Plant Physiol. (1994) 105: 579-583

Isolation and Characterization of cDNAs Encoding
Imidazoleglycerolphosphate Dehydratase from
Arabidopsis thaliana

Sachiyo Tada, Sandra Volrath, David Guyer, Alfred Scheidegger’, John Ryals, Daisaku Ohta, and Eric Ward*

International Research Laboratories, Ciba (Japan) Ltd., P.O. Box 1, Takarazuka 665 Japan (S.T., A.S., D.O.); and
Ciba Agricultural Biotechnology, P.O. Box 12257, Research Triangle Park, North Carolina 27709
(S.v., D.G., ).R, EW.)

¢DNA clones encoding imidazoleglycerolphosphate dehydratase
(IGPD; EC 4.2.1.19) from Arabidopsis thaliana were isolated by
complementation of a bacterial auxotroph. The predicted primary
translation product shared significant identity with the correspond-
ing sequences from bacteria and fungi. As in yeast, the plant
enzyme is monofunctional, lacking the histidinol phosphatase ac-
tivity present in the Escherichia coli protein. IGPD mRNA was
present in major organs at all developmental stages assayed. The
Arabidopsis genome appears to contain two genes encoding this
enzyme, based on DNA gel blot and polymerase chain reaction
analysis.

Many metabolic pathways in plants are still rather poorly
understood. Amino acid biosynthesis in plants is generally
assumed to operate as in bacteria or yeast; direct evidence
for the existence of several steps has been amassed in recent
years (Brears and Coruzzi, 1991). For practical reasons, the
most intensively studied reactions have been those blocked
by inhibitor compounds that are able to act as herbicides in
vivo. Examples of enzymes known to be herbicide targets are
enolpyruvylshikimate phosphate synthase, acetohydroxyacid
synthase, and GIn synthetase (Kishore and Shah, 1988).

His biosynthesis has only recently been studied in detail in
plants. The cDNA for histidinol dehydrogenase, which cat-
alyzes the last two steps in the pathway, was isolated based
on peptide sequences from the purified enzyme (Nagai et al.,
1991), providing the first direct evidence that the biosynthetic
pathway in plants is like that in microbes. Here we describe
the isolation of the first plant cDNAs encoding IGPD, which
converts IGP to IAP en route to His biosynthesis.

MATERIALS AND METHODS

Escherichia coli strain SB3930 (hisB463, A~; CGSC No. 4930)
(Garrick-Silversmith and Hartman, 1970) was obtained from
the E. coli Genetics Stock Center and was rendered F* by
mating it with E. coli strain K603 (thr-1, leuB6, trpE63, thi-1,
ara-14, lacY1, galK2, galT22, xyl-5, mtl-1, supE44, \~; CGSC
No. 6451), which harbors F1::Tn10, conferring tetracycline
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resistance. A tetracycline resistant his™ exconjugant was se-
lected and named ST1.

A cDNA library of leaf tissue of Arabidopsis thaliana eco-
type Columbia (Uknes et al., 1992) constructed in the vector
AZAPII (Stratagene) was converted to pBluescript phagemid
particles by superinfection with f1 helper phage strain R408.
A 90-uL aliquot of the cDNA library phagemid stock (2.1 X
10° transducing units/mL) was mixed with 2.2 mL of a mid-
log phase culture of strain ST1. The mixture was incubated
at 37°C for 15 min, then pelleted and washed in minimal E
medium (Vogel and Bonner, 1956). The washed cells were
plated on E plates (containing ampicillin at 100 pg/mL) and
incubated for 2 d at 37°C. his*™ colonies were purified by
restreaking, and their plasmids were extracted and tested for
ability to transform ST1 to his* at high frequency.

Extracts of soluble protein from E. coli strains
ST1(pBluescript), ST1(pSTA3), and ST1(pSTA4), and XL1-
Blue (Stratagene), a his* strain, were prepared as follows.
The bacteria were grown overnight in LB medium or, for
XL1-Blue, in E medium, and collected by centrifugation.
Approximately 0.5 to 1.0 g of cells was resuspended in 4 mL
of 100 mu triethanolamine (pH 7.5), 100 mm 2-mercaptoeth-
anol, 1 mm MnCl,, and broken by sonication in short pulses
for 2 to 3 min. Cell debris was removed by centrifugation
and proteins in the supernatant were precipitated by addition
of (NH),SO, to a concentration of 80% (w/v). The protein
pellet was redissolved in the buffer described above and
desalted by passage over a Sephadex G-25 column (Phar-
macia). Extracts were assayed for IGPD activity as described
(Mano et al., 1993) by measuring imidazoleacetol obtained
after enzymic hydrolysis of IAP.

