers. Nucleotide sequences
and amino acid sequences were compared with sequences present in the GenBank and
EMBL databases and analyzed using BLAST (Wheeler et al., 2003) and ClustalW multiple
sequence alignment program (Thompson et al., 1994) or Biology WorkBench 3.2
(http://workbench.sdsc.edu; San Diego Supercomputer Center; University of California San
Diego, USA). Comparison 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).

2. 3. Expression of OsUK/UPRT]I in E. coli

It is revealed from the sequence analysis that there is a TAA stop codon in-frame at
-39 position upstream from the translation-starting site. Therefore; the specific primers were
designed from the sequence information around the translational start and stop codons of
OsUK/UPRT1 to amplify ORF and to overexpress the gene product in E. coli.

The open reading frame (ORF) of OsUK/UPRTI was obtained by PCR with the
EST clone as a template and the primers with P1 (5’-ACGGATCCAATGCCGGAAGATT-
3’) and P4 (5’-CGAGCTCTACTGTCGCTCTAGT-3") using AmpliTagGold polymerase
(Perkin-Elmer, U.S.A). The underline in the primer P1 and P4 is the designed restriction
sites for BamHI and Sacl to facilitate subcloning, respectively. The amplified fragment 1.500
bp was subcloned into pGEM-T-easy vector (Promega) and then finally subcloned into
pBluescript II KS+ (Stratagene Inc., U.S.A) as a BamHI-Sacl fragment, to give

pB::OsUK/UPRTI. The recombinant DNA for overexpression of OSUK/UPRT1 was
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confirmed by restriction analysis with BamHI and Sacl digestion and nucleotide sequencing
with T3 and T7 primers. The pB::OsUK/UPRTI construct and control were used to
transform E. coli JM109 an upp mutants of GT4 and upp-udk double mutant,

respectively.

2. 4. Functional complementation and enzymatic activity

Transformation of E. coli upp-udk mutant X2224 was done with pB::OsUK/UPRTI
construct and control as well as upp mutantas GT4 and Sp408 which were also done with
pB::OsUK/UPRT1 construct by electroporation (ECM399, BTX, USA) respectfully, at 1300
voltage after producing competent cells of E. coli mutants and double mutant strains
(Sambrook and Rusesel, 2001) by washing with water and glycerol (Kim and Leustek, 1996)
using a cuvette with 0.10 cm electrode gap. Following electroporation, it was plated onto
LB+Agar medium containing Amp [ LB (20 g/L), Agar (15 g/L) and Amp (100 pg/ml) | and
incubated overnight at 37°C.

One milliliter LB with Amp liquid medium was inoculated with a single colony of
respective strain and grown over night at 37°C with shaking (140 rpm). The culture was
poured into 100 ml MM with 20% glucose (20 ml/L), Drop-out medium supplement without
uracil (-ura DO) (Sigma, 0.77 g/L) containing Amp (25 pg/ml) in the presence of FU and FD
(Sigma, Germany) and was then grown at 37°C with shaking (140 rpm). The enzymatic
activity was determined spectometrically by measuring OD at 595 nm at one-hour interval.
After 12 hrs, the diluted culture was spread out on LB+Agar medium containing Amp and

incubated at 37°C overnight.
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2. 5. Growth inhibition assay with FU and FD in E. coli
The E. coli mutants harboring the pB::OsUK/UPRT1 construct, and well as wild
type (JM109) were grown at 37°C in MM with —Ura DO (0.77 gm/L) (used to eliminate
uracil ), 20% glucose (20 ml/L) containing Amp (25 pg/ml) in the presence of FU and FD
(Sigma, Germany) at final concentrations of 0.1 pg/ml, 0.01 pg/ml and 0.005 pg/ml,
respectively. Growth of bacteria was monitored by measuring OD every hour using the

spectrophotometer at 595 nm (ODsys) (UV1101, Biochrom, England).
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3. RESULTS

