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General Introduction 

Many studies in the biochemistry and genetics of amino acid biosynthesis have 

begun in the 1950's. Majority of early investigations concerning biochemical 

mechanisms have been carried out in prokaryotic organisms. Recent contributions using 

genetic approaches have added novel informations. 

Histidine (His) is one of the essential amino acids in mammal. The pathway of the 

His biosynthesis has been studied extensively in enterobacteriums such as Salmonella 

typhimurium and Escherichia coli since more than 30 years ago, biochemically and 

genetically (Winkler, 1987). In these species, His is synthesized from ATP and 

phosphoribosyl pyrophosphate (PRPP) through a complex pathway which does not 

involve any branch points, and does not form any other metabolically important products. 

In E. coli and S. typhimurium, the His biosynthetic genes were organized in an operon 

(Goldschmidt et al., 1970, Bruni et al., 1980), like lactose operon (Newton et al., 1965) 

and tryptophan operon (Imamoto et al., 1966). Carlomagno et al. was determined the 

complete nucleotide sequences of the whole His biosynthetic genes of these species 

( 1988). In most prokaryote, the His operon consists of a cluster of nine structural genes 

(cistrons) (Carlomagno et al., 1988, Fleischmann et al., 1995). Early investigations in 

microorganisms were about the elucidation of regulation mechanisms of the His 

biosynthesis at the protein level (feedback inhibition, allosteric regulation) (Ames et al., 

1961, Martin, 1963, Klungsoyr et al., 1968, Brenner and Ames, 1971) and at the DNA 

level (attenuation control) (Kasai, 1974, Artz and Broach, 1975, Johnson et al., 1980, 

Blasi and Bruni, 1981). To date, in microorganisms, many informations about the 

regulation mechanisms of the His biosynthetic pathway have been accumulated (Alifano 

et al., 1996). On the contrary, the His biosynthetic pathway in higher plants remains 

unclear. 

The histidine biosynthesis in microorganisms 

The studies on the His biosynthesis were started in enterobacteriums such as 
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E. coli and S. typhimurium (Winkler, 1987, Alifano et al., 1996). The His biosynthetic 
pathway is well-characterized, which is an unbranched pathway consisting of ten 
enzymatic steps catalyzed by eight enzymes (Fig. 1). The His biosynthetic pathway in 
these organisms appears to be basically same. The first step in the His biosynthetic 
pathway is a Mg2

+ ion-dependent reversible reaction catalyzed by ATP phosphoribosyl 
transferase (ATP-PRT; EC 2.4. 2.17) encoded by hisG in prokaryote. Next two 
reactions are also required for Mg2

+ ion. Phosphoribosyl (PR)-ATP (PR-ATP) is 
hydrolyzed to PR-AMP by phosphoribosyl-ATP pyrophosphohydrolase (PRA-PH; 
EC 3.5.4.19) encoded by hisE, and PR-AMP cyclohydrolase (PRA-CH; EC 3.5.4.19) 
encoded by his/ opens the purine-ring. In enterobacteriums, these two enzymes are 
encoded by a single structural gene, his/E. On the contrary, in archaebacteria, these two 
enzymes are encoded by independent two genes. The following step is an internal redox 
reaction known as Amadori rearrangement (Smith and Ames, 1964) catalyzed by N'
[(5' -phosphoribosyl)-formimino]-5-aminoimidazole-4-carboxamide ribonucleotide 
(BBM II) isomerase encoded by hisA. Next two steps is still unclear containing the 
intermediates of unknown structure (Rieder et al., 1994). N'-[(5'-phosphoribulosyl)
formimino]-5-aminoimidazole-4-carboxamide ribonucleotide (BBM III) is cleaved to 
yield imidazoleglycerolphosphate (IGP), and 5-aminoimidazole-4-carboxamide-1-~-D
ribofuranoside (AICAR) which is the intermediate of the purine biosynthesis. Glutamine 
amidotransferase (GAT) encoded by hisH catalyzes the introduction of nitrogen atom 
from glutamine, followed by forming of imidazole-ring catalyzed by cyclase encoded by 
hisF. The following reaction is Mn2

+ ion-dependent dehydration catalyzed by 

imidazoleglycerolphosphate dehydratase (IGPD; EC 4. 2. 1. 19) encoded by hisB. The 
resultant imidazoleacetolphosphate (lAP) is done reversibly the transamination with a 
nitrogen atom from glutamate catalyzed by histidinolphosphate aminotransferase (HPA; 
EC 2. 6. 1. 9) encoded by his C. Histidinolphosphate (HP) is dephosphorylated by 
histidinolphosphate phosphatase (HPP; EC 3.1. 3.15) which is one activity of 
bifunctional hisB protein. The last two steps are N AD+ -dependent oxidation to give a 
final product, L-His, catalyzed by histidinol dehydrogenase (HDH; EC 1.1.1.23) 
encoded by hisD. 

Studies using many mutants of S. typhimurium demonstrated that the His 
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biosynthetic genes were clustered, differing from the fungi systems (Ames et al., 1960, 

Hartmann et al., 1960). Deletion analysis of 5' -regulatory region of the His operon 

becomes the complete loss of function of all His genes (Ames et al., 1963). The His 

operon was used for the model system, together with lac (Newton et al., 1965) and trp 

(lmamoto et al., 1966) operons. Recently, molecular biological techniques contributed to 

provide many informations about the His biosynthesis in microorganisms (Alifano et al., 

1996) . Many His genes have been identified by restoring the His auxotrophy of the 

microbial His-requiring mutants by cDN As from various species. Nucleotide sequences 

of the whole His biosynthetic genes of E. coli and S. typhimurium were determined 

(Carlomagno et al., 1988). A lot of genes involved in the His biosynthetic pathway has 

been identified from many microorganisms; in prokaryotes including the eubacteria such 

as Klebsiella pneumoniae (Rodriguez and West, 1984 ), Bacillus subtilis (Henner et al., 

1986), E. coli (Carlomagno et al., 1988), S. typhimurium (Carlomagno et al., 1988), 

Azospirillum brasilense (Fani et al., 1989), Halobacterium volcanii (Conover and 

Doolittle, 1990), Streptomyces coelicolor (Limauro et al., 1990), Lactococcus lactis 

(Delorme et al., 1992), A cetobacter pasteurianus (Takemura et al., 1993), Haemophilus 

influenzae (Fleischmann et al., 1995), Zymomonas mobilis (Gu et al., 1995), 

Pseudomonas aeruginosa (de Kievit et al., 1995), Synechocystis sp. PCC6803 (Kaneko 

et al . , 1996), Mycobacterium smegmatis (Hinshelwood and Stocker, 1992), and 

archaebacteria such as Methanococcus voltae and M. vannielii (Cue et al., 1985), 

M. them1olithotrophicus (Weil et al., 1987), M. janna'ichii (Bult et al., 1996), as well as 

lower eukaryote such as Neurospora crass a (Legerton and Yanofsky, 1985), Candida 

maltosa (Hikiji et al., 1989), Saccharomyces kluyveri (Weinstock and S trarthern, 1993), 

Pichia pastoris (Crane and Gould, 1994), Candida albicans (Pla et al., 1995), 

Shizosaccharomyces pombe (Erickson and Hannig, 1995), Saccharomyces cerevisiae 

(AJifano et al., 1996). In E. coli, S. typhimurium, and H. influenzae, genes encoding 

ten enzymes involved in the His biosynthetic pathway are organized in an operon 

(Carlomagno et al., 1988, Fleischmann et al., 1995). On the contrary, the His 

biosynthetic genes of other prokaryotes such as L. lactis, Synechocystis sp. PCC6803, 

and M. jannaschii are not organized in an operon (Delorme et al., 1992, Bult et al., 1996, 

Kaneko et al., 1996). In lower eukaryote such as S . cerevisiae, the Hi biosynthetic 
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genes are scattered throughout the chromosomes (Mortimer et al. , 1994). Finally, it was 

found that the structures of the His biosynthetic gene are very variable, although their 

pathways, and molecular weight and secondly structures of each protein, in 

microorganisms are almost same. 

Regulation of the histidine biosynthesis 

The His biosynthesis is the energy consuming pathway requrrmg 41 ATP for 

synthesis of one His molecule (Brenner and Ames, 1971). Such energy consuming 

pathway should be strictly regulated. The His biosynthetic pathway in microorganisms is 

regulated at the protein level and at the DNA level. The rate of the His biosynthesis is 

regulated by varying the activity of first step enzyme of the His pathway, ATP-PRT 

(Ames et al., 1961, Martin, 1963). This enzymatic activity is inhibited by end-product of 

this pathway, L-His (feedback inhibition) or its derivatives (Ames et al., 1961, Martin, 

1963, Klungsoyr et al., 1968, Brenner and Ames, 1971 ). Another way to 

transcriptionally control the regulation of the expression level by intracellular charged 

histidyl-tRNAHis level (Brenner and Ames, 1971), which was also found as the 

attenuation control (Kasai, 1974, Artz and Broach, 1975). In addition, transcriptional 

initiation at the His operon promoter is positively regulated by increasing guanosine 

3', 5' -diphosphate (ppGpp) concentration in the absence of His (Morton and Parsons, 

1977). In lower eukaryote S. cerevisiae, the general amino acid control response is 

mediated by a transcriptional activator, GCN4, that binds to GCRE (GCN4 responsive 

~lement) elements located upstream of many amino acid biosynthetic genes (Hinnebusch, 

1988). Transcriptional activation by GCN4 leads to increase the expression level of those 

genes. The expression level of GCN4 gene itself is up-regulated in response to amino 

acid starvation. On the contrary, amino acids in the medium cause to repress the 

expression of those genes. Such regulatory mechanism was also found in not only 

S. cerevisiae but S. pombe (Erickson and Hannig, 1995). In other species, 

K. pneumoniae, which is closely related to E. coli and S. typhimurium, has the well

conserved regulatory mechanism of the His biosynthesis (Rodriguez and West, 1984 ). In 

S. coelicolor, the His gene expression is seemed to be regulated by intracellular His levels 
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(Limauro et al., 1990). Finally, the regulation mechanisms of the His biosynthetic genes 

from another prokaryotes and eukaryotes have not elucidated yet. 

The histidine biosynthesis in higher plants 

The His biosynthesis in higher plants has been poorly understood (Table 1). In 

higher plants, the following enzymatic activities have been detected in shoot extracts from 

barley, oat and pea; ATP-PRT, IGPD, and HPP (Wiater et al., 1971). However, the 

difficulty of conventional enzyme study was attributed to the complex nature of the 

intermediates of the His biosynthetic pathway. The HDH from Brassica oleracea (Nagai 

and Scheidegger, 1991) and the IGPD from wheat germ (Mano et al., 1993) were 

Table 1. His genes and enzymes in different organisms 

Gene 

Procaryotea Yeastb Plant 
Enzyme 

hisG HISI 0 f no!. A 1P phosphoribosyl transferase (A 1P-PR1) 
hisE HIS4B 0 f no I. Phosphoribosyl-ATP pyrophosphohydrolase (PRA-PH) 

his I HIS4A 0 f no I. Phosphoribosyl-AMP cyclohydrolase (PRA-CH) 
his A HIS6 0 f no I. BBM II isomerase 

hisH HIS7 0 f no I. Glutamine amidotransferase (GAn 

hi sF HIS7 0 f no I. Cyclase 
c 

hisB HIS3 IGPD Imidazoleglycerolphosphate dehydratase (IGPD) 

hisC HISS HPAd Histidinolphosphate aminotansferase (HPA) 

hisB HIS2 noi.f Histidinolphosphate phosphatase (HPP) 
e 

hisD HIS4C HDH Histidinol dehydrogenase (HDH) 

a E. co/iand So typhimurium (Carlomagno etal., 1988), b So cerevisiae (Aiifano etal. , 1996) 
c Tada et al o ( 1994), dEl Mal ki et al. ( 1998), e Nagai et al. ( 1991 ), f n.i 0; not identified 

purified, and characterized. The corresponding cDN As have been also isolated (Nagai 

et al., 1991, Tada et al., 1994). In prokaryotes and higher plants, HDH is a 

monofunctional enzyme, on the contrary, in fungi, it's a trifunctional peptide having the 

HDH, PRA-CH, and PRA-PH activities. In eukaryotes, IGPD is a monofunctional 
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protein, while, in prokaryotes, IGPD activity attaches with HPP activity. These protein 

structures are variable among organisms. However, until today, a few genes and proteins 

have been characterized from higher plants. Recently, El Malki et al. reported that the 

HP A cDN A was isolated from N icotiana tabacum by genetic complementation using 

E. coli hisC defective mutant ( 1998). The other steps in this pathway have never been 

identified yet. Also, its regulation mechanisms of the plant His biosynthesis have not been 

yet elucidated. 

In this study 

The biochemical and genetical properties of the His biosynthetic pathway in 

microorganisms have been extensively studied. On the contrary, the plant His 

biosynthetic pathway has been little characterized, as described above. I identified the 

plant His biosynthetic genes for the purpose of the elucidation of the plant His 

biosynthetic pathway and of its regulation mechanisms. First of all, I isolated four cDNAs 

and genes involved in the His biosynthesis from A. thaliana. A eDNA (At-/E) encoding 

PRA-CH/PRA-PH, which is the second- and third-steps of the His biosynthetic pathway 

was isolated by functional complementation using E. coli his/ mutant. I also isolated 

A t-IE gene and characterized the domain structure (Chapter I). A eDNA encoding BBM II 

isomerase which catalyzes 4th-step was isolated by genetic complementation using E. coli 

hisA defective mutant and characterized (Chapter II). A eDNA (At-HF) encoding 

bifunctional glutamine amidotransferase (GAT) and cyclase which catalyze the 5th- and 

6th-steps isolated by library screening. Its function was confrrmed by suppression of His 

auxotrophy of S. cerevisiae his7 mutant (Chapter III). I also isolated two isoforms for 

ATP-PRT. Finally, In order to elucidate the regulation mechanisms of the plant His 

biosynthetic pathway, the expression manner of the plant His biosynthetic genes was 

investigated. Also, I characterized the plant ATP-PRT proteins using recombinant 

proteins to know the regulation mechanism at the protein level in the His biosynthesis of 

higher plants (Chapter IV) . 
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Chapter I 

Isolation and Characterization of a Histidine Biosynthetic Gene in 

Arabidopsis Encoding a Polypeptide with Two Separate Domains 

for Phosphoribosyl-A TP Pyrophosphohydrolase and 

Phosphoribosyl-AMP Cyclohydrolase 

Introduction 

Biochemistry and genetics of histidine (His) biosynthesis have been extensively 

studied in a number of microorganisms (Winkler, 1987, Alifano et al., 1996). In 

eubacteria such as Escherichia coli and Salmonella typhimurium, the complete nucleotide 

sequences of the His operons have been determined, and it was shown that eight 

structural genes are organized in a single operon encoding all the enzymes catalyzing the 

eleven steps of the pathway (Carlomagno et al., 1988). In Lactococcus lactis, the His 

biosynthetic genes appeared to be clustered in an operon containing several open reading 

frames (ORFs) of unknown functions (Delorme et al., 1992), while in archaebacteria 

such as Methanococcus vannielii and M. jannaschii, these genes are scattered throughout 

the chromosome (Beckler and Reeve, 1986, Bult et al., 1996). The complete genomic 

nucleotide sequence of Synechocystis sp. PCC6803 has recently been determined, and it 

was found that the His biosynthetic genes do not organize an operon (Kaneko et al., 

1996). In lower eukaryotes including Saccharomyces cerevisiae, the His biosynthetic 

genes are found in different loci (Mortimer et al., 1994). It has been also established that 

several of these genes encode multifunctional enzymes (Alifano et al., 1996): his!E 

encodes phosphoribosyl-AMP cyclohydrolase (PRA-CH) and phosphoribosyl-ATP 

pyrophosphohydrolase (PRA-PH); hisB codes for imidazoleglycerolphosphate 

dehydratase (IGPD) and histidinolphosphate phosphatase; hisD for histidinol 

dehydrogenase (HDH) in E. coli and S. typhimurium (Carlomagno et al., 1988). On the 

other hand, the his I and hisE reactions in Azospirillu~m brasilense (Fani et al., 1993) and 

also in some archaebacteria (Beckler and Reeve, 1986, Bult et al., 1996) are catalyzed by 
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separate protein molecules. On the other hand, multifunctional enzymes with the activities 

corresponding to the hisiE and hisD proteins are encoded by HJS4 in S. cerevisiae 

(Donahue et al., 1982) and Pichia pastoris (Crane ar1d Gould, 1994), his7+ gene of 

S chizosaccharomyces pombe (Apolinario et al., 1993) and his-3 gene of Neurospora 

crassa (Legerton and Yanofsky, 1985), respectively. Genetic analysis of yeast his4 

mutants suggested that the HIS4 protein can be divided into three subdomains; HIS4A, 

HIS4B and HIS4C which are corresponding to his!, hisE, and hisD, respectively 

(Donahue et al., 1982). 

In the past several years, cDNAs encoding enzymes involved in the His 

biosynthesis of higher plants have been isolated. They are the HDH from Brasicca 

oleracea (Nagai et al., 1991), the IGPD from Arabidopsis thaliana and Triticum aestivum 

(Tad a et al., 1994 ), and histidinolphosphate aminotransferase (HPA) from N icotiana 

tabacum (El Malki et al., 1998). In Chapter I, I describe the isolation of an A rabidopsis 

eDNA encoding a bifunctional protein (At-IE) having both PRA-PH and PRA-CH 

activities through genetic complementation of an £. coli his! mutant defective in the 

PRA-CH activity . Further, I isolated and characterized a single copy gene coding for the 

At-IE protein. Analysis of the At-IE gene and recombinant enzyme expression studies 

revealed that the N-terminal half and C-terminal half of the At-IE protein correspond to 

PRA-CH and PRA-PH, respectively. 

Materials and methods 

Plant materials, bacterial strains and culture media 

Arabidopsis thaliana ecotype Columbia seedlings (Col-O, Lehle Seeds; Tucson, AZ, 

USA) were germinated on GM 0. 8% (w/v) agar plates (Valvekens et al., 1988) under a 

sterile condition, and the seedlings were cultivated in a growth chamber maintained at 

23 oc and relative humidity of 80% with a 16 hr light I 8 hr dark cycle with the light 

intensity of 150 ~E/m2/s. Bacterial strains used in this study are listed in Table 1. E. coli 

JM109 strain was used as the host for the propagation and manipulation of plasmid DNA. 

LB medium and M9 minimal medium for E. coli were prepared as described 

(Sambrook et al., 1989). 
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Table 1. Summary of the E. coli strains, plasmids, and oligonucleotides used 

m this study 

Material 

E.coli strain 
UTif903 
JM109 

XLI-8 lue 

BL21 

Plasmid 
pKF323 
pKF347 
pKF360 
pKF362 

pKF363 
pKF371 
pKF372 

Oligonucleotide 
PRI28b 
PRJ3QC 
PRI44d 
PRI45e 
PRI46f 

Property 

A.- his/903 rpsL145(st,R) malTI(A.R) xy!A5 mtl-1 
recAI endAJ gyrA% thi hsdRI7 sup£44 re/AI) ~(lac-proAB)! 

F'( traD36proAB laclq lac li.MJ5) 
hsdRI7 endAJ sup£44 thi recAJ re!AJ/ac/F '( proABlac lq l.acZM115::TnlO) 
gyrA96 re!AJ/ac[F'proAB lacN ZA.M 15 Tn!O] 
F- ompT{lon] hsdS 

pBiuscript bearing a 1.1-kb fragment for the At-IE eDNA (pAt-IE) 
pMAL-<:2 bearing a full-length ORF 
pBluscript bearing a5.5-kb fragment for theAt-!Egene 
pMAL-<:2 bearing an N -terminal segment without its putative 
chi oroplast transit peptide region 
pMAL-<:2 bearing aC-terminal segment 
pMAL-<:2 bearing an N-termina1 segment 
pMAL-<:2 bearing an ORFtruncated its putative chlorop1aslt transit 
peptide region 

5' -CGGAA TTCGGA TCCA lGGCGGTA lCGTACA-3' 
5'-CGCTCGAGCAAAGTTGCACAATGAACAAC-3' 
5' -GCGGA TCCGTAGAT MCTTGTTGGACCG-3' 
5'-CGCTCGAGCTACTCA TCA TTGTTT AA TTGA-3' 
5'- GCGGAlCCGCTTCAGGAAACAAGCTAGC-3' 

a E. coli Genetic Stock Center , Yae University, New Haven , CT, USA 
b corresponding tot he bases of+ I to + 16 of the Al-IE gene on pKF360 
c corresponding to the bases of +2366 to +2346 of the A t-IE gene on pKF360 
d corresponding to the bases of +1343 to+ 1362of the A!- IE gene on pKF360 
e corresponding to the bases of+ 1760 to+ 1742 of the A t-IE gene on pKF360 
f corresponding to the bases of+ 1855 to+ 1874 of the At-1 E gene on pKF360 

Reference or source 

CGsca 
Sam brook et al. (1989) 

Stratagene 

Pharmacia 

This study 
This study 
This study 
This study 

This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 

Isolation of an Arabidopsis eDNA encoding PRA-CH (his/) andPRA-PH (his£) 

A eDNA library of 7-day-old Arabidopsis seedlings (Mizutani et al., 1997) was 

converted to a phagemid stock by in vivo excision according to the manufacture's 

instruction (Stratagene, La Jolla, CA, USA). E. coli UTH903 cells were transformed 

with 5 /.lg of the cDN A library phagemid stock ( 1. 9x 105 cells/1-1g plasmid). The 

transformation mixture was plated on M9 minimal plates containing 0. 2o/o (w/v) glucose 

supplemented with 100 /.lgfml ampicillin, 25 /.lgfml streptomycin and an amino acid 

mixture without L-His (Sambrook et al., 1989), and incubated at 37 oc for 2 days. 

Plasmids were recovered from purified his+ colonies, and tested for their ability to 

suppress the His auxotrophy of strain UTH903. The done containing the longest insert 

(pKF323 = pAt-IE) was identified after restriction enzyme analysis, and its DNA 

sequence was completely determined. 
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DNA sequencing 

Nucleotide sequences were determined from both strands by the dideoxy chain 

termination method (Sanger et al., 1977) using an ABI PRISM1M Dye Terminator Cycle 

Sequencing Kit (Applied Biosystems, Foster city, CA, USA). Nucleotide and amino acid 

sequences were analyzed using DNASIS Ver. 3.4 software (Hitachi Software 

Engineering Co., Yokohama, Japan) and by perforrning the Basic Local Alignment 

Search Tool (BLAST) (Altschul et al., 1990) of the Nr ational Center for Biotechnology 

Information (NCBI). 