Plasmids containing cDNA inserts were purified using
Magic Miniprep columns (Promega). DNA sequencing was
carried out on double-stranded templates using the chain-
termination method with fluorescent-labeled dideoxynucleo-
side triphosphates (Applied Biosystems). RNA and DNA gel-
blot experiments were carried out as described (Ausubel et
al., 1987). Alignment of IGPD protein sequences was carried
out using program PILEUP (Genetics Computer Group).

The genomic sequence corresponding to pSTA3 was am-
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plified using Amplitaq (Perkin-Elmer, Norwalk, CT), genomic
DNA from A. thaliana ecotype Columbia, and oligonucleotide
primers designed from each end of the ¢cDNA sequence
(forward primer, beginning at nucleotide 2: 5’'-
TTCCTTCCGCTGCCAAC; reverse primer, beginning at nu-
cleotide 1129: 5-AAGCAAATTACAGTCAC).

RESULTS

We attempted to isolate a cDNA for plant IGPD by func-
tionally complementing a bacterial His auxotroph that lacked
this enzyme activity. IGPD activity in E. coli occurs as part of
a bifunctional polypeptide that also has histidinol phospha-
tase activity. Thus, most hisB mutants lack both activities and
would not be complemented should the plant gene encode a
monofunctional protein. This was considered likely, because
the purified enzyme from wheat germ possesses no phos-
phatase activity (Mano et al., 1993). The hisB463 allele spe-
cifically eliminates dehydratase activity; strain SB3930 con-
taining this mutation had previously been used to clone the
yeast IGPD-encoding HIS3 gene by complementation (Struhl
et al.,, 1976; Struhl and Davis, 1977). Moreover, the hisB463
allele was not known to revert to wild type.

A phagemid library comprising Arabidopsis leaf cDNAs

was infected into strain 5T1 (an F* derivative of SB3930) and.

the infected culture was plated on minimal agar plates. Two
prototrophic colonies were isolated from a culture infected
with approximately 10° transducing units from the library.
The individual colonies were purified by restreaking them on
minimal medium and their plasmids were tested for their
ability to transform ST1 to His prototrophy at high frequency.
Plasmid isolates from both prototrophic colonies transformed
5T1 to his* and ampicillin resistance at approximately equal
frequencies, indicating that the basis for His-independent
growth was plasmid borne. The inserts of the two plasmids
(designated pSTA3 and pSTA4) cross-hybridized and were
approximately 1.1 kb in length (data not shown).

To confirm that the cDNA encoded a functional IGPD
enzyme, extracts of E. coli ST1 harboring pSTA3 and pSTA4,
ST1 harboring the pBluescript vector, and E. coli XL1-Blue
(his™) were assayed for IGPD activity (Table I). Extracts from
cultures of XL1-Blue, ST1(pBluescript), ST1(pSTA3), and
ST1(pSTA4) were prepared and their IGPD activity was
assayed in vitro. ST1(pBluescript) contained no detectable
activity, but ST1(pSTA3) and ST1(pSTA4) extracts contained
levels of activity comparable to that seen in XL1-Blue.