3.1. Sequence analysis of OsUK/UPRT1

The clone (AK1020665) was determined by the nucleotide sequence using
designed primers. The sequence, OsUK/UPRTI cDNA, contained a full-length open reading
frame consisting of 1850 bp and encoded a protein of approximately 55.2 kDa. The
predicted amino acid sequence of OsUK/UPRT]1 is highly homologous to similar sequences
from rice and Arabidopsis. Three sequences from Arabidopsis found by database search with
OsUK/UPRT1, AtUK/UPRT1 (GenBank accession number AB011477), AtUK/UPRT2
(GenBank accession number 5672506) and AtUK/UPRT3 (GenBank accession number
BAF28020, Os1120265000), have high homology with the identity of 96% 95% and 92% to
OsUK/UPRT1 amino acid sequence, respectively. Database analysis shows that
OsUK/UPRTI1 sequence is identical to a genomic region located in chromosome 9 in rice
(0s09g0505800) and consisted of 14 exons (Fig. 19). Three homologous sequences,
OsUK/UPRT2, OsUK/UPRT3, OsUK/UPRT4, are located in chromosome 8, 11, and 2 in
rice genome (Os08g0530000, Os11g0265000, 0s02g0273000), respectively. Three similar
sequences from rice were found by database search with OsUK/UPRT1, OsUK/UPRT?2

(GenBank accession number BAF24236, Os08g0530000)

A. OsUK/UPRTI
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DeUR/UPRTL 355 RRICGVSIVRSGE SHENAILRACCRGIRIGRILIBRVGDNGQ-QLIYERLPKDIAERBVLY
AtUR/UPRTL 342 RRICGVSIIRSGESHENAILRACCRGIRIGRILIBRDGDNGR-QLIYERLPREDISERBVLL
EuDPP 70 RRLGVVPILRAGLGHVDGILRLIPAARVGEVGLYRDPETLRPVEYYVRLPSDVEEREF IV
EcUPP 63 RRITVVPILRAGLGHMDGVLENVPSARLSYVGMYRNEETLEPVPYPQRLYSNIDERWALL
BaDURR L

B :nn PRPP binding site

OwUR/UPRTL dld JDPVLGIGNSAJQAIELLIRRGVPEERIIFLNLISAPEGIQCVCRRFPRIRIVTSEIDTG
AtUR/UPRTL 40l nw:.uc-nsmoarl:.LiE:vann: IFLNLISAPEGIECYVCERFPALRIVTSELDQC
EuDPP 130 YDPHLATGGSAYEAIRSLRRRGARN-- [RFHCLVAAPEGYEELQREESOVDIYIAALDER
EcUPP 129 YDPHLATGGSYIATIDLLRRAGCSS-~- [RVLYLVAAPEGIAALERARPIVELYTAS[DQG
Consensus [DPMLATGGSA]

BaURK . )

EcTRR Uracil binding site

OaUR/UPRTL 474 LSEEYR)

AtDR/UPRTL 46l LNQEPRYIFPGLGEFGDRYFGTIREDQ

BaUPP 188 LNERGY IVPGLGDAGDRMFGT

EcUPP 187 LNEBGYIIPGLGDAGDRIFGT

Consensus [IPGLGDFGDRYFGT]

Fig. 19. Structure and amino acids sequence alignment of OsUK/UPRT 1.

(A). Structure of OsUK/UPRT 1showing UK and UPRT domains and separate genes. (B).
Deduced amino acid sequence alignment of UPRT or UK from bacteria and plants.These is
Oryza sativa (OsUK/UPRTI), Arabidopsis thaliana (AtUK/UPRT1), Bacillus cereus (BcUPP,
BcURK), and Escherichia coli (EcUPP, ECURK). Shaded residues represent amino acids
which are identical among at all four of the four amino acids that are GenBank accession
numbers as follow AK102065 (OsUK/UPRT1), AB011477 (AtUK/UPRT1), P25532