Nucleic acid hybridization analysis 

Genomic DNA (10 J..Lg) was prepared from 4-week-old Arabidopsis seedlings as 

described (Sambrook et al., 1989) . After digestion with the restriction enzymes, DNA 

fragments were separated electrophoretically in a 0. 7o/o (w/v) agarose gel and transferred 

to a Hybond N+ nylon membrane (Amersham, Buckinghamshire, UK) in 0.4 N NaOH 

(Sambrook et al., 1989). Hybridization was performed using the At-IE eDNA as a probe 

at 37 oc overnight in a solution containing 40% (v/v) formamide, 5x Denhart's solution, 

6x SSC, 0.5o/o (w/v) SDS and 100 J..Lg/ml shared salmton sperm DNA (Sigma Chemical 

Co., St. Louis, MO, USA) (Sambrook et al., 1989). Membrane was washed twice in 

2x SSC/0. 1% (w/v) SDS at room temperature for 10 min, and then twice in 

0.5x SSC/0.1 o/o (w/v) SDS at 50 °C for 15 min. Blots were exposed to a Hyperfilm-MP 

(Amersham) for 2 days at -80 oc using an intensifying screen. 

For Northern blot analysis, total RNA was prepared as described (Lagrimini et al., 

1987), and 10 J..Lg aliquots of the sample were electrophoretically separated in a 

2. 2 M formaldehyde-!. 2o/o (w/v) agarose gel in MOPS buffer (Sambrook et al., 1989), 

and then transferred to a Hybond N+ nylon membrane in 6x SSC. The At-IE eDNA was 

labeled by the random priming method (Feinberg and Vogelstein, 1983) using 

[a-32 P]dCTP. Hybridization was carried out at 42 oc overnight in a solution consisting of 

50% (v/v) formamide, 5x Denhart's solution, 6x SSC, 0.5% (w/v) SDS and 100 J.Lglml 

shared salmon sperm DNA (Sambrook et al., 1989). The blots were washed twice in 

2x SSC/0. 1 o/o (w/v) SDS at room temperature for 10 min and twice in 

0. 2x SSC/0. 1% (w/v) SDS at 55 °C for 15 min. Blots were analyzed using a 
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Bio Imaging Analyzer (BAS2000; Fuji Photo Film Co., Tokyo, Japan). 

Isolation of the At-IE gene of Arabidopsis 

A genomic clone containing a fragment of the At-IE gene was identified by 

screening approximately 5x 105 plaques of an Arabidopsis genomic DNA library made 

with A.ZAPII (Stratagene). Plaques were transferred 1to Colony/Plaque Screen TM nylon 

membranes (NENTM Life Science Products, Boston, MA, USA) and hybridized overnight 

at 42 oc with the full-length At-IE eDNA as a probe. Membranes were washed once in 

2x SSC/0.1 o/o (w/v) SDS at room temperature for 30 rrun, once m 

0.5x SSC/0.1% (w/v) SDS at 50 oc for 30 min, and once in 0.2x SSC/0.1% (w/v) SDS 

at 50 oc for 30 min. The blots were then exposed to Hyperfilm-MP films for 16 hr. 

Positive plaques were re-screened until pure phages were obtained. 

Expression of the At-IE eDNA in E. coli 

For heterologous expression experiments, DNA fragments encoding different 

domains of the At-IE protein were amplified by PCR using specific sets of primers 

(Table 1) and the At-IE eDNA as a template. The PCR products were double-digested 

with BamHI and X hoi and cloned into a BamHI-Sali digested pMAL-c2 vector 

(New England Biolabs. Inc., Beverly, MA, USA) to obtain expression plasmids 

(Table 1). A set ofPRI28 and PRI30 was used for the amplification of a 931-bp fragment 

containing the entire coding region (pKF347)~ PRI44 and PRI30 for a 778-bp fragment 

encoding the At-IE protein without the region corresponding to the putative chloroplast 

transit peptide (pKF372); PRI28 and PRI45 for a 495-bp fragment for an N-terminal 

segment (pKF371); PRI44 and PRI45 for a 342-bp for anN-terminal domain without the 

putative chloroplast transit peptide (pKF362); PRI46 and PRI30 for a 436-bp of C

terminal segment (pKF363). The expressed recombinant fusion proteins were purified by 

amylose resin affinity column chromatography (New England Biolabs. ). These 

expression plasmids were also used to transform E. coli BL21 and UTH903 cells. 

Complementation of the E. coli his! mutant 

E. coli strain UTH903 was transformed with either pAt-IE (= pKF323) or an empty 
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pBluescript SK(-) [pBS SK(-)]. pAt-IE (= pKF323) contains a full-length Arabidopsis 

his!E eDNA. After the transformation, strain UTH903 harboring either an empty 

pBluscript or pAt-IE was cultivated overnight in M9-glucose medium supplemented with 

1 mM histidinol at 37 °C. After harvesting, E. coli cells were homogenized in 50 mM 

potassium phosphate (pH 7. 5) buffer by mild-sonication. After centrifugation at 

lO,OOOx g for 10 min, the soluble fraction was passed through a Sephadex G-25 column 

(PD-1 0, Pharmacia). 5-aminoimidazole-4-carboxarnide-1-~-D-ribofuranoside (AI CAR) 

production was determined photometrically by measuring the absorbance at 550 nm by the 

Bratton-Marshall method (Ames et al., 1961). AICAR of 10 J.!M solution gave an 

absorbance of 0.270 at 550 nm (Ames et al., 1961) in 1 em light path. Protein was 

assayed by the method of Bradford ( 197 6). 

Enzyme assay 

Recombinant proteins corresponding to the putative functional domains were 

produced as described above and used in a coupling enzyme assay (Ames et al., 1961) to 

mimic the His biosynthetic pathway (Fig. 1 in General Introduction). This coupling assay 

was employed because neither the substrate nor the reaction product of the At-IE was 

available. Briefly, the reaction mixture (170 J.ll) contained 111 mM Tris-Cl (pH 8. 5), 

22.2 mM MgC12 , 83.3 mM KCl, 5.6 mM ATP (Sig1ma), the recombinant proteins to be 

assayed, and a recombinant HIS 1 protein of S. cerevisiae and a recombinant hisA protein 

of E. coli as the coupling enzymes. These recombinant HIS 1 and his A proteins were 

produced in E. coli as fusion proteins with the maltose binding protein using a pMAL-c2 

vector (New England Biolabs.) and affinity-purifiled using amylose resin columns 

(New England Biolabs.). The reaction was started by the addition of 10 J.ll of 10 mM 

PRPP (Sigma), and the reaction mixture was incubated at 30 oc for 15 min. In this assay 

system, BBM III was produced from ATP and PRPP according to the His biosynthetic 

scheme (Fig. 1 in General Introduction) through the activities of the HIS 1 (the 1st step of 

His pathway), Arabidopsis At-IE (the 2nd and 3rd steps) and the hisA (the 4th step) 

proteins. The produced BBM III was hydrolyzed to AICAR in HCl at 95 °C. AICAR was 

determined as descirbed above. 
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Results 

Cloning of an Arabidopsis eDNA that suppresses an E. coli hisl mutation 

An Arabidopsis eDNA encoding a bifunctional enzyme having the PRA-PH and 

PRA-CH activities was isolated through genetic connplementation of a bacterial His 

auxotrophic mutant. Thus, an E. coli his/ defective mutant (UTH903) was transformed 

with a phagemid library prepared from 7-day-old Arabidopsis seedlings, and 20 

prototrophic colonies out of 9. 5x 105 trans formants were identified after cultivating for 

2 days on M9 minimal agar plates. Upon retransformation of strain UTH903, 16 of the 

isolated 20 plasmids were found to be able to suppress the His auxotrophy. The DNA 

inserts of these 16 plasmids exhibited identical restriction patterns, and DNA sequencing 

showed that they were derived from the same eDNA fragment (data not shown). The 

remaing 4 out of the identified His prototrophic colonies might be revertants, since their 

plasmids contained DNA inserts of inconsistent nucleotide sequences and failed to 

recomplement the His auxotrophy (data not shown). One of the plasmids (pKF323 = 
pAt-IE) containing the longest insert was sequenced completely and used for further 

analyses. 

Strain UTH903 was transformed with either pAt-IE or an empty pBluescript SK(-), 

and crude cell extracts were prepared for an AICAR production assay. The AICAR 

production observed with the cells transformed with pAt-IE (2. 06 ± 0.19 

nmol/mg protein/min) was comparable to that with XL1-blue as a control, whereas no 

AICAR production was detected with the UTH903 transformed with an empty 

pBluescript SK(-). These results were consistent with the complementation experiments 

(Fig. 1) in which the UTH903 transformed with pAt-IE was able to grow on M9-glucose 

minimum medium but no bacterial growth was observed when transformed with a 

pBluescript empty vector. The At-IE eDNA contained an ORF of 843-bp encoding a 

polypeptide of 281 amino acids with a calculated molecular mass of 31,666 Da (Figs. 

2 and 3). Nucleotide sequence analysis showed that the consensus motif surrounding a 

translation initiation codon (AACAATGGC) in plants (Li.itcke et al., 1987) was well

conserved as TAAAATGGC in the At-IE cDN A. Several consensus sequences required 

for the correct 3' -end formation of transcripts in plants were also found in the 3'

untranslated region (Fig. 2). Thus, a putative polyadenylation signal sequence, MTAAA 
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M9 M9+His 

Fig . 1. Complementation of the His auxotrophy of E. coli strain UTH903 (his!) by the 
Arabidopsis At-IE eDNA. E. coli UTH903 (his!) transformed with either an empty pBluescript 
SK(-) plasmid [pBS SK(-)] or a pBluescript SK(-) carrying a 1.1-kb A t-IE cDNA(pAt-IE) and 
were streaked onto a M9 minimal-glucose agar plate in the presence (+His) or absence (-His) 
of 1 mM L-His and incubated overnight at 37 °C. 

(Wahle and Keller, 1992), was found 23-bp upstream the adenylation tail. The TTTG1A 

motif, which is considered to be involved in the stability of transcripts (Rothnie et al., 

1994), was also identified at position +2363 (Fig. 2). 

The predicted primary structure of the At-IE protein was compared with those of 

microorganisms available in the nucleotide database (Fig. 3). Sequence alignment 

indicated that an N-terminal segment (spanning residues 65-Gly to 158-Phe) of the 

At-IE protein was highly homologous to the conserved region among the hisl proteins so 

far reported, and the C-terminal region encompassing residues 179-Leu to 267-Arg was 

homologous to the domain conserved among the microbial hisE proteins (Fig. 3). These 

results indicated that the At-IE eDNA encoded a bifunctional protein of PRA-CH (hisl) 

and PRA-PH (hisE), of which domain organization has also been found in the PRA-CH 

(hisl) and PRA-PH (hisE) enzymes of eubacteria and lower eukaryote, but not in 

archaebacteria. This putative domain structure of the At-IE protein was investigated 

through both the gene structure analysis and the recombinant protein expression studies as 

described later. It was also found that theN-terminal portion of approximately 50 amino 
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AGTTGAAAATGATAACTCGGAGAGCTAGCTCTTCTAGGGTTTTTGGATCTCCTGGAGACGAAGAATAGAGAAAACTTAAGTTATGGCGGAATTTGAAATT 
GCRE- hke 

TCAAGCAATTAATAGGGATTGCTTTTGTAATTCCTAATATTAAGACATAAATAGGGGCATTTTAGTATTTGCACACATTGCTGAGTCGGTCTTTAAAAAG 

"CAAT TATA 
CCCTTCACTATCACATTGACTTCAGAACAATTAGGGTTAATCTCTTCCGTTGCTTTTTTTTTTCAATCCGCCGCCACTTTTCGTTTCTCGTAGCGTTAAA 

ATGGCGGTATCGTACAATGCATTAGCTCAGTCTTTAGCGAGAAGTAGCTGCTTCATCCCCAAACCTTATTCCTTTAGAGATACTAAGCTGAGAAGCAGAT 
M A V S Y N A L A Q S L A R S S C F I P K P Y S F R D T K L R S R 

CCAATGTCGTATTCGCGTGCAATGATAATAAGAACATTGCTCTTCAAGCTAAGGTAAACATCTTCTGTGTAATCTTAACTTATAGATAGAATGTTCTGCA 
S N V V F A C N D N K N I A L Q A K 

ATGGAATCGTGTTAAGTTTAATTGTTATCTAAGAACGATTAGAATTTAGATTGAATATTGAACCAGACATTGTCAGGTGCTTACTCTTTGACATATGAGT 

AATTACTGTTACATGTCGGGTAGAGAAAAAAGAGAGAAGGAAAAGCTTTTTAACCTGAGCTTCATTTTTAGAGTTTGGATTTCTTTTTTAAGATGCTCAT 

CGTTTGCTTGGTCATCTGCATTTGGTGATGCCTGAGCTACATCTGTTCATCACATTTTATTAAAGCATTTAAGTATATTGTTATGCCAAAAGTAATTTAG 

TTCTATGAACATTGTCTGGAGTAAATTGTATATGTAAAGTTTGGATTTTTGCCAGAGATGGTCAGGTTCCTACCCTTTGACATGTGGGTTTGGACTGTTA 

CATCTCTGGTATAGAAAAGAGAGAGAAGGAAAGGCTTTTTGATGGTTTCCATCTTTAGGTTTGGATGTCTCTTTCAAGGTGCTCATCGTTTGCTTGGTCA 

TCTTTGTTACGTGATGACTTGGCTCCATTTGTTCATCACAGTTGATATCTTTTCAAGGAAATATGTATTGTCTTGCGCTCTCAGAGTTGGATTAATTCAT 

CACTGAATTACTGTGATGCCTTCCGAAGTAACTTATGTTTTAATTTAGAGAAAAGGAGGTTCATGTAAGATGTGTCATTTGTTAATCTATTTTAGTTACG 

TCATGTACAATTGAGATTTGGCCAGAGATGGTCAGGTTCCTACTCTTTGACAAATGAGTTTGAACTGTTACATCTCTGGTAAAGAAAAAAGAGAGAAGGA 

AAGGCTTTTTGATGGTTTCCATCTTTTGGTCTGGAGTTTTCTCTAAAGGTGTACATCGTTTGCTTGGTCATCTGAATCTGTGATGGCATGGGCTACATCT 

GTCCTCCACAACCTGAATAATCTTCATTGAGACATTTCTCTTTTGGCTTTAATATCTAGTCCGATAATGCATTTACTGTTTATACTATTAGAGAGGGGCT 

TGTTTGATTGAAATGACAATGTTTTTTTCTGTGTTGGTAGTGTTGCCATTGTGCCTTTTATTACTGTCTCAATAAGCAATGTATATGCGGCTGTTGTGTT 

CCCTGGTAGCTAATCATGGTTTCTGTTGTTTTCTTGTGTTAGGTAGATAACTTGTTGGA.CCGCATTAAATGGGATGACAAAGGATTAGCTGTGGCAATAG 
V D N L L D R I K W D D K G L A V A I 

CACAAAACGTTGATACGGGAGCAGTATTGATGCAAGGCTTTGTTAATAGGGAGGCCCTCTCCACAACCATCAGTTCTCGGAAAGCTACATTCTTTAGTCG 
A Q N V D T G A V L M Q G F V N R E A L S T T I S S R K A T F F S R 

ATCAAGATCTACCTTATGGACTAAGGGAGAGACATCCAATAACTTCATCAATATTCTTGATGTGTATGTTGATTGTGATCGTGATTCGGTATGTTTGCGT 
S R S T L W T K G E T S N N F I N I L D V Y V D C D R D S 

GGACCACAGATATGAATCAATGCAGTGTTATTCTTCATAAACTCATTGGTCTCTA~~TCAGATTATTTACCTTGGAACACCTGATGGACCTACCTGT 

I I Y L G T P D G P T C 

CACACAGGGGAAGAGACTTGTTACTACACATCGGTTTTTGATCAATTAAACAATGATGAGGTTTGCCTTTGTTGAATTTGGTTTTTACCTTTTCCTGTAT 
H T G E E T C Y Y T S V F D Q L N N D E 

CAAGAGACGAATTGAAATCTGAAGAATATCAACTACTTTCTTACTGAATCACAGGCTTCAGGAAACAAGCTAGCATTAACAACATTGTACTCGCTAGAAT 
A S G N K L A L T T L Y S L E 

CAATCATTTCCAAGCGGAAAGAAGAATCAACAGTTCCTCAAGAAGGTAAACCATCATGGACTCGACGGTTGTTGACGGATGACGCTCTGCTTTGCTCAAA 
S I I S K R K E E S T V P Q E G K P S W T R R L L T D D A L L C S K 

GATCAGGTACTTTGTCGGTTATCTGTATAATTGAATTTGAGCTATAGATTCTTATGAAGCTTATTGGGATATTCGGCTTCAGGGAAGAAGCTGACGAGTT 
I R E E A D E L 

ATGCAGAACACTGGAGGATAATGAGGAAGTTTCAAGAACACCATCAGAGATGGCTGATGTTTTATACCACGCAATGGTGCTTCTATCTAAAAGGGGTGTG 
C R T L E D N E E V S R T P S E M A D V L Y H A M V L L S K R G V 

AAGATGGAAGATGTTCTTGAAGTTCTTAGGAAACGCTTCTCTCAATCTGGAATCGAGGJ\GAAGCAAAACCGTACAAAGTAACCATTTTCTTCGATTGTCT 

K M E D V L E V L R K R F S Q S G E E K Q N R T K 

GTTTAGTATTTGCGAGAATTTTTTTAGTTACTCGGAACTTATACTGTTGTTCATTGTGC:AACTTTGTATTGTATAAATAGATATCCTTTGTGATAAAAGA 

AATAAATGAGTCC~CATCTTTCTACTTTCATTAACTTTTTCAGTTAACTTAAAAGATATAAATGAGTCGCTTCTCTCCAAAATGTGTCAACCATC 

- t 
TCTGATCTAGTTATGCTCTATTTGACATCATGGTTAAATATCCTTCTAAAAGAGCACCJ\AACTTGAGCTTCCAATGCCGATCGTAGTTTGGATCGAGTAA 

CCCATAAATATGATCTTAAGTCCTTAGTGGCAGTCCAGCGAAAAGAAGTCATTTGATCJ~CTTGCATGCATACTTGCTCTTTATCCACCCTGAATCTGG 

TCATATCCATTCATCTTCCAGATAGCATTATTCTGCCACCAACATATAGGTGATTTTCC~TTTCCTTGAAGACATGATACAACTTGCTGCGTCAGTCAA 

TTTATTAATCAAGAGGTCCTTACTCCAACATTTTTTAACTCTTGCAAAGCAAATCTTTAAGACCTTGAGGAATTC 

Fig. 2. Nucleotide sequence of the Arabidopsis At-IE gene and the amino acid sequence 

predicted from the At-IE eDNA. 
Nucleotide number refers to the A (+I) of the first ATG in the open reading frame. The 

putative polyadenylation signal and TTTGTA motif are underlined and double-underlined, 

respectively. Vertical arrow indicates the polyadenylation site. Possible TATA and CAAT 

elements and a putative GCN4 recognition element (GCRE) in the At-IE promoter region are 

underlined. 
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Fig. 3. Alignment of the amino acid sequence predicted from the Arabidopsis At-IE eDNA 
and the corresponding proteins of microbial origins. Ec: E. coli (GenBank accession No. 
Xl3462; Carlomagno et al., 1988), Sy: Synechocystis sp. PCC6803 (DDBJ accession No. 
D90917; Kaneko et al., 1996), Sc: S. cerevisiae (GenBank accession No. JO 1331; Donahue 
et al., I 982), Mj: M. jannaschii (GenBank accession No. 067484, 067585; Bult et al., 1996), 
and Rs: Rhodobacter sphaeroides (GenBank accession Nos. X87256, X820 I 0; Oriol et al., 
1996). Asterisks show the stop codon and dashes were inserted to maximize the alignment. 
Conserved residues are shaded. T indicates the intron insertion site in the genomic DNA. 

17 



acids showed no significant homology to those of the hisiE proteins from 

microorganisms, but showed the properties characteristic to chloroplast transit peptides 

(von Heijne and Nishikawa, 1991 ). 

N o11hen1 blot analysis 

Upon Northern blot analysis, the transcript size of the At-/E gene appeared to be 

approximately 1.2-kb (Fig. 4), which was in good agreement with the predicted size 

1 2 3 4 5 6 7 8 

,. ~. 

Fig. 4. RNA blot analysis of the A t-IE mRNA levels. 
Lane 1; 1-week-old plants, lane 2; roots from 2-week-old plants, lane 3; leaves from 2-week
old plants, lane 4; roots from 3-week-old plants, lane 5; leaves from 3-week-old plants, lane 6; 
roots from 4-week-old plants, lane 7; leaves from 4-week-old plants, lane 8; siliques from 4-
week-o ld plants. Membrane was hybridized with a :12P-Iabeled Psti-EcoRV fragment of the 
A t-IE cDN A. Total RNA ( I 0 ).lg) prepared from A rabidopsis seed lings was electrophoresed in 
each lane . The photograph of the ethydium bromide-stained gel for the blotting is also shown 
to the bottom of the RNA blot analysis. 

from the At-IE eDNA (Fig. 2). The At-IE gene was expressed ubiquitously in plants 

throughout development. The highest expression level for the A t-IE tnRNA was observed 

in roots of 3-week-old plants and in inflorescence sterns of 4-week-old plants. 

Cloning and sequencing of an At-IE genmnic clone 

To examine the number of the A t-IE genes in A rabidopsis, Southern blot analy is 

was performed using the full-length At-IE eDNA as a probe. The digestion with Hincii, 
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which cuts once within the eDNA, gave rise to two bands (Fig. 5). Bg!II also has a single 

restriction site, but the digestion yielded a single hybridization signal which was thought 

to be derived frotn overlapping two bands. The digestion with either BcnnHI, EcoRI or 

X bai, of which no restriction sites were found in the cDN A sequence, yielded only a 

single hybridization signal even after long exposure (data not shown). These 

(kb) 

2.3 -
2.0 -

B Bg E He Xb 

Fig. 5. Genomic Southern blot analysis. 
Genomic DNA( I 0 !lg) wa prepared from Arabidopsis leaves, and was digested with restriction 
enzymes (B: Bam HI, Bg: Bglii, E: EcoRI, He: HincH, Xb: X hal). Hybridization was performed 
using a 32P-Iabeled Psti-EcoRV fragment of the At-IE eDNA. The lambda DNA digested with 
Hindiii is shown as a molecular size marker. 

hybridization patterns indicated that theA t-IE gene exists as a single copy in the genome 

of Arabidopsis. 

