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ABSTRACT

Acetolactate synthase (ALS) is the first common enzyme in the bio-
synthetic pathways to valune, isoleucine, and leucine. It is the target of
two stuturally unrelated classes of herbicides, the sulfonylureas and
the imidazolinones. Genomic clones encoding ALS have been isolated
from the higher plants Arabidopsis thaliana and Nicotiana tabacum,
using a yeast ALS gene as a heterologous hybridization probe. Clones
were positively identified by the homology of their deduced amino acid
sequences with those of yeast and bacterial ALS isozymes. The tobacco
and Arabidopsis ALS genes have approximately 70% nucleotide homol-
ogy, and encode mature proteins which are approximately 85% homolo-
gous. Little homology is seen between the amino acid sequences of the
presumptive N-terminal chloroplast transit peptides. Both plant genes
lack introns. The tobacco ALS gene was isolated from a line of tobacco
which is resistant to the sulfonylurea herbicides due to an alteration in
AILS. The tobacco gene which was isolated codes for an ALS that is
sensitive to the herbicides, as assayed by transformation of the gene into
sensitive tobacco cells.

ALS' (EC 4.1.3.18) catalyzes the first common step in the
biosynthesis of the essential amino acids isoleucine, leucine, and
valine. ALS has attracted enhanced interest recently in that it
has been demonstrated to be the target of two new and structur-
ally unrelated classes of herbicides, the sulfonylureas (1, 4, 12,
24) and the imidazolinones (29). Both classes of compounds are
notable for their high herbicidal potencies, their low mammalian
toxicities, and, for some analogs, their selective toxicity to weed
species as compared to crop species (16, 29). These compounds
inhibit plant growth by inactivating an enzyme in an essential
amino acid biosynthetic pathway, rather than by the common
alternate herbicidal mode of inactivating a component in a
photosynthetic pathway. Because essential amino acids are not
produced by mammals, they lack the target enzyme for these
compounds, which presumably contributes to the low mamma-
lian toxicities of these herbicides. The selective toxicity to weeds
ofcertain ofthese compounds is due to their metabolism by crop
plants; analogs have been synthesized which are metabolically
inactivated by particular crop species, but not by most weed
species (32, 28).
Tobacco mutants resistant to the sulfonylurea herbicides chlor-

sulfuron (Glean; Du Pont) and sulfometuron methyl (Oust; Du

X Abbreviations: ALS, acetolactate synthase; bp, base pairs.

Pont) have been isolated by selection for herbicide resistant
haploid cell lines in tissue culture. Diploid plants were regener-
ated from these lines, and the resistance trait was shown to be
expressed at the whole plant level. Through genetic crosses it was
then established that the resistance was due to single semidomi-
nant nuclear mutations (2). The mode of action of the sulfonyl-
urea herbicides was deduced in bacteria (12), when it was found
that some bacteria are sensitive to sulfonylurea herbicides when
grown on minimal medium, but not when grown on rich me-
dium, and that this sensitivity could be reversed by supplement-
ing minimal growth media with branched chain amino acids. It
was then demonstrated that these compounds specifically inhibit
acetolactate synthase. Biochemical and genetic studies were used
to demonstrate that ALS is also the target of the sulfonylurea
herbicides in tobacco and peas (1, 24) and in yeast (4). Imidaz-
olinones have been shown to inhibit maize ALS (29).
ALS genes and proteins have been characterized in bacteria

and fungi. Three ALS isozymes have been found in Escherichia
coli and in Salmonella typhimurium. The genes coding for these
isozymes were cloned from E. coli by complementation of aux-
otrophic mutants; they are the ilvGM, ilvIH, and ilvBN genes,
coding for isozymes II, III, and I, respectively (13, 23, 30). These
genes have recently been sequenced (6, 14, 31, 33). Ongoing
work has indicated that in these bacteria ALS is a tetramer,
composed oftwo large and two small subunits. The large subunits
have mol wt ofabout 60,000, while the recently recognized small
subunits have mol wt of 10 to 20,000 (3, 7, 27). In the yeast
Saccharomyces cerevisiae an ALS gene clone was isolated from
a plasmid library by virtue of its ability to rescue host cells
exposed to minimal inhibitory concentrations of herbicide; be-
cause the gene was amplified on a multicopy plasmid, cells
receiving the cloned gene could produce sufficient ALS to over-
come the inhibition of the herbicide (4). Herbicide resistant
mutants were subsequently isolated, and both mutant and wild
type genes have been sequenced (5, 34). Replacement of the
chromosomal copy of the wild type ILV2 gene with a deletion
mutant resulted in Ilv auxotrophy, indicating that only one
functional ALS gene exists in yeast (4). A small subunit has not
been identified for yeast ALS.
We wished to clone ALS genes from higher plants and, in

particular, from a herbicide resistant line of tobacco. Using the
yeast ALS gene as a heterologous hybridization probe, we were
able to clone ALS genes from the dicotyledonous higher plants
Arabidopsis thaliana and Nicotiana tabacum, or tobacco. The
Arabidopsis gene was cloned from a herbicide sensitive line, and
thus should encode a herbicide sensitive ALS. The tobacco gene
was cloned from a herbicide resistant line, although from an
allotetraploid tobacco species. Thus, the cloned tobacco gene
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could encode either a herbicide sensitive or a herbicide resistant
ALS enzyme.