(EcUPP), and CAA50593 (EcUDK).
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The size of OsUK/UPRT1 consisted of 496 amino acids are about double compared
to UPRTs from bacteria and protozoa. The C-terminal region of OsUK/UPRTI1 is
homologous to bacterial UPP sequences suggested that the region has catalytic activity for
UPRT. By the analysis of motif with amino acid sequence of OsUK/UPRT1, it was revealed
that there are signature-binding motifs for a PRPP and a uracil in the N-terminal region of
the OSUK/UPRT1 (Fig. 19). The binding motifs for a PRPP and a uracil, “DPVLATGNSA”
(398-407) and “IPGLGEFGDRYFGT” (468-481), respectively, are present in rice
OsUK/UPRT1 and well conserved in E. coli and many bacteria. The motif sequences for a
PRPP and an uracil are highly homologous to the consensus “DPMLATGGSA” and
“YI(F)VPGLGDA(F)GDRL(Y,M)F(Y)G(C) T(V)K”, respectively. The finding suggests that
the OsUK/UPRT1 product may use uracil and PRPP as substrates to synthesize UMP.
Through the analysis of amino acid homology in database, it is suggested that there are
functional UPRT homologs in animals and plants. The phylogenic analysis of the deduced
sequence is revealed that rice UPRT and UK are evolved from ancestral with AtUK/UPRT1
and AtUK/UPRT? (Fig. 20). The OsUK/UPRTI consisted of 496 amino acids and is about

double compared to UPRT and UK from bacteria and protozoa.
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Fig. 20. Phylogenetic analysis of OsUK/UPRT1 related proteins using ClustalW. Accession
numbers are as follows: AK102065 (OsUK/UPRTI), BAF24236 (OsUK/UPRT2),

ABO011477 (AtOSUK/UPRTI), AP000381 (AtUK/UPRT2), BAF28020 (OsUK/UPRT3),
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BAF08444 (OsUK/UPRT4), AC002304 (4tUK/UPRT3), Q26998 (UPP_TOXGO), 013867
(UPP_SCHPO), P18562 (UPP_YEAST), Q8XXC7 (UPP_RALSO), Q8EM74
(UPP_OCEIH), Q5KUI3 (UPP_GEOKA), P39149 (UPP_BACSU), Q67TC9 (UPP_
SYMTH), Q9CEC9 (UPP_LACLA), Q97RQ3 (UPP_STRPN), Q9CECY (UPP_LACPL),
QS8FUZ2 (UPP_BRUSU), Q9RU32 (UPP_DEIRA), Q88PV2 (UPP_PSEPK), QINWZS5
(UCKLI _HUMAN), Q9BZX2 (UCK2 HUMAN), Q9HA47 (UCK! _HUMAN), QIVC99
(UCK_DROME), Q17413 (UCK_CAEEL), P27515 (URKI_YEAST), 032033
(URK_BACSU), Q8Y727 (URK_LISMO), Q9CF21 (URK_LACLA), P67413 (URK_STRPN),
Q88WRO (URK_LACPL), Q5HFF1 (URK_STAAC), Q8XJI6 (URK_CLOPE), Q8ZFZ9
(URK_YERPE), QSEDX4 (URK SHEON), P44533 (URK_HAEIN), Q9HQC9
(URK_HALSA), Q59190 (URK BORBU), P75217 (URK_MYCPN), Q9PQF9
(URK_UREPA),NP060329 (HSURKL1), NP011996 (ScFURI), (ScURKI), P25532

(EcUPP) and CAA50593 (EcUDK).
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3. 2. OsUK/UPRT1 expression in E. coli and in vivo activity

The recombinant DNA, pB.:OsUK/UPRTI, was constructed using ORF of PCR-
amplified OsUK/UPRTI fragment. After transformation E. coli, UPRT and UK activity in
vivo was monitored by adding FU or FD. The successive production of the fluoro-
derivatives of UMP and UTP by UMP kinase and UDP kinase results to RNA damage and
inhibition to protein synthesis, which causes broad range of growth retardation in bacterial
cells (Koyama et al., 2000).