The A t-IE gene wa cloned by screening an A rabid apsis genomic library using the 

At-IE eDNA as a probe, and a phagemid harboring a 5.5-kb EcoRI fragment was 

identified to contain the At-IE gene (Figs. 2 and 6). The At-IE gene consists of five exons 

divided by four introns (Figs. 2 and 6). Intron-splice site of all the introns follow the 
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"GU-AG" rule, which is observed at intron-splice sites of eukaryotic organisms including 

higher plants (Breathnach and Chambon, 1981, Simpson and Filipowicz, 1996). Amino 

acid sequence alignment (Figs. 2 and 3) showed that the intron 1 was located at the 

1 kb 

DNAS'~---------------

' / ,, / /./'//// / 
' y ~/ / 

eDNA 5'~ ~A)> 3' 

PRA-CH (hisl) PRA-PH (hisE) 

Expression plasmJ Expressed imctiorel domainb Complementation of his/mutation 

pKF347 

pKF372 

pKF371 

pKF362 

pKF363 

• -
PRA-CH (h isl) Pf~A-PH (hisE) 

~21 + 
f'MI + 
1'7)!2 + 
~ + 

f2l 

Fig. 6. Complementation of the his/ mutation of strain UTH903 with putative functional 
domains of PRA-PH and PRA-CH. Exon-intron ·relationship between the At-/ E gene structure 
and the At-IE eDNA for the bifunctional PRA-PH/PRA--CH protein is schematically shown . 
Expression plasmids were designed to contain the putative catalytic domains and used for the 
complementation assay for the His auxotrophy of E. coli his/ mutant. The symbols+ and -
indicate the ability and inability of the plasmids to suppress the E. coli UTH903 his/mutation, 
respectively. E. coli UTH903 cells were transformed with either pKF34 7 representing the 
full-length of the At- IE eDNA, pKF372 carrying the full-length insert truncated its putative 
chloroplast transit sequence, pKF371 corresponding to theN-terminal segment, pKF362 for 
theN-terminal segment without the putative chloroplast transit sequence or pKF363 for the 
C-terminal half of the At- IE protein. After transformation, cells were plated on M9-glucose 
minimal agar plates. The portion of the putative chloropllast transit sequence is shaded. 
aThe expression vectors (Table 1) used for the production of the recombinant functional 
domains. 
hSchematic diagram of the recombinantly expressed proteins. 

junction of the putative transit peptide portion encoded by the exon 1 and the PRA-CH 

(hisl) domain encoded by the exons 2 and 3. It was also found that the intron 3 located at 

the putative boundary between the PRA-CH (hisl) domain and the PRA-PH (hisE) 
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domain, which was encoded by the exons 4 and 5. Two homologous regions among the 

bacterial hisiE proteins so far reported were found to be also conserved in the At-IE 

protein (Fig. 3). 

In the 5' -untranslated region, several putative regulatory elements were found 

(Fig. 2). A possible TATA and CAAT elements were identified at position -166 and at -195, 

respectively. Furthermore, a sequence motif, TAACTC, similar to the S. cerevisiae 

GCN4 responsive element, GCRE (Arndt and Fink, 1986) was located at position -288 

(Fig. 2). 

Characterization of the domain structure of the At-IE protein 

Sequence comparison (Fig. 3) suggested that the At-IE protein molecule consisted 

of a putative chloroplast transit peptide and two separate catalytic domains corresponding 

to the PRA-CH (hisi) and PRA-PH (hisE) proteins, respectively. This overall putative 

domain structure of the At-IE protein was confirmed through heterologous expression 

studies. 

Both pKF347 and pKF372 were able to suppress the His auxotrophy of E. coli 

strain UTH903 (Fig. 6). The insert of pKF372 encoded an At-IE protein of which the N

terminal extension had been truncated (Fig. 6). Therefore, the successful suppression of 

the His auxotrophy of UTH903 with pKF372 indicated that the N-terrninal extension was 

not essential for the catalytic activity, supporting the idea that this N-terminal extension 

corresponded to a chloroplast transit peptide. The recombinantly expressed protein using 

pKF372 (Fig. 6) was enough to support the AICAR production in the assay system 

containing the recombinant HIS 1 protein of S. cerevisiae and the hisA protein of E. coli 

(Fig. 7). Thus, pKF372 contained the eDNA encoding a protein catalyzing the hisiE 

reactions (Fig. 1 in General Introduction). On the other hand, the recombinant protein 

prepared with pKF362 (theN-terminal domain), which was able to complement the his! 

mutation of UTH903 (Fig. 6), did not work for the AICAR production (Fig. 7). Thus, 

the N -terminal domain catalyzed the his I (PRA-CH) reaction but did not have the hisE 

(PRA-PH) activity. The eDNA insert of pKF363 was derived from the exons 4 and 5 

coding for the C-terrninal domain (Fig. 6). This plasmid failed to suppress the His 

auxotrophy of UTH903 (Fig. 6) and could not support for the AICAR production 
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(Fig. 7), indicating that the C-terminal domain did not catalyze the hisl (PRA-CH) 

reaction but was involved in the hisE (PRA-PH) reaction. On the other hand, the AICAR 

production was reconstituted when the recombinant proteins encoded by pKF362 and 

pKF363 were mixed in the reaction mixture (Fig. 7), indicating that the C-terminal 

domain corresponded to the hisE (PRA-CH) domain. No histidinol dehydrogenase 

Plasmid
8 

b 
Structure of the recombinantly 
expressed functional domain 

AICAR production 
(nmol/mg protein/min) 

0 1 2 4 

pKF372 

pKF362 

pKF363 

pKF362 
+ 

pKF363 

D domain encoded by the exon 2 

fZI domain encoded by the exon 4 

m domain encoded by the exon 3 

• domain encoded by the ex on 5 

Fig. 7. The At-IE dependent AICAR production. 

5 

AICAR production was determined in the assay mixture containing S. cerevisiae HISI, the 
hisA protein of E. coli and one of the recombinantly expressed proteins. The At- IE protein 
without the putative chloroplast transit peptide, the putative PRA-PH (hisE) and the putative 
PRA-CH (hisl) domains were expressed as the fusion proteins with a maltose binding protein 
using a pMAL-c2 bacterial expression vector. 
aThe expression vectors used were the same as those presented in Fig. 6. 
bSchematic diagram of the recombinantly expressed proteins. 

activity was observed with the protein produced with pKF347 (data not shown). 

These results have demonstrated that the single copy gene, the At-IE gene of 

Arabidopsis encodes the bifunctional protein of which the N-terminal and C-terminal 
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domains separately catalyze the two successive reactions of PRA-CH (hisl) and PRA-PH 

(hisE), respectively, in the His biosynthetic pathway. Also, it was found that the At-IE 

protein, like most bacterial enzymes, was not accompanied by a histidinol dehydrogenase 

domain which is encoded by HIS4 inS. cerevisiae (Donahue et al., 1982). 

Discussion 

A number of eukaryotic genes, including those of plant origin have been isolated by 

performing heterologous genetic complementation of E. coli or S. cerevisiae mutants 

(Minet et al., 1992, Senecoff and Meagher, 1993, Tada et al., 1994, Chapter II; Fujimori 

et al., 1998b). This method was also successful in isolating the At-IE eDNA from 

Arabidopsis with the use of strain UTH903 defective in hisi (PRA-CH) activity, which 

encodes a bifunctional protein with the hisl (PRA-CH) and hisE (PRA-PH) activities. The 

amino acid sequence predicted from the At-IE cDN A is significantly homologous to both 

the his IE proteins of eubacteria and the corresponding counterparts of yeasts and fungi. It 

has been reported that the his! and hisE domains are located at the N-terminal and the C

terminal halves, respectively of the microbial his IE proteins (Donahue et al., 1982, 

Fig. 2). In the At-IE protein, the region encompassing residues 65-Gly to 158-Phe is 

homologous to the bacterial his! and S. cerevisiae HIS4A proteins having the PRA-CH 

activity, and the second region from 179-Leu to 267-Arg is homologous to the bacterial 

hisE and the HIS4B of S. cerevisiae with the PRA-PH activity. 

These two functional domains for his! (PRA-CH) and hisE (PRA-PH) were able to 

be separately expressed with the corresponding cDN A fragments retaining their individual 

catalytic activities (Figs. 6 and 7). Thus, the At-IE protein molecule is shown to be 

composed of two independent, functional domains connected by a gap region, which 

shows no significant homology with other corresponding proteins (Fig. 6). It was also 

demonstrated that the At-IE protein does not contain the histidinol dehydrogenase domain 

encoded by HIS4 of S. cerevisiae. It has been already shown that histidinol 

dehydrogenase is encoded by a separate gene in higher plants (Nagai et al., 1993). 

Genomic Southern blot analysis showed that the A t-IE exists as a single copy gene 

consisting of the five exons divided by the four introns, encoding the three putative 
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functional units; the chloroplast transit peptide (exon 1), the PRA-CH domain (exons 2 

and 3), and the PRA-PH domain (exons 4 and 5). This gene organization suggests that 

the gene for the chloroplast transit peptide and the genes for the protein corresponding to 

the PRA-CH and PRA-PH have fused during evolution. Examples for similar gene 

organization containing an intron between a putative chloroplast transit peptide and a 

mature protein have also been reported for a few nuclear genes encoding chloroplastic 

proteins (Wolter et al., 1988, Gantt et al., 1991). It is thought that the sequences for the 

chloroplast transit peptide have been attached to the genes for chloroplastic proteins 

during the process of gene-transfer from chloroplast to nucleus (Gantt et al., 1991). The 

yeast HIS4 and fungal his3 proteins also have N -terminal leader sequences of unknown 

functions, whereas no significant N -tenninal homology was seen between the At-IE 

protein and these microbial proteins. 

It has been demonstrated that other higher plant His biosynthetic enzymes, 

irnidazoleglycerolphosphate dehydratase (Tada et al., 1995) and histidinol dehydrogenase 

(Nagai et al., 1993), are localized in chloroplasts. Furthermore, the cDNAs encoding 

N '-[(5' -phosphoribosyl)-formimino ]-5-aminoimidazole--4-carboxamide ribonucleotide 

(BBM II) isomerase, glutamine amidotransferase/cyclase and ATP phosphoribosyl 

transferase (ATP-PRT; EC 2.4.2.17) of A. thaliana (Chapter II; Fujimori et al., 1998b, 

Chapter III; Fujimori and Ohta, 1998c, Chapter IV) and histidinolphosphate 

aminotransferase from N. tabacum (El Malki et al., 1998) have also been shown to 

contain the regions corresponding to putative N -tenninal transit pep tides. It is therefore 

possible that the entire His biosynthesis may be completed in chloroplasts. According to a 

calculation, the His biosynthesis is an extremely energy consuming process, which 

requires 41 ATP molecules for each His molecule produced (Brenner and Ames, 1971 ). 

In other words, the compartmentalization of the His pathway in chloroplasts is favorable 

to ensure the efficient energy supply. At least six genes encoding 8 steps of the His 

biosyntheis in plants exhibited constitutive expression patterns throughout development, 

and there were no clear tissue specific expression patterns (Nagai et al., 1993, Tada et al., 

1994, El Malki et al., 1998, Chapter II; Fu jimori et al., 1998b, Chapter III; Fujimori and 

Ohta, 1998c, Chapter IV). In microorganisms, the His biosynthesis is regulated through 

the controlled gene expression and the feedback regulation of ATP-PRT activity by L-His 
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(Alifano et al., 1996). Isolation and characterization of ATP-PRT are essential for 

understanding the mechanism that regulates the His biosynthesis of higher plants. 
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Summary 

Phosphoribosyl-ATP pyrophosphohydrolase (PRA-PH) and phosphoribosyl-AMP 

cyclohydrolase (PRA-CH) are encoded by HIS 4 in yeast and by his IE in bacteria and 

catalyze the second- and the third-step in histidine (His) biosynthetic pathway, 

respectively. By complementing a his/ mutation of Escherichia coli with an Arabidopsis 

eDNA library, I isolated anArabidopsis eDNA (At-IE) having these two enzyme activities. 

The At-IE cDN A encodes a bifunctional protein of 281 amino acids with a calculated 

molecular mass of 31,666 Da. Genomic DNA blot an,alysis with the At-IE eDNA as a 

probe revealed a single copy gene in Arabidopsis, and Northern blot analysis showed that 

the At-IE gene was expressed ubiquitously throughout development. Sequence 

comparison suggested that the At-IE protein has an N -terminal extension of about 50 

amino acids with the properties of chloroplast transit peptide. I demonstrated through 

heterologous expression studies in E. coli that the functional domains for the PRA-CH 

(hisi) and PRA-PH (his E) resided in the N -terminal half and C-terrninal half of the At-IE 

protein, respectively. 
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Chapter II 

Molecular Cloning and Characterization of the Gene Encoding 

N'- [ (5'-Phosphoribosyl)-Formimino]-5-Aminoimidazole-4-

Carboxamide Ribonucleotide (BBM II) Isomerase from 

Arabidopsis thaliana 

Introduction 

Histidine (His) biosynthesis has been extensively studied in a variety of 

ATP + PRPP 

f ATP-PR transferase (hisG I HIS1) ~-- - ------------------
PR-ATP 

f PR-ATP pyrophopshohydrolase (hisE I HIS4S) 

PR-AMP 

f PR-AMP cyclohydrolase (hisl I HIS4A) 

BBM II 

f BBM II isomerase (hisA I HISG) 
BBM Ill 

Glutamine~ 
Glutamine amidotransferase (hisH I HIS7) 

Glutamate Cyclase (hisF I HIS7) 
AICAR 

IGP 

f lmidazoleglycerolphosphate dehydratase (hisS I HIS3) 

lAP 

T Histidinolphosphate aminotransferase (hisC I HISS) 

Histidinolphosphate 

T Histidinolphosphate phosphatase (hisS I HIS2) 

Histidinol 

f Histidinol dehydrogenase (hisD I HIS4C) 

Histidinal 

f Histidinol dehydrogenase (hisD I HIS4C) 

Histidine ___ ________ ..,.._, Feedback Inhibition ~------------------ -

Fig. 1. Histidine biosynthetic pathway in E. coli and S. cerevisiae. 
BBM II isomerase catalyzes the fourth step of the pathway. PRPP; phosphoribosyl 
pyrophosphate; ATP, adenosine triphosphate; PR-ATP, phosphoribosyl-ATP; AICAR, 5-
aminoimidazole-4 -carboxamide-1-~-D-ribofuranoside; IGP, imidazoleglycerolphosphate; 
lAP, imidazoleacetolphosphate. Corresponding counterparts for E. coli and S. cerevisiae are 
indicated (E. coli IS. cerevisiae), respectively . 
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microorganisms. In bacteria, N '-[(5' -phosphoribosyl)-formimino]-5-aminoimidazole-4-

carboxamide ribonucleotide isomerase (BBM II isomerase; EC 5.3.1.16) is encoded by 

hisA cistron in the His operon and catalyzes the conversion of N '-[(5' -phosphoribosyl)

formimino]-5-aminoimidazole-4-carboxamide-ribonucleotide (BBM II) to N '- [(5'

phosphoribulosyl)-formimino]-5-aminoimidazole-4-carboxamide-ribonucleotide 

(BBM III) at the fourth step of the His biosynthetic pathway (Fig. 1). In yeast, this 

enzyme is encoded by HIS 6. his A homologues have been isolated from a variety of 

organisms; Methanococcus voltae, M. vannielii (Cue et al., 1985), 

M. thermolithotrophicus (Weil et al., 1987), M. jannaschii (Bult et al., 1996), E. coli and 

S. typhimurium (Carlomagno et al., 1988), Streptornyces coelicolor (Limauro et al., 

1990), Lactococcus lactis (Delorme et al., 1992), Azospirillum brasilense (Fani et al., 

1993), Haemophilus influenzae (Fleischmann et al., 1995); Saccharomyces cerevisiae 

(Fani et al., 1997) and Schizosaccharomyces pombe (Barrel et al., unpublished). Of these, 

the hisA genes of M. voltae, M. vannielii, M. thermolithotrophicus, and A. brasilense 

have been cloned by genetic complementation of E. coli hisA mutants. It was also reported 

that the S. cerevisiae H/56 gene was able to complement an E. coli hisA mutant (Fani 

et al., 1997). BBM II isomerase has been purified to apparent homogeneity from 

S. typhimurium (Margolies and Goldberger, 1966), and its biochemical properties were 

also characterized (Margolies and Goldberger, 1967). However, in plants, even the 

existence of BBM II isomerase has not yet been demonstrated. 

In Chapter II, I described about the isolation of a BBM II isomerase cDN A from an 

Arabidopsis eDNA library through genetic complementation of an E. coli hisA mutant, 

HfrG6. The primary structure predicted from the cDN A showed a high degree of identity 

to the HIS6 protein of S. pombe. In a coupling assay containing a series of enzymes 

involved in the earlier steps of the His pathway, I demonstrated that the eDNA encoded a 

functional BBM II isomerase that catalyzed the conversion of BBM II to BBM III, in a 

reaction known as an Amadori rearrangement (Smith and Ames, 1964). 
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Materials and methods 

Plant materials and bacterial strains 

Arabidopsis thaliana ecotype Columbia (Col-O, Lehle Seeds, Tucson, AZ, USA) 

seedlings were grown described in Chapter I (Fujimori and Ohta, 1998a). 

Bacterial strains used in this study are listed in Table 1. An E. coli hisA mutant, 

HfrG6 (CGSC No. 5388) (Matney et al., 1964) was obtained from the E. coli Genetic 

Stock Center (CGSC; Yale University, New Haven, CT, USA). E. coli JM109 was used 

as a host for the propagation and manipulation of plasmid DNAs. E. coli XL1-Blue MRF', 

ExAssist™ helper phage, and pBluescript were purchased from Stratagene (La Jolla, CA, 

USA). 

Table 1. Summary of the E. coli strain and pllasmids used in this study 

Material 

E. coli strain 
HfrG6 
JMl09 

XU-Blue MRF' 

Plasmids 
pKI-1 
pKI-2 
pKF410 

pT11D6 

Property 

X hisA323 
recA1 endA1 gyrA96 thi hsdR17 sup£44 re/A1 ti.../ac-proAB)I 
F(traD36 proAB lac1q lac~ 1 5) 

Ll(mcrA)183 t:.(mcrCB-hsdSMRI7-mrr)173 endA1supE44 thi-1 
recA1 gyrA96 re/Allac[F proAB lacJfl ZD.Ml5 Tn10] 

pBluescript bearing anArabidopsis BBM II isomerase clDNA 
pBluescript bearing anArabidopsis BBM II isomerase eDNA 
pBluescript bearing a 4.7-kb fragment for the Arabidops1is 
BBM II isomerase gensis 
pBeloBACII bearing anArabidopsis BBM II isomerase gene 

a E. coli Genetic Stock Center, Yale University, New Haven, Cf, USA 
b Arabidopsis Biological Resource Center, Ohio State University, Columbus, OH, USA 

Reference or source 

cGsca 
Yanisch-Perron et al. (1985) 

Stratagene 

This study 
This study 
This study 

ABRCb 

Genetic complementation of an E. coli hisA mutant with Arabidopsis cDNAs 

A eDNA library was constructed in the A.ZAPII vector system (Stratagene) from 

poly (At RNA isolated from 7 -day-old A rabidopsis seedlings (Mizutani et al., 1997). 

Recombinant pBluescript cDN A phagemids were excised in vivo from the A.ZAPII vector 

by the infection of XL1-Blue MRF' cells with the M13 helper phage ExAssist™, 

according to the manufacturer's instruction (Stratagene). A 100 ~1 aliquot of the eDNA 

library phagemid stock (6.1x 105 transducing units/ml) was mixed with 2 ml of a mid-log 

phase culture of E. coli strain HfrG6. The mixture was incubated at 37 ac for 15 min. 

After centrifugation, the pellet was washed in minimal E medium (Vogel and Bonner, 
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1956) and plated on minimal E agar plates supplemented with ampicillin ( 100 f.lg/ml). 

Plates were incubated at 37 oc overnight. Plasrnids were extracted from His prototrophic 

colonies and again tested for their ability to recomplement the hisA mutation in strain 

HfrG6. The plasmids thus obtained were designated pKI-1 and pKI-2 (Table 1 ). 

cRACE 

Circular first-strand cDN A-mediated rapid amplification (cRACE; Maruyama et al., 

1995) was used to complete eDNA sequences. Design of gene-specific primers was based 

on the sequence of the isolated eDNA clone, pKI-1 (Table 1). First-strand eDNA was 

synthesized from 5 J.lg of total RNA extracted from the leaves of 2-week-old Arabidopsis 

seedlings, using a eDNA Cycle Kit (Invitrogen, San Diego, CA, USA) with a gene

specific reverse primer HYl. After hydrolysis of the ternplate RNA with 0. 5 N N aOH at 

37 oc for 15 min, the first-strand cDN A was synthesized and circularized by T4 RNA 

ligase (New England Biolabs . Inc. , Beverly, MA, USA). The ligation mixture was 

subjected to the first-step PCR amplification using a forward primer HY2 and a reverse 

primer HY3. A second-step PCR amplification was performed with another set of a 

forward primer HY4 and a reverse primer HY5. The amplified PCR products were 

fractionated electrophoretically in 1% (w/v) agarose gels and eluted using a Sephaglas 

BandPrep Kit (Pharmacia, Uppsala, Sweden). The resulting major DNA fragments were 

cloned into a pCR2.1 vector (T A Cloning Kit, Invitrogen). 

Isolation of the BBM II isomerase gene from Arabidopsis 

Approximately 1x 105 recombinant phages from an Arabidopsis A.ZAPII genomic 

library (Stratagene) were screened with the cDN A insert of pKI-1 after 32P-labeled using a 

Randorn Primer DNA Labeling Kit (Takara Shuzo, Kyoto, Japan) and [a-32 P]dCTP 

(Arnersham, Buckinghamshire, UK) (Feinberg and Vogelstein, 1983). Prehybridization, 

hybridization and washing were performed as described (Sambrook et al., 1989). Filters 

were exposed to Hyperfilm-MP films (Amersham) with an intensifying screen at -80 °C. 

Positive signals were purified to apparent homogeneity. 
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DNA sequencing and analysis 

DNA sequencing was performed usmg a PRISM™ Dye Terminator Cycle 

Sequencing Core Kit (Applied Biosystems, Foster City, CA, USA) and an automated 

DNA sequencer (Model 373A; Applied Biosystems). Sequence analysis was performed 

using the software, DNASIS version 3.4 (Hitachi Software Engineering Co., Yokohama, 

Japan). Nucleotide and predicted amino acid sequences were analyzed by the Basic Local 

Alignment Search Tool (BLAST) and Gapped BLAST programs of the National Center 

for Biotechnology Information (NCBI) (Altschul et al., 1990, Altschul et al., 1997). 

Preparation of crude extract from bacteria 

Soluble proteins were extracted from HfrG6 cells transformed with either pKI-1 or 

an empty pBluescript vector. The bacteria were grown overnight in LB medium and 

collected by centrifugation. After washing with 50 rnM potassium phosphate buffer 

(pH 7. 5), approximately 0. 5 g of cells were resuspended in 3 ml of buffer A containing 

20 mM Tris-Cl (pH 7. 5) , 200 mM N aCl and 1 mM EDT A, and cells were then broken 

open by sonication with short pulses for 2 min. After cell debris was removed by 

centrifugation at 10, OOOx g for 15 min, proteins were precipitated by the addition of 

(NH4 ) 2S04 to a concentration of 80% (w/v). The pellet was redissolved in buffer A and 

desalted by passing through a Sephadex G-25 column (NAP-5; Pharmacia). Protein was 

assayed by the method of Bradford ( 1976) using BSA as standard. 