MATERIALS AND METHODS

Genomic DNA Libraries. Construction of the tobacco Sau 3A
genomic DNA library, in the vector X EMBL 4, has been de-
scribed (20). The tobacco DNA was prepared from Nicotiana
tabacum cv Xanthi callus tissue; this line carries a homozygous
mutation, S4, which renders the tobacco resistant to sulfometu-
ron methyl (Oust, Du Pont) and chlorsulfuron (Glean, Du Pont)
(2). The Arabidopsis thaliana cv Columbia DNA library, in the
vector X sep6, was the generous gift of Elliot Meyerowitz (Cali-
fornia Institute ofTechnology, Pasadena, CA; 15). TheAnabaena
7120 library has been described (25). The phage libraries were
routinely plated on the host strain E. coli LE392 (18).
ALS Gene Probes. The plasmid pKDl-2 was used as a con-

venient source of the yeast ALS gene (4). A 2.0 kb Eco RI
fragment was isolated from pKDl-2 which begins 133 bp before
the initial ATG codon of the protein, and ends 170 bp before
the TGA termination codon of the protein. For use as a hybrid-
ization probe, the fragment was purified by preparative electro-
phoresis through 0.7% agarose gels, and labeled by the nick
translation reaction to a specific activity of 108 cpm/Ag. The
plasmid pDU9 was used as a Salmonella typhimurium ALS gene
probe (27).

Hybridization Conditions. Lambda phage libraries were grown
on the host LE392, and plated to give 5000 plaques on 90 mm
Petri dishes, or 50000 plaques on 150 mm Petri dishes. Proce-
dures for plaque lifts and filter hybridizations followed the meth-
ods outlined in Maniatis et al. (18). Plaque lifts were prehy-
bridized for approximately 4 h in 6X SSPE-0.5% SDS-100 ,ug/
ml denatured calfthymus DNA- IX Denhardt's solution, at 56°C.
A fresh aliquot of the same solution was added for the hybridi-
zation, together with the 32P-labeled ALS gene probe. Hybridi-
zation was allowed to proceed for 24 to 48 h at 56°C. The filters
were rinsed for 4 h in 6X SSPE-0.5% SDS at 56°C, and then
three times for 20 min each in 2X SSPE at room temperature.
The filters were dried and exposed to film, with a Du Pont
Lightning Plus intensifying screen at -70°C, for 2 to 3 d. Plaques
corresponding to the darkest spots were picked, replated, and
rescreened, using freshly prepared probe.
DNA Preparation and Sequencing. DNA was made from

plaque purified phage according to the mini-lysate procedure
(18). Restriction digests of the DNA were subjected to electro-
phoresis through 0.7% agarose gels, and the DNA was then
blotted onto nitrocellulose. Fragments carrying the putative ALS
gene were identified by hybridization, using the conditions de-
scribed above. These fragments were then isolated from prepar-
ative gels, and subcloned into the vectors pBR322, Ml 3mp9,
M13mpl8, and M13mpl9. DNA prepared from M13 phage was
sequenced using oligonucleotide primers in the dideoxy chain-
termination method.

RESULTS

Hybridization of a Yeast ALS Gene to Plant DNA. We had
found that when cloned S. typhimurium and yeast ALS genes
were hybridized to each other under reduced stringency condi-
tions, homology could be detected (not shown). Subsequent
comparisons of the deduced amino acid sequences of the yeast
and E. coli ALS enzymes also indicated homology, and revealed
three conserved domains (5). We therefore reasoned that this
homology might extend to other species, and attempted to clone
plant ALS genes by the method of heterologous hybridization.
To establish the generality of the cross-hybridization, and to

determine the preferred segment of the yeast ALS gene to use as
a probe, subclones of the yeast ALS gene were hybridized to