The functional complementation was performed using the upp and upp-udk mutants
of E. coli to confirm the enzyme activity by the gene product of OsUK/UPRTI. To check
viability of E. coli cells by UK/UPRT protein activity after treatment of FU and FD, the
IM1009 cells overexpressing OsUK/UPRT1 were cultured with agitation for 14 hrs with and
without FU & FD. And then the diluted portion was plated on LB agar medium containing
Amp (Fig. 21). The viable colonies greatly decreased in the strain overexpressing
OsUK/UPRT]1 treated with FU & FD compared to that without FU & FD. These results in

growth retardation and viability suggest that the gene product of OsUK/UPRT1.
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+pB::0sUK/UPRT1

Fig. 21. Functional complementation (/n vivo assay of OsUK/UPRT1 and OsUDK/UPRTI
by FU and FD); A) pB+FU, B) pB:UK/UPRTI +FU,

C) pB+FD,D) pB:UK/UPRTI + FD.
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3. 3. FU sensitivity of E. coli upp mutants was influenced by the expression of
OsUK/UPRTI

A growth study was performed to determine whether the OsUK/UPRTI gene
would increase the sensitivity of bacterial cells to FU. The construct of pB::OsUK/UPRTI
and the pB as a control plasmid were transformed into upp mutants (GT4 & S¢@408) and
upp-udk double mutant (X2224) as well as a wild type (JM109) E. coli. Bacterial cells were
grown in MM—-Ura and the pB::OsUK/UPRT] activity in the presence of FU was monitored
by a growth assay. The X2224 harboring control plasmid grew normally and showed S-
shape classical growth curve in the MM-Ura medium in different concentrations 0.1, 0.01 &
0.005 pg/ml FU. Whereas, X2224 containing pB::OsUK/UPRTI was dramatically retarded
in the growth phase in the same medium and concentrations of FU (Fig. 22 & Fig. 23). The
wild type IM109 expressing control plasmid was also found to have growth retardation in
high (0.1 ug/ml FU) concentration (Fig. 22). However, the GT4 & S@408 containing
pB::OsUK/UPRTI were dramatically retarded in the growth phase in the same medium and
the same concentrations of FU. The trend of growth retardation of all upp mutants
expressing OsUK/UPRT1 is almost similar. The growth inhibition of upp mutants harboring
pB::0OsUK/UPRTI were even observed at lower concentrations until 12 hrs. So the bacterial
growth inhibition was clearly observed in GT4, S@408 and X2224 expressing OsUK/UPRT 1
as well as JM109 with control plasmid. These results indicated that mutants expressing
OsUK/UPRTT1 utilizes FU as a substrate that’s why growth retardation resulted due to
toxicity of FU. So these results indicated the consequence of UPRT activity of rice

OsUK/UPRT]I.
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Fig. 22. Growth curves of E. coli upp-udk mutant X2224 expressing pB:: OsUK/UPRTI &
control and upp mutant GT4 & s@408 expressing pB:: OsUK/UPRTI in response to FU (A.
0.1, B. 0.01, C. 0.005 pg/ml) . Bacterial cells were grown at 37°C in M9 minimal medium

containing —Ura DO. Growth was monitored by optical density measurement at 595 nm

(ODsos). Results are the means quadruplicate determination: Symbols: A, X2224+ control; W,

GT4+ pB::OsUK/UPRTI,; O, Se408 + pB:: OsUK/UPRTI; A, X2224+ pB:: OsUK/UPRTI.

(A) 0.1 pg/ml FU
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Fig. 23. Growth curves of E. coli upp-udk mutant, X2224, and wild type (JM109) expressing
pB:: OsUK/UPRT1& control in response to FU. Becterial cells were grown at 37°C in MM
containing —Ura DO. Growth was monitored by optical density measurement at 595 nm

(ODsgs). Results are the means quadruplicate determination: Symbols: A, X2224 + control;

O, wild type + control, B, wild type + pB::OsUK/UPRTI; A, X2224+ pB::OsUK/UPRT]I.

3. 4. FD sensitivity of E. coli upp mutants was influenced by the expression of
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OsUK/UPRTI