The sequences of the cDNA inserts of pSTA3 and pSTA4
were determined and found to be identical except for the
length of the poly(A) tail and the presence of a duplicated
EcoRlI linker at the 5’ end of the pSTA4 insert. Thus, the two

Table 1. IGPD activity in strains of E. coli

Strain - IGPD Activity
nmol mg™ protein h™"
XL1-Blue 122
ST1(pBluescript) 0
ST1{pSTA3) 99
ST1{pSTA4) 138
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1 G’I‘TCC'I'I‘CC(:;CTGCCAACAI.\AATGGASC’I‘QTCGTC’I‘GCG’I‘CCGCCA’I‘ATTAAGCCACTCC 60
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61 TCCT( CGCCGC’I'CAGCT’I‘CTCAGACCTAAGCTCGGG’I‘TTATTCA’I"I"I‘GCTTCCT\.GTCGA 120
S A A Q L L R P KL G F I DL L P R

121 GCGAT [‘GATCGT‘TTCTTCTCCT‘TC’I‘TC'I‘TCGC'I'I‘CCTCGATT’I‘TTGCGGATGGAATCTCAA 180
A M I V § §$ P S 8 s L P RFLURME S Q

181 TCTCAGCTTCGCCAATCTATCTCTTGCTCTGCTTCTTCTTCTTCTTCTATGGCATTAGGT 240
$ @ L R Qg S I 8 C $§ A 8 5§ 8 8 s M A L G

241 AGAA’I‘TGGAéAAGTAAAGAéAGTAACAAAGGAAACGAATGTTTCAGTGAAGAT’I ARTTTG 300
R I G E V KRV T XK ET TNV S V K I NIL

301 GATGETACTGGAGTTGCAGATAGTTCTAGTGGAATTCCTTTCCTTGACCATATGTTAGAT 360
D 66 TGV A DS S sSs ¢g I P F L DHMTILD

361 CAACTTGCTTCGCATGGCTTGTTTGATGTGCACGTTAGAGCTACTGGTGATGTTCACATT 420
QL ASHGTLTFTDVYVTHVE RATGDUV H I

421 GATGATCATCACACTAATGAAGATATAGCTCTTGCCATTGGAACTGCTCTATTHAAGGCT — 480
DDHHTNTETDTIA ATL AT IGT A ATLTLEKRA

181 CTTGGTGAGCGTAAAGGGATTAACCGGTTTGGTGACTTCACAGCTCCTCTAGATGAAGEG 540
L GEREKGTINTE RTFGDTFTATPTLTDTE A

541 C'I“I‘ATACATG’I"I"TCCTTGGAC'I‘TGTCTGG’i‘CGACCATATCTTGGTTACAACTT( SGAGATA 600
L I HV L DL S GURUPYULGYNILETZI

601 CCAACTCAGAGAGTTGGAACATATGATACTCAGTTGGTGGAGCACTTTTTCCAGTCGTTG 660
P T o RV GTOYDTSG@LVETH TFTFGQGSsL

661 GTGAATACTTCTGGTATGACTCTTCACATTCGGCAGCTCGCTGGTGARAACTCTCATCAC 720
VNTSS G L HIRGOTLAGTETHNST ST HH

721 ATAATAGAGGCGACGTTTAAGGCGTTTGC! éAGAGCTCTACGACAAGCAACAGAGACTGA’I‘ 780
I 1 EATF KA ATFA AR ALURIQATETD

781 CCAC GCCGTGGTGGGACAATACCAAGTTC AAAAGGAGTCT’I‘ATCACGGTCTTG M\AGCTA 840
P F R GG TIPS S K GV L S R 8§

841 ATCAAACACACAAGACAGTTCCCAGATTCACACTTCATCGTCGAGTTCATGAGICATCGT 900
901 CAATTCTCTTATGGTACCAAATGCCAAGCCTGTTGGATCTTGCTGTTCCATTCCATTACA 960
961 GAAGCACAAAGAGCAAAATGTGAAAATAGATTAGAGATCACACAGTTCAGAAGATCATAG — 1020

1021  GCTCATCTTTATATTAATCTGTTCTTGCAGAGTGTATTAAACCTCTTACCATTGCTGTAT 1080

1081 CATCATCAACTGAGAACTTACTGTGAGTTGAAGTGACTGTAATTTGCTTTAAAAAAANAA 1140

1141 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1174

Figure 1. The A. thaliana IGPD cDNA sequence.

cDNAs represent independent cloning events. The sequence
of the pSTAS3 insert appears in Figure 1. When compared to
the hisB gene of E. coli and the HIS3 gene of Saccharomyces
cerevisige by dot matrix analysis, the Arabidopsis cDNA
showed significant homology to both sequences (data not
shown). The cDNA contains an open reading frame of 270
codons, predicted to encode a protein with 41 and 44%
identity to the E. coli and yeast enzymes, respectively.