genomic DNA blots from the prokaryotic blue green alga, or
cyanobacterium, Anabaena 7120. Hybridization to the genomic
DNA blots was weak but detectable, using the reduced stringency
hybridization conditions of6X SSPE and 56°C. A 2.0 kb Eco RI
yeast DNA fragment which corresponds closely to the ALS
coding sequence was found to be the preferred hybridization
probe. This probe was used to isolate a putative ALS gene clone
from a phage library of Anabaena DNA. Its identity was subse-
quently confirmed by partial DNA sequence analysis and com-
parison to the known microbial ALS sequences (not shown).
Having established that unrelated ALS genes could be detected

with the yeast ALS gene probe, we next used the yeast gene to
try to isolate ALS genes from two dicotyledonous plants, A.
thaliana, and N. tabacum (tobacco). When the yeast ALS gene
was used as a probe against tobacco genomic DNA blots, no
specific hybridization was detected. However, when the probe
was used against a genomic library of tobacco DNA, the DNA
amplification in the phage plaques was sufficient for a hybridi-
zation signal to be detected. Similarly, when the yeast ALS gene
was used as a probe against a genomic library of Arabidopsis
DNA, hybridizing plaques could be identified.
Mapping and Sequencing of Plant ALS Genes. The tobacco

and Arabidopsis phage carrying presumptive ALS genes were
characterized by restriction enzyme mapping and by hybridiza-
tions with the yeast ALS gene probe. These studies indicated that
for both the tobacco and the Arabidopsis genes, hybridization to
the yeast gene extended to two contiguous cloned fragments and
spanned a region approximately 2 kb in length (Fig. 1). The
finding that the hybridizations extended to contiguous large
fragments suggested that the hybridizations were indeed specific,
while the finding that the hybridizations centered around 2 kb
regions suggested that either the plant genes diverged from the
yeast gene at their ends, or that they lacked extensive introns.
DNA sequence analysis was used to differentiate between these
possibilities.
The tobacco and Arabidopsis ALS genes were each sequenced

on both strands using a series of oligonucleotide primers to
extend the sequence in overlapping segments. The sequences of
these two genes, and oftheir cognate deduced proteins, are shown
in Figure 2.
The coding region of the Arabidopsis gene has 2013 nucleo-

tides, corresponding to 670 amino acids, while the coding seg-
ment of the tobacco gene has 2004 nucleotides, corresponding
to 667 amino acids. Both genes appear to lack introns. The
Arabidopsis ALS gene codes for a protein ofmol wt 72593, while
the tobacco gene codes for a protein of mol wt 72877. The three
additional amino acids found in the Arabidopsis protein, relative
to the tobacco protein, are found near the N-terminus. Although
there is some codon usage bias, all codons are used in both genes.
The initial ATG of the tobacco gene is flanked by the sequence
ACAATGG, which deviates only at the -1 position from the
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FIG. 1. Restriction enzyme maps of tobacco and Arabidopsis ALS
genes. Phage X genomic DNA clones carrying tobacco or Arabidopsis
ALS genes were digested with restriction enzymes, fractionated by gel
electrophoresis, transferred to filters, and probed with a labeled yeast
ALS gene. Maps consistent with the observed fragment sizes were inferred
from the data. The sites shown were subsequently confirmed by DNA
sequence analysis. A, Ava I; B, Bam HI; E, Eco RI; G, Bgl II; N, Nco I;
S, Ssp I; T, Sst II; X, Xba I.
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FIG. 2. Nucleotide and deduced amino
acid sequences of the Arabidopsis (a) and
tobacco (b) ALS genes.
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10 30 50 70 90 110
AAAAGAAAGAAAGAT CAAT TTGATAAAT T TCTCAGCCACAAAT TCTACAT TTAGGTT T TAGCATATCGAAGGCT CAATCACAAATACAATAGATAGACT AGAGATTCCAGCGT CACGTGA

130 150 170 190 210 230
GT TTTATCTATAAMTAAMGGACCAAMAATCAAATCCCGAGGGCAT TTTCGTAATCCAACATAAAACCCTTAAACT TCMGTCTCATTTTTAAACAAMTCATGTTCACAAGTCTCTTCTTC

250 270 290 310 330 350
TTCTCT GTTTCTCTATCTCTTGCT CATCT TTCTCCTGAACCATGGCGGCGGCAACAACAACAACAACAACAT CTTrCT TCGAT CTCCTTCTCCACCAAMCCATcrTCCTTCCTCCTCCAAAT

M A A A T T T T T T S SS I S F S T K P S P S S S K S

370 390 410 430 450 470
CACCATTACCAATCTCCAGATTCTCCCTCCCATTCTCCCTAAACCCCAACAAMTCATCCTCCTCCTCCCGCCGCCGCGGTATCAAATCCAGCTCTCCCTCCTCCAT CTCCGCCGT GCTCA