The growth pattern of E. coli mutants complemented with pB:: OsUK/UPRTI
was also investigated in presence of FD. The X2224 harboring control plasmid grew
normally and showed S-shape classical growth curve in the MM with —Ura with different
concentrations 0.1, 0.01 & 0.005 pg/ml FD, respectively (Fig. 24 & Fig. 25). The JIM109
with control plasmid was retarded in growth by the supplementation of FD. The retardation
of the growth was more sever in the medium containing a high concentration 0.1 pg/ml FD.
On the other hand, JM109 harboring OsUK/UPRT! was much more severe in the growth
retardation compared with the wild type containing control plasmid and even almost didn’t
grow in the concentration of 0.01 pg/ml FD in which was grown the wild type was grown
containing control plasmid and slight growth in lower concentration 0.005 pg/ml FD (Fig.
24). However, the GT4, Se408 and X2224 expressing pB::OsUK/UPRTI were dramatically
retarded in the growth phase in the same medium and same concentrations of FD. The trends
of growth retardation of all upp mutants and control plasmid are almost similar. Slight
growth was observed in GT4 & S@408 expressing pB::OsUK/UPRTI at lower
concentrations 0.01 & 0.005 pg/ml FD after 10 hrs but X2224 expressing OsUK/UPRTI1
continued retardation until 16 hrs (Fig. 25). One explanation in the growth of mutants
expressing OsUK/UPRT1 after 10 hrs is that the growth inhibition could be due to re-
directing UPRT activity using FU from FD degradation not FD as a substrate directly. The
growth of X2224 with control plasmid was unaffected (Fig. 24 & Fig. 25) because there is
no toxic effect of FD without UK activity. These results showed the UK activity of

OsUK/UPRT]I.

(A) 0.1 ug/ml FD
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Fig. 24. Growth curves of E. coli upp-udk mutant X2224 expressing pB:: OsUK/UPRTI&
control and upp mutant GT4 & sp408 expressing pB:: OsUK/UPRTI in response to FD.
Bacterial cells were grown at 37°C in MM containing —Ura DO. Growth was monitored by

optical density measurement at 595 nm (ODsgs). Results are the means quadruplicate

determination: Symbols: A, X2224+ control; O, GT4+ pB::OsUK/UPRT1; g, Sp408 + pB::

OsUK/UPRTI; A, X2224+ pB:: OsUK/UPRT]I.

(A) 0.1 pg/ml FD
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Fig. 25. Growth curves of E.coli upp-udk mutant, X2224, and wild type (JM109) expressing
pB:: OsUK/UPRTI& control in response to FD. Becterial cells were grown at 37°C in MM
containing —Ura DO. Growth was monitored by optical density measurement at 595 nm

(ODsgs). Results are the means quadruplicate determination: Symbols: A, X2224 + control; o,

wild type + control; g, wild type + pB::OsUK/UPRTI; A, X2224+ pB:: OsUK/UPRT]I.

4. DISCUSSION
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The roles of UK and UPRT have important roles in the pyrimidine salvage pathway.
This gene belongs to a class of enzymes catalyzing reactions involving 5-phosphoribosyl 1-
pyrophosphate (PRPP). These enzymes are involved in different biosynthetic pathways
including the synthesis of histidine, tryptopan, purines, pyrimidines and NAD (Jesen, 1983)
there is no specific report on UPRT and UK in higher plants. Only a few studies have been
conducted on the uridine salvage pathway of actively growing potato tubers (Katahira and
Ashihara, 2002). The functional characterization of uracil phosphoribosyltransferase (UPRT)
is in bacteria, yeasts, and protozoa, but not in other animals and plants (Carter et al., 1997).
Here we report the characterization of a natural fusion gene encoding rice UK and UPRT
(OsUK/UPRTYI) and the gene product by over expression of wild type and upp mutant of E.
coli followed by growth inhibition with FU. Following determination of the nucleotide
sequences, the encoded protein was analyzed by a putative novel enzyme for UK and UPRT
in plants. The full-length cDNA encodes a 496-amino acid protein that is highly homologous
to putative UK and UPRT from arabidopsis and homologous to FURI and URK1 of yeasts
and upp and udk of bacteria and also homologous to upp and udk of E. coli (Bismuth et al.,
1982). There were three homologous genes, in chromosome III and I of arabidopsis which
has identity with 90%, 96% and 90% in nucleotide and amino acid sequence between them,
respectively, which they assume to perform similar functions in plants.