Enzyme assay 

The crude bacterial extracts were used for the assay of BBM II isomerase in the 

presence of the His biosynthetic enzymes; ATP-phosphoribosyl transferase (ATP-PRT) 

and the bifunctional PR-AMP cyclohydrolase (PRA-CH)/PR-ATP pyrophosphohydrolase 

(PRA-PH). For the preparation of these coupling enzymes, the ATP-PRT (HIS 1) of 

S. cerevisiae (Hinnebusch and Fink, 1983) and the his/E gene product of E. coli (the 

bifunctional protien with PRA-PH and PRA-CH activity) were overexpressed in E. coli 

as fusion proteins with the maltose binding proteins, using a pMAL-c2 vector 

(New England Biolabs. ), and were purified by column chromatography on an amylose 

resin. In this assay system, BBM II (the substrate for BBM II isomerase) is produced 
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from ATP and phosphoribosyl pyrophosphate (PRPP) by the coupled enzyme activities. 

The amount of BBM III finally produced by the activity of BBM II isomerase was 

estimated by measuring its ability to reduce a dye mixture (Smith and Ames, 1964). This 

dye mixture was prepared freshly and contained 2-p-iodophenyl-3-p-nitrophenyl-5-

phenyltetrazolium chloride (3. 2 mg/ml) (Sigma Chemical Co., St Louis, MO, USA), 

phenazine methosulfate (0.4 mg/ml) (Sigma), and 0.2% (w/v) gelatin at a ratio of 

5:1: 1(v/v/v). The assay mixture consisted of 100 mM Tris-Cl (pH 8. 5), 20 mM MgS04 , 

100 mM KCl, 4 mM ATP, 2 mM PRPP, 80 Jll of the dye mixture and enzymes in a total 

volume of 200 J-11. The enzyme mixture contained recombinantS. cerevisiae ATP-PRT 

(HIS 1), the E. coli his IE gene product (the bifunctional PRA-PH and PRA-CH enzymes) 

and crude extracts of strain HfrG6 transformed with either pKI-1 or an empty pBluescript. 

The reaction was started by adding the enzyme mixture. After incubation at 30 oc for 

1. 5 hr, the reaction was stopped by the addition of a 115 vol. of 0. 67 N HCl, and then the 

absorbance was read at 520 nm and compared with that of a control incubated in the 

absence of the enzyme mixture. Purified E. coli HisA was used for a positive control to 

check that the coupling reaction proceeded appropriately. The rate of increase in 

absorbance at 520 nm reflects the amount of BBM III formed. BBM III has a molar 

extinction coefficient of 11,800 at 520 nm (Smith and Arnes, 1964 ). 

Southern and Northern hybridization analyses 

Total genomic DNA(lO J.tg) was prepared from 2·-week-old Arabidopsis seedlings 

according to the method described by Sambrook et al. ( 1989). After digestion with either 

BamHI, Bg!II, EcoRV, Hindiii, or X hoi, DNAs were separated electrophoretically in a 

0. 7% (w/v) agarose gel, and blotted onto a Hybond N+ nylon membrane (Amersham) in 

0.4 N NaOH (Sambrook et al., 1989). Hybridization with a full-length eDNA random

labeled with [a-32P]dCTP (Feinberg and Vogelstein, 1983) was carried out for 16 hr at 

37 oc in 40% (v/v) formamide, Sx Denhart's solution, 6x SSC, O.So/o (w/v) SDS and 

100 mg/ml shared salmon sperm DNA (Sigma) (Sambrook et al., 1989). The membrane 

was washed twice in 2x SSC/0.1 o/o (w/v) SDS at room temperature for 10 min and then 

twice in 0.5x SSC/0.1 o/o (w/v) SDS at 50 °C for 15 min. 

Tissues were harvested from Arabidopsis seedlings at different developmental 
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stages, and total RNA was prepared by phenol/chloroform extraction followed by Iithimn 
chloride precipitation as described (Lagrirnini et al., 1987). Total RNA ( 10 j.!g) from each 
sa1nple was analyzed by Northern hybridization using a full-length cDN A as a 
hybridization probe labeled with [a-:nP]dCTP by the random priming method (Feinberg 
and Vogelstein, 1983). Prehybridization, hybridization, and washing were performed as 
described by Sam brook et al. ( 1989). 

Results and Discussion 

Isolation of Arabidopsis cDNAs that complement an E. coli hisA mutant 

Genetic complementation has been extensively applied as a mea11s of isolating hisA 
gene hmnologues from various organistns such as M. voltae, M. van.nielii (Cue et al., 

Fig. 2. Complementation of an E. coli h;sA mutant, HfrG6. 
Cells were transformed with either pBluescript, pKI-1 or pKI-2 and were plated on minimal VB 
agar plates containing ampicillin (1 00 J..Lglrnl) or LB agar plates containing ampicillin ( 100 J.lg/ml). 

1985), M. thermolithotrophicus (Weil et al., 1987), and A. brasilense (Fani et al., 1993). 
Recently, the HIS6 gene of S. cerevisiae has also been shown to comple1nent an E. coli 
hisA mutant (Fani et al., 1997). Assuming that the bacterial BBM II isomerase encoded 
by hisA gene and the its homologue in higher plants might be functionally conserved, I 
employed a genetic complementation approach in an atternpt to isolate a hisA counterpart 
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-268 gctttggtggaggattaggtattcggtaaatctcaggtaacggtggcgtaatcggcgccggaagatgatgagactttgag 

-190 acgagactgataacgttcttcttgttccatcgcatcactctctgtttgtcaaacgaatcgataaatgttgggcattttta 

-110 tcgatttccaattttaaaccaaaccggaataaaccgatatctaaaccctag.aatatctagaaccagatacgtcactggtg 

-30 cttactgattacagtttcagttccaaagATGAGAACTTTGAGCTCCCAATT,~TACTCCAATGGTGGTCTCACTTGGTTCC 
M R T L S S Q L Y S N G G L T W F 17 

50 AGAAGAAGAATCAGAGCTCTCTGTTCATCAAGCATCTCAGAGTCTCTAAACCATCGAGGGTTCAGCTCATATCTGCTGTT 
Q K K N Q S S L F I K H L R V S K P S R V Q L I S A V 44 

130 CAATTCCGTCCGTGCATCGATATTCATAAGgtatgaaatcaatttcaccgattagaaaatcctcactggctgttgagtgc 
Q F R P C I D I H K 54 

210 

290 

370 

450 

HY5 
agtgaattcatttatggatctatctctgtgtgatgtgattttcgatagGGAAAAGTGAAACAGATAGTTGGATCCACACT 

G K V K Q I V G S T L 
~ HY3 HY2 ... 

TCGTGACTTGAAAGAGGATGGTTCAGTTCTCGTTACGAATTTTGAATCGGATAAGTCTGCGGAAGAGTATGCAAAGATGT 
R D L K E D G S V L V T N F E S D K S A E E Y A K M 

ACAAAGAAGATGGGCTTACGGGTGGTCATGTGATAATGCTTGGAGCAGACCCTTTAAGCCAAGCTGCAGCTATTGGAGCA 
Y K E D G L T G G H V I M L G A D P L S Q A A A I G A 

HY4 
TTACATGCTTATCCTGgtatgtgtttagttgaatgtcacatggtgtttgttttatattgtttgaatttgaaatgtaaagt 

L H A Y P 

~ 530 tttgatgtgttatatatgatacaagatgatgaattctagGCGGTTTGCAAGTTGGAGGTGGAATCAATTCTGAGAATTGC 
~ G G L Q V G G G I N S E N C 

610 ATGAGTTATATTGAGGAGGGAGCAAGCCATGTCATTGTCACTTCGgtatagctgtcatctagcttgattgaatatgttat 
M S Y I E E G A S H V I V T S 

690 catagtaagtatagctgatgataattatgttttcgttttgtatttcagTATGTATTTAACAATGGAAAGATTGATCTTGA 
Y V F N N G K I D L E ... HY1 

770 AAGACTCAAAGATATTGTGAGCATTGTTGGGAAACAAAGACTGATATTGGACCTTAGCTGCAGAAAGAAGgtgattctct 
R L K D I V S I V G K Q R L I L D L S C R K K 

850 gactagtttcatcttcagtttaatgttattggtcatgaaaagaagatcggcat ttgaggtatttatatggttattttgtt 

930 gcgcagGATGGAAGATACGCAATTGTTACTGATAGATGGCAGAAGTTCAGCGACGTCATCCTTGACGAGAAATCATTGGA 

65 

91 

118 

123 

137 

152 

163 

186 

D G R Y A I V T D R W Q K F S D V I L D E K S L E 211 

1010 GTTTCTTGGAGGATTTTCAGATGAGTTTCTGGTGCATGGCGTAGACGTTGAAGGAAAGAAgtaagctttaaatatctcaa 
F L G G F S D E F L V H G V D V E G K K 231 

1090 ccctgtgattttagtgtcttagagtaaattcgttttgcattgaaaatacagtatttagtcagtatgtactgatcagtggt 

1170 gttaacacttcttctctcaaagGCTAGGGATCGATGAAGAGCTTGTAGCATTGCTTGGCAACTACTCTCCGgtgagtaat 
L G I D E E L V A L L G N Y S P 247 

1250 aacatgcagtttcttatgattcggaactaatcttatggacttaacgataatta.acagaacttcactctattcaaaatgct 

1330 tgtgatgttagtgaaaccggaattggattagatgtagtcgttatacttcactttagacatagagataagctcgattgcaa 

1410 acttgttcatttgagcttgatcttaaatgttttttgaccttgacagATTCCAGTAACTTATGCGGGAGGTGTGACGGTAA 
I P V T Y A G G V T V 258 

1490 TGGATGATGTAGAGAGGATCAAGGACGCAGGAAAGGGACGTGTAGATGTAACAGTGGGAAGTGCCTTAGACATTTTCGGG 
M D D V E R I K D A G K G R V D V T V G S A L D F G 285 

1570 GGAAATCTTCCATACAAAGACGTCGTCGCTTGGCATCACAAGCAGCACTCACTCCATTGAtatcgccattttcacctttg 
G N L P Y K D V V A W H H K Q H S L H * 304 

1650 ctcatcttttttatttgcattaccccaaaccttaagcttcaatatttgcaacattaatcttcagctttaaacttttgtgc 
Hiiidii'l 

1730 ttctttctaaactcttcaagaatttgtcaattttgaatattttttcgatt.atcaagtttatggtttggtttgactacta 

1810 ctcatcaaggaaaatcgcattccaacaacacgtaaacagaaacaaatacattttgtttgacaatagcatatacagatata 

1890 ataacatttaaactgaactatttacaacggaaactagaagaatacaaaaacag1:gcggtgggtgtgaaatcaccgctttc 

1970 gcgttgccgtgtttctttctgaataaaaacgttgatcagctg 
Pvull 

~ig. 3. Arabidopsis BBM II isomera e gene structure. 
fhe DNA sequence determined from the eDNA is shown with capital letters, and the predicted 
tmino acid sequence is shown in the single letter expression. The 5' end of the eDNA 
letermined through the cRACE experiment was shown in bold letters. Nucleotide and amino 
.cids are numbered on the right and left of the sequence, respectively. The stop codon is 
narked with an asterisk. The DDBJ accession numbers are AB006139 (Arabidopsis BBM II 
~ omerase eDNA) and AB008929 (Arabidopsis BBM II isomerase gene). 
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from Arabidopsis using the E. coli hisA mutant, HfrG6 as a recipient. 

A phagemid library prepared from 7-day-old Arabidopsis seedlings was used to 

infect strain HfrG6, and the infected culture was plated on minimal agar plates. Two 

colonies out of 6x 104 transformants grew on minimal medium lacking exogenous L-His, 

whereas no suppression of the E. coli hisA mutation was observed when cells were 

transformed with the empty pBluescript vector. The plasmids designated pKI-1 and 

pKI-2 were isolated from these two His prototrophic colonies, and their ability to 

suppress the hisA mutation was confirmed by re-transforming strain HfrG6 to His 

prototrophy (Fig. 2). 

The inserts from the two plasmids, pKI-1 and pKI-2, were approximately 1.1-kb in 

length, and the DNA sequences were determined to be identical, except for the variation in 

the lengths of their 5' -termini (data not shown). However, the translational initiation 

codon was not included in the putative N -terminal region of the longest open reading 

frame (ORF) found in the pKI-1 insert (Fig. 3), indicating that both cDNAs were 

incomplete at the 5' -end. 

To obtain the missing portion of the eDNA, I employed circular first-strand eDNA

mediated rapid amplification (cRACE; Maruyama et al., 1995) on total RNA from the 

leaves of 2-week-old Arabidopsis as a template. After initial reverse transcription and 

additional two rounds of PCR amplification, I obtained a major DNA fragment of 41 0-bp 

and cloned it into the pCR2. 1 vector. DNA sequencing revealed that the isolated cDN A 

clones contained the 5' region of the pKI-1 insert spanning the HY1 primer sequence and 

an additional 44 nucleotides at the 5' -end (Fig. 3, bold letters). By combining the 

sequences of the insert from pKI -1 and the cRACE product, the full-length sequence of a 

1115-bp eDNA was determined (Fig. 3). It contains a 912-bp ORF encoding a protein of 

304 amino acids with calculated molecular weight of 33,363; the initial codon was found 

to be located five codons upstream of the 5' terminus of the eDNA insert in pKI-1 

(Fig. 3). 

A genomic clone (TAMU T11D6: pT11D6) was identified in the non-redundant 

GenBank database that contained the promoter region and the ORF of Arabidopsis 

BBM II isomerase gene. To isolate the 3' non-coding region, an A rabidopsis genomic 

library was screened with the BBM II isomerase cDN A as a probe, and a clone containing 
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an approximately 4. 7 kb insert corresponding to the 3' region of BBM II isomerase was 
isolated. The BBMII isomerase gene structure was thus determined by combining the 
DNA sequences of the inserts of pT11D6 and this newly isolated genomic clone (Fig. 3). 
The intron/exon junction sequences are highly hornologous to the plant consensus 
sequences (Simpson and Filipowicz, 1996). Also, the genomic structure provided further 
evidence that the N -terminus determined by the cRACE experiment was indeed the actual 
translational initiation site. 

Enzymatic activity of Arabidopsis BBM II isomerase 

To confirm that the inserts from pKI-1 and pl(I-2 actually encoded a functional 
BBM II isomerase, strain HfrG6 was transformed with either pKI -1 or the empty 

XLI-Biue MRF' 

HfrG6 I pKI-1 

HfrG6 I pBiuescript 

BBM Ill production 
(nmollminlmg protein) 

Fig 4. BBM II isomerase activity in wild-type (XLI-Blue l'v1RF' ), hisA mutant (HfrG6) earring 
each of pKI-1 (Arabidopsis eDNA) or pBluescript SK(-) (empty). 
The bars presented are the means ± standard deviation (SD) for three independent 
experiments. 

pBluescript SK(-) vector, and crude bacterial extracts were prepared for enzyme assay. In 
this assay system, BBM II is produced from ATP and PRPP through the coupled 
enzymatic activities of the HIS 1 of S. cerevisiae and the HislE of E. coli, according to the 
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His biosynthetic scheme (Fig. 1). In the presence of the hisA gene product (BBM II 

isomerase) , BBM II is further converted to BBM III, which can be colorimetrically 

determined (Smith and Ames, 1964). No BBM III production was detected when strain 

HfrG6 was transformed with a pBluescript SK(-) empty vector (Fig. 4 ). In contrast, the 

level of BBM III production in the extracts from HfrG6 transformed with pKI -1 was 

comparable (31 nmol/mg protein/min) to that observed with the XLI-Blue l\1RF' extract 

(37 nmollmg protein/min) (Fig. 4). pKI-2 gave the same results as pKI-1 (data not 

shown). These results demonstrated that the isolated cD A inserts of pKI-1 and pKI-2 

actually encoded the BBM II isomerase of Arabidopsis. 

Comparison of the primary structures of BBM II isomerase between Arabidopsis and 

microorganisms 

Significant sequence homology was found among the protein sequences predicted 

from the hisA genesfrom various prokaryotic microorganisms (Fig. 5). The primary 

structure predicted from the ORF of the Arabidopsis BBM II isomerase eDNA (Fig. 3) 

was 50% and 42% identical, respectively, to the HIS6 proteins of S. pombe and 

S. cerevisiae (Fig. 5). In contrast, the degree of sequence similarity between Arabidopsis 

BBM II isomerase and the bacterial hisA gene products was very small, although there 

were several short homologous stretches were found (Fig. 5). Sequence comparison also 

revealed that A rabidopsis BBM II isomerase contained an N -terminal extension. This N

terminal extension of approximately 40 amino acids showed the general features of 

chloroplast transit peptides (von Heijne and Nishikawa, 1991); specifically, it was rich in 

Ser and contained no acidic residues, implying that Arabidopsis BBM II isomerase is 

localized in chloroplasts. It should be noted that the cDNAs encoding the HDH of 

cabbage (Nagai et al., 1991) and the IG PD of A rabidops is (Tad a et al., 1994) also 

encoded proteins having putative chloroplast transit pep tides at their N -termini. Protein 

blot analyses demonstrated the chloroplast localization of HDH (Nagai et al., 1993) and 

IGPD (Tada et al., 1995) proteins. Taken together, these data make it likely that His 

biosynthesis in higher plants occurs entirely in the chloroplasts. 
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Fig. 5. Alignment of protein sequences predicted from Arabidopsis BBM II isomerase eDNA 
and microbial hisA and HIS6 genes. 
At; A. thaliana, Sp; S. pombe (Barrel eta!., 1 996; accession number Z69369), Sc: S. cerevisiae 
(Fani et al., 1997; accession number Z4688 1 ), Ec: E. coli (Carlomagno et al., 1988; accession 
number X13462), Ll; L. lactis (Delorme et a!., 1992; accession number M90760), 
Ab; A. brasiliense (Fan i et a!., 1993; accession number X61207), Sy; Synechocystis sp. 
PCC6803 (Kaneko eta!., 1996 accession number 090916), Mv; M. voltae (Cue et al., 1985; 
accession number M 11218). Identical amino acid residues are shaded. Asterisks represent the 
stop codon, and dashes were inserted to maximize the sequence homology. 
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Hybridization analyses 

Northern blot analysi showed that the size of the BBM II isomerase transcript in 

A rahidopsis is approximately 1. 1 kb in length (Fig. 6), which is consistent with the insert 

size of pKI-1 and the 5' extension detected by cRACE. The BBM II isomera~e mRN A 

was detected in all the samples examined, and the levels of mRN A did not differ notably 

different between roots and shoots throughout developtnent (Fig. 6). 

Fig. 6. Expression of BBM II isomerase mRNA in Arabidopsis. 
Total RNA was isolated from different organs at various times; 1-week-old plants (lane I), roots 
from 2-w ek-old plants (lane 2), leaves from 2-'Week-old plants (lane 3), roots from 3-'Week
old plants (lane 4), leaves from 3-week-old plants (lane 5), roots from 4-'Week-old plants 
(lane 6), leave from 4-week-old plant (lane 7), siliques from 4-week-old plants (lane 8). RNA 
gel blot of total RNA ( 10 ~g) were probed with a eDNA insert of pKI-1. 

The number of BBM II isomerase genes in A rabidopsis was examined by genomic 

Southern analysi (Fig. 7). Digestion with enzymes lacking the recognition sites within 

the eDNA (Bg!II and X hoi) gave a single hybridization signal. Digestion with enzytne 

either of Bam HI, EcoRV or Hindiii, each of which has a single restriction site, gave rise 

to two bands. At low stringency, the hybridization profile was in agreement with that 

obtained at high stringency (data not shown). These results indicated that the BBM II 

isomerase gene existed as a single copy in Arabidopsis genome. 

Three lines of evidence indicate that the A rabidopsis cDN A clone described here 

encodes BBM II isomerase. First, the eDNA complernented an E. coli hisA mutant. 

Second, the predicted protein sequence showed a high degree of identity to S. pombe 

HIS6, including several highly conserved regions (Fig. 5). Third, the cDN A encodes a 

protein with an enzymatic activity catalyzing the conversion of BBM II to BBM III. While 

complete elucidation of the genes involved in His biosynthesis in plants must await 
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Fig. 7. DNA gel-blot analysis of Arabidopsis genomic DNA. 
Total genomic DNA (I 0 IJ.g) was digested with the restriction endonucleases indicated, and a 
DNA gel-blot was probed with a eDNA insert of pKI-1. The positions of molecular weight 
standards are indicated to the left. 

further work, the functional coupling of the Arabidopsis BBMII isomerase with the His 

biosynthetic enzymes of microbial origins indicates that the enzymes involved in the His 

biosynthetic pathway are conserved across organisms. 
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Summary 

1 have isolated an Arabidopsis BBM II isomerase eDNA with the aid of functional 

complementation of an E. coli hisA mutant, strain HfrG6, using an Arabidopsis eDNA 

library. The isolated eDNA encoded a polypeptide consisting of 304 amino acids with 

calculated molecular weight of 33,363. Sequence comparison with the HIS6 proteins of 

yeasts revealed that Arabidopsis BBM II isomerase protein contained an N-terminal 

extension of approximately 40 amino acids having general properties of chloroplast transit 

peptides. This finding was consistent with the chloroplastic localization of other His 

biosynthetic enzymes such as imidazoleglycerolphosphate dehydratase and histidinol 

dehydrogenase in higher plants . The rest of the primary structure was 50% and 42o/o 

identical to those of the HIS6 proteins of S chizosaccharomyces pombe and 

Saccharomyces cerevisiae, respectively, while prominent sequence similarity to the 

bacterial BBM II isomerase was not found. That the isolated Arabidopsis cDN A actually 

encoded a functionally active BBM II isomerase activity was confirmed in an in vitro 

enzyme assay using the crude extract prepared from strain HfrG6 transformed with the 

Arabidopsis BBM II isomerase eDNA. 
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Chapter III 

An Arabidopsis eDNA Encoding a Bifunctional Glutamine 
Amidotransferase/Cyclase Suppresses thE~ Histidine Auxotrophy 

of a Saccharomyces cerevisiae his7 Mutant 

Introduction 

In most eubacteria including enterobacteriums such as Escherichia coli and 

Salmonella typhimurium, the His biosynthetic genes were organized in an operon 

(Carlomagno et al., 1988), while those in the lower eucaryotes are scattered throughout 

the chromosomes (Mortimer et al. , 1994). In the archaebacteria such as M ethanococcus 

vanielii and M. jannaschii, the His biosynthetic genes are not organized as an operon 

(Beckler et al. , 1986, Bult et al. , 1996). Not only the overall gene organization but the 

structures of each gene are variable among different organisms. For example, in 

S . cerevisiae, HIS4 and HIS7 code for multi-functional enzymes (Donahue et al., 1982, 

Kuenzler et al. , 1993). The HIS7 gene of S. cerevisiae encodes the bifunctional glutamine 

amidotransferase (HisH) and the cyclase (HisF), although both proteins in eubacteria are 

encoded by independent cistrons, hisH and hisF, which are interrupted by the hisA 

cistron (Carlomagno et al., 1988, Fleischmann et al., 1995). In higher plants, the 

histidinol dehydrogenase (HDH) protein catalyzes the tenth- and eleventh-steps of the His 

biosynthetic pathway (Nagai et al., 1991 ), as does the HisD protein in eubacteria 

(Carlomagno et al., 1988), while the imidazoleglycerolphosphate dehydratase (IGPD) in 

higher plants is not accompanied by a histidinolphosphate phosphatase domain (Tada 

et al., 1994), both of which are encoded by hisB.in most eubacteria (Carlomagno et al., 

1988, Fleischmann et al. , 1995). On the other handl, phosphoribosyl (PR)-AMP 

~yclohydrolase (PRA-CH) and PR-ATP pyrophosphohydrolase (PRA-PH) encoded by a 

;ingle gene, his IE in eubacteria (Carlomagno et al., 1988) and in Arabidopsis thaliana 

iescribed in Chapter I (Fujimori and Ohta, 1998a), were encoded by independent genes 

n M. vanielii and M. jannaschii (Beckler et al., 1986, Bult et al., 1996) and Azospirillum 
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brasilense (Fani et al., 1993). 