P L P I S R F S L P F S L N P N K S S S S S R R R G I K S S S P S S I S A V L N

490 510 530 550 570 590
ACACAACCACCAATGTCACAACCACTCCCTCT CCAACCAAMCCTACCAAMCCCGAAACAT TCATCTCCCGATTCGCTCCAGATCAACCCCGCAAMGGCGCTGATATCCTCGTCGAAGCT T

T T T N V T T T P S P T K P T K P E T F I S R F A P D O P R K G A D I L V E A L

610 630 650 670 690 710
TAGAACGTCAAGGCGTAGAAACCGTAT TCGCTTACCCTGGAGGTGCATCAATGGAGATTCACCAAGCCTTAACCCGCT CTTCCTCAATCCGTAACGTCCTTCCT CGTCACGAACAAGGAG

E R Q G V E T V F A Y P G G A S M E I H Q A L T R S S S I R N V L P R H E a G G

730 750 770 790 810 830
GTGTATTCGCAGCAGAAGGATACGCTCGATCCT CAGGTAAACCAGGTATCT GTATAGCCAC TTCAGGTCCCGGAGCTACAAAT CTCGTTAGCGGAT TAGCCGAT GCGTTGTTAGATAGT G

V F A A E G Y A R S S G K P G I C I A T S G P G A T N L V S G L A D A L L D S V

850 870 890 910 930 950
T TCCTCTTGTAGCAATCACAGGACAAGTCCCTCGTCGTATGAT TGGTACAGAT GCGT T TCAAGAGACT CCGAT TGT TGAGGTAACGCGT TCGAT TACGAAGCATAACTATCTT GTGAT GG

P L V A I T G O V P R R M I G T D A F O E T P I V E V T R S I T K H N Y L V M D

970 990 1010 1030 1050 1070
ATGTTGAAGATATCCCTAGGAT TATTGAGGAAGCT TTCTTT TTAGCTACT TCTGGTAGACCTGGACCT GT TTTGGT TGATGT TCCTAAAGATATTCAACAACAGCT TGCGATT CCTAAT T

V E D I P R I I E E A F F L A T S G R P G P V L V D V P K D I Q OO L A I P N W

1090 1110 1130 1150 1170 1190
GGGAACAGGCTAT GAGATTACCTGGT TATATGTCTAGGATGCCTAAACCTCCGGAAGAT TCTCAT TTGGAGCAGATTGTTAGGT TGAT TTCTGAGTCTAAGAAGCCT GTGTTGTATGTTG

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

1210 1230 1250 1270 1290 1310
GTGGTGGTTGTTTGAATTCTAGCGATGAATT GGGTAGGT TTGTTGAGCT TACGGGGATCCCT GT TGCGAGTACGTTGATGGGGCTGGGAT CT TATCCT TGTGATGATGAGT TGTCGT TAC

G G C L N S S D E L G R F V E L T G I P V A S T L M G L G S Y P C D D E L S L H

1330 1350 1370 1390 1410 1430
ATATGCT TGGAATGCATGGGACT GTGTATGCAAAT TACGCTGT GGAGCATAGT GAT T TGT TGTTGGCGT TTGGGGTAAGGT TTGAT GAT CGT GTCACGGGTAAGCT TGAGGCTT T TGCTA

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

1450 1470 1490 1510 1530 1550
GTAGGGCTAAGATTGT TCATAT TGATAT TGACT CGGCT GAGAT TGGGAAGAATAAGACT CCTCAT GTGTCT GT GTGTGGTGATGT TAAGC TGGCT TTGCAAGGGAT GAATAAGGT TCTT G

R A K I V H I D I D S A E I G K N K T P H V S V C G D V K L A L O G M N K V L E

1570 1590 1610 1630 1650 1670
AGAACCGAGCGGAGGAGCT TAAGCT TGATT T TGGAGT T TGGAGGAAT GAGT TGAACGTACAGAAACAGAAGT T TCCGT TGAGC TTTAAGACGT T TGGGGAAGCTATTCCTCCACAGTAT G

N R A E E L K L D F G V W R N E L N V Q K O K F P L S F K T F G E A I P P TY A

1690 1710 1730 1750 1770 1790
CGATTAAGGT CCTTGATGAGT TGACTGATGGAAAAGCCATAATAAGTACTGGTGT CGGGCAACAT CAAAT GT GGGCGGCGCAGT TCTACAAT TACAAGAAACCAAGGCAGT GGCTAT CAT

I K V L D E L T D G K A I I S T G V G Q H O M W A A Q F T N Y K K P R Q W L S S

1810 1830 1850 1870 1890 1910
CAGGAGGCCT TGGAGCTAT GGGAT TTGGACT TCCT GCT GCGATTGGAGCGT CT GT TGCTAACCCT GATGCGATAGT TGT GGATAT TGACGGAGATGGAAGCT TTATAAT GAAT GTGCAAG

