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Abstract A cDNA 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) cDNA showed significant homology to the glutamine
amidotransferase and cyclase of microorganisms, respectively.
Effective suppression of the His auxotrophy of a Saccharomyces
cerevisiae his7 mutant with the At-HF cDNA confirmed that the
At-HF protein has bifunctional glutamine amidotransferase
(HisH) and cyclase (HisF) activities.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

The biosynthesis of histidine (His) in Escherichia coli and
Salmonella typhimurium has been extensively characterized bi-
ochemically and genetically [1]. The complete nucleotide se-
quences of the genes involved in the His biosynthetic pathway
have been determined [2], and it was shown that the 11 enzy-
matic activities are encoded by eight genes organized in a
single operon [2]. Recently, His biosynthetic genes have also
been isolated from a variety of organisms including lower
eukaryotes such as Saccharomyces cerevisiae, Schizosaccharo-
myces pombe and Neurospora crassa [3]. From higher plants,
the cDNAs encoding the histidinol dehydrogenase (HDH) of
Brassica oleracea [4] and the imidazoleglycerolphosphate
dehydratases (IGPD) of Arabidopsis thaliana and Triticum
aestivum [5,6] have been isolated.

In most eubacteria, the His genes are organized in an oper-
on as described above, while those in the lower eukaryotes are
scattered throughout the chromosomes [7]. In archaebacteria
such as Methanococcus vanielii and M. jannaschii, the His
genes are not organized as an operon [8,9]. Not only the over-
all gene organization but the structures of each gene are var-
iable among di¡erent organisms. For example, in S. cerevisiae,
HIS4 and HIS7 encode multifunctional enzymes [10,11]. 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 cis-
trons, hisH and hisF, which are interrupted by the hisA cistron

[2,12]. In higher plants, the HDH protein catalyzes the tenth
and eleventh steps of the His pathway [4], as does the HisD
protein in eubacteria [2], while the IGPD in higher plants is
not accompanied by a histidinolphosphate phosphatase do-
main [5], both of which are encoded by hisB in most eubac-
teria [2,12]. On the other hand, phosphoribosyl (PR)-AMP
cyclohydrolase (PRA-CH) and PR-ATP pyrophosphohydro-
lase (PRA-PH), encoded by a single gene, hisIE in eubacteria
[2], were encoded by independent genes in M. vanielii and M.
jannaschii [8,9] and Azospirillum brasilense [13].

In this paper, we report the isolation and characterization
of an Arabidopsis cDNA encoding a bifunctional glutamine
amidotransferase/cyclase. Functional expression of the Arabi-
dopsis At-HF cDNA in a S. cerevisiae his7 defective mutant
demonstrated that the At-HF cDNA encodes a single poly-
peptide having bifunctional activities for glutamine amido-
transferase (HisH)/cyclase (HisF).

2. Materials and methods

2.1. Plant material, growth and microbial strains
A. thaliana ecotype Columbia (Col-0) (Lehle Seeds, Tucson, AZ,

USA) were grown under sterile conditions on 0.8% (w/v) agar plates
containing GM medium [14] in a growth chamber maintained at 23³C
and 80% relative humidity with a 16-h light/8-h dark cycle. S. cerevi-
siae strain SH782 (MATa ura3-52 leu2-3,112) was a generous gift
from S. Harashima (Osaka University, Suita, Japan) for the construc-
tion of the HIS7 disruption mutant. E. coli strain DH5K was used as a
host for the propagation and manipulation of plasmid DNAs. The
media for yeast were as described [15].