In Chapter III, I describe the isolation and characterization of an Arabidopsis eDNA 

encoding a bifunctional glutamine amidotransferase/cyclase. Functional expression of the 

Arabidopsis At-HF eDNA in aS. cerevisiae his7 defective mutant demonstrated that the 

At-HF eDNA encodes a single polypeptide having the bifunctional activities for glutamine 

amidotransferase (HisH) I cyclase (HisF). 

Materials and Methods 

Plant material, growth and microbial strains 

Arabidopsis thaliana ecotype Columbia (Col-O) (Lehle Seeds, Tucson, AZ, USA) 

were grown described in Chapter I (Fujimori and Ohta, 1998a). S. cerevisiae strain 

SH782 (MATa uraJ-52 leu2-3, 112) was a generous gift from S. Harashima (Osaka 

University, Suita, Japan) for the construction of the l-l/S 7 disruption mutant. E. coli 

strain DH5a was used as a host for the propagation and manipulation of plasmid DNAs. 

The media for yeast were as described (Rose et al., 1990). 

Isolation of an Arabidopsis eDNA encoding a ·bifunctional glutamine amidotransferase/ 

cyclase 

An Arabidopsis EST clone (186B 18T7; GenBank accession No. H37732) was 

identified as a putative cyclase (HisF) of Arabidopsis through the Basic Local Alignment 

Search Tool (BLAST) search against the Arabidopsis ESTs (Altschul et al., 1990, 

Newman et al., 1994) with the aid of the primary structure deduced from the S. cerevisiae 

HIS7 gene (Kuenzler et al., 1993). In order to isolate full-length cDNAs corresponding to 

the EST clone, total RNA was isolated from 7-day-old Arabidopsis seedlings by the acid 

guanidium thiocyanate-phenol-chloroform extraction method (Chomczynski and Sacchi, 

1987), and a DNA fragment corresponding to the EST clone was amplified employing a 

reverse transcription (RT)-polymerase chain reaction (PCR) strategy. Briefly, first strand 

eDNA corresponding to the EST clone was synthesized using a specific antisense primer 

PRI60 (5'-CCAACTGCTTGCGATCACCGG-3') and Superscript IllM RNaseH- Reverse 

Transcriptase (Gibco-BRL, Rockville, MD, USA). Prior to the RT reaction, the total 
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RNA (5 ~g) was heat-denatured at 72 oc for 3 min, and the first strand eDNA synthesis 

was performed at 42 oc for 60 min followed by heat-inactivation at 95 oc for 3 min. PCR 

was performed using a set of specific primers of PRI59 

(5'-GAAATCAGGCAGTGGTTGTAAG-3') and PRI60, ExTaq DNA Polymerase 

(Takara Shuzo, Kyoto, Japan) and the RT reaction products (Saiki et al., 1988). After the 

initial denaturation at 95 oc for 5 min, PCR was carried out with 1 min at 94 °C, 1 min at 

55 oc and 1 min at 72 oc for 30 cycles. A PCR-amplified 320-bp DNA fragment was 

directly cloned into a pCR2. 1 vector (Invitrogen, San Diego, CA, USA), yielding a 

plasmid, pKF405. The nucleotide sequence of the insert DNA of pKF405 was confirmed 

to contain the expected DNA fragment (data not shown). 

AnArabidopsis eDNA library (7-day-old) (Mizutani etal., 1997) constructed with 

a A.ZAPII vector system (Stratagene, La Jolla, CA, USA) was screened with the 32 P

labeled eDNA insert of pKF405. Prehybridization, hybridization and washing were 

carried out as described (Sambrook et al., 1989). 

The nucleotide sequences were determined on both strands by the 

dideoxynucleotide chain-termination method (Sanger et al., 1977) using an ABI PRISMTM 

Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). 

Construction of the S. cerevisiae his7 mutant 

A HIS7 disruption mutant of S. cerevisiae BY1006 was constructed as follows. A 

region encoding the HIS7 ORF of S. cerevisiae was amplified by PCR using PRI75 

(5'-GCAAGCTTATGCCGGTCGTTCACGTGATTGAC-3') and PRI76 

(5'-GCCTCGAGCCACATTACTCTTCATCCATTC-3') as primers and chromosomal 

DNA of S. cerevisiae strain S288C (MATa mcd mel gal2) as the template. PCR products 

double-digested with Hind III and X hoi were cloned into a p YES2 vector (Invitrogen) to 

yield a pi~ mid, pKF416. The 1.0-kb Sall-S all fragment from pKF416 was replaced with 

the 2.2-kb Sali-Xhoi fragment of LEU2 gene (Andreadis et al., 1982) to obtain a plasmid, 

pKF426. S. cerevisiae SH782 was transformed with a 2. 9-kb Hindiii-X hoi fragment 

from pKF426 (Ito et al., 1983) and incubated on synthetic complete (SC) plates 

supplemented with 2o/a (w/v) glucose (Glu) and an amino acids mixture without Leucine 

(Leu) (SC+Glu-Leu) at 30 oc for 3 days. The selection for Leu+ phenotype in the 
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presence ofL-His resulted in strain BY1006 (MATa ura3-52leu2-3,112 his7::LEU2). 

Expression inS. cerevisiae his7 defective mutant 

The following regions were amplified by PCR using sets of gene specific primers ; 
a 1900-bp of a coding region (nucleotide positions +1 to +1900, taking the A of the first 
ATG codon as +1) using PRI102 (5'-CGGAATTCATGGAGGCTACGGCGGCGCC-
3') and PRI103 (5'-CGCTCGAGGATTCACTCAGACCTATTGG-3'), a 1717-bp of a 
coding region truncated its putative chloroplast transit peptide (nucleotide positions + 184 
to +1900) using PRI122 (5' -CGGAATTCATGGTI'GTGACTTTGCTTGACTAC-3') 
and PRI103. Each of those PCR products digested with EcoRI and X hoi was cloned into 
a pYES2 vector to obtain plasmids, pKF433 and pKF434, respectively. Each of those 
plasmids was used for the transformation of S. cerevisiae BY1006 (his7). The 
transformants were selected by uracil auxotrophy and incubated on SC plates containing 
2% (w/v) galactose (Gal) and appropriate amino acids (SC+Gal-Ura-Leu) for 3 days at 
30 °C. The pKF416 carrying the DNA insert containing the open reading frame (ORF) of 
S. cerevisiae HIS7 protein was used for the transformation of strain BY1006 as a positive 
control. The S. cerevisiae transformants were analyzed for their ability to grow on 
minimal-galactose plates without L-His (SC+Gal-Leu-His). 

Southern and N orthem blot hybridization analyses 

Genomic southern and Northern blot analyses were carried out as described by 
Sambrook et al. (Sambrook et al., 1989). 

Results and Discussion 

Isolation of an Arabidopsis cDN A encoding bifunctional glutamine amidotransferase and 
cyclase 

Recent genetic studies revealed the substantial conservation of the protein primary 
structures of the His biosynthetic enzymes of prokaryotic and lower eukaryotic origins 
CAlifano et al., 1996). This sequence conservation has also been verified with respect to 
the His biosynthetic pathway enzymes of higher plants (Nagai et al., 1991, Tada et al., 
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PRI102 
TATCAATGGAGGCTACGGCGGC~CATTCTCTTCAATTGTCTCTTCCAGACAAAACTTCTCTTCATCTTCTTCGATTCGC 

M E A T A A P F S S I V S S R Q N F S S S S S I R 

GCTTCTTCTCCGGCTTCTTTATTCCTCTCCCAGAAGAGTATTGGCAATGTTAATCGCAAATTCAAATCTCCCAGAAGCCT 
A S S p A S L F L S Q K S I G N V N R K F K S P R S L 

PRI122 ~ 
CTCCGTCCGCGCATCTTCTACCTCAGATTCTGTTGTGACTTTGCTTGAC'l'ACGGAGCTGGAAATGTTCGGAGCATCCGCA 

S V R A S S T S D S V V T L L D Y G A G N V R S I R 

ATGCTCTTCGTCATCTCGGCTTCAGCATCAAAGACGTTCAAACGCCGGG~GACATTCTGAATGCTGATCGACTCATATTT 
N A L R H L G F S I K D V Q T P G D I L N A D R L I F 

CCAGGCGTTGGGCCTTTTGCACCCGCCATGGATGTACTTAACAGAACT~~TGGCTGAAGCTTTGTGCAAATATATTGA 
p G V G P F A P A M D V L N R T G M A E A L C K Y I E 

GAATGACCGTCCATTTCTAGGCATATGTCTTGGTCTACAACTACTTTTC<;ATTCTAGTGAACAGAATGGACCAGTCAAAG 
N D R P F L G I C L G L Q L L F D S S E Q N G P V K 

GTCTTGGTGTGATACCGGGAATAGTTGGACGCTTTGATGCTTCAGCTGG~rATAA~TACCCCACATTGGCTGGAATGCT 
G L G V I P G I V G R F D A S A G I R V P H I G W N A 

TTGCAAGTTGGGAAGGATTCTGAAATTTTGGATGATGTTGGAAACCGTO~TGTCTATTTTGTTCATTCGTACAGGGCCAT 
L Q V G K D S E I L D D V G N R H V Y F V H S Y R A I 

TCCATCAGATGAAAATAAGGACTGGATTTCGTCTACCTGTAATTATGGTC~TCATTTATATCTTCCATAAGAAGGGGAA 
P S D E N K D W I S S T C N Y G E S F I S S I R R G 

ATGTGCATGCAGTTCAATTCCATCCTGAAAAGAGCGGGGAGGTGGGGCTTTCTGTTTTAAGAAGGTTCTTGCATCCAAAA 
N V H A V Q F H P E K S G E V G L S V L R R F L H P K 

TTACCTGCAACACAGAAGCCAATGGAAGGAAAGGCCTCAAAACTTGCAAAGAGGGTGATTGCTTGTCTTGATGTGAGGAC 
L P A T Q K P M E G ~ A S K L A K R V I A C L D V R T 

GAATGATAAAGGAGATCTCGTAGTTACTAAAGGGGATCAGTATGATGTGAGAGAGCAATCTAATGAAAACGAGGTTCGAA 
N D K G D L V V T K G D Q Y D V R E Q S N E N E V R 

ACCTTGGCAAACCTGTTGATTTGGCTGGGCAGTATTACAAAGATGGTGCAGATGAGATTAGCTTTTTAAACATAACTGGA 
N L G K P V D L A G Q Y Y K D G A D E I S F L N I T G 

TTCCGCGATTTTCCTCTAGGGGATTTGCCGATGATTCAGGTGTTGAGGCAGACATCAAAGAATGTCTTTGTACCACTAAC 
F R D F P L G D L P M I Q V L R Q T S K N V F V P L T 

TGTTGGAGGTGGTATTA~CTTTACAGATGCTAGTGGCAGGTACTATTCTAGCTTGGAAGTTGCTGCTGAGTATTTCA 
V G G G I R D F T D A S G R Y Y S S L E V A A E Y F 

GATCCGGTGCTGATAAGATGTCCATAGGAAGTGACGCTGTTTTTGCTGCAGAGGAGTTCATAAAATCAGGGGTGAAGACA 
R S G A D K M S I G S D A V F A A E E F I K S G V K T 

PRIS9t ..... 
GGAAAGAGTAGTTTAGAACAGATATCCAGAGTTTATGGAAATCAGGCAGTGGTTGTAAGTATTGATCCTCGTAGAGTTTA 

G K S S L E Q I S R V Y G N Q A V V V S I D P R R V Y 

TGTGAACCATCCGGATGATGTGCCATACAAAGTCATCAGAGTAACTAATCCAGGCCCAAATGGAGAAGAATATGCCTGGT 
V N H P D D V P Y K V I R V T N P G P N G E E Y A W 

ATCAGTGCACGGTCAGTGGAGGACAAGAAGGTCGACCTATTGGAGCATT!'GAGCTTGCGAAAGCGGTTGAAGAATTAGGT 
Y Q C T V S G G Q E G R P I G A F E L A K A V E E L G 

GCCGGTGAAATACTATTGAACTGCATAAACTGTGATGGTCAAGGGAAAGGATTCGACATAGACTTAGTAAAGCTCATCTC 
A G E I L L N C I N C D G Q G K G F D I D L V K L I S 

, PRI60 
AGATTCAGTAGGCATAC"&TGATCGCAAGCAGTGGAGCAGGTACTCCCGACCACTTTTCCGAGGTGTTTGAAGAAGACA 

D S V G I P V I A S S G A G T P D H F S E V F E E D 

AACGCATCTGCCGCGCTTGCTGCCGGCATTTTCCACCGGAAAGAGGGTACCAATCCCAATCTGTGAAAGAGCACTTACAA 
K R I C R A C C R B F P P E R G Y Q S Q S V K E H L Q 

GAGGAGCGCATAGAAGTCAGGATCTGAGAATTTTCTGGTCTGCGTGTTACCATAATTCATGACACATTCAACAAGATAGA 
EERIEVRI* 

~ PRI103 
ATCTTTACCTTCAATAAATTAAATTAAGTCGGAACCATCGGAGCTCCAATAGGTCTGAGTGAATCCTCTTATAGTTGATT 

1915 TCCTTTTGTTGACAGTAAGACTGATACAATTTATGGATTTCCCTTGAAAGT~GCAACGTATGTTCACTTAAAAAA 
19 95 AAAAAAAAAAA 
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Fig. 1. Nucleotide and predicted amino acid sequences of the Arabidopsis At-HF eDNA. 
Numbers shown left and right to the columns refer nucleotide and amino acid sequences, 
respectively. Asterisk indicates the stop codon. Primers used were indicated by arrows. Possible 
polyadenylation signal was underlined. The DDBJ accession numbers are AB00621 0 
(Arabidopsis At-HF eDNA) and AB016783 (Arabidopsis At-HF gene). 
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1994). In this Chapter, I describe a novel eDNA encoding a glutamine 

amidotransferase/cyclase, the At-HF from A. thaliana. A database search against the 

expression sequence tags (ESTs) using the HIS7 protein sequence hit an EST clone 

(186B 18T7) of A. thaliana The amino acid sequence encoded by this clone showed a 

high degree of similarity to the C-terminal portion of the bifunctional glutamine 

amidotransferase/cyclase (HIS7) from S. cerevisiae. An Arabidopsis eDNA library was 

then screened for a full length cyclase cDN A using a PCR-amplified 186B 18T7 sequence 

as a probe, and 4 positive clones out of 50,000 plaques were finally isolated. From the 

partial DNA sequencing, these four clones were identical except for different lengths at 

their 5' -ends (data not shown). The plasmid harboring 1the longest insert was designated 

pKF412. The eDNA insert of pKF412 is 2011-bp long and contains an ORF encoding a 

polypeptide of 593 amino acids with a molecular mass of 64,720 Da (Fig. 1). Analysis of 

the 5' -untranslated region of the Arabidopsis At-HF gene revealed an in-frame stop codon 

(TAG) at 84 nucleotides upstream the putative translation initiation codon (ATG) of the 

pKF412 insert, indicating that the ORF found in the pKF412encodes a full length 

transcript. 

Amino acid sequence comparison 

The amino acid sequence deduced from the At-HF eDNA was compared to those of 

microorganisms currently available on the GenBank/El\1BUDDBJ/SwissProt databases 

(Fig. 2). Sequence alignment indicated that the N -terminal domain encompassing 64-Val 

to 262-Leu and the C-terminal domain from 280-Leu to 555-Phe of the At-HF protein 

showed significant homology to the glutamine amidotransferase (HisH) and the cyclase 

(His F) from microorganisms, respectively (Fig. 2). 

In yeast S. cerevisiae, the glutamine amidotransferase (HisH) and the cyclase 

(His F) domains are located at the N -terminal half and C-terminal half of a single 

polypeptide encoded by HIS7, respectively (Kuenzler et al., 1993). 

Current results indicated that the glutamine anlidotransferase/cyclase activities 

resided in a single polypeptide encoded by a single gene in A. thaliana like that found in 

S. cerevisiae. On the contrary, in enterobacteria such as E. coli and S. typhimurium, the 

proteins are encoded by two independent cistrons in the same operon, hisH and hisF 
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Fig. 2. Alignment of the predicted amino acid sequences of Arabidopsis At-H F. 
S. cerevisiae HIS7 (accession No. X69815) (Kuenzler et al., 1993) and hisH, hisF gene 
products from E. coli (accession No. X 13462) (Carlomagno et al., 1988), Synechocystis sp. 
PCC6803 (accession No. D64004, D90912) (Kaneko et al., I 996) and M. jannaschii 
(accession No. U67493, U67500) (Bult et al., 1996). Conserved amino acid residues are shaded. 
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(Carlomagno et al., 1988). On the other hand, in archaebacteria such as M. vanielii and 

M. jannaschii (Beckler et al., 1986, Bult et al., 1996), and Synechocystis sp. PCC6803 

(Kaneko et al., 1996), the two genes scattered throughout the chromosome. These 

observations imply different evolutional processes or unique chromosomal gene 

organization processes of the glutamine amidotransferase/cyclase genes in these 

organisms, but the high sequence similarity and catalytic domains have been conserved 

(Fig. 2). 

Sequence comparison (Fig. 2) revealed an N-terminal extension of approximately 

60 amino acids of the At-HF protein exhibiting properties typical of chloroplast transit 

peptides, being rich in hydroxylated residues and a few negatively charged residues 

(von Heijne and Nishikawa, 1991 ). This is consistent with the previous findings that the 

proteins of the IGPD of Triticum aestivum (Tada et aJ., 1995) and the HDH of Bras sica 

oleracea (Nagai et al., 1993) were immunochemically detected in intact chloroplast 

fractions. 

Functional complementation of a S. cerevisiae his7 mutcmt with the At-HF eDNA of 

Arabidopsis 

In order to investigate whether or not the Arabidopsis eDNA cloned in pKF412 

actually encodes a bifunctional glutamine amidotransferase (HisH) and cyclase (HisF), 

we employed complementation analysis using a S. cerevisiae his7 mutant, of which the 

DNA region of HIS7 ORF has been replaced with S. cere~ isiae LEU2 gene (Fig. 3). This 

His auxotrophic mutant of S. cerevisiae (BY1006) is defective in both enzymatic activities 

of the glutamine amidotransferase and cyclase, and is this no longer able to grow on 

minimal plate without L-His (SC+Glu-Leu-His) (Fig. 4). Mutant strain BY1006 (his7) 

was transformed with either pKF416 (containing the S. cerevisiae HIS7 ORF), pKF433 

(bearing the At-HF ORF), pKF434 (harboring the At-HF ORF truncated its putative 

chloroplast transit peptide portion) or p YES2, and was cultivated on SC+Glu-U ra-Leu 

plates for 3 days at 30 °C. Strain BY1006 carrying either pKF433 or pKF434 was able to 

grow on the SC+Gal-Leu-His plates at the same level as that transformed with pKF416 

(Fig. 4 ). These results indicated that the A t-H F cDN A cloned in pKF412 encodes a 

functional glutamine amidotransferase/cyclase of Arabidopsis. 
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1 kb 

Xh Sa 

t.ih h 

\ !Homologous 
recombination 

Fi g. 3. Construction of the S. cerevisiae his7: :LEU2 null allele, BY I 006. 
Restriction enzyme sites : H; Hindiil , Sa; Sali, Xh; X hoi. Chr II indicates chromosome 2 . 

Since there was not significant difference in the growth between BY1006/pKF433 and 
BY1006/pKF434, it can be concluded that theN-terminal extension of the At-HF protein 
was not required for the enzymatic activities for glutamine amidotransferase/cyclase 
(Fig. 4). It is therefore possible that this N-terminal portion was in fact a chloroplast 

SC+Gai-Leu SC+Gai-Leu 
+1 mM L-His 

Fi g. 4. Suppression of the His auxotrophy in S. cerevisiae his7 mutant, BY 1006. 
Strain BYl 006 was transformed with either pKF416 (containing the S. cerevisiae H IS7 ORF), 
pKF433 (bearing the A. thaliana At-H F ORF), pKF434 (harboring the A. thaliana At-H F ORF 
truncated its putative chloroplast transit peptide region) or pYES2 and cultivated on 
SC+Gai-Leu plate in the presence or absence of 1 mM L-His . 
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transit peptide, as is found with other His bio ynthetic enzymes of higher plants (Nagai 
et al., 1991, Tad a et al. , 1994, El Malki et al, 1998, Chapter I; Fujimori and Ohta, 1998a, 
Chapter II; Fujimori et al., 1998b, Chapter IV). Further biochemical studies are needed 
to confirm the chloroplastic localization of the At-HF protein. 

Southern blot analysis 

Fig. 5 shows a genomic Southern blot analysis for the A t-H F gene of A rabidopsis. 

A rabid apsis genomic DNA was digested with the enzymes described below and 

hybridized with the [cx-nP]-labeled full length A t-HF cDN A. Digestion with the enzymes 

Smal or X hoi (no re triction sites in the At-HF eDNA) gave a single hybridization signal, 

whereas digestion with Bg/II, EcoRV or Hindiii (each of which contains a single 

restriction site in the eDNA) gave rise to two or more hybridization bands (Fig. 5). No 

(kb) 

23.1-

9.4-
6.6-
4.4- -

2.3-
2.0-

0.5-

Bg Ev H Sm Xh 

Fig. 5. Genomic Southern blot analysis. 
Total genomic DNA prepared from 2-week-old grown Arabidopsis seedlings was digested with 
everal restriction enzymes as indicated (Bg; Bglii, Ev; EcoRV, H; Hindiii, Sm; Smai and 

Xh; Xhol). Ten IJ.g of the digested DNA was separated on a 0.7% (wlv) agarose gel and 
hybridized with the 32P-Iabeled full-length At-HF eDNA under low stringency condition. 
Molecular size markers are shown on the left. 
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more additional signals were observed even after long exposure (data not shown). These 

results indicated that there was a single copy of the At-HF gene in the Arabidopsis 

genome. 