G G L G A M G F G L P A A I G A S V A N P D A I V V D I D G G S F I M N V O E

1930 1950 1970 1990 2010 2030
AGCTAGCCACTATTCGTGTAGAGAATCTTCCAGT GAAGGTACT T TTATTAAACAACCAGCATCT TGGCAT GGTTATGCAATGGGAAGAT CGGTTCTACAAAGCTAACCGAGCT CACACAT

L A T I R V E N L P V K V L L L N N Q H L G M V M Q W E D R F Y K A N R A H T F

2050 2070 2090 2110 2130 2150
TTCTCGGGGATCCGGCTCAGGAGGACGAGATAT TCCCGAACAT GT TGCTGT TTGCAGCAGCTTGCGGGATTCCAGCGGCGAGGGT GACAAAGAAAGCAGAT CTCCGAGAAGCTA T TCAGA

L G D P A Q E D E I F P N M L L F A A A C G I P A A R V T K K A D L R E A I 0 T

2170 2190 2210 2230 2250 2270
CAATGCTGGATACACCAGGACCT TACCTGTTGGATGTGATTTGTCCGCACCAAGAACAT GTGTTGCCGATGATCCCGAGT GGTGGCACT TTCAACGAT GTCATAACGGAAGGAGAT GGCC
M L D T P G P Y L L D V C P H Q E H V L P M I P S G G T F N D V I T E G D G R

2290 2310 2330 2350 2370 2390
GGATTAAATACTGAGAGATGAAMCCGGTGATTATCAGAACCTTTTATGGTCTTTGTATGCATATGGTAAAAAAACTTAGTTTGCAATTTCCTGTTTGTTTTGGTAATTTGAGTTTCTTTT

I K Y *

2410 2430 2450 2470 2490 2510
AGTTGTTGATCTGCCTGCTT TTTGGT TTACGTCAGACTACTACTGCTGT TGT TGT T TGGTT TCCTT TCTT TCATTTTATAAATAAMTAAT CCGGT TCGGTT TACTCCTTGTGACT GGCTC

preferred eukaryotic translational start sequence; the Arabidopsis
gene initiates in the context ACCATGG, which is congruent
with the preferred translational initiation sequence (11). This
latter sequence conveniently includes an Nco I restriction enzyme
site.
The deduced amino acid sequences of these proteins can be

aligned with those ofthe yeast and E. coli ALS proteins, as shown
in Figure 3. Similar alignments of the DNA sequences have
allowed us to identify blocks of homology which may be impor-
tant for the cross-hybridization between the plant and yeast
genes. Both plant genes share scattered blocks of homology with
the yeast gene. Several of these blocks extend for 20 to 30
nucleotides with few mismatches, and have high QC contents.
The most prominent blocks have 36/40 nucleotides conserved
between the yeast and tobacco genes, and 27/31 nucleotides

(a)

conserved between the yeast and Arabidopsis genes. Each pair of
genes also has several dispersed blocks of 10 to 20 identical
nucleotides. We expect that some of these sequences will also be
conserved in other ALS genes.

Chloroplast Transit Sequences. Because ALS has been shown
to be nuclear encoded but chloroplast localized in plants (2, 9,
22), we assume that these proteins include a chloroplast transit
sequence, and that the mol wt of the processed, mature proteins,
are reduced. Predicting the proteolytic cleavage site is, however,
difficult. Although both proteins begin with the sequence MAAA,
they then diverge. Neither putative transit sequence closely re-
sembles those that have been determined for the small subunits
of ribulose bis-phosphate carboxylase-oxygenase, the Chl a/b
proteins, plastocyanin, or ferrodoxin, nor do they correspond
well to the consensus transit sequence framework amino acids
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10 30 50 70 90 110
GGATCCCTCT TTCAT T TGTTCTCATCCATTTTTGCGAT TCATGTGCATTTAATCAGTAGGACCCCTTTTTAGCTTAGTAGTGCTCT CATGTTCTCAACT TAATATTAAMCCAACCACACT

130 150 170 190 210 230
CCATCTGCATTACCCTCCTTCCAGTTTCGTCTCTCCCTGCCCTCCCCTTCAACAATGGCGGCGGCGGCTCCATCTCCCTCT TCTTCCGCTTTCTCCAAAACCCTATCGCCTTCCTCCTCC

M A A A A P S P S S S A F S K T L S P S S S

250 270 290 310 330 350
ACATCCTCCACCCTCCTCCCTAGATCAACCTTCCCTTTCCCCCACCACCCCCACAAGACCACCCCACCACCCCTCCACCTCACCCACACTCACATTCACATTCACAGCCAACGCCGTCGT
T S S T L L P R S T F P F P H H P H K T T P P P L H L T H T H I H I H S Q R R R