2.2. Isolation of an Arabidopsis cDNA encoding a bifunctional
glutamine amidotransferase/cyclase

An Arabidopsis expression sequence tag (EST) clone (186B18T7;
GenBank accession number H37732) was identi¢ed as a putative cy-
clase (HisF) of Arabidopsis through the BLAST search against the
Arabidopsis ESTs [16,17] with the aid of the primary structure de-
duced from the S. cerevisiae HIS7 gene [11]. In order to isolate full-
length cDNAs corresponding to the EST clone, total RNA was iso-
lated from 7-day-old Arabidopsis seedlings by the acid guanidinium
thiocyanate-phenol-chloroform extraction method [18], and a DNA
fragment corresponding to the EST clone was ampli¢ed employing
a reverse transcription (RT)-polymerase chain reaction (PCR) strat-
egy. Brie£y, ¢rst strand cDNA corresponding to the EST clone was
synthesized using a speci¢c antisense primer PRI60 (5P-CCAA-
CTGCTTGCGATCACCGG-3P) and Superscript II RNase H3 Re-
verse Transcriptase (Gibco-BRL, Rockville, MD, USA). Prior to
the RT reaction, the total RNA (5 Wg) was heat-denatured at 72³C
for 3 min, and the ¢rst strand cDNA synthesis was performed at 42³C
for 60 min followed by heat inactivation at 95³C for 3 min. PCR was
performed using a set of speci¢c primers of PRI59 (5P-GAAAT-
CAGGCAGTGGTTGTAAG-3P) and PRI60, ExTaq DNA Polymer-
ase (Takara Shuzo, Kyoto, Japan) and the RT reaction products [19].
After the initial denaturation at 95³C for 5 min, PCR was carried out
with 1 min at 94³C, 1 min at 55³C and 1 min at 72³C for 30 cycles.
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A PCR-ampli¢ed 320-bp DNA fragment was directly cloned into a
pCR2.1 vector (Invitrogen, San Diego, CA, USA), yielding plasmid
pKF405. The nucleotide sequence of the insert DNA of pKF405 was
con¢rmed to contain the expected DNA fragment (data not shown).

An Arabidopsis cDNA library (7-day-old) [20] constructed with a
VZAPII vector system (Stratagene, La Jolla, CA, USA) was screened
with the 32P-labeled cDNA insert of pKF405. Prehybridization, hy-
bridization and washing were carried out as described [21].

The nucleotide sequences were determined on both strands by the
dideoxynucleotide chain termination method [22] using an ABI
PRISM Dye Terminator Cycle Sequencing kit (Applied Biosystems,
Foster City, CA, USA).

2.3. 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
ampli¢ed by PCR using PRI75 (5P-GCAAGCTTATGCCGGTCGTT-
CACGTGATTGAC-3P) and PRI76 (5P-GCCTCGAGCCACATTA-

CTCTTCATCCATTC-3P) as primers and chromosomal DNA of S.
cerevisiae strain S288C (MATK mal mel gal2) as the template. PCR
products double-digested with HindIII and XhoI were cloned into a
pYES2 vector (Invitrogen) to yield plasmid pKF416. The 1.0-kb SalI-
SalI fragment from pKF416 was replaced with the 2.2-kb SalI-XhoI
fragment of LEU2 gene [23] to obtain plasmid pKF426. S. cerevisiae
SH782 was transformed with a 2.9-kb HindIII-XhoI fragment from
pKF426 [24] and incubated on synthetic complete (SC) plates supple-
mented with 2% (w/v) glucose (Glu) and an amino acids mixture
without leucine (Leu) (SC+Glu3Leu) at 30³C for 3 days. The selec-
tion for Leu� phenotype in the presence of L-His resulted in strain
BY1006 (MATa ura3-52 leu2-3,112 his7: :LEU2).

2.4. Expression in S. cerevisiae his7 defective mutant
The following regions were ampli¢ed by PCR using sets of gene

speci¢c primers: a 1900-bp coding region (nucleotide positions +1 to
+1900, taking the A of the ¢rst ATG codon as +1) using PRI102
(5P-CGGAATTCATGGAGGCTACGGCGGCGCC-3P) and PRI103
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Fig. 1. Nucleotide and predicted amino acid sequences of the Arabidopsis At-HF cDNA. Numbers shown on the left and right of the columns
refer to nucleotide and amino acid sequences, respectively. Asterisk indicates the stop codon. Primers used are indicated by arrows. Possible
polyadenylation signal is underlined. The DDBJ accession number of the Arabidopsis At-HF cDNA is AB006210.
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(5P-CGCTCGAGGATTCACTCAGACCTATTGG-3P), a 1717-bp
coding region truncated in its putative chloroplast transit peptide
(nucleotide positions +184 to +1900) using PRI122 (5P-CGGAATC-
CATGGTTGTGACTTTGCTTGACTAC-3P) and PRI103. Each of
those PCR products digested with EcoRI and XhoI was cloned into
a pYES2 vector to obtain plasmids pKF433 and pKF434, respec-
tively. 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+Gal3Ura3Leu) for 3 days at
30³C. 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. cerevi-
siae transformants were analyzed for their ability to grow on minimal
galactose plates without L-His (SC+Gal3Leu3His).