Expression of the At-HF gene in Arabidopsis 

To study the expression patterns of the At-HF gene, Northern blot analy is was 

performed with total RNA samples from various tissues using a [a-:nP]dCTP labeled full 

1 2 3 4 5 6 7 8 

.. 2.0-kb 

Fig. 6. Northern blot analysis of the At-HF gene expression. 
Total RNA (I 0 ~g) prepared from 1-week-old Arabidopsis (lane 1 ), roots from 2-week-old 
plants (lane 2), leaves from 2-week-old plants (lane 3), roots from 3-week-old plants (lane 4), 
leaves from 3-week-old plants (lane 5), roots from 4-week-old plants (lane 6), leaves from 
4-week-old plants (lane 7), inflorescence stems from 4-week-old plants (lane 8) was 
electrophoresed in a 2 .2 M formaldehyde-1.2% (wlv) agarose gel, and hybridized with the 
~ 2P- labeled full-length At-HF eDNA. Equal loading of RNA was confirmed by staining the gel 
with ethidium bromide before tranfer onto the membrane (data not shown). 

length A t-H F cDN A as a probe. The size of the hybridization signal of approximately 

2. 0-kb corresponds well to the transcript size predicted from the cDN A size (Fig. 6). The 

At-HF gene was expressed similarly in all tissues throughout development. A ubiquitous 

expression pattern was also noted for other His biosynthetic genes (Tada et al., 1994, 

El Malki et al, 1998, Chapter I; Fujimori and Ohta, 1998a, Chapter II; Fujimori et al., 

1998b, Chapter IV). These results indicated that there are no specific organs/tissues that 

produce His, but rather this atnino acid is synthesized and supplied throughout the plant. 

At least two plant His biosynthetic enzymes, IGPD (Tada et al., 1995) and HDH 

(Nagai et al., 1993), have been shown to be localized at chloroplasts. The His 

biosynthesis is an energy consuming process, where 41 ATP molecules are utilized for 
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the synthesis of each His molecule (Brenner and Ames, 1971 ). It is therefore 

advantageous for plants to compartmentalize the entire His biosynthetic pathway in 

chloroplasts. Intracellular localization of the At-HF toge1ther with other His biosynthetic 

pathway enzymes remains to be clarified through biochemical means. 
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Summary 

A eDNA encoding a glutamine amidotransferase and cyclase catalyzing the fifth- and 
sixth-steps of the histidine (His) biosynthetic pathway has been isolated from Arabidopsis 

thaliana. The N- and C-terminal domains of the primary structure deduced from a full
length Arabidopsis hisHF (At-HF) eDNA showed a significant homology to the 
glutamine amidotransferase and cyclase of microorganisms, respectively. Effective 
suppression of the His auxotroph of a Saccharomyces cerevisiae his7 mutant with the 
At-HF eDNA confirmed that the At-HF protein has the bifunctional glutamine 
amidotransferase (HisH) and cyclase (HisF) activities. 
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Chapter IV 

Characterization of Two Arabidopsis isoforms for A TP 

Phosphoribosyl Transferase Regulating the Histidine 

Biosynthesis 

Introduction 

Histidine (His) is one of the essential ammo acids for animal life, while it is 

de novo synthesized in microorganisms and plants CAlifano et al., 1996). Biochemistry 

and genetics of the His biosynthesis (Fig. 1) have been extensively studied in a number of 

microorganisms (Winkler, 1987, Alifano et al., 1996). In eubacteria such as Escherichia 

coli and Salmonella typhimurium, the complete nucleotide sequences of the genes 

involved in the His biosynthetic pathway have been determined, and it was shown that the 

ten enzymatic activities are encoded by eight genes organized in a single operon 

(Carlomagno et al., 1988). Moreover, the His biosynthetic genes have also been isolated 

from a variety of organisms including lower eukaryotes such as Saccharomyces cerevisiae, 

S chizosaccharomyces pombe, and Neurospora crass a (Alifano et al., 1996). The rate of 

the His biosynthesis in microorganisms is regulated by the attenuation control of the 

expression of the His operon (Kasai, 1974, Artz and Broach, 1975, Johnson et al., 1980, 

Blasi and Bruni, 1981 ). The regulation at the protein level is also involved in the fme

tuning of the pathway activity to reflect cellular metabolic status. The biochemical 

regulation of the His biosynthesis is solely achieved at the first step of the His 

biosynthetic pathway, which is catalyzed by ATP phosphoribosyl transferase (ATP-PRT; 

EC 2.4.2.17) through the feedback inhibition by L-His (Ames et al., 1961, Martin, 1963, 

Klungsoyr et al., 1968, Brenner and Ames, 1971). It has been well-established that 

cellular conditions including energy charge parameter regulate the activity of ATP-PRT, 

thereby controlling the rate of the His biosynthesis in the cells of E. coli (Klungsoyr et al., 

1968) and S. typhimurium (Morton and Parsons, 1977). In addition, it has also been 
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~ BBM II isomerase 

GAT 
---~ de novo purine 

Cyclase 
biosynthesis 
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~ HJ>A 

t:: 
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Fig. 1. Metabolic scheme of the histidine biosynthesis in microorganisms. 
Abbreviations : ATP-PRT; ATP phosphoribosyl transferase, PRA-PH; phosphoribosyl-ATP 
pyrophosphohydrolase, PRA-CH; phosphoribosyl-AMP cyclohydrolase, BBM II; N'-[(5'
phosphoribosyl)-formimino]-5-aminoimidazole-4-carboxamide ribonucleotide, GAT; 
glutamine amidotransferase, IGPD; imidazoleglycerolphosphate dehydratase, HPA; 
histidinolphosphate aminotransferase, HPP; histidinolphosphate phosphatase, HDH; histidinol 
dehydrogenase . 

reported that excess accumulation of His causes the repression of the His operon 

expression (Kasai, 1974, Artz and Broach, 1975, Johnson et al., 1980, Blasi and Bruni, 

1981 ). 

Studies on the His biosynthesis in higher plants can be traced back to 1971 when 

Wiater et al. detected the enzyme activities for ATP-PRT, irnidazoleglycerolphosphate 

dehydratase (IGPD~ EC 4. 2. 1. 19), and histidinolphosphate phosphatase (HPP~ 

EC 3. 1.3.15) in crude extracts from the shoots of barley, oat, and pea (Wiater et al., 
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1971). Nonetheless, purification and characterization of these plant enzymes remains 

difficult, and it was quite recently that the histidinol dehydrogenase (HDH; EC 1.1.1. 23) 

from cabbage (Nagai and Scheidegger, 1991) and the IGPD from wheat germ (Mano 

et al., 1993) were purified and the corresponding cDN.As have also been cloned (Nagai 

et al., 1991, Tada et al. , 1994). On the other hand, recent progress of molecular biology 

has considerably accelerated the elucidation of the plant His biosynthetic pathway. Thus, I 

have isolated and characterized other His biosynthetic genes from Arabidopsis including 

those for the bifunctional phosphoribosyl (PR)-ATP pyrophosphohydrolase 

(PRA-PH)/PR-AMP cyclohydrolase (PRA-CH) (in Chapter I; Fujimori and Ohta, 1998a), 

N '-[(5' -phosphoribosyl)-formirnino]-5-aminoirnidazole-4-carboxamide ribonucleotide 

(BBM II) isomerase (in Chapter II; Fu jimori et al., 1998b ), and the bifunctional glutamine 

arnidotransferase/cyclase (in Chapter III; Fujimori and Ohta, 1998c). In addition, a eDNA 

for histidinolphosphate aminotransferase was cloned from N icotiana tabacum by 

functional complementation of an E. coli hisC auxotroph (El Mall<i et al., 1998). These 

results suggested that the His biosynthetic route in plants is essentially the same as those 

operating in microorganisms, leaving ATP-PRT and histidinolphosphate phosphatase for 

further investigation. 

In this Chapter, I describe biochemical and molecular biological characterization of 

two isoforms for ATP-PRT (AtATP-PRT1 and AtATP-PRT2) from Arabidopsis. These 

two Arabidopsis ATP-PRT cDNAs were able to suppress the His auxotrophy of 

S. cerevisiae his] defective mutant, indicating that both are encoding active enzymes, 

respectively. Gene specific probes revealed that both transcripts in all the tissues 

examined, and protein-blot analyses with polyclona.l antibodies against recombinant 

AtATP-PRTl protein revealed ATP-PRT proteins were detected throughout development. 

The biochemical properties of the recombinantly expressed ATP-PRT proteins indicated 

that the His biosynthesis in plants is also metabolically regulated by L-His. 

Materials and methods 

Plant materials and microbial strains 

Seeds of A. thaliana ( ecotype Columbia; Lehle Seeds, Tucson, AZ, USA) were 

57 



surface-sterilized and cultivated as described in Chapter I (Fujimori and Ohta, 1998a). 

The E. coli and S. cerevisiae strains used in this work were listed in Table 1. 

E. coli JM109 was used as a host for the propagation and manipulation of plasmid DNAs. 

Table 1. Microbacteria! strains and plasmids used m this study 

Material 

E. coli 
JMIOO 

XU-Blue 

S.cerevisiae 
S288C 
SH782 
BY1001 

Plasmids 
pARS-13 
pAtA TP-PRT 1 
pAtA TP-PRT2 
pMA1 
pMA2 
pKF110 
pKF157 
pKF251 
pKF25 2 
pKF411 

Pro~rty 

recAJ endAJ gyrA96 thi hsdR/7 5Up£44re!AJ !J.(lac -proABY 
FrtraD36 pro4B lacfl lacZ LlM 1 5) 
hsdRJ7 endAJ sup£44 thi recAJ relA/ladF '(pro4B lac!J la c Z1Ml5:: Tn/0) 
gyrA 96 relA I la c[F proAB laclq ZAMJ 5 Tnl OJ 

MA Ta mal mel ga/2 
MATa ura3-52/eu2-3,1/2 
MA Ta uraJ-52/e u2 -3, 112 his I :: LEU2 

pCRil bearing A. thalian a AtATP-PRTJ fragment 
pB1uescript bearing A. thaliana AtA TP-PRTJ eDNA 
pBluescript bearing A. thaliana AtA TP-PRT2 eDNA 
pMAL-e2 bearing A. thaliana AtATP-PRTI coding region 
pMAL-c2 bearing A. thaliana ArATP-PRT2 coding region 
pYES2 bearingS. c erevisiae HIS/ coding region 
plasmid for disruption of S. cerevisiae HIS 1 gene 
pYES2 bearing A. thalianaAtATP-PRTJ coding region 
pYES2 bearingA . thalianaArATP-PRT2 coding region 
p81uescript bearing A. thaliana AtA TP-PRTJ gene 

a Department of Biotechnology, Osaka Univer5ity, Suita-shi, Osaka , Japan 

Reference or source 

Sambrook eta! . ( 1989) 

Strata gene 

Rose eta! . ( 1990) 
S. H arashimaa 
This work 

This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 

The media for E. coli and S. cerevisiae were as described previously (Sambrook et al., 

1989, Rose et al., 1990). 

Isolation of Arabidopsis A TP-PRT cDNAs 

In order to isolate the Arabidopsis ATP-PRT cDNAs, first of all, the DNA 

fragments were amplified by PCR using the primers, AR5 corresponding to the amino 

acid residues, Y-I-F-D-E-D-T which was determined from purified T. aestivum 

ATP-PRT (MUnzer et al., 1992) and SK derived from vector sequence (Table 2), and the 

bacteriophage A-ZAP II DNA bearing cDN As prepared from A. thaliana cDN A library (7-

day-old seedlings) (Mizutani et al., 1997) as the template. The resultant PCR products 

were cloned into pCRII vector (TA Cloning Kit; Invitrogen, San Diego, CA, USA) to 

obtain pAR5-13. 

To isolate the full-length Arabidopsis ATP-PRT cDNAs, an Arabidopsis eDNA 
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library (Mizutani et al., 1997) was screened by using insert DNA from pARS-13 labeling 

with [a-32P]dCTP (Amersham, Buckinghamshire, U"K) by the random priming method 

(Feinberg and Vogelstein, 1983). Prehybridization, hybridization and wash were 

performed as described in Chapter I (Fujimori and Ohta, 1998a). Twenty six out of 

6x 105 recombinant phages obtained through the twice plaque-purifications were 

converted to phagemids by in vivo excision method in accordance with the manufacturer's 

Table 2. Oligonucleotides used in this work 

AR5 5 '-GTCTCCTCGTCAAAT A TGfA -3' 
SK 5'-TCTAGAACTAGfGGATC-3' 
EF3 5 '-CGGGA TCCA TG\AGCGTGACCAGA TfCGTCTTG-3' 
ERXH 5 '-GCTCT AGAAGCTTCAGCA 1A TGCATCTTCC-3' 
AP 1 R 5 '-CAAGACGAATCTGGTCACGCTC-3' 
AP2F 5 '-CGGGATCCC<XJGAGCAGATTCGTCTT-3' 
AP2R 5 '-CGAAGCTTGAGAAGCAGCATCAAAGGCCG-3' 
AP21R 5'-CAAGACGAATCTGCTCCCGCCC-3 ' 
H 1 F 5 '-GGAA TfCGGATCCAGAAAAATGGATTTGGTGAACCATC-3' 
H 1 R 5 '-GA TCT NJACGTTCT ArCTT A TACPCGACAA TT AG3' 

instruction (Stratagene, La Jolla, CA, USA). The restriction enzyme analysis and the 

determination of partial DNA sequence indicated that these inserts were able to be 

classified to two groups. These two isoforms were designated as AtA TP-PRT 1 and 

AtATP-PRT2, respectively. 

Isolation of Arabidopsis ATP-PRT1 gene 

Approximately 5x 105 recombinant phages of Arabidopsis A.ZAPII genomic library 

(Stratagene) were screened using an insert DNA from pAtATP-PRT1 as a probe. The 

probe was made by the random priming method with [a-32P]dCTP (Feinberg and 

Vogelstein, 1983). Hybridization of replica filters, and wash were carried out as 

described in Chapter I (Fujimori and Ohta, 1998a). The screenings were continued until 

pure phages were obtained. 
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Determination of DNA sequences 

DNA sequences were determined from both strands by the dideoxy chain 

termination method (Sanger et al., 1977) by using an ABI PRISMlM Dye Terminator 

Cycle Sequencing Kit (Applied Biosystems, Foster city, CA, USA). DNA and amino 

acid sequences were analyzed using DNASIS Ver. 3.4 software (Hitachi Software 

Engineering Co., Yokohama, Japan). 

Isolation and analyses of nucleic acids 

Total genomic DNA ( 10 J..Lg) prepared from 2-weeks-old grown A rabidopsis 

seedlings as described (Sambrook et al., 1989) was digested with indicated restriction 

enzymes, separated electrophoretically on 0. 7o/o (w/v) agarose gel, and blotted onto a 

nylon membrane (Hybond N+; Amersham). Hybridization with indicated 32P-labeled 

probes was for 18 hr either at 42 oc (high stringency) or at 37 oc (low stringency) in the 

solution containing 50% (v/v) (high stringency) or 409:o (v/v) (low stringency) formamide, 

6x SSC, 5x Denhardt's solution, 0.5o/o (w/v) SDS and 100 J..Lg/ml denatured salmon 

sperm DNA (Sigma Chemical Co, St Louise, MO, USA). Blots were washed twice in 

2x SSC/0. 1 o/o (w/v) SDS at room temperature for 15 min and twice either in 

0. 2x SSC/0.1% (w/v) SDS at 55 oc for 10 min (high stringency) or in 0. 5x SSC/ 

0.1 o/o (w/v) SDS at 50 oc for 10 min (low stringency). 

Total RNA was extracted as described (Lagrimini et al., 1987). Gene-specific 

probes for both cDNAs of AtATP-PRT1 (+1 to +240) and AtATP-PRT2 (+1 to +247) 

were prepared by PCR using S K primer and gene-specific primers, AP 1 R for 

AtATP-PRT1 and AP21R for AtATP-PRT2 (Table 2), incorporating [a-32P]dCTP. 

Hybridization and wash were carried out described in Chapter I (Fujimori and Ohta, 

1998a). 

Construction of S. cerevisiae his 1 defective strain, and suppression by Arabidopsis 

ATP-PRT cDNAs 

S. cerevisiae strain disrupted HIS 1 gene was constructed as described in Chapter 

III (Fujimori and Ohta, 1998c). The coding region of S. cerevisiae HIS 1 gene was 

amplified by PCR using H 1F and H 1R as primers (Table 1) and S. cerevisiae strain 
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S288C genomic DNA as the template. PCR products digested with EcoRI were cloned 

into galactose-inducible expression vector, p YES2 (Invitrogen), yielding plasmid 

pKF110. The BamHI-X hoi fragment of S. cerevisiae LEU2 gene (Andreadis et al., 

1982) was replaced with Bglii-Sali fragment of pKF110 to obtain plasmid pKF157. 

S. cerevisiae strain SH782 was transformed with 3-kb BamHI-X hoi fragment from 

pKF 157 by the method of Ito et al. (1983). The resultant his 1 disruption strain was 

designated BY 1001. 

To construct the expression vectors for the yeast, S. cerevisiae, the coding regions 

truncated the putative chloroplast transit peptide of Arabidopsis AtATP-PRTJ or 

AtATP-PRT2 cDNAs were amplified by PCR using the sets of gene-specific primer 

(Table 2). The resultant PCR products double-digested with BamHI and Hindlll were 

cloned into the corresponding sites of p YES2 to obtain the pKF251 and pKF252 shown 

in Table 1. The S. cerevisiae his] defective mutant BY1001 was transformed with each of 

pKF251 or pKF252 (Ito et al., 1983). After 4 days of growth at 30 oc on the synthetic 

medium containing 2% (w/v) glucose (Glu) and amino acids mixture without leucine 

(Leu) and uracil (Ura) (SC/Glu-Leu-Ura) plate, the selected colonies were streaked on the 

SC/Gal-His-Leu -Ura to test the ability to suppress the His auxotrophy of strain BYlOOl. 

Strain BY1001 transformed with pKFllO was used for a positive control. 

Evolutional analysis 

For phylogenetic analysis, the multiple sequence alignment of ATP-PRTs using 

CLUSTAL W program (Thompson et al., 1994) was performed. A matrix of the 

estimated number of amino acid differences between sequence pairs was calculated by 

using the program, PROIDIST of the PHYLIP 3.5c software (Felsenstein, 1993). To 

estimate the confidence limits of branch points in the phylogenetic trees, the neighbor

joining (N-J) analysis was performed with the programs, SEQBOOT, NEIGHBOR, and 

CONSENSUS from the PHYLIP 3.5c package. 

Expression of recombinant Arabidopsis ATP-PRT proteins 

The coding region truncated putative chloroplast transit peptide of AtATP-PRTs 

were amplified by PCR using gene-specific primer sets, EF3 and ERXH for 
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AtATP-PRT1 and AP2F and AP2R for AtATP-PRT2 shown in Table 2. The resultant 

PCR products double-digested with BamHI and Hindiii were cloned into pMAL-c2 

vector (New England Biolabs, Beverly, MA, USA), resulting in pMAl and pMA2, 

respectively. The each expression plasmid was introduced into E. coli strain XLl-Blue 

for production of recombinant protein fused with maltose binding protein (MBP). Soluble 

crude extracts prepared in column buffer containing 20 mM Tris-Cl (pH 7. 5), 1 mM 

EDT A and 200 mM N aCl were applied onto the amylose resin column chromatography 

(New England Biolabs. ). The fusion proteins were eluted with column buffer containing 

10 mM maltose. The ATP-PRT proteins were separated from MBP after digestion with 

Factor Xa (New England Biolabs), and then maltose was removed by the hydroxylapatite 

column chromatography. ATP-PRT proteins separated from MBP were obtained by the 

second amylose resin column chromatography. The protein concentration was determined 

by the method of Bradford (1976), and the proteins were analyzed by SDS

polyacrylamide gel electrophoresis (PAGE) (Laemmli, 1970), followed by staining with 

coomassie brilliant blue (CBB). 

Antibody production and immunoblot analysis 

Purified recombinant protein of Arabidopsis AtATP-PRTl was injected 

intradermally with complete adjuvant into two rabbits. Boosts were carried out in 

incomplete adjuvant. 

Ct:Ude extracts prepared from Arabidopsis tissues were fractionated by SDS-PAGE, 

and electroblotted onto the polyvinylidene difluoride (PVDF) membrane (Immobilon P; 

Millipore Corp., Bedford, MA, USA). The membrane was incubated with 1:5000 

dilution of A rabidopsis ATP-PRTl polyclonal antibody for 1 hr. The immunoreactive 

proteins were detected using peroxisome-conjugated goat anti-rabbit IgG (BioRad, 

Hercules, CA, USA) and the ECL Western analysis system (Amersham). 

Assay for ATP-PRT activity 

Enzymatic activity for ATP-PRT was assayed by the method of Martin ( 1963). The 

reaction mixture contained 111.1 mM Tris-Cl (pH 8.5), 22.2 mM MgC12 , 83.3 mM KCl, 

5. 6 mM ATP, 1 mM dithiothreitol (DTT), 0. 56 lltlvt phosphoribosyl pyrophosphate 
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(PRPP) and enzyme in a final volume of 360 J .. tl. After preincubation at 30 oc for 5 min, 

the reaction was started by adding of PRPP, and then monitored at 30 oc for 2 min at 

290 nm. One unit of activity is defined as a change in absorbance of 0. 02 per min which 

corresponds to the transformation of 1. 67 nmol of substrate per min and is equivalent to 

10.4 units (Voll et al., 1967). 

Results 

Isolation of Arabidopsis ATP-PRT cDNAs 

I have isolated the full-length cDN As encoding ATP-PRT from A. thaliana. Firstly, 

cDN A fragments encoding ATP-PRT were amplified using AR5 and SK as primers 

(Table 2) and an Arabidopsis eDNA library constructed in A.ZAPII vector as the template. 

The resultant PCR products were directly cloned into the T A cloning vector, pCRII to 

obtain pAR5-13. Using the insert from pAR5-13 as a screening probe, an Arabidopsis 

eDNA library (6x 105 plaques) was screened, and 26 positive plaques were identified. 

From the partial DNA sequencing and the restriction enzyme analysis, these were 

classified to two groups, namely AtATP-PRTJ (4 clones) and AtATP-PRT2 (22 clones). 

The longest inserts from pAtATP-PRT1 or pAtATP-PRT2 had a length of 1485-bp or 

1535-bp, respectively (Figs. 2a, b). Both inserts from pAtATP-PRT1 and pAtATP-PRT2 

contained the long ORFs consisting of 411 and 413 amino acids, calculated molecular 

mass of 44. 6-kDa and 44. 8-kDa, respectively. In the 3' -noncoding region, one typical 

polyadenylation signal, AAT AAA was found 24-bp upstream the polyadenylation tail in 

AtATP-PRTJ eDNA (Wahle and Keller, 1992). On the other hand, no putative 

polyadenylation signal could not be found in AtATP-PRT2 eDNA. Previous work was 

demonstrated that the polyadenylation signals in higher plants are not as highly conserved 

or precise as those found in vertebrate (Rothnie et al., 1994). 

Characterization of Arabidopsis A TP-PRT genes 

The AtATP-PRTJ gene was isolated by the plaque hybridization. While the 

database search provided an Arabidopsis genomic clone (F21M12, GenBank Accession 

No. AC000132, Vysotskaia et al., unpublished) containing AtATP-PRT2 gene. Sequence 
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a -318 

-218 

-118 

- 18 

83 

183 

283 

383 

483 

583 

683 

783 

883 

983 

1083 

1183 

1283 

1383 

1483 

1583 

1683 

1783 

1883 

1983 

2083 

2183 

2283 

2383 

2483 

2583 

2683 

2783 

2883 

2983 

ccacac t tg t ace at tcga t ccacaccgt cca~ t t catlett caaa tgt t gca t aaatcc t acaa:cac t teet t t t t t etc a at t 1 t taa t tc t ttct t nur 
tcacg t t tt 1 t c tcalaaaga t ta:ac t aaaat aagaaaq;JccaccacaaaJaaaaa~aaaaaa<uca tggatcaggcg t taag tgl t a~ a at ggcat ca 

agaa tc t a1 tag tcagaa t c tgcct c t cccagJg t gaaagt g tgt t gtg t c t 1 at leg t 1 at at a~ t t cc t tetccgglc taaaagaaaccc t t tcac tc 
""'T'ATA"" 

t cgaaaag:cacacaacaA TGTClCTCCTTClCCCT ACGM TTT ACAJCAA TACCCTTCTTCTTCX:TCC TTCCX:A TCTTCMCACCT A lCCTA TCTCX:GC 
II S L L L P T N L 0 0 Y P S S S S F P S S T P I L S P 27 

CTCCTTCCACCGCTTTCTCCGTCATCGT ACClCGTCGGAG\ TGTCTCIGA TTGGTT ICTTCTTGlGTC TCCACX:GTTCAAJ!GCTCCGTffiCAACAAICGG 
P P S T A F S V I V P A A A C L A L V T S C V S T V 0 S S V A T N G 60 
TTCCTCTa:AGCTCClGCTCCGOO:GCTGTTGrCGTTGACX:GTGACCIGA TTCGTCTTGGTCTTCX:TAGT AAJGGACGT A lGGCTGCT(}. TGCAA TffiAT 

S S P A P A P A A V V V E A D 0 I A L G L P S K G A II A A D A I D 93 
CTTCTCAIGgtc t gaga t 1 t aacat t gcga t tg t t a at c tcaga t t t a1 1 tg t t tag: t tcac tcagc t tgt at t t agt tct t agagaetgagaaatgt t 
L L K 

tgtcat tgagat t t tgatagagaclgat t latgat t t t tat at tagctctctctgt ttctgtgl tcgtcat tete It lcactatataatt tgal tatt tg 

tgat t t tgaaaact tea a a tgggttc t acagac tgc t t att t tact a tact t tgt t ttgt tgtgcl t t tagtgt t aagt t ttggt taatt agt tgg~ca 

ag t t gggat c t t t a act gat at aa~ t tgg t t tga t t t gaat cc t aggca tgt gaagtgt lg t t tg:gt t tgalga tcgc t tt c t tgaa tag t tgcca~ag 

ct teat 1 tgaactct tt taclcactgacatgtt t t t t tca:t tact t ttgagtgaattgt tatctcatggct tgat t tgact t t tctcat t tgtggtt tc 

t t t tat ga~gGACTGlCAACTGTTTGTT AAACAAGTCAA lCCT AGGCM TA TGTTGCACAGA TTCX:CCAGg tat cg t t t ccaagcgaa tt caaaacca t a 
D C 0 L F V K 0 V N P A 0 Y V A 0 I P 0 116 

gtgtgt t ttgtggt t ttgtgt accatgac t tatgt tggtat t t t tgtatgtcct tc<QTTACCAMCACTGAIGTCTGGmCAACGGa:AAAAGATATT 
L P N T E V W F D A P K D I 130 

GTCAGAAIGTT ACTClCAGGAGA TTTGGA TCTAGGT A TCGrTGGTCTlGACACACTTAGTGAA TATGGTCAGgt aag t ga tga t cat a a~ a at at t ct t t 
V A K L L S G D L D L G I V G L D T L S E Y G 0 154 

tgaagagct t tgatatcatgt tc<Qgatgctrnaat tagcagtggtgat t t t tat cat tatcat tatgctgga~ccagt t tact t t tattctctcatcat 

tagtatga:atat tgttgct t tag:gtatagtgt t taaaat t taaagtt tccct t tgat tgtctctgataaga:ccct tgcatcataatt tagatgtt tg 

a at t t tctt tc t agGMAATGAAG\TCTTATCATTGTCCATGAAGCTCTCAACTTTffiAGACTGlCACCTGTCTATTGCGgt at get t taatctat tgtg 
E N E D L I I V H E A L N F G D C H L S I A 176 

gt t aaggtcc tcaggtca t t accgt ggatggtt t tctga ttgt atctcaaa tggtcacagATTCCAAACTATffiGATATTlGAGAATATAAATTCTCTGA 
I P N Y G I F E N I N S L 189 

AGGAGCT IGCGCAAA lGCCCCAA 1GGAGTGAIGAGAGACCX:TT ACGCTT AGCT ACTffiCTTCACTT AT g tat g~ t gag t t acaga t t c tt c t t t gg tgcg 
K E L A 0 II P 0 W S E E A P L A L A T G F T Y 212 
c t g t t g t cat c t a at tt c t c t cagagt cca t tt cgc t t ca~ca t a at at t t gggaa tga t t caact gg t t t t tgcagCTCffiCCCCAAATTT ATGAMGA 

L G P K F II K E 220 
MA TGGCATAAAGCATGrGGTGTmCAACTGCAGACGGACX:ACTGGAffiCAGCTCCIGCGg t gaga t t t t caacgaaaagct t aaca t tt ggca t t a~g 

N G I K H V V F S T A D G A L E A A P A 240 
ttgc t tgtat tc t t t tct aaaaaca~g tgt t aa~c tga ta tgc tctgtgJaggat a a tgt tgtcag: t tgt agtgtcctgatt teat a lett actgtg:c 

t t accagcat a at c t g tt gac t ca tat g t gc t tg t t a at t <QA TGGGGAT AGCTGA TCX:CA TTTTffiA TCTTGlGAGT AGTffiTA T AACICTCAAAGIGA 
II G I A D A I L D L V S S G I T L K E 2i9 

ICAACTTGMAGAAATlGAAGGAGGTGTTGTGCTGGAAAOO:AGgtgatgtgaagt tct tggatcca tgaac tgtc tgt t t<Qaa tctgttggcggccaT 
N N L K E I E G G V V L E S 0 274 
cat tee tga~ca t t t t tt t t t tct ttgt a at t tcagGCGGCACTTGTGa:AAGTAGAIGAGCA TTMACGAGACMAAGGGa:ACTAAACACAGTACICG 

A A L V A S A A A L N E A K G A L N T V H 295 
IGA TTCTT(}.GAGA TTffiAGGCCCATCT AAAGa:GGA TGGa:AA TTCACT g t acgcact t gg t t cca t gat g t gt t t t cc t tat t caeca: t t t cgc t t t 
E I L E A L E A H L K A D G 0 F T 312 
ct t t t c t c taa t a at t teat t t cag:JTTGTTGCAAACA TGIGAGGAAA TAGTGCTCAffiAAGTGGCTGAGCGTGrGCTGAOO:AACCA TCA TTGTCAffiA 

V V A N II A G N S A 0 E V A E A V L S 0 P S L S G 337 
TTGCAGg t a~ t g t t t C<Qaa t g t ggJag t t c t taagcc t t <QC t t t t tag t t c t tgc tga t t g t t tat ggggtet at aaca<ucagGGACX:GACAA TMG 

L 0 G P T I S 344 
CX:CAGTGT ICTGT ACACAAAA TGGMAAGT A TffiGTTGACTACT A TGCCA TCGTGA mGTGT ACCAAAAAAGa:CCT AT AffiACTCTGlGAAGCAACTT 

PVYCTONGKVSVDYYAI V ICVPKKALYDSVKOL J77 
IGAGCGgt tag t a at ca: t gee at t tc t c t c t tag t a a tea: tgcca t tt t t t t c t Cal t t a tc t tact cccaa:cga tc t tt aaaac t tat tga t cct c 
A A ~9 

tt tctact tt tgcacca~ccacgt tccacataa~tctgtgtt tatcgt tccctct t t tggt t tggtcat t t tcataaatgt tat tgcaga:CGGAGGCAG 
A G G S Jl3 

1GGGGT A TTAGTTTCACX:TTTGACCT ACA TTmGA TGAGCA TACTCCMGA TGGGGlCAGCTCClGAGAAACCTCGGGA m AAa t gc tt t gg t a a rna 
G V L V S P L T Y I F D E D T P A W G 0 L L A N L G I • 411 

<Qatgcatatgctgaacaagt t t ta~gaagactct t tggtgtaaatctetgagt t t t tt tggtacct t tgcgtgtctct t t tt t t t t t t tel t tccctt t 

tc tgc t gcagt cg t cgtcc tccgtg: t g t t gt a~ t t t t t aca t c t c t t tt c t g tat w t cc tat tcg t t g t t gt t a at cccg t t ggaacaa t aaaaaca 

3083 agcct t t tft t a at aatacatct t tgcagaactca t t tgt taat agt t ate act t gt tgt tctgtgt t t t tgctaacctggcgggggt t ttggt tcc<ua 

3183 a~ccaat ta: t t t tgctcacacggg: tcggtgttgcgagt tacc tgtc~ 

X bat 

Fig. 2. Nucleotide and amino acid sequences of the A rabidopsis AtATP-PRT genes and their 
proteins. 
a. AtATP-PRT I gene, b. AtA TP-PRT2 gene. The deduced amino acid sequence is presented in 
single-letter. A putative polyadenylation signal is shown double-underlined. Vertical arrow 
indicates the polyadenylation site. Asterisk indicates the stop codon. Introns are shown in small 
letters. Putative TATA box and CCAAT box are shown underlined and indicated. Numbers 
shown left and right to the columns refer nucleotide and amino acid sequences, respectively. 
Nucleotide number refers to the A (+I) of the fir t ATG in the open reading frame. 

64 



b -318 

-218 

-118 

-18 

83 

183 

283 

383 

483 

583 

683 

783 

883 

983 

1083 

1183 

1283 

1383 

1483 

1583 

1683 

1783 

1883 

1983 

2083 

2183 

2283 

2383 

2483 

2583 

2683 

2783 

2883 

2993 

3093 

3193 

3293 

3393 

3493 

3593 

g tcaacaca t tg tgga tc tg t age tgc tc tc t tgaagcaaa tcaagaag t aacaacaa t aagcaaa~jgac taa tccc tc t a a ace tgc t agaggca tcag 

aagagactacaaagcaaat t tctct t tctgte tgtataaa tat taaatagcaaa taaaaaaeatet t tgagtgtaa taaa taat tceggcta t tat t t t t 

taat taaat t tgaaat t tgtgagtateeaegtgtaeaetgggatat t ~aeggcetagct t tgt~)Caat~tccgcegaceatetetetceteegt 

caecgagmagagcaaeeATGCCAA TCTCAA ITCCCCIT AACGCCACTCT ACAA T ACTCGTCTCCHCITCTTCITCITCITCITCITCTCTCGT ACffi 
II P I S I P L N A T L 0 Y S S P S S S S S S S S L V P 27 

CITCCCClCITITCTCTCCGA ITCCITCAACCACTGIDCCCIT ACCC':IJAA ITCGCCAGCGA TGCClrCAOO. TGGTCACITCITGCGTCTCCAACGCTCA 
SSPLFSP I PSTTVSLTG I RORCLRIIVTSCVSNAO 60 
GAAA TCCG'"CCTGAA TGGTGCCACCGA ITCCGTCTCTGTCGTCGGGCGGGAGCAGA ITCGTCTTGGlCTTa:T AGCAAAGGACGCATGGCCGCCGA ITCG 

K S V L N G A T D S V S V V G R E 0 I R L G L P S K G R II A A D S 93 
CTGGATCTTCTCAAGgtgagtgt t t tggggagtggt tgtgt t tccct taeaaaat tgaggat tgtgctgacaaat t tecatggagat t tggagt t t t t t t 

L D L L K 98 
tgtatetg:~gt tgccgaaact tgaat t tgt tetgggaat tgctcetcacaatgc tegceat t t t tiX)Cactggagtctcct t taat teteagt t tateac 

tggagata3tcgtagat taetgggatataaaatatcactggagaagatatagtagggagctatact ll aetcaaggactagtct t tct tatat t tgagcta 

t tgaetclgt t t tgaagcetaaatat !gat tgctgagct tgcacatcgctcect tggggaagt taiX)tat ttgagtgt tctaetgt tgtggt t t tgtete 

tgt t tgatggtctet tgct tatagateacat tctcet tgt t tgct t tct tgggt t t t tgcaaggt t It eat tt t t tgatcct t tgat t tct taaa tgat t t 

t tcactctcagtatetet tagcaacgcatgat t t tcaatctcatagatcct tacaactct t t tact 11 teea:t t tcteatgaagGAITGCCAAITGTTTG 
D C 0 L F 103 

TCAAACMJTCAATCCACGACAATATGTTGCTCAAAITCCTCAGgtatgcat t tagagagaaggcaaacg<gtat tgact tactaatctateat tgt t tg 
V K 0 V N P R 0 Y V A 0 I P 0 118 
t t tggtgtaacgcaat t tgtaatggtaatetcaatct tct tgteetecagiTACCAAATACTGAAGTITGG'"TTCAACGACCAAAAGACATTGTCAGAAA 

L P N T E II W F 0 R P K D I V R K 1 35 
GTTGCTAlCAGGAGA TCTGGA TCTAGGCATCGTTGGTCTTGACATAGTTGGTGAA mGGTCAGg t aaa tg:~ea teat a a teat at a tc t t gat tagcag 

L L S G D L D L G I V G L 0 I V G E F G 0 156 
acacctgttgagat tctagggtatet tagtgctggtgcctggtgct taatgat tataetgat t t tcatggtagagacaaagaaaegagtctaatet tgt t 

at t tgt tct tctgcggt t t teet tgaeat tgctaaaccatactgt t tgcgt tagct ta tatgaet tagacttgtct tcegaaooceat t tggcatcaaaa 

t t t agagat t t cgag t t eta t t t t caif:/3AAA TGAAGA TCIT ATCA ITGTCCACGAAGCTCTCAAC1mOO.GA ITGTCATCTCTCCCTTGCCg t acg t t 
G N E 0 L I I V H E A L N F G D C H L S L A 178 

caaatetat tgtagt tgtooct tatcatcaataeagatgaet tct tgat tgctet t t tcatatgat 11 tcag\TACCCAAITATC':IJAATAIDGAGAATAT 
I P N Y G I F E N I 188 

AAAATCTCfGAAGGAGCTAGCACAAATGCCTCAATGGACCGAC':IJAAAGACCffiACGAGTTGCTACAGGATTCACITATgtatgatgagt tacaagtgtT 
K S L K E L A 0 II P 0 W T E E R P L R V A T G F T Y 214 

eet t tooctcat tat tgtet t t taatct t t t tccggaatgcaat t taat tgt t t tgaagt t tateeaact 1\)tgt t tgcagCTAGGCCCCAAAffiATGA 
L G P K F II 2W 

AAGACAAcr;:;r AT AAAGCA TGTGACIDCTCAACTGCAGA TGGAGCCCT AGAGGCAGCGCCTGCGg 'I gagat t t acaa t g t t t t caaa t cagcce t aga t 
K D N G I K H V T F S T A D G A L E A A P A 242 
t tcgaactatgcacect tat tagactaccaagt t tccat taggat taaaaaagct tggaat t tgta 'lgaaatgt tgagtacat t tagatat t t t tacaag 

agagt tatcggat tct tete t tatct t t tcagagt tat tct tgctgata tgagat taacgt tecaaat tglgaaagtat t t tgctat tatgteceatcag 

egtgaga 1\)atggat tatagt tatagagaaagaaactaetgt tgtgtgcagtgt t tgt tgacacatatgctct tgt taat tagATGGGGATAGCTGATGC 
II G I A D A 248 

CA niT AC11CCITGTGAGCAGTGGGACAACCCTT AAAGAGAACAACTT AAAAGAAA ITGAAGGAGGGGTTG'"GCTC':IJAAAGTCAGg t a tgaca tgaaga t 
I L D L V S S G T T L K E N N L K E I E G G V V L E S 0 276 

ct t tggaat tgat tat t t t t tcgcaet tggcaaecggtgtaccaat t t t t t t ttett t t taegtac'late~GCACTAGTGGCGAGTAGAAGGGCAT 
A A L V A S R R A 285 

TGACTGAC11GAAAAGGAGCACTAGAAACAGTGCATGAGA ITCTCGAGAGATT AGAGGCTCA ffiGAAGGCMA TGGTCAA ITCACT g t acg tgca tat t a 
L T E R K G A L E T V H E I L E R L E A H L K A N G 0 F T 314 
at tgtgalgt t tcaeet tat t tctact t t tgc t t tct t teatecgatgt t t tcactccagGTGGTTGCAAA:ATGAGAC':IJAACGGATGCTGAAGAAGTGG 

V V A N lol R G T D A E E V 327 
CTGAACGlGTGAAAACCCAACCATCACTATCAGGAITGCAGgtaaagt t tgataacat t tggatatct t tcgatgtagt tccaetgagt t tgtaggtgat 
A E R V K T 0 P S L S G L 0 ~1 
cg t t eaga::ga t t g t gc t tat t t t g t gat g t gcag:;.:;ACCAACAA T AAGTCCAGTTT A TTGT AAACGAGA lGGAAAAGT AACAA ITGAGT ACT A TGCCAT 

G P T I S P V Y C K A D G K V T I E Y Y A I ~3 
TGTGATAlGTGTACCAAAAAAAGCGCffiATGAGTCTGTGCAGCAACTGAGAGCGgt tagtaatga'latccacct t tgct tecacc tccccct t t tactc 

V I C V P K K A L Y E S V 0 0 L R A ~1 
taagat tgtcat tat t taagggat t tacaaatacatggcaaaceacat tgt t t t tggtactgagatcagtct t t tgteteaaatctcggatgtgt !etta 

agtaatglgtcacatgtgattgcagGTGGGAC':IJAAGTGGGGTACTAGTTTCTCCTGTAACATACArmT().TGAGGAGACTCCCAGATGGAGTCAGCTT 
V G G S G V L V S P V T Y I F H E E T P R W S 0 L W6 

CTGAGT~CTCGGCCIDGAtgctgct tctcagacatact t tggt t tagtcagatgcat tcgt tiX)agga3ctct t t tggtcaaacactacaatgtct t 
L S N L G L • 412 

tct t t t t tgggt t t tate! t tgtggatet tatagtagaaaaaacagaggt tgtetct t t taagcct 'It tacgtccatctatgccat t tcagt t t t tcagg 

agtcaaca::t t t taaaaaccaat t t tatcaaagcat tegr;gaaggaggtcaaaacat tccaaatgaaata::tcgaaat tgatccgcccgtacatcacta 

t t tccagttcat tggat tcagtaacteaggagtgatggtgtaacacataagaactcagtatctetatctattcagctaa teagct tctgaacaaaaacca 

a tat tgglgactcctcgcccat tgt tgcggaaatgaagtaaat tcacgtat tcatggaaactcatatetga::aciXlQCaaga tacagaecagatgcagga 

~ 
Ncol 
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EcoRI 

EcoNI rt-9 
·---------t(bJt 

AtATP-PRT1 gene 

A tA TP-PRT2 gene 

Fig . 3 . Structure for A rabidopsis AtA TP-PRT genes . 
Shaded, solid and open boxes indicate putative chloroplast transit peptide, open reading fram e 
(mature region), and 3 ' -noncoding region, respectively. 

AtATP-PRT1 AtATP-PRT2 

E p s E p s E p C" ,) E p s 
(kb) 

23.1 

9.4 - 6.6 

4.4 

2.3 
2.0 

0.6 

High Low Low High 

Fig. 4. Genomic Southern blot hybridization analysis. 
Each of both A. thaliana AtATP-PRTJ and AtATP-PRT2 was hybridized to restricted 
A. thaliana genomic DNA, under low- or high-stringency condition 
(see Materials and m ethods). The restriction enzymes used are indicated at the top of the figure , 
E; EcoRl, P; Pstl and S; Sail. The molecu Jar size marker is shown at the right ide. High and 
Low indicate high and low stringency conditions, respectively. 
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analysis has demonstrated that both genes consist of 11 exons and 10 introns, and all of 

the introns follows the "G U -AG rule" for the exon-intron junctions (Breathnach and 

Chambon, 1981) (Figs. 2a, b). Although the nucleotide sequences of 5'- and 3'

untranslated regions and introns were divergent, the intron positions of both genes were 

completely conserved with different intron lengths (Figs. 2a, b, and 3). Southern 

hybridization analyses were performed using each of full-length cDN As as probes under 

both low- or high-stringency conditions (Fig. 4). Arabidopsis genomic DNA digested 

with each of S all (no restriction site in both cDN As), EcoRI (one restriction site in 

AtATP-PRT2 eDNA) or Pstl (two restriction sites in AtATP-PRTJ eDNA and one 

restriction site in AtATP-PRT2 eDNA), and subjected to Southern blot hybridization 

analysis. Under high-stringency condition, simple patterns of bands using each of both 

probes were detected which accounted for most of the bands identified under low

stringency conditions. In addition, the results from low-stringency conditions were 

suspected that no more isoforms exist in Arabidopsis genome. 

Functional expression of Arabidopsis ATP-PRT cDNAs in S. cerevisiae his 1 defective 

mutant 

To gain the evidence that two A rabidopsis isoforms exactly have the ATP-PRT 

activity, I employed the functional expression study using the S. cerevisiae his] defective 

mutant. At first, I constructed the S. cerevisiae strain defective in the activity for 

ATP-PRT encoded by HIS 1 gene (Fig. Sa). S. cerevisiae HIS 1 gene was replaced with 

S. cerevisiae LEU2 gene. The resultant strain, BYlOOl was unable to grow on the 

SC/Glu-His plate (Fig. 5b). Fig. 5b showed that the plasmids, pKF251 (harboring 

A tATP-PRT 1 coding region truncated the putative chloroplast transit sequence) and 

pKF252 (containing A tATP-PRT2 coding region truncated the putative chloroplast transit 

sequence) were able to suppress the His auxotrophy in a S. cerevisiae his] defective 

mutant BY1001 same as pKF110 (carrying S. cerevisiae HISJ coding region) as a 

positive control. It revealed that both Arabidopsis cDNAs encode the active ATP-PRT 

enzymes. In addition, amino-terminal extension of both proteins was not required for the 

enzyme activities. 
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a 

b 

Xh 
I 

Sa 

-~----~..,,l1EU2 

0.5 kb 

(-) ( + ) 
L-His 

Fig. 5. Complementation of a S. cerevisiae his] nu II mutant, BY1 00 I with the A. thaliana 
AtATP-PRT cDNAs. 
a. Construction of hisl ::LEU2 null allele. Restriction enzyme sites are designated B; BamHI, 
Bg; Bglii, Sa; Sail, X; Xhol. Chr.V means chromosome 5. b. Growth of S. cerevisiae his] 
defective mutant, BYI 00 I . Strain BY1 001 transformed with each of expression plasm ids, 
pYES2 (empty plasmid), pKFI 10 (carrying S. cerevisiae HIS/ coding region), pKF251 
(harboring AtATP-PRTJ coding region truncated the putative ch loroplast transit sequence) or 
pKF252 (containing A tATP-PRT2 coding region truncated the putative chloroplast transit 
sequence) were cultivated on minimal-galactose plate supplemented with amino acids mixture 
without L-His, Leu and Ura (SC/Gai-His-Leu-Ura) at 30 °C for 3 days. 

Comparison of amino acid sequences and phylogenetic analysis 

The primary structures of putative mature AtATP-PRT1 and AtATP-PRT2 

compared with those of S. cerevLswe HIS 1 (Hinnebusch and Fink, 1983), 

C. albicans HIS 1 (Pla et al., 1995), E. coli hisG (Carlomagno et al., 1988), 

Synechocystis sp. PCC6803 hisG (Kaneko et al., 1996) and M. jannaschii hisG (Bult 

68 



A.t ATP-PRT1 
A.t ATP-PRT2 
T.g ATP-PRT 
S . c HIS1 
C. a HIS1 

1 MSLLLPTNLQQYPSSSSFPSSTPILSPPPST~~SVIVPRRRCLRLVTSCVSTVQSSVATNGSSPAPAPAAJ 
1 MPISIPLNATLQYSSPSSSSSSSSLVPSSPLFSPIPST1VSLTGIRQRCLRMVTSCVSNAQKSVLNGATDSVS-----
1 MSIANTILQNSPSCLVPSFSLLSPTPS~,VSSKGIRPRCLRPVTSCVSYARTSVQNGATDAVP-----
1 MD 
1 MD 

E.c hisG 
M. j hisG 
S.y hisG 

A.t ATP-PRT1 74 
A.t ATP- PRT2 76 
T.g ATP-PRT 66 
S.c HIS1 5 
C.a HIS1 5 
E.c hisG 1 
M.j hisG 1 
S.y hisG 1 

A.t ATP-PRT1 150 
A.t ATP-PRT2 152 
T.g ATP-PRT 142 
S.c HIS1 81 
C.a HIS1 81 
E.c hisG 77 
M.j hisG 72 
S.y hisG 75 

A.t ATP-PRT1 
A. t ATP-PRT2 
T .g ATP-PRT 
S.c HISl 
C. a HIS1 
E. c hisG 
M.j hisG 
S . y hisG 

225 
227 
217 
140 
142 
144 
133 
134 

A.t ATP-PRT1 300 
A.t ATP-PRT2 302 
T.g ATP-PRT 292 
S.c HIS1 214 
C.a HIS1 210 
E.c hisG 215 
M. j hisG 205 
S.y hisG 206 

A.t ATP-PRT1 380 
A.t ATP-PRT2 382 
T .g ATP-PRT 372 
S.c HIS1 281 
C.a HIS1 282 
E.c hisG 283 
M.j hisG 273 

Fig. 6. Alignment of A TP-PRT protein sequences. 
The amino acid sequences of Arabidopsis AtATP-PRTl (At ATP-PRTl) and AtATP-PRT2 
(At ATP-PRT2) deduced from the corresponding eDNA sequences are aligned with those of 
T. goesingense ATP-PRT; T.g ATP-PRT (Yan et al., GenBank Accession No. AF00334 7), 
S. cerevisiae HIS 1; S.c HIS 1 (Hinnebusch and Fink, 1983, Ace. No. JO 1329), Candida 
albicans HIS 1; C. a HIS I (Pia et al., 1995, Ace. No. X83871 ), E. coli hisG; E.c hisG 
(Carlomagno et al., Ace. No. V00284), M.jannaschii hisG; M.j hisG (Bult et al., 1996, Ace. No. 
067562), and Synechocystis sp. PCC6803; S.y hisG (Kaneko et al., 1996, Ace. No. D64006). 
Dashes indicate gaps introduced to allow for optimal alignment of the sequences. Conserved 
amino acid residues show shaded. Single-letter codes for amino acid residues are used and 
asterisks indicate termination codons for translation. 
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et al., 1996). Recently, eDNA encoding ATP-PRT from Thlaspi goesingense was 

isolated (Yan et al., unpublished). Amino acid identities among higher plants showed 

extremely high. Interestingly, the identity between A rahidopsis AtATP-PRT2 and 

T. goesingense ATP-PRT (81.6 o/o) was higher than that between Arabidopsis 

AtATP-PRTl and AtATP-PRT2 (74.6 o/o). On the other hands, the identities between 

higher plants and microorganisms were not so high, although several conserved regions 

were observed in all organisms (Fig. 6). Additionally, the amino-terminal approximately 

-

1.---- Candida albicans 

I ..._ ____ Saccharomyces cerevisiae 

t----------- Escherichia coli 

rl...--------- Me than ocoee us jannaschii 

------------ Synechocystis sp. PCC6803 

- Thlaspi goesingense 

]Fungi 

] Bacteria 

r- Arabidopsis rhaliana ATP- PRT I Plant 

._ Arabidopsis thaliana ATP-PR12 

0.1 substitutions/site 

Fig. 7. N-J phylogenetic analysis of ATP-PRT proteins. 
The species are indicated the right and refer to GenBanktEMBL/DDBJ accession numbers as 
indicated in Fig. 6. 

80 amino acid residues of the ORFs deduced from both A rabidopsis cDN As showed 

features for signal sequences required for transport of proteins encoded by nuclear 

genes into chloroplasts (von Heijne and Nishikawa, 1991), which show no 

homology to amino acid sequences from microbial ATP-PRTs (Fig. 6). In order to 

determine the evolutional relationship between ATP-PRTs of higher plants and those of 

microorganisms, I performed the comparative phylogenetic analysis. Fig. 7 showed 

that plant ATP-PRTs are more closely related to bacterial ATP-PRTs than fungi 

A TP-PRTs. While fungi ATP-PRTs seemed to have branched off very early in evolution 

and thus forms a separate branch, the functional complementation of S. cerevisiae his 1 
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tnutant point to a very high conservation of functional tnotifs in plant ATP-PRT protein 

sequences (Fig. 7). 

Expression of Arabidopsis A TP-PRT genes 

Total RNA prepared fro1n different tissues of Arabidopsis wa subjected to 

Northern blot hybridization analys is with gene-specific probes prepmed by PCR 

incorporating [a>nP]dCTP . Each probe detected transcripts of approxitnately 1.6-kb in 

length, respectively (Fig. 8). The hybridization data suspected that both eDNA clones 

1 2 3 4 5 6 7 8 

AtATP-PRT1 

AtATP-PRT2 

.-:• f' 

• ...: J .... ~ ~ 

EtBr staining ..... ~ ~ 
,_ ,..I) ...... ..,.. ........ .,fill 
e ·~ ... . • 1 

Fig. 8. Expression profile of Arabidopsis AtATP-PRT genes. 
Total RNA ( I 0 )lg) extracted from !-week-old germinating seeds (lane I) , roots and leaves 
from 2-week-old plants (lanes 2 and 3, respectively), roots and leaves (lanes 4 and 5 , 
re pectively) and roots, leaves and siliques from 4-week-old plants (lanes 6-8, respectively) was 
subjected to the Northern blot hybridization analysis. The blot was probed with Arabidopsis 
AtATP-PRTJ (top) or AtATP-PR12 cDNAs (midd le) . T he bottom photograph shows the 
eth idium bromide (EtBr) sta ining of the ribosomal RNA bands for each RNA preparation. 

were nearly full-length. The AtATP-PRTJ mRNA was expressed in a constitutive manner, 

whereas the AtATP-PRT2 tnRNA was also detected in all tissues investigated here, but 

clearly lower in roots (Fig. 8). 
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Analysis of Arabidopsis ATP-PRT protein 

Two A rabid apsis AtATP-PRTs were recombinantly expressed in E. coli and 

purified. AtATP-PRT 1 protein was produced and able to be purified (Fig. 9a). In contrast, 

AtATP-PRT2 was un table after purification although the protein was recombinantly 

expressed in E. coli (data not shown). Recon1binant1y produced AtATP-PRTl protein 

fused with maltose binding protein (MBP) was purified by the amylose re in colutnn 

chromatography. Purified A rabidopsis AtATP-PRT 1 protein was obtained by separation 

from MBP after digestion with specific endoprotease, Factor Xa, followed by additional 

two chromatographic steps (Fig. 9a). Polyclonal antibodies against the purified 

recombinant AtATP-PRTl protein were made to investigate the intracellular localization of 

ATP-PRT proteins. Polyclonal antibodies against AtATP-PRTl protein could be also 

detected AtATP-PRT2 protein (data not shown). Anti-AtATP-PRTl polyclonal antibodies 

strongly reacted with approximately 42-kDa protein prepared from leaves (Fig. 9b, 

a b 
1 2 3 4 5 6 1 2345678 

(kDa) (kDa) 

97 94-
66 67-

42 - 43- ~ ATP-PRT 

30 30-

20 20-

Fig. 9. Analy is of Arabidopsis ATP-PRT proteins. 
a. Purification of recombinant AtATP-PRTI protein. Protein size marker (lane I), IPTG
induced E. coli lysate (lane 2),elution from first amylose resin chromatography (lane 3), after 
digestion with Factor Xa (lane 4), elution from hydroxylapatite chromatography (lane 5), and 
elution from second amylose resin chromatography (lane 6). b. Crude plant extracts (1 0 jlg) 
prepared from leaves and roots were eparated by SDS-PAGE, and were electrophoretically 
transferred to PVDF membrane for immunodetection with anti-Arabidopsis ATP-PRTI 
polyclonal antibody . One week-old leaves (lane I), 2-week-old leaves (lane 2), 3-week-old 
leaves (lane 3), 4-week-old leave (lane 4), 2-week-old roots (lane 5), 3-week-old root (lane 6), 
4-week-old roots (lane 7) and purified Arabidopsis ATP-PRTI. Molecular size (in kDa) of 
protein standards is indicated on the left. Each sample was subjected to I 0-20 % SDS-PAGE. 
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lanes 1-4 ). While, in crude extract prepared from roots , weaker bands were detected that 
are almost same size as those from leaves (Fig. 9b, lanes 5-7) . 

Kinetics for ATP-PRT proteins 

In order to investigate the kinetic properties of Arabidopsis AtATP-PRT isozymes , 
recombinant Arabidopsis ATP-PRT proteins were produced in E. coli, and purified. 
Recombinant AtATP-PRT2 protein was not purified as .described above. So, I performed 
the investigation of A rabidopsis AtATP-PRT isozymes using crude extracts from E. coli 

expressing each AtA TP-PRT isozymes. No A TP-PRT activity was detected in crude 

Table 3. Properties of ATP-PRTs from higher plants and microorgani m 

Apparent Km values 
crude extract pudied 

AtATP-PRT1 AtATP-PRT2 AtATP-PRT1 T. aestivum* S. typhimurium ** 

PRPP (mM) 0.37 0.57 0.13 0.13 0.067, 0.056 

ATP (mM) 0.89 0.51 0.60 0.78 0.20, 0.43 

IC50 values 

crude extract purified 
AtA TP-PRT1 NA TP-PRT2 AtATP-PRT1 T. aestivum * S. typhimurium** 

L- His ()1M) 40 320 45 75 60-80, 70-80 

1,2,4-TA(mM) 0.47 2.4 0.65 
**** **** N.D. N.D. 

*** 

*Munzeret al. (1992). ** Martin (1963), Whitfield(l971), *** 1,2,4-TA; 1,2 ,4-triazolealanine **** N.D.; not dete rmined 
Each crude extract was prepared from E. coli expressing rero mbinant protein. and "purified" mean s the purified recombinant protein. 

extracts from E. coli harboring an empty pMAL-c2 vector after IPTG induction (data not 
shown). Both isozymes in crude extracts from E. coli were significantly inhibited by 
L-His (Table 3). On the contrary, D-His did not inhibit the enzyme activities of each 
isozyme (data not shown). IC50 values for L-His, and 1, 2,4-triazolealanine (TA), which 
is a His analogous were determined (Table 3). AtATP-PRT 1 was more sensitive to those 
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compounds than AtATP-PRT2, although these Kill values for ATP and PRPP showed 

resemble. While, in purified AtATP-PRTl protein, apparent Kill values were 0.13 mM for 

PRPP and 0.60 mM for ATP, being similar to those of crude extracts, native T. aestivum 

and S. typhimurium (Table 3). IC50 values for L-His and 1,2,4-triazolealanine of purified 

AtATP-PRT 1 protein were indistinguishable from those of crude extracts from A. thaliana, 

native T. aestivum (MUnzer et al., 1992) and S. typhimurium (Martin, 1963, Whitfield, 

1971) (Table 3). 

Discussion 

The biosynthesis of His has been well-studied in microorganisms (Alifano et al., 

1996). Previous studies provided us that synthesis of one His molecule is needed 41 ATP 

molecules (Brenner and Ames, 1971). I suspect such a pathway requiring much energy 

should be strictly regulated. Indeed, this pathway in microorganisms is regulated 

genetically, known as attenuation control in S. typhimurium and E. coli (Johnson et al., 

1980, Blasi and Bruni, 1981) or general control inS. cerevisiae (Hinnebusch, 1988), and 

biochemically, known as feedback inhibition by L-His (Martin, 1963, Bell et al., 1971). 

On the contrary, although several steps of this pathway have been identified and 

characterized in higher plants (Nagai et al., 1991, Tada et al., 1994, El Malki, et al., 1998, 

Chapter I; Fujimori and Ohta, 1998a, Chapter II; Fujimori et al., 1998b, Chapter III; 

Fujimori and Ohta, 1998c), no one has found out the regulation mechanism of the plant 

His biosynthetic pathway yet. 

Genomic Southern blot analysis demonstrated that AtATP-PRT genes exist two 

isoforms in Arabidopsis genome. Each of bands detected under low stringency condition 

was completely identical to the results under high stringency condition (Fig. 4). It means 

that only two genes encoding isozymes for ATP-PRT existed in Arabidopsis genome. 

The gene for AtATP-PRT 1 has been isolated by the library screening, while, 

AtATP-PRT2 gene have been identified in theArabidopsis genome project. The sequence 

analysis of both genes showed that each of both genome structures is well-resemble 

including the intron positions . It indicates that two isoforms were evolutionally developed 

as the intron-dependent manner. 
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Messenger RNAs of both AtATP-PRT genes were detected in all tissues 

investigated here throughout the development. Other His biosynthetic genes were 

expressed in all tissues throughout the development (Nagai et al., 1991, Tada et al., 1994, 

Chapter I; Fujimori and Ohta, 1998a, Chapter II; Fujin1ori et al., 1998b, Chapter III; 

Fujimori and Ohta, 1998c). However, A tA TP-PRT2 expression in roots is significantly 

lower than those in other tissues (Fig. 8). This data is consistent that protein levels in 

roots are also lower than other tissues (Fig. 9b). The expression of the plant His 

biosynthetic genes is not seemed to be regulated by L-His, differing from 1nicrobial 

mechanisms. Guyer et al. reported that a specific inhibitor for IGPD of the His 

biosynthesis (Mori et al., 1995) caused to increase the expression level of genes involved 

in the biosynthesis of His, aromatic amino acids, lysine, and purines in A. thalicoza 

(Guyer et al., 1995), like a general control of S. cerevisiae (Hinnebusch, 1988). It might 

mean that the existence of the genetic regulatory mechanism for the His biosynthesis in 

higher plant . Further analy is of the promoter region of the His biosynthctic genes will 

provide the understanding for the regulation mechanism genetically. 

In microorganisms, ATP-PRT plays a key role in the bioche1nical regulation of the 

His biosynthesis. However, in higher plants, the regulatory mechanim of ATP-PRT has 

not been precisely elucidated yet. In this Chapter, I isolated two full-length eDNA clones 

encoding the first step enzyme of the His biosynthesis ., ATP-PRT from A. thaliana, 

designated as AtATP-PRTJ and AtATP-PRT2, and investigated the regulation 

mechanisms of the His biosynthesis. The present data clearly reveals the important 

regulatory role of ATP-PRT in higher plants. Arabidopsis AtATP-PRT1 protein produced 

in E. coli was purified and characterized. The assay using crude extracts prepared from 

E. coli expressing each isozyme show similar properties about apparent K
111 

values for 

ATP and PRPP, and IC50 values for L-His and 1,2,4-triazolealanine (TA) (Table 3). In 

purified AtATP-PRT1 protein, ATP-PRT activity is significantly inhibited by L-His 

(IC50 = 45 !-1M), which is siinilar to bacterias. The Kill values of recombinant ATP-PRT 1 

(0. 13 mM for PRPP and 0. 60 mM for ATP) were extrem.ely resemble to those of native 

T. aestivum and S. typhimurium (Martin, 1963, Whitfield, 1971, MUnzer et al., 1992). 

In higher plants, the His biosynthesis is seemed to be regulated only biochemically. 

Therefore, ATP-PRT, which is a first enzyme of His biosynthetic pathway, plays a 
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central role to regulate the intracellular His mass in higher plants. 

In the present point, the existence of other regulatory mechanisms for the plant His 

biosynthesis is undeniable. As plant ATP-PRT isozymes might be localized in plastid, the 

expression of these genes may be affected by energy dependent regulation, for instance, 

light and darkness. Furthermore, plant ATP-PRT enzyme may form hexameric structure, 

like bacterial one (Vallet al., 1967). The combinations of subunit of two isozymes might 

show different kinetic properties. 

Finally, all genes involved in the His biosynthetic pathway in higher plants except 

for histidinolphosphate phosphatase which catalyzes 9th-step of the His pathway have 

been identified. The plant His biosynthetic pathway basically is same as the microbial 

pathways. In addition, IGPD and HDH involved in the His biosynthesis are localized in 

chloroplast (Nagai et al., 1993, Tada et al., 1995). Protein sequences deduced from 7 

genes, ATP-PRT (1st-step), PRA-PH/PRA-CH (2nd-/3rd-steps), BBM II isomerase 

(4th-step), glutamine amidotransferase/cyclase (5th-/6th-steps), IG PD (7th-step), HP A 

(8th-step) and HDH (1 Oth-111 th-steps) have the putative chloroplast transit pep tides at 

their N -terminus (Nagai et al., 1991, Tad a et al . , 1994, El Malki et al., 1998, Chapter I; 

Fujimori and Ohta, 1998a, Chapter II; Fujimori et al., 1998b, Chapter III; Fujimori and 

Ohta, 1998c). These findings indicate that the whole reactions involved in the His 

biosynthetic pathway are performed in chloroplasts. Compartmentalization of the His 

biosynthesis in chloroplast, which is energy consuming pathway is great advantage to the 

plant. 
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Summary 

I have characterized biochemically and molecular biologically two isoforms 
(AtATP-PRTJ and AtATP-PRT2) of ATP phosphoribosyl transferase (ATP-PRT) from 
Arabidopsis thaliana, catalyzing the first step of the pathway of histidine (His) 
biosynthesis. DNA gel blot analysis indicated that ATP-PRTs in Arabidopsis are encoded 
by two separate genes having closely similar gene organizations. The primary structures 
deduced from the eDNA sequences of AtATP-PRTJ and AtATP-PRT2 share an overall 
amino acid identity of 74.6o/a and contain N-terminal chloroplast transit peptide sequences. 
RNA gel blot analyses demonstrated ubiquitous expression of both isoforms throughout 
development. Both AtATP-PRTJ and AtATP-PRT2 cDNAs were able to suppress the 
His auxotrophy of a mutant yeast strain defective in the ATP-PRT activity, indicating that 
both genes encode functional enzymes. Protein blot analysis displayed that ATP-PRT 
proteins were predominantly accumulated in leaves. The Km values for ATP (0. 6 mM) 
and phosphoribosyl pyrophosphate (PRPP) (0. 13 mM) of a recombinantly expressed 
AtATP-PRTl were comparable to those of native ATP--PRTs from higher plants and 
bacteria. The activity of recombinant AtATP-PRTl is inhibited by L-His (IC50 = 45 JlM), 
indicating that the His biosynthesis is regulated in plants by the feedback inhibition by 
L-His, while no apparent regulation of the His biosynthetic genes have been observed. 
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Conclusion 

In this thesis, His biosynthetic pathway of higher plants was investigated by 

isolating cDNAs and genes from A. thalic01a encoding the enzymes involved in the His 

biosynthesis. The regulation mechanisms of the His biosynthesis in higher plants were 

also discussed. 

The eDNA (At-IE) and the gene encoding bifunctional PRA-PH (hisE)/PRA-CH 

(his!) were isolated from A. thalicuza by complementation of the his/ defective E. coli 

mutant, as described in Chapter I. The N- and C terminal portion of the recombinant 

proteins produced in E. coli had PRA-CH and PRA-PH activity, respectively. The At-IE 

gene was constitutively expressed in all tissues throughout the development. 

The eDNA and the gene encoding BBM II isomerase were isolated from A. thaliana 

by complementation of hisA defective E. coli mutant, as described in Chapter II . The 

BBM II isomerase activity of the recombinant protein produced in E. coli was confirmed 

by the in vitro enzyme assay. This gene was constitutively expressed in all tissues 

throughout the development. 

The eDNA (At-HF) encoding bifunctional GAT/cyclase was isolated from 

A. thaliana, as described in Chapter III. His auxotrophy of his7 defectiveS. cerevisio.e 

mutant was suppressed by harboring At-HF eDNA to the S. cerevisiae mutant. The 

A t-H F gene was expressed constitutively in all tissues throughout all developmental 

stages. 

Complementary DNAs and genes for two isoforn1s of ATP-PRT (AtATP-PRTJ 

and AtATP-PRT2) were isolated from A. thalicuza, as described in Chapter IV. The 

AtATP-PRT proteins expressed in E. coli showed the bitochernical properties similar to 

those of the enzyn1es isolated fron1 microorganisms and T. aestivum. The A tA TP-PRT2 

gene was constitutively expressed in all tissues throughout the development except for 

roots in which the expression was lower. 

As described above, 4 cDN As and 3 genes involved in the Hi biosynthetic 

pathway were isolated in the present investigation. These cDNAs and genes encoded six 
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enzymes involved in the His biosynthesis. Among them, At-IE and At-HF encoded 

bifunctional enzyme proteins, PRA-PH/PRA-CH and GAT/cyclase, respectively. In 

addition to IGPD, HPA and HDH reported previously, 9 steps in the His biosynthesis 

have been revealed. These results suggest that the His biosynthetic pathway in higher 

plants is the same as (or almost similar to) that in microorganisms such as E. coli and 

S. cerevisiae. 

Arabidopsis 4 genes related to the His biosynthesis were expressed ubiquitously, 

and it does not appear that the transcriptional regulation does not exist for the expression 

of His biosynthetic genes in higher plants. However, the enzyme activity of the 

recombinant AtATP-PRTl was significantly inhibited by L-His. This result suggests that 

the feedback inhibition of ATP-PRT by L-His is a major regulatory mechanism for the 

His biosynthesis in higher plants. 

Amino terminal extensions of all genes investigated here had chloroplast transit 

peptide-like sequences. It was reported that two enzymes, IGPD and HDH, were 

localized in chloroplasts. These results, therefore, suggest that the whole His biosynthesis 

is performed in plastids including chloroplasts in higher plants. The compartmentalization 

of the whole pathway in chloroplasts is advantageous to plants, because the His 

biosynthesis requires much energy. 
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