The OsUK/UPRT! from rice is homologous to that from animals such as C.
elegans, M. musculus, and H. sapiens compared to that from bacteria or yeasts. The identity
between putative UK and UPRT from mammals, M. musculus and H. sapiens, has increased
to 95% in amino acid sequence level. These findings suggest that OsUK/UPRTI from rice is
more closely related evolutionally to higher organisms such as humans than to lower ones
such as bacteria and protozoa. The findings also suggest that there is a protein performing

similar function as OsUK/UPRT1 in animals such as C. elegans, M. musculus,

and H. sapiens. The OsUK/UPRTI protein consists of 496 amino acids, which is about
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double in size compared to that from bacteria, yeasts, or protozoa, which suggests there are
diversity and additional function in rice OsUK/UPRTI rather than the counterpart from
microbes.

There is another reaction catalyzed by uridine kinase (UK) to synthesize UMP from
uridine in the pyrimidine salvage pathway. The role of UPRT in the salvage of endogenously
formed uracil and the utilization of exogenous uracil and cytocine has been demonstrated in
several microorganisms including E. coli (Fast and Skold, 1977). E. coli upp and udk are
pyrimidine salvage enzymes, which can convert FU and FD into FUMP as the internal step
of FU and FD activation (Andersen et al., 1992). To test whether OsUK/UPRT1 from rice
has the UK activity, we treated FD with E. coli strains of upp mutant over expressing
OsUK/UPRTI. The FD would metabolize to FUMP and have a toxic effect if OsUK/UPRT]
has UK activity. To minimize the toxic effect of FU from degradation of FD and maximize
the reaction for UK by FD, uracil was added with FD. The bacterial strains harboring control
plastid showed the classical S-shape growth curve in case of the addition of FD. However,
the bacterial lines over expressing OsUK/UPRT1 slowed down growth in log phase after 7
hrs of initial inoculation followed by gradual decrease of the growth until 13 hrs. The strains
showed gradual increase of their growth after 13 hrs of initial inoculation, which suggest the
substrate (FD) was depleted at this time, and then the growth was reached to the maximum
stationary phase with ODsos to 1.5, similar to control lines, which is clearly different to the
results supplemented with FU as a substrate. In addition to the upp-dependent formation of
UMP, uracil may be metabolized (Martinussen and Hammer, 1994). The effect of growth
inhibition by FD lasted 6 hrs and was less efficient than that by FU. The results assume that
the growth inhibition could be due to re-directing UPRT activity using FU from FD
degradation not FD as a substrate directly. Some approaches by over expressing of

recombinant OsUK/UPRT! in E. coli and screening T-DNA insertion mutants in

which the expression of each rice OsUK/UPRT gene is knockout would provide important
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clues into the substrate specificity and physiological function of this noble enzyme for
nucleotide metabolism in plants. The results clearly indicate the importance of the upp
encoded UPRT activity.

So far, none of UPRT genes from crop plants have been reported. Our report about
the characterization of a gene encoding OsUK/UPRT! from rice would be a starting point at
molecular level to investigate pyrimidine nucleotide metabolisms in rice and to apply a new

selection marker in plants and further in gene therapy in humans.

CONCLUSION
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Analysis and characterization of the cDNAs encoding for TS, DHDPS, ALS, IPMDH and

UK/UPRT1 from rice have generated bioinformatic predictions, as well as motifs and

complementation, in the respective mutant of E. coli. We concluded as follow:

®
0.0

The OsTS and OsDHDPS are highly homologous to plants and many
bacterial TS and DHDPS, respectively. Assessment the physiological
functions of novel enzymes for Thr and Lys metabolism were determinated
by bioinformatics and functional complementation in a thrC and a dapA
mutant of E. coli. Those genes would be able to modify the nutritional
composition of crop plants.

The ALS & IPMDH genes were cloned by functional complementation. The
ALS & IPMDH genes could be used as a powerful tool for future
application to development herbicide resistant crops in selectable markers.
ALS & IPMDH genes could be reintroduced into crop plants for
improvement of rice qualities.

The OsUK/UPRTI1 protein has a PRPP and Uracil binding sites. in vivo
assay to FU and FD, it suggests that OsUK/UPRT! is  encoded in UK and
UPRT as a natural fusion protein in rice. The gene encoding OsUK/UPRTI
from rice could be an important clue to investigate pyrimidine nucleotide
metabolisms in rice and it could also be applied to cancer gene therapy in

humans.
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