2.5. Southern and Northern blot hybridization analyses
Genomic Southern and Northern blot analyses were carried out as

described by Sambrook et al. [21].

3. Results and discussion

3.1. Isolation of an Arabidopsis cDNA encoding bifunctional
glutamine amidotransferase and cyclase

Recent genetic studies revealed the substantial conservation
of the protein primary structures of the His biosynthetic en-
zymes of prokaryotic and lower eukaryotic origins [3]. This
sequence conservation has also been veri¢ed with respect to
the His biosynthetic pathway enzymes of higher plants [4,5].
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Fig. 2. Alignment of the predicted amino acid sequences of Arabidopsis At-HF, S. cerevisiae HIS7 (accession number X69815) [11] and hisH,
hisF gene products from E. coli (accession number X13462) [2], Synechocystis subsp. PCC6803 (accession numbers D64004, D90912) [25] and
M. jannaschii (accession numbers U67493, U67500) [9]. Conserved amino acid residues are shaded.
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In this study, we report a novel cDNA encoding a glutamine
amidotransferase/cyclase, the At-HF from A. thaliana. A data-
base search against the ESTs using the HIS7 protein sequence
hit an EST clone (186B18T7) of A. thaliana. The amino acid
sequence encoded by this clone showed a high degree of sim-
ilarity to the C-terminal portion of the bifunctional glutamine
amidotransferase/cyclase (HIS7) from S. cerevisiae. An Arabi-
dopsis cDNA library was then screened for a full-length cy-
clase cDNA using a PCR-ampli¢ed 186B18T7 sequence as a
probe, and four positive clones out of 50 000 plaques were
¢nally isolated. From the partial DNA sequencing, these
four clones were identical except for di¡erent lengths at their
5P ends (data not shown). The plasmid harboring the longest
insert was designated pKF412. The cDNA 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 5P-untranslated region of the Arabidopsis
At-HF gene revealed an in-frame stop codon (TAG) at 84
nucleotides upstream of the putative translation initiation co-
don (ATG) of the pKF412 insert (Fujimori et al., unpublished
data), indicating that the ORF found in the pKF412 encodes
a full-length transcript.

3.2. Amino acid sequence comparison
The amino acid sequence deduced from the At-HF cDNA

was compared to those of microorganisms currently available
on the GenBank/EMBL/DDBJ/SwissProt databases (Fig. 2).
Sequence alignment indicated that the N-terminal domain en-
compassing Val-64 to Leu-262 and the C-terminal domain
from Leu-280 to Phe-555 of the At-HF protein showed sig-
ni¢cant homology to the glutamine amidotransferase (HisH)
and the cyclase (HisF) from microorganisms, respectively
(Fig. 2). In yeast S. cerevisiae, the glutamine amidotransferase
(HisH) and the cyclase (HisF) domains are located at the N-
terminal half and C-terminal half of a single polypeptide en-
coded by HIS7, respectively [11].

Current results indicated that the amidotransferase/cyclase

activities resided in a single polypeptide encoded by a single
gene in A. thaliana like that found in S. cerevisiae. In contrast,
in enterobacteria such as E. coli and S. typhimurium, the pro-
teins are encoded by two independent cistrons in the same
operon, hisH and hisF [2]. On the other hand, in archaebac-
teria such as M. vanielii and M. jannaschii [8,9], and Synecho-
cystis subsp. PCC6803 [25], the two genes are scattered
throughout the chromosome. These observations imply di¡er-
ent evolutional processes or unique chromosomal gene organ-
ization 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 exten-
sion 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 [26]. This is consistent with the previous
¢ndings that the proteins of the IGPD of T. aestivum [6]
and the HDH of B. oleracea [27] were immunochemically
detected in intact chloroplast fractions.

3.3. Functional complementation of a S. cerevisiae his7 mutant
with the At-HF cDNA of Arabidopsis

In order to investigate whether the Arabidopsis cDNA
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. cerevisiae LEU2 gene (Fig. 3). This His auxotrophic
mutant of S. cerevisiae (BY1006) is defective in both enzy-
matic activities of the glutamine amidotransferase and cyclase,
and is thus no longer able to grow on minimal plate without
L-His (SC+Glu3Leu3His) (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 in its
putative chloroplast transit peptide portion) or pYES2, and
was cultivated on SC+Glu3Ura3Leu plates for 3 days at
30³C. Strain BY1006 carrying either pKF433 or pKF434
was able to grow on the SC+Gal3Leu3His plates at the
same level as that transformed with pKF416 (Fig. 4). These
results indicated that the At-HF cDNA cloned in pKF412
encodes a functional glutamine amidotransferase/cyclase of
Arabidopsis. Since there was no signi¢cant di¡erence in the
growth between BY1006/pKF433 and BY1006/pKF434, it
can be concluded that the N-terminal extension of the At-
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Fig. 3. Construction of the S. cerevisiae his7: :LEU2 null allele,
BY1006. Restriction enzyme sites: H, HindIII; Sa, SalI; Xh, XhoI.

Fig. 4. Suppression of the His auxotrophy in S. cerevisiae his7 mu-
tant BY1006. Strain BY1006 was transformed with either pKF416
(containing the S. cerevisiae HIS7 ORF), pKF433 (bearing the A.
thaliana At-HF ORF), pKF434 (harboring the A. thaliana At-HF
ORF truncated in its putative chloroplast transit peptide region) or
pYES2 and cultivated on SC+Gal3Leu plate in the presence or ab-
sence of 1 mM L-His.
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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
transit peptide, as is found with other His biosynthetic en-
zymes of higher plants [4,5]. Further biochemical studies are
needed to con¢rm the chloroplastic localization of the At-HF
protein.

3.4. Southern blot analysis
Fig. 5 shows a genomic Southern blot analysis for the At-

HF gene of Arabidopsis. Arabidopsis genomic DNA was di-
gested with the enzymes described below and hybridized with
the K-32P-labeled full-length At-HF cDNA. Digestion with the
enzymes SmaI or XhoI (no restriction sites in the At-HF
cDNA) gave a single hybridization signal, whereas digestion
with BglII, EcoRV or HindIII (each of which contains a single
restriction site in the cDNA) gave rise to two or more hybrid-
ization bands (Fig. 5). No more additional signals were ob-
served even after long exposure (data not shown). These re-
sults indicated that there was a single copy of the At-HF gene
in the Arabidopsis genome.

3.5. Expression of the At-HF gene in Arabidopsis
To study the expression patterns of the At-HF gene, North-

ern blot analysis was performed with total RNA samples from
various tissues using an [K-32P]dCTP-labeled full length At-
HF cDNA as a probe. The size of the hybridization signal of
approximately 2.0 kb corresponds well to the transcript size
predicted from the cDNA size (Fig. 6). The At-HF gene was
expressed similarly in all tissues throughout development. A
ubiquitous expression pattern was also noted for IGPD [5].
These results indicated that there are no speci¢c organs/tissues

that produce His, but rather this amino acid is synthesized
and supplied throughout the plant.

At least two plant His biosynthetic enzymes, IGPD [6] and
HDH [27], have been shown to be localized at chloroplasts.
The His biosynthesis is an energy consuming process, where
41 ATP molecules are utilized for the synthesis of each His
molecule [28]. It is therefore advantageous for plants to com-
partmentalize the entire His pathway in chloroplasts. Intra-
cellular localization of the At-HF together with other His
pathway enzymes remains to be clari¢ed through biochemical
means.
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labeled full-length At-HF cDNA under low stringency condition.
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plants (lane 8) was electrophoresed in a 2.2 M formaldehyde-1.2%
(w/v) agarose gel, and hybridized with the 32P-labeled full-length At-
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gel with ethidium bromide before tranfer onto the membrane (data
not shown).
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