Comparison of IGPD protein sequences from a variety of
organisms revealed a high degree of similarity (Fig. 2). A
partial cDNA isolated from wheat (S. Volrath, D. Guyer, and
E. Ward, unpublished data; GenBank accession No. U02690)
was 87% identical in predicted protein sequence to the Ara-
bidopsis sequence. Remarkably, the predicted protein se-
quence encoded by an Anabaena gene assumed to be hisB
(Wei et al., 1993) was 67% identical to Arabidopsis. The
precise N terminus of mature plant IGPD has not yet been
determined; the enzyme from wheat germ is blocked to N-
terminal Edman degradation (Mano et al., 1993). However,
the predicted Arabidopsis translation product contains an
apparently conserved Arg residue at position 74, suggesting
that the N terminus of the mature protein occurs at or before
this residue.

Asjudged by RNA gel-blot analysis, the Arabidopsis mRNA
for IGPD is approximately 1.1 kb in length, consistent with
the size of the ¢cDNA clone isolated (data not shown). To
assess IGPD expression, mRNA levels in various organs
harvested throughout development (Potter et al., 1993) were
analyzed by gel-blot hybridization. Nearly identical levels of
IGPD mRNA were detected in all samples (Fig. 3).
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Figure 2. Alignment of predicted protein sequences from known
IGPD genes. Amino acid residues identical to the plant sequence
are shaded. Periods indicate regions where gaps were inserted to
improve alignment. The sequences are from: A. thaliana, beginning
with codon 65 of the open reading frame shown in Figure 1;
Phytophthora nicotianae, beginning with residue 251 (PIR accession
No. 522199); Trichoderma harzianum, from residue 1 (Goldman et
al., 1992) (PIR accession No. $26196); Saccharomyces kluyveri, from
residue 7 (Weinstock and Strathern, 1993) (PIR accession No.
$31235); Saccharomyces cerevisiae, from residue 1 (Struhl, 1985)
(Swiss-Prot accession No. P06633); Streptomyces coelicolor, from
residue 1 (Limauro et al., 1990) (Swiss-Prot accession No. P16247);
Azospirillum brasilense, from residue 1 (Fani et al., 1989) (Swiss-Prot
accession No. P18787); E. coli, from residue 158 (Chiarotti et al.,
1986b) (Swiss-Prot accession No. P06987); Anabaena sp. strain PCC
7120, from residue 7 (Wei et al., 1993) (ORF2 of GenBank accession
No. L10036).
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To examine the number of IGPD genes in Arabidopsis, a
gel blot of genomic DNA digested with several enzymes was
probed with the cDNA insert of pSTA3. With the use of
enzymes that do not cut within the cDNA (BamHI, BgllI,
HindIIl), two bands were reproducibly detected in genomic
DNA, indicating that possibly two IGPD genes may be pres-
ent in the Arabidopsis genome (Fig. 4). Three additional
enzymes generated more than two fragments that were de-
tected with the IGPD probe. Dral digestion gave rise to three
bands. This enzyme cuts once at the very end of the cDNA,
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Figure 3. Expression of IGPD mRNA throughout A. thaliana devel-
opment. A gel blot of total RNA isolated at the times after planting
indicated was probed with the IGPD cDNA shown in Figure 1.
Four- and 6-week-old plants had not initiated flowering under the
SD growth conditions used. mat. leaf, Mature, fully expanded leaves
without petioles; imm. leaf, immature, smaller rosette leaves; ped.
lower, peduncles, lower portion; ped. upper, peduncles, upper
portion including pedicels.

in a sequence partially composed of poly(A); thus, this site is
not likely to occur in genomic DNA. EcoRI, which cuts the
cDNA once, also gave rise to three bands on the genomic
Southern blot. Xbal, which also cuts the cDNA once, gave
rise to four hybridizing fragments.

To further characterize the origin of the fragments detected
in the genomic blot, and to determine more accurately the
number of IGPD genes, PCR amplification was performed
on genomic DNA using oligonucleotide primers designed
from the 5" and 3’ untranslated sequences of the cDNA. A
single product approximately 2.1 kb in length was detected,
indicating that the gene corresponding to the cDNA con-
tained at least one intron. Results of digestion of the fragment
with each of the enzymes used in the Southern blot experi-
ment are summarized in Table II. Bg/II and HindIIl did not
cut the fragment, consistent with the presence of two IGPD
genes in the Arabidopsis genome. Dral or EcoRI digestion of
the PCR product generated two fragments, and Xbal digestion
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Figure 4. Southern blot of A. thaliana Columbia genomic DNA
digested with the restriction endonucleases indicated and probed
with the cDNA shown in Figure 1. The positions of size stan-
dards are indicated. The Hindlll band is a doublet on less dense
autoradiograms.
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Table 1. fragments generated from restriction digestion of a 2.1-kb
fragment of genomic DNA amplified using primers from each end of
the IGPD cDNA

Enzyme Fragment Size
kb

BamHil ND?

Bgi 2.1

Dral 1.6, 0.5

EcoRl 1.7,0.4

Hindlil - 2.1

Xbal 1.1,0.7,03

2 ND, Not determined.

gave three fragments. These results indicated that the in-
tron(s) in the gene represented by the cDNA contains a single
site for both Dral and Xbal. Thus, the number of bands
detected in the genomic Southern analysis is consistent with
the assumption of two IGPD genes in Arabidopsis.

DISCUSSION

Our results, combined with the previous isolation of the
c¢DNA for histidinol dehydrogenase, illustrate that the bio-
synthesis of His proceeds in plants as it does in bacteria and
fungi. The organization of the genes for His biosynthesis in
plants shares aspects of both the prokaryotic and yeast sys-
tems. In plants and yeast, IGPD activity resides on a single
polypeptide, but bacterial IGPD occurs as a bifunctional
protein in combination with histidino! phosphatase (Struhl,
1985; Chiarotti, 1986b). In contrast, yeast histidinol dehydro-
genase is part of a trifunctional protein (also containing
phosphoribosyl-AMP cyclohydrolase and phosphoribosyl-
ATP pyrophosphohydrolase) (Donahue et al., 1982), whereas
plants and prokaryotes maintain histidinol dehydrogenase as
a single protein lacking other His biosynthetic activities
(Chiarotti et al., 1986a; Nagai et al., 1991).

Structural features of the cDNA from A. thaliang are con-
sistent with localization of the protein in chloroplasts. The
open reading frame extended approximately 73 codons 5’ to
the region in which extensive homology is seen, compared
to IGPD sequences from other organisms. This putative N-
terminal extension has features characteristic of chloroplast
transit peptides (von Heijne and Nishikawa, 1991); specifi-
cally, it is rich in Ser (22/73) and has few negatively charged
residues (3/73). Presumably, the entire His biosynthetic path-
way is plastid localized, because histidinol dehydrogenase is
also believed to be targeted to the chloroplast (Nagai et al.,
1991).

The mechanism by which IGPD catalyzes the dehydration
reaction is unknown. Other proteins with similar activities
contain iron-sulfur centers that are presumed to be involved
in catalysis (Walsh, 1979). The lack of conserved Cys residues
in IGPD indicates that a sulfur-ligated iron is not present in
the protein and that the enzyme-catalyzed dehydration of
IGP may occur by a mechanism distinct from other enzymic
dehydrations, such as the reactions catalyzed by aconitase
(Lauble et al., 1992) and dihydroxyacid dehydratase (Flint et
al.,, 1993). In addition, the unusually high concentration of
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2-mercaptoethanol required for maximal activity of wheat
IGPD must be necessary for some function other than suifhy-
dryl group protection (Mano et al., 1993).

If two IGPD genes are in fact present and expressed in
Arabidopsis, their relevance to regulation of gene expression
and metabolite flow is not clear. Gene pairs encoding en-
zymes for two steps in Trp biosynthesis are subject to differ-
ential induction by pathogen infection (Keith et al.,, 1991;
Niyogi and Fink, 1992). We found no evidence for develop-
mental or organ-specific expression in Arabidopsis using the
full-length IGPD c¢DNA probe. However, gene-specific
expression analysis may reveal differential regulation in re-
sponse to various physiological, developmental, or environ-
mental stimuli.
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