370 390 410 430 450 470
TTCACCATATCCAATGTCATTTCCACTAACCMAAMAGT TTCCCAGACCGAAAAMACCGAAACT TTCGTTTCCCGTTTTGCTCCTGACGAACCCAGAAMGGGTTCCGACGTTCTCGTGGAG
F T I S N V I S T N Q K V S O T E K T E T F V S R F A P D E P R K G S D V L V E

490 510 530 550 570 590
GCTCTCGAAMGAGAAGGGGTTACGGACGTCTTTGCGTACCCAGGTGGCGCTTCCATGGAGAT TCACCAAGCTTTGACCCGTTCAAGCATCATCCGCAACGTGCTGCCACGTCACGAGCAG
A L E R E G V T D V F A Y P G G A S M E I H a A L T R S S I I R N V L P R H E a

610 630 650 670 690 710
GGCGGTGTCTTCGCCGCTGAGGGTTACGCACGCGCCACCGGATTTCCCGGCGTT TGCATTGCCACCTCTGGCCCCGGCGCCACCAATCTCGTCAGCGGCCT CGCTGACGCGCTACTGGAT
G G V F A A E G Y A R A T G F P G V C I A T S G P G A T N L V S G L A D A L L D

730 750 770 790 810 830
AGCGTCCCCAT TGTTGCTATAACAGGTCAAGTGCCACGTAGGATGATAGGTACTGATGCT TTTCAGGAAMCTCCTATTGTTGAGGTAACTAGATCGATTACCAAGCATAATTATCTCGTT
S V P I V A I T G Q V P R R M I G T D A F 0 E T P I V E V T R S I T K H N Y L V

850 870 890 910 930 950
ATGGACGTAGAGGATATTCCTAGGGTTGTACGTGAAGCT TTTTTCCTCGCGAGATCGGGCCGGCCTGGCCCTAT TTTGATTGATGTACCTAAGGATAT TCAGCAACAATTGGTGATACCT
M D V E D I P R V V R E A F F L A R S G R P G P I L I D V P K D I Q Q a L V I P

970 990 1010 1030 1050 1070
GACTGGGATCAGCCTGAGGTTACCTGGT TACATGTCTAGGTTGCCTAATTGCCCAATGAGATGCTTTTAGAACAVTTKGTTAGGCTTATTTCTAGTCAGCCTGTTTTGTAT
D W D 0 P M R L P G Y M S R L P K L P N E M L L E Q I V R L I S E S K K P V L Y

1090 1110 1130 1150 1170 1190
GTGGGGGGTGGGTGTTCGCAATCGAGTGAGGACTTGAGACGAT TCGTGGAGCTCACGGGTAT CCCCGTGGCAAGTACT TTGATGGGTCTTGGAGCTTTTCCAACTGGGGATGAGCTTTCC
V G G G C S Q S S E D L R R F V E L T G I P V A S T L M G L G A F P T G D E L S

1210 1230 1250 1270 1290 1310
CTTTCAATGTTGGGTATGCATGGTACT GT TTATGCTAATTATGCT GTGGACAGTAGT GAT TTGTTGCTCGCATT TGGGGTGAGGTTTGATGATAGAGTTACTGGAAAGTTAGAAGCT TTT
L S M L G M H G T V Y A N Y A V D S S D L L L A F G V R F D D R V T G K L E A F

1330 1350 1370 1390 1410 1430
GCTAGCCGAGCAAMAAT TGTTCACAT TGATATTGATTCAGCTGAGATTGGAAAGAACAAGCAGCCTCAT GTTTCCATT TGTGCAGATATCAAGT TGGCGTTACAGGGT T TGAATTCGATA
A S R A K I V H I D I D S A E I G K N K 0 P H V S I C A D I K L A L Q G L N S I

1450 1470 1490 1510 1530 1550
CTGGAGAGTAAGGAAGGTAAACTGAAGT TGGATTTTTCTGCTTGGAGGCAGGAGT TGACGGAGCAGAAAGTGAAGCACCCAT TGAACT TTAAAMCTTTTGGTGATGCAATTCCTCCGCAA
L E S K E G K L K L D F S A W R Q E L T E Q K V K H P L N F K T F G D A I P P Q

1570 1590 1610 1630 1650 1670
TATGCTATCCAGGT TCTAGATGAGT TAACTAATGGGAATGCTATTATAAGTACT GGTGTGGGGCAACACCAGAT GTGGGCT GCTCAATACTATAAGTACAGAAAGCCACGCCAAT GGTT G
Y A I Q V L D E L T N G N A I I S T G V G O H Q M W A A Q Y Y K Y R K P R Q W L

1690 1710 1730 1750 1770 1790
ACATCTGGTGGATTAGGAGCAATGGGAT TTGGTTTGCCCGCTGCTATTGGTGCGGCTGTTGGAAGACCGGATGAAGT TGTGGT TGACATTGATGGTGATGGCAGT T TCATCATGAATGTG
T S G G L G A M G F G L P A A I G A A V G R P D E V V V GI00 S F M N V

1810 1830 1850 1870 1890 1910
CAGGAGCT TGCAACAATTAAGGTGGAGAAT TCCCAGTTAAGATTATGTTACTGAATAATCAACACTTGGGAATGGTGGTTCAATGGGAGGATCGGTTCTATAAGGCTAACAGAGCACAC
O E L A T I K V E N L P V K I M L L N N O H L G M V V Q W E D R F Y K A N R A H

1930 1950 1970 1990 2010 2030
ACATACCTGGGGAATCCTTCTATGAGGCGGAGATCTT TCCTMTATGCTGAAATTTGCAGAGGCTTGTGGCGTACCTGCTGCAAGAGTGACACATAGGGATGATCTTAGAGCTGCCATT
T Y L G N P S N E A E I F P N M L K F A E A C G V P A A R V T H R D D L R A A I

2050 2070 2090 2110 2130 2150
CAGAAGATGTTAGACACT CCTGGGCCATACTTGTTGGATGTGATTGTACCTCATCAGGAACATGTTTTACCTATGAT TCCCAGTGGCGGAGCT TTCAAAGATGTGATCACAGAGGGTGAC
Q K M L D T P G P Y L L D V I V P H O E H V L P M I P S G G A F K D V I T E G D

2170 2190 2210 2230 2250 2270
GGGAGAAGTTCCTATTGAGTTTGAGAAGCTACAGAGCTAGTTCTAGGCCTTGTATTATCTAAAATAAACTTCTATRTAGCCAAACATGTTCTGTCTATTAGTTTGTTGTTAGTTTTTGCT
G R S S Y *

2290 2310 2330 2350 2370 2390
..|... .. .. .% . . . .,W ". IA.. 11 1 .. .. -. .1_.1-_~...........-- -.. __.._.__ ._.. _.. . .

2410 2430 2450 2470 2490 2510
GTTTGCAACATCCACTTGGTATCTGGAGATTATTTCTAGTGGAGTAGTTTAGTGCGATAAAMTTAGCTTGT(TCCACATTTTTATTTCGTAAGCTATGTTAGGCTGGGTCAGATTGGAAC

(b)

which have been identified for these proteins (10). Because transit
sequences generally lack acidic residues, and because homology
between the two proteins begins around amino acid 85 (Fig. 3),
the transit sequences may extend to amino acid 85. However, if
the homology which begins at amino acid 85 is due to conser-
vation of amino acids near the transit peptide processing site,
the mature proteins may begin further downstream from residue
85. The first amino acid that is conserved in all ALS genes which
have been sequenced occurs at residue 99 (Fig. 3). Because ALS
is present in low intracellular concentrations, the N-terminal
amino acid sequence of the in vivo mature protein has not yet
been determined.

Conservation of Plant ALS Sequences. As shown in Figure 3,
the amino acid sequences of the tobacco and Arabidopsis ALS
proteins are highly conserved. If the mature protein is arbitrarily

assumed to begin at amino acid 85, then 84% of the amino acids
of the mature protein and 73% of the nucleotides are conserved.
Modifying the boundaries of the transit peptide does not signif-
icantly affect these numbers. Yet while the sequence conservation
of the mature proteins from tobacco and Arabidopsis is striking,
the conservation of the putative transit sequences is not. The
transit sequences are in fact barely conserved, with identical
amino acids at only 27% of the residues. The nucleotide se-
quences encoding the transit peptides are more conserved than
the amino acid sequences; 50% of the nucleotides are identical
between the two transit sequences. Thus, for the mature protein,
the amino acid sequences are more conserved than are the
nucleotide sequences, as would be expected if constraints on
mutation are exercised at the amino acid level. For the transit
peptides, however, the nucleotide sequences are more conserved
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GTGGCTTTGCTCGTTGTCACTGTTGTACTATTAAGTAGTTGATATTTATGTTTGCTTTAAGTTTTGCATCATCTCCCTTTGGTTTTGAATGTGAAGGATTTCAGCAAAGTTTCATTCTCT



1114

A

B

C

D

E
F

FIG. 3. Comparison of known ALS
amino acid sequences. The deduced
amino acid sequences of ALS genes are
shown for lines A, tobacco; B, Arabidop-
sis; C, yeast (5); D, E. coli isozyme I (6,
33); E, E. coli isozyme II (14); F, E. coli
isozyme III (31). Vertical lines indicate
amino acid residues which are conserved
between two adjacent ALS sequences.
Boxes indicate residues which are con-
served in all ALS sequences shown.
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than are the amino acid sequences, indicating that there are fewer
constraints on the amino acid sequence of the transit peptides.
Hydropathy analysis of the deduced transit peptide sequences
indicates that they share a number of similar hydrophobic and
hydrophilic domains, despite their low amino acid sequence
homology, thus implying that the polarity of the amino acids in
these regions may be more important than their primary struc-
ture.
Homologies between Plant, Fungal, and Bacterial Enzymes. In

contrast to the high homology seen throughout the plant ALS
sequences, alignment of the three E. coli ALS sequences has
shown that these isozymes have four nonconserved structural
domains which are interspersed with three conserved structural
domains (6, 14, 31, 33). The homology between the large sub-
units of any two E. coli ALS proteins is only on the order of
40% (33). When the E. coli proteins were compared with yeast
ALS, the three conserved domains of homology were found to

be maintained (5). The two plant proteins have also retained
these common regions of homology, as shown in Figure 3.
However, even within the nonconserved bacterial and yeast
domains, the two plant proteins have maintained strict sequence
conservation relative to each other. Because the plant transit
sequences do diverge substantially, this conservation of their
mature protein sequences may be functionally significant, and
not simply due to lesser opportunities for evolution to occur in
plants than in bacteria and yeast.

Transcriptional Signals. At the nucleotide level, the locations
of the tobacco transcription regulatory sequences are somewhat
ambiguous; they have not yet been experimentally identified.
Because the ALS gene is not highly expressed, its regulatory
sequences might be expected to deviate from the described
consensus plant regulatory sequences, which have been largely
derived from abundantly expressed genes (21). We expect that
the tobacco ALS TATA box is included in the sequence which
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begins at base 99 in tobacco, TTAATATTAAAC. The CAAT
box appears to be in the sequence CATGTGCATT, starting at
nucleotide 40. An apparent poly A addition signal is at base
2221, AAAATAAA.
The putative Arabidopsis transcriptional control elements do

not share homology with those of tobacco. At the 5' end of the
gene, there is a potential TATA box starting at base 208 with the
sequence TTTAAACA, and a CAAT box starting at base 176
with the sequence CAACATAAAAC. Alternative TATA and
CAAT boxes are found upstream of these sequences in the
Arabidopsis gene, at nucleotides 127, TCTATAAATA, and 87,
CAATAGAT, respectively, but there is an out-of-frame ATG
downstream from them. A consensus poly(A) addition signal is
further downstream in the Arabidopsis sequence; the sequence
AAATAAA is found beginning at base 2480. Both genes appear
to have GT-cluster transcription termination signals scattered
throughout the 3' ends of their sequences. More definite identi-
fication of these sites must await analyses of the ALS mRNAs.
Genomic Organization of Tobacco and Arabidopsis ALS

Genes. Nicotiana tabacum is an allotetraploid plant, formed from
the fusion of two diploid progenitors, Nicotiana sylvestris and
Nicotiana tomentosiformis. This allotetraploidy, coupled with
the identification of two genetic loci that could mutate to yield
herbicide resistant ALS enzymes (2), lead us to expect that there
would be two sets ofALS genes in N. tabacum. Filter blot analyses
of tobacco genomic DNA confirmed this prediction. Tobacco
DNA was digested with either Eco RI or Nco I restriction
enzymes, size fractionated by electrophoresis through agarose
gels, and transferred to nylon filters. After hybridization with
labeled tobacco ALS gene probes, two 5' and two 3' sets of
fragments could be detected by autoradiography, as shown in
Figure 4a. One set offragments corresponds to the gene described
here; the other is assumed to represent the second genetic locus.
The cloned tobacco ALS gene was isolated from a mutant line

that carries one ALS gene which specifies a herbicide resistant
enzyme, and one which specifies a wild type enzyme. The cloned
gene was reintroduced into tobacco to determine whether it
encoded the herbicide resistant or herbicide sensitive form of
ALS. This experiment indicated that the cloned gene specifies a
herbicide sensitive form of ALS (manuscript in preparation).

In contrast to tobacco, Arabidopsis has but a single ALS gene,
as shown in Figure 4b. Arabidopsis DNA was digested with Eco
RI or Xba I, size fractionated by agarose gel electrophoresis,
transferred to a filter, and probed with a labeled, intact Arabi-
dopