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Acetohydroxy acid reductoisomerase (AHRI), the second enzyme in the parallel isoleucine/valine-biosynthetic pathway,
catalyses an unusual two-step reaction in which the substrate, either 2-acetolactate or 2-aceto-2-hydroxybutyrate, is
converted via an alkyl migration and an NADPH-dependent reduction to give 2,3-dihydroxy-3-methylbutyrate or 2,3-
dihydroxy-3-methylvalerate respectively. We have isolated and characterized a full-length cDNA from a Agtl1 spinach
library encoding the complete acetohydroxy acid reductoisomerase protein precursor. The 2050-nucleotide sequence
contains a 1785-nucleotide open reading frame. The derived amino acid sequence indicates that the protein precursor
consists of 595 amino acid residues including a presequence peptide of 72 amino acid residues. The N-terminal sequence
of the first 16 amino acid residues of the purified AHRI confirms the identity of the cDNA. The derived amino acid
sequence from this open reading frame shows 23 %, identity with the deduced amino acid sequences of the Escherichia coli
and Saccharomyces cerevisiae AHRI proteins. There are two blocks of conserved amino acid residues in these three
proteins. One of these is a sequence similar to the ‘fingerprint’ region of the NAD(P)H-binding site found in a large
number of NAD(P)H-dependent oxidoreductases. The other, a short sequence (Lys-Xaa-Xaa-Xaa-Xaa-Xaa-Xaa-Xaa-
Ser-His-Gly-Phe) containing the amino acids lysine and histidine, could well be the catalytic site of the first step of the
AHRI reaction. Southern-blot analysis indicated that AHRI is encoded by a single gene per haploid genome of about

7.5 kbp containing at least four introns.

INTRODUCTION

The enzyme acetohydroxy acid reductoisomerase (AHRI,
EC 1.1.1.86) catalyses an unusual two-step reaction in the
assembly of the carbon skeletons of valine and isoleucine. The
substrate, either 2-acetolactate or 2-aceto-2-hydroxybutyrate, is
converted via an alkyl migration and an NADPH-dependent
reduction to give 2,3-dihydroxy-3-methylbutyrate or 2,3-
dihydroxy-3-methylvalerate respectively. Interestingly, inhibition
of AHRI is known to give rise to herbicidal effects (Schulz et al.,
1988 ; Aulabaugh & Schloss, 1990).

AHRI has been previously purified to homogeneity from the
stroma of spinach leaf chloroplasts (Dumas et al., 1989). The
native enzyme is a tetramer with a subunit M, of 59000. In
addition, AHRI was eluted from Mono Q ion-exchange resins as
three distinct peaks of activity. Each form exhibited an identical
M, of 59000 on SDS/PAGE, whereas they were easily dis-
tinguishable by PAGE under non-denaturing conditions (Dumas
et al., 1989). The origin of these forms can be attributed to
combinations of similar but non-identical, polypeptide chains. In
this case the multiplicity could be a result of the synthesis of
different types of subunit coded by distinct genes at different loci
or distinct alleles at a single locus, or the occurrence of post-
transcriptional modifications.

To gain more information about the structure, function and
possible active site of AHRI we have isolated and sequenced a

spinach AHRI cDNA encoding the entire protein. Sequence
analysis revealed that AHRI from spinach leaves contains the
characteristics of an NADPH-binding protein and a continuous
short stretch of four amino acid residues conserved in analogous
sequences from Saccharomyces cerevisiae (Petersen & Holmberg,
1986) and Escherichia coli (Wek & Hatfield, 1986). Evidence is
also presented to show that the AHRI in spinach is encoded by
a single nuclear gene.

MATERIALS AND METHODS

Purification of AHRI

Chloroplasts were isolated from spinach (Spinacia oleracea L.)
leaves and purified as described by Douce & Joyard (1982).
AHRI was purified over 400-fold from the stroma of chloroplasts
to a specific activity of 91 nkat/mg of protein with 2-aceto-2-
hydroxybutyrate as substrate as described by Dumas et al.
(1989).

Preparation of antibodies to AHRI

Purified AHRI was checked for purity by SDS/PAGE in gels
containing a 7.5-15%, (w/v) acrylamide gradient. Bands cor-
responding to AHRI were excised, pooled and injected as an
emulsion with Freund’s adjuvant into two rabbits for raising
antibodies. Injections (250 ug of protein each time) were given
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four times at 3-week intervals. IgG was purified from rabbit
antisera by the method of Saint-Blancard et al. (1981). For the
expression screening of the Agtll library, the antibodies were
further immunopurified by affinity chromatography on pure
AHRI (4 mg) bound to CNBR-activated Sepharose 4B according
to the manufacturer’s instructions (Pharmacia). Immunopurified
antibodies were stored at —20 °C in 30 mm-Tris/HCI buffer,
pH 7.5, containing 150 mM-NaCl, 0.02 9%, (w/v) NaN, and 19
(w/v) BSA until use.

Nucleic acid extraction

RNA. A 25 g batch of frozen leaf material was ground to a fine
powder in liquid N, with a mortar and pestle and homogenized
for 4-5 min in 100 ml of lysis buffer [5S0 mm-Tris/HCI buffer,
pH 8.0, containing 7 m-urea, 0.35 M-NaCl, 2 mM-EDTA, 19
(w/v) Sarkosyl and 59% (v/v) phenol] (Shure er al., 1983).
When all the aggregates had been solubilized, 1 vol. of phenol/
chloroform (1:1, v/v) containing 0.59%, (v/v) SDS was added,
and the mixture was swirled for 10 min at room temperature in
a conical flask and then centrifuged at 10000 g for 10 min. The
aqueous phase was removed and extracted once more with
phenol/chloroform (1:1, v/v). RNA was further purified by
LiCl (2.5 m) precipitation. The pellet of total leaf RNA was
dissolved in 5 ml of sterile distilled water and stored at —20 °C.
The polvadenylated RNA fraction was prepared from the total
RNA with the use of oligo(dT)—cellulose as described by Kingston
(1987).

DNA. After propan-2-ol precipitation nucleic acids were
resuspended in water. RNAase A (100 #g/ml) was added, and
after incubation at 37 °C for 30 min the proteins were digested
with of proteinase K (100 xg/ml) at 37 °C for 30 min. Genomic
DNA was extracted with phenol/chloroform (1:1, v/v) and
reprecipitated. The pellet was dissolved in 5 ml of TE buffer
(10 mM-Tris/HCI buffer, pH 8.0, containing 1 mM-EDTA) and
stored at —20 °C until use.

Construction of a spinach leaf cDNA library

cDNA (double-stranded, blunt-end cDNA) was synthesized
from spinach leaf polyadenylated mRNA by using a cDNA
Synthesis System Plus kit according to the manufacturer’s
instructions (Amersham International). Blunt-ended cDNA was
ligated to EcoRI-Smal synthetic linkers (Biolabs, Beverly, MA,
U.S.A)) and size-fractionated by Sephadex G-100 chromato-
graphy. cDNAs greater than 500 bp in length were phospho-
rylated before ligation to Agtll DNA that had been cut and
dephosphorylated at the EcoRI restriction site (Stratagene).
Ligation products were packaged with A head and tail proteins
to produce viable bacteriophage particles by using a Gigapack II
Plus kit according to the manufacturer’s instructions (Strata-
gene). The resulting library consisted of approximately 2 x 10°
recombinant clones. Half of the library was amplified in E. coli
Y 1088 to allow multiple screening.

Immunological screening

The cDNA library was screened (Huynh er al., 1985) for
AHRI-specific clones with immunopurified antibody previously
prepared against denaturated AHRI from spinach chloroplasts.
To screen with this antiserum 3 x 10° plaque-forming units were
plated out on E. coli Y 1090. AHRI antigen was detected
according to the Western-blot technique of Burnette (1981) and
the colour reaction was performed with the Promega alkaline
phosphatase kit. One positive plaque was replated and rescreened
(four or five cycles) until all plaques yielded only positive signals.
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The size of the cDNA insert in this clone was determined by
digestion of purified recombinant ADNA with EcoRI and
subsequent agarose-gel electrophoresis.

The cDNA was inserted into pUC19 plasmids and used to
transform E. coli strain DH5a for amplification. Plasmid DNA
was prepared by the method of Birnboim & Doly (1979).

DNA sequencing and sequence analysis

DNA sequence analysis was carried out on both strands by the
dideoxy chain-termination method (Sanger ez al., 1977) with the
use of T7 DNA polymerase (Pharmacia). Several restriction
fragments were subcloned into pUC19 and sequenced by using
the MI13 wuniversal primer and the MI13 reverse primer
(Boehringer). For regions that were inaccessible through the
subcloning process, several 18-mer primers were synthesized to
complete the sequencing. Ambiguous band patterns were resolved
by using 7-deaza-dGTP according to the manufacturer’s instruc-
tions (Pharmacia). For data handling a Compaq (Deskpro 286 €)
computer was used with the Genepro program (Riverside
Scientific, Seattle, WA, U.S.A.).

Propensity measures for the formation of «-helices and -
sheets for the derived AHRI polypeptide sequence were de-
termined by the Ralph & Smith program, which uses the
algorithm of Chou & Fasman (1978). An alignment of the
derived amino acid sequences for spinach, Saccharomyces
cerevisiae and E. coli AHRIs was produced by using the Bestfit
program (Smith & Waterman, 1981).

Northern-blot and Southern-blot analysis

Northern transfer of RNA, denatured with methylmercuric
hydroxide, to Hybond N membranes (Amersham) was carried
out by the procedure of Maniatis et al. (1982). Filters were
prehybridized for 4 hat 55 °Cin 6 x SSC/5 x Denhardt’s solution
containing 0.5% (w/v) SDS and 0.1 mg of denatured salmon
sperm DNA/ml [1 x SSC is 0.15 M-NaCl/15 mM-sodium citrate
buffer, pH 7.0; 1 x Denhardt’s solution is 0.19% BSA/0.19%,
Ficoll (M, 400000)/0.1 % polyvinylpyrrolidone (M, 40000)]. The
DNA probe (full-length cDNA) was 2*P-labelled with the random
primed labelling DNA kit (Boehringer) and hybridization was
allowed to proceed overnight at 55 °C. Membranes were washed
consecutively in (a) 2 x SSPE containing SDS, (b) 1xSSPE
containing 0.5% (w/v) SDS and 29, (w/v) Na,P,O, and (c)
0.7 xSSPE/0.5% (w/v) SDS, each time for 30 min at 65 °C
(1 xSSPE is 0.18 M-NaCl/10 mm-sodium phosphate buffer,
pH 7.7, containing 1 mM-Na,EDTA). Filters were autoradio-
graphed for 24 h at —80 °C. Methylene Blue staining of RNA on
nylon membranes was carried out by the procedure of Maniatis
et al. (1982).

Nuclear DNA was digested for 2 h with restriction enzymes
and concentrated by ethanol precipitation. DNA was fraction-
ated by agarose-(0.7 %)-gel electrophoresis, and Southern trans-
fer was carried out by the procedure of Maniatis et al. (1982).
Hybridization with several labelled cDNA probes was conducted
overnight at 65 °C in the nucleic acid hybridization solution
described above. The blots were washed three times at 65 °C in
SSPE for 30 min as described above. From the cDNA clone four
probes were used. Probe PCR 1 was obtained by using the
polymerase chain reaction (Saiki et al., 1988). The three others
were restriction fragments of the AHRI cDNA: EcoRI-Pstl,
PstI-HindIII and EcoRV-EcoRI.

Amino acid sequencing
Portions of protein were used for direct sequence analysis by.

automated serial Edman degradation with an Applied Biosystems
477 gas-liquid-phase protein Sequenator. Amino acid com-
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position was determined after acid hydrolysis by using a Kontron
analyser.

RESULTS

Characterization of AHRI

A three-step protocol was devised to purify AHRI, which can
be released as soluble protein from spinach chloroplasts. After
the final step of purification (anion-exchange f.p.l.c. on Mono Q)
the native enzyme was eluted from the anion-exchange resin as
three distinct peaks of activity. Each form exhibited an identical
M, of 59000 on SDS/PAGE whereas they were easily dis-
tinguishable by PAGE under non-denaturing conditions. The M
values of each form were estimated to be 235000, 220000 and
205000 (see Dumas et al., 1989). This would suggest that the
native AHRI is a tetramer composed of four subunits with
identical M, 59000. The N-terminal sequence of each form was
determined by using a gas-liquid-phase sequencer and gave a
single sequence of 16 amino acid residues (Val-Ser-Ala-Pro-Ser-
Ile-Asn-Thr-Pro-Ser-Ala-Thr-Thr-Phe-Asp-Phe). In addition,
the determination of the overall amino acid composition does
not show any difference between the forms (results not shown).
Furthermore, antibodies raised against the purified AHRI
reacted only with a polypeptide of M, 59000 in a preparation of
total chloroplast proteins separated by SDS/PAGE and trans-
ferred to nitrocellulose (results not shown). The origin of these
forms can be attributed to combinations of similar, but non-
identical, polypeptide chains. The multiplicity of subunit could
arise from (a) the synthesis of different types of subunit coded by
distinct genes at different loci, (b) the synthesis of different types
of subunit coded by different alleles of one gene at a single locus
or (c) the occurrence of post-transcriptional modifications of a
single gene product.

Isolation and characterization of AHRI ¢cDNA from spinach

A spinach leaf cDNA library in Agtll was screened with the
antibodies to AHRI, and one plaque out of a total of 3 x 10° gave
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Fig. 1. Restriction-endonuclease map and sequencing strategy of the
spinach AHRI ¢cDNA

Arrows under the solid bar indicate the direction and extent of the
sequencing reactions. Regions indicated by broken arrows were
sequenced with the use of either the M13 universal primer or the
M13 reverse primer. Unbroken arrows indicate regions that were
sequenced with the use of several 18-mer primers complementary to
the AHRI cDNA. Restriction sites: E, EcaRI; B3, BspMI; P, Pst1;
B2, Bglll; S, Sphl; H, Hindlll; ES, EcoRV.
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a positive signal. This positive clone was further purified by five
rounds of screening at increasingly large bacteriophage densities.
Agarose-gel electrophoresis after digestion with EcoRI to cut out
the insert revealed that this clone contained an insert of approx.
2.1 kbp. This clone was digested with EcoRI and subcloned into
the EcoRI site of the pUCI19 plasmid. Recombinant pUCI19
plasmids were transformed into competent E. coli strain DH5a.

The restriction map of the full-length cDNA, together with the
sequencing strategies employed, are shown in Fig. 1. The first
ATG triplet (nucleotides 29-31) (Fig. 2) encountered downstream
from the 5’-end is designated as the translation start site because
the surrounding sequence (ATCAATGGC) agrees well with the
favoured sequence (AACAATGGC) flanking the functional
plant initiator codon (Liitcke et al., 1987; Joshi, 1987). The
synthesis of the AHRI polypeptide will begin therefore with the
dipeptide methionylalanine, as do the majority of plant proteins.
The insert contained an open reading frame of 1785 bp flanked
at the 5’-end by 28 bases of non-coding sequence and at the 3’-
end by 186 bases of non-coding sequence and a 51-base poly(A)
tail. No typical eukaryotic poly(A) addition signal (AATAAA)
(Proudfoot & Brownlee, 1976) was found after the stop codon.
A Northern-blot analysis of mRNA for AHRI was carried out
with the a-3?P-labelled cDNA as the probe. An mRNA of
approx. 2100 bases in length was detected (results not shown).
These results demonstrate, therefore that the cDNA obtained
was full length.

Starting with the first in-frame methionine residue the open
reading frame codes for a protein of 595 amino acid residues.
The identity of the encoded protein was confirmed by comparison
of the deduced amino acid sequence with the N-terminal sequence
of the mature protein. The N-terminus of the mature protein
corresponds to Val-73 in the deduced sequence, indicating that
the protein is synthesized with a 72-amino acid-residue (M, 6918)
N-terminal presequence. The mature AHRI is predicted to
consist of 523 amino acid residues, giving a protein of M, 56853,
which compares favourably with the M, of 59000 for AHRI on
SDS/PAGE. Finally, the derived amino acid sequence corres-
ponds closely to amino acid composition data from the purified
protein (results not shown).

The presequence peptide exhibits a typical enrichment in
alanine (219%,) and serine (24 9%,) and contains no negatively
charged residues (aspartic acid or glutamic acid) (Heijne et al.,
1989). In addition, the N-terminal region of the polypeptide is
basic, a feature that has been noted previously for proteins that
are transported into the chloroplasts, including acetolactate
synthase from Arabidopsis thaliana and Nicotiana tabacum
(Mazur et al., 1987).

A comparison of the spinach, E. coli (see Wek & Hatfield,
1986) and Saccharomyces cerevisiae (see Petersen & Holmberg,
1986) AHRISs reveals a low overall degree of identity of 23 %, at
the amino acid level. In addition, a region of divergence between
the yeast AHRI and spinach AHRI proteins occurs at amino
acid residues 330470 of the spinach AHRI protein (results not
shown). This stretch of amino acid residues is not found in the
yeast AHRI protein and may be the result of gene modification
(deletion or insertion) during evolution of higher-plant versus
yeast AHRI. If one compares the most conserved regions of the
AHRIs two major blocks of sequence similarity are shared by
these three proteins. First, a region in the mature AHRISs is very
similar to the ‘fingerprint’ structural motif in the NAD(P)H-
binding domain of many enzymes: a faf-fold centred around a
highly conserved sequence Gly-Xaa-Gly-Xaa-Xaa-Ala-(or Gly)-
Xaa-Xaa-Xaa-Ala-(or Gly)- (where Xaa is any amino acid) that
constitutes a tight turn at the end of the first strand of a g-sheet
and marks the beginning of the succeeding a-helix (Scrutton
et al., 1990; Wierenga et al., 1985) (Fig. 3). Secondly, a sequence
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ATTCCTCTCACCTAACCACCATCCATCA ATG GCG GCC ACA GCA GCG ACA ACA 52
Met Ala Ala Thr Ala Ala Thr Thr 8

TTT TCT CTC TCA TCC TCC TCC TCC ACT TCC GCC GCT GCA TCT AAA 97
Phe Ser Leu Ser Ser Ser Ser Ser Thr Ser Ala Ala Ala Ser Lys 23

GCC TTG AAA CAG TCT CCT AAA CCC TCC GCG TTG AAC TTA GGG TTT 142
Ala Leu Lys Gln Ser Pro Lys Pro Ser Ala Leu Asn Leu Gly Phe 38

CTC GGC TCT TCT TCT ACA ATC AAA GCA TGT AGG TCT CTC AAG GCT 187
Leu Gly Ser Ser Ser Thr Ile Lys Ala Cys Arg Ser Leu Lys Ala 53

GCT CGT GTT CTT CCT AGC GGC GCT AAC GGT GGA GGA TCG GCG CTT 232
Ala Arg Val Leu Pro Ser Gly Ala Asn Gly Gly Gly Ser Ala Leu 68

TCT GCT CAA ATG GTT TCG GCG CCG TCT ATC AAC ACT CCA TCT GCT 277

Ser Ala Gln Met,Val Ser Ala Pro Ser Ile Asn Thr Pro Ser Ala 83
L

ACC ACC TTT GAC TTT GAT AGC TCT GTT TTC AAG AAA GAG AAG GTT 322

Thr Thr Phe Asp Phe Asp Ser Ser Val Phe Lys Lys Glu Lys Val 98

ACT CTC TCC GGT CAC GAC GAG TAC ATT GTG AGA GGA GGG AGG AAT 367
Thr Leu Ser Gly His Asp Glu Tyr Ile Val Arg Gly Gly Arg Asn 113

TTG TTT CCA TTG TTG CCG GAT GCT TTT AAG GGT ATT AAG CAG ATT 412
Leu Phe Pro Leu Leu Pro Asp Ala Phe Lys Gly Ile Lys Gln Ile 128

GGT GTT ATC GGA TGG GGT TCT CAG GCC CCA GCT CAA GCT CAG AAC 457
Gly val Ile Gllsy Trp GAy Ser Gln Aia Pro Ala Gln Aka Gln Asn 143

TTG AAG GAT TCT CTG ACA GAG GCA AAG TCT GAT GTT GTT GTC AAG 502
Leu Lys Asp Ser Leu Thr Glu Ala Lys Ser Asp Val Val val Lys 158

ATT GGT CTT CGC AAA GGA TCT AAC TCT TTT GCC GAG GCA CGT GCT 547
Ile Gly Leu Arg Lys Gly Ser Asn Ser Phe Ala Glu Ala Arg Ala 173

GCT GGT TTC AGT GAA GAG AAT GGC ACT TTA GGT GAT ATG TGG GAG 592
Ala Gly Phe Ser Glu Glu Asn Gly Thr Leu Gly Asp Met Trp Glu 188

ACC ATT TCT GGA AGT GAC CTT GTT CTG CTG CTG ATT TCT GAT TCT 637
Thr Ile Ser Gly Ser Asp Leu Val Leu Leu Leu Ile Ser Asp Ser 203

GCT CAG GCT GAC AAT TAC GAA AAG GTA TTC TCC CAC ATG AAA CCA 682
Ala Gln Ala Asp Asn Tyr Glu Lys Val Phe Ser His Met Lys Pro 218

AAC AGC ATT CTT GGG TTG TCA CAT GGA TTT CTT TTG GGG CAC CTG 727
Asn Ser Ile Leu Gly Leu Ser His Gly Phe Leu Leu Gly His Leu 233

CAA TCT TTG GGG CAG GAC TTC CCC AAG AAC ATT AGC GTG ATT GCT 772
Gln Ser Leu Gly Gln Asp Phe Pro Lys Asn Ile Ser Val Ile Ala 248

GTA TGC CCC AAG GGA ATG GGG CCT TCT GTT AGA AGG TTG TAT GTT 817
Val Cys Pro Lys Gly Met Gly Pro Ser Val Arg Arg Leu Tyr Val 263

CAR GGT AAA GAA GTC AAT GGC GCT GGA ATC AAC TCT AGC TTT GCT 862
Gln Gly Lys Glu Val Asn Gly Ala Gly Ile Asn Ser Ser Phe Ala 278

GTT CAC CAG GAT GTT GAT GGT AGG GCT ACA GAT GTA GCA CTT GGC 907
val His Gln Asp Val Asp Gly Arg Ala Thr Asp Val Ala Leu Gly 293

TGG TCA ATT GCT CTT GGA TCT CCT TTC ACA TTT GCT ACT ACT CTT 952
Trp Ser Ile Ala Leu Gly Ser Pro Phe Thr Phe Ala Thr Thr Leu 308

GAG CAG GAA TAT AAG AGT GAC ATC TTT GGG GAG CGA GGT ATC TTG 997
Glu Gln Glu Tyr Lys Ser Asp Ile Phe Gly Glu Arg Gly Ile Leu 323
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CTT GGT GCT GTT CAC GGA ATT GTC GAG TGC CTG TTC AGA AGG TAC 1042
Leu Gly Ala val His Gly Ile Val Glu Cys Leu Phe Arg Arg Tyr 338

ACA GAA AGC GGA ATG AGC GAA GAT TTA GCC TAC AAG AAC ACT GTT 1087
Thr Glu Ser Gly Met Ser Glu Asp Leu Ala Tyr Lys Asn Thr val 353

GAG TGC ATC ACT GGT GTC ATA TCA AAG ACC ATA TCA ACA AAG GGA 1132
Glu Cys Ile Thr Gly Val Ile Ser Lys Thr Ile Ser Thr Lys Gly 368

ATG CTT GCC TTG TAC AAT TCT TTG TCA GAA GAR GGC AAA AAG GAC 1177
Met Leu Ala Leu Tyr Asn Ser Leu Ser Glu Glu Gly Lys Lys Asp 383

TTC CAA GCT GCT TAC AGC GCC TCA TAC TAC CCT TCA ATG GAC ATT 1222
Phe Gln Ala Ala Tyr Ser Ala Ser Tyr Tyr Pro Ser Met Asp Ile 398

TTG TAC GAG TGC TAT GAA GAT GTT GCT AGT GGT AGT GAG ATC CGA 1267
Leu Tyr Glu Cys Tyr Glu Asp Val Ala Ser Gly Ser Glu Ile Arg 413

AGT GTT GTT TTG GCT GGA CGG CGC TTC TAT GAG AAG GAA GGC CTC 1312
Ser val vVal Leu Ala Gly Arg Arg Phe Tyr Glu Lys Glu Gly Leu 428

CCA GCT TTT CCA ATG GGT AAA ATT GAT CAA ACC AGA ATG TGG AAG 1357
Pro Ala Phe Pro Met Gly Lys Ile Asp Gln Thr Arg Met Trp Lys 443

GTG GGT GAG AAG GTC AGA TCA GTC AGA CCT GCA GGT GAC TTG GGC 1402
Val Gly Glu Lys Val Arg Ser Val Arg Pro Ala Gly Asp Leu Gly 458

CCA TTA TAT CCA TTC ACT GCT GGT GTC TAT GTT GCT CTA ATG ATG 1447
Pro Leu Tyr Pro Phe Thr Ala Gly Val Tyr val Ala Leu Met Met 473

GCC CAG ATA GAG ATC TTG AGG AAG AAG GGT CAC TCG TAC TCG GAG 1492
Ala Gln Ile Glu Ile Leu Arg Lys Lys Gly His Ser Tyr Ser Glu 488

ATC ATC AAC GAG AGT GTG ATT GAA GCA GTG GAT TCC TTG AAC CCC 1537
Ile Ile Asn Glu Ser Val Ile Glu Ala Val Asp Ser Leu Asn Pro 503

TTC ATG CAT GCC CGG GGT GTC TCA TTT ATG GTT GAC AAC TGC TCA 1582
Phe Met His Ala Arg Gly Val Ser Phe Met Val Asp Asn Cys Ser 518

ACC ACA GCA AGG CTT GGA TCA AGA AAA TGG GCC CCT CGT TTC GAT 1627
Thr Thr Ala Arg Leu Gly Ser Arg Lys Trp Ala Pro Arg Phe Asp 533

TAC ATC CTA AGC CAA CAA GCT TTG GTA GCT GTT GAC AAT GGT GCT 1672
Tyr Ile Leu Ser Gln Gln Ala Leu Val Ala Val Asp Asn Gly Ala 548

CCA ATC AAC CAA GAT TTG ATC AGC AAC TTC TTG TCA GAT CCT GTT 1717
Pro Ile Asn Gln Asp Leu Ile Ser Asn Phe Leu Ser Asp Pro Val 563

CAT GAA GCT ATT GGA GTT TGC GCA CAG CTC AGA CCA TCT GTT GAT 1762
His Glu Ala Ile Gly Val Cys Ala Gln Leu Arg Pro Ser Val Asp 578

ATC TCC GTG ACT GCT GAT GCT GAT TTT GTT CGC CCA GAG TTG CGC 1807
Ile Ser Val Thr Ala Asp Ala Asp Phe Val Arg Pro Glu Leu Arg 593

CAG GCA TAAGTATTAGGCATGGAGATATTAACTCCAAGGTTATTGTAATTTTAGCTT 1864
Gln Ala @# 595

GTCCTGTCCGAGATGCTTGATATTTTCTTCAAGTTTTGGCTAGAGTTTTGTGTTTGATTT 1924
GGGACTTGGAAGAGTGGTTTGTCTAACTCGTATGTTGTAATGTTATAATATGTGGCTGCA 1984
ATGGCCCATCTTATCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2044

AAAARA 2050

Fig. 2. Nucleotide and predicted amino acid sequences of the cDNA of spinach chloroplast AHRI

Nucleotide and amino acid residues are numbered on the right of the sequence. The translation start site for the reading frame coding for AHRI
is underlined with a dashed line, and the corresponding stop codon is marked with an asterisk. The vertical arrow indicates the end of the
presumptive transit peptide, and the N-terminal sequence of the mature polypeptide is underlined. Amino acids corresponding to the ‘fingerprint’
region of the NAD(P)H-binding site of oxydoreductases (see Fig. 3) are indicated by triangles.

Ser-His-Gly-Phe, which is highly conserved in AHRIs from
Saccharomyces cerevisiae and E. coli, is present in AHRI from
spinach at amino acid residues 225-228 (Fig. 4). Interestingly, in
all the AHRI proteins there is a lysine residue approximately
seven residues upstream of the conserved four-amino-acid-
sequence containing histidine.

Southern-blot analysis

Southern-blot analysis was used to examine the number of
genes encoding AHRI in Spinacia oleracea. Spinach genomic
DNA digested with six restriction enzymes was fractionated on
a 0.7 9, agarose gel and Southern blots were probed with an a-
32P-labelled cDNA fragment (EcoRV-EcoRI restriction frag-

ment). The results shown in Fig. 5 reveal that in each digestion
only a single genomic DNA restriction fragment hybridizes to
this probe, even after a low-stringency wash. These results
strongly suggest that spinach contains a single AHRI gene. The
utilization of other probes (PCR1, EcoRI-Pst] and Pst1-HindIII)
derived from the cDNA also indicates the presence of only one
nuclear gene (results not shown).

The restriction map of this gene was determined by analysis of
the Southern blots of digested spinach genomic DNA hybridized
with various 3?P-labelled cDNA fragments (PCR1, EcoRI-Pstl,
Pst1-HindIIIl and EcoRV—-EcoRI). In spinach, AHRI is encoded
by an interrupted nuclear gene of about 7.5 kbp containing at
least four introns (Fig. 6).
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c 41 V-I1-v{ G C{G [A-QfG |L-N-Q G [L-N-M-R 57
D 81 A-L-I{G|Y{G}S-04G}|Y-G-Q{ G |L-N-L-R 97

Fig. 3. Protein sequence similarities in AHRIs around the putative
NAD(P)H-binding site

A, ‘fingerprint’ region of the NAD(P)H-binding site (Wierenga
et al., 1985); B, deduced sequence of spinach protein; C, deduced
sequence of E. coli protein (Wek & Hatfield, 1986); D, deduced
sequence of Saccharomyces cerevisiae protein (Petersen & Holmberg,
1986). The boxes indicate conserved amino acid residues.

v

A 214 S-HIM-K{P-N-S-I{L-G{L{S-H-G-F{L 229
v

B 120 D{G{A-A}L-G{Y{S-H-G-F{N 135
v v

Cc 159 |P-LfL-T-K{G{K-T{L}Y-F{S-H-G-F{S 174

Fig. 4. Comparison of a highly conserved region in the deduced amino acid
sequences of AHRIs from spinach, E. coli and Saccharomyces
cerevisiae

The boxes indicate the conserved amino acids in the proteins from
(A) spinach, (B) E. coli (Wek & Hatfield, 1986) and (C) Sac-
charomyces cerevisiae (Petersen & Holmberg, 1986). Triangles show
amino acid residues that could be involved in the isomerization of 2-
acetolactate and 2-aceto-2-hydroxybutyrate.
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Fig. 5. Southern-blot hybridization of spinach genomic DNA

Portions (10 xg) of genomic DNA were digested with EcoRI (lane
1), BamHI (lane 2), EcoRV (lane 3), HindIII (lane 4), Bg/II (lane 5)
and Pstl (lane 6). Digested genomic DNA was fractionated on a
0.7 % agarose gel, transferred to nitrocellulose and probed with an
a-32P-labelled EcoRV-EcoRI restriction fragment of the cDNA.

DISCUSSION

This is the first report of the isolation and characterization of
a cDNA corresponding to the mRNA for plant AHRI. Confi-
dence in its identity comes from the following considerations.
Firstly, the predicted M, of spinach mature AHRI is 56853,
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almost identical with that expected based on its mobility in
SDS/7.5-15% PAGE. Secondly, the predicted N-terminal se-
quence matches the sequence derived from Edman degradation
of the intact protein. Thirdly, the deduced sequence of the
mature AHRI corresponds closely to the amino acid composition
of the purified protein. The open reading frame encodes a
precursor of 595 amino acid residues, the first 72 residues of
which have been found to bear some of the hallmarks of a
chloroplast transit peptide, notably an unusually high content of
hydroxylated and basic residues and a deficiency in acidic
residues. However, aside from the ‘ positive-hydrophobic—polar
design’ in primary structure no precise sequence conservation
could be found in different transit peptides studied so far (Douce
& Joyard, 1990). Such an observation strongly supports the idea
that the tertiary structure of chloroplast protein precursors is of
major importance in their interactions with envelope membrane
receptors or with the lipid bilayer itself (Heijne, 1990). The
AATAAA element signalling polyadenylation in higher eukar-
yotes was not found at the 3-end of spinach AHRI cDNA.
Interestingly, the 3’-terminal untranslated regions of a number of
plant genes do not contain this sequence (Hunt ez al., 1987). It is
therefore clear that the specific sequences required for 3’-terminal
processing and polyadenylation of some plant RNAs have not
yet been identified (Shirley et al., 1990).

Southern-blot analysis indicated that the AHRI gene in spinach
is most likely to be present in a single copy per haploid genome.
Likewise, in Saccharomyces cerevisiae and E. coli AHRI is coded
by a single gene. These findings therefore demonstrate that the
previously reported presence of multiple forms of AHRI in
spinach chloroplasts (Dumas et al., 1989) is attributable to the
expression of distinct allelic forms of one gene containing
identical restriction sites, and therefore indistinguishable by
Southern-blot experiments, or to post-transcriptional modifi-
cations of a single gene product. In fact it appeared that the
forms do not differ either in their substrate and Mg?* saturation
curves or in the pattern of pH-dependence. If these forms were
encoded by distinct structural genes with their own pattern of
regulation, it might be expected that they would differ in their
biochemical properties, including feedback inhibition by various
branched-chain amino acids. For example, in E. coli and Sal-
monella typhimurium three acetolactate synthase isoenzymes
that differ in their biochemical properties have been characterized
(De Felice et al., 1982; Schloss et al., 1985; Gollop et al., 1989),
and the genes encoding each isoenzyme from E. coli have been
cloned and sequenced (Wek et al., 1985).

The results described in the present paper indicate that the
spinach, yeast and bacterial AHRIs share little sequence simi-
larity along their entire polypeptide chain, indicating their distant
evolutionary relationship. Such a result is not surprising because
in yeast AHRI is very likely to be located inside the mitochondria
(Ryan & Kohlhaw, 1974) whereas in spinach it is present in
chloroplasts (Dumas et al., 1989). Regions that are highly
conserved between spinach, Saccharomyces cerevisiae and E. coli
may include important sites for enzyme activity. Of particular
interest here is the finding of a the short sequence Ser-His-Gly-
Phe that is highly conserved in all the AHRI proteins studied so
far. In addition, in all eukaryotic and prokaryotic AHRIs
examined there is a lysine residue approximately seven residues
upstream of the conserved four-amino acid-residue sequence
containing histidine. This region Lys-Xaa-Xaa-Xaa-Xaa-Xaa-
Xaa-Xaa-Ser-His-Gly-Phe is a candidate for the catalytic site of
the reductoisomerase. Indeed, the first step of the AHRI reaction
(alkyl migration) can be effected by both acidic and basic reagents
(Armstrong & Lipscomb, 1983). In this case, the tertiary ketol
rearrangement could be catalysed by both histidine (pK 6.5) and
lysine (pK 10.2), as shown in Scheme 1. In support of this
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Fig. 6. Restriction map of the AHRI genomic DNA

(a) Probes used in the Southern-blot experiment. (b) cDNA. (¢) Genomic DNA. Unbroken arrows indicate the corresponding restriction sites in
the cDNA and the genomic DNA. Broken arrows show the ends of the cDNA and the corresponding hybridization sites in the genomic DNA.
Restriction sites: E, EcoRI; B3, BspMI; P, Pst1; B2, Bglll; H, HindIll; ES, EcoRV; B, BamHI.
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Scheme 1. Mechanism of the AHRI reaction

(a) First step of the reaction: the tertiary ketol rearrangement could
be catalysed by both lysine (217) and histidine (226) of the spinach
AHRI. (b) Second step of the reaction: NADPH-dependent re-
duction of the carbonyl residue.

suggestion we have previously shown that the AHRI reaction is
effective in a broad pH range between the pK values of histidine
and lysine (Dumas et al., 1989). Although these theoretical
considerations are consistent with the tertiary ketol re-arrange-
ment model shown, other interpretations are possible. Crystallo-
graphic analyses of NAD(P)H-dependent oxidoreductases have
shown that these proteins are functionally divisible into two
domains, the NAD(P)H-binding domain and the catalytic do-
main (Tobey & Grant, 1986). The NAD(P)H-binding site found
in other oxidoreductases (Scrutton et al., 1990) is also present in
spinach AHRI.

Furthermore, the predicted secondary structure for this sequence
in spinach AHRI also matches the known faf-fold structure
(Wieranga et al., 1985) for NAD(P)H-binding domains (results
not shown). These sequence characteristics of AHRI provide
additional evidence that the identified open reading frame in the
cDNA codes for AHRI and should aid in the structure—function
analysis of AHRI and NAD(P)H-dependent oxidoreductases in
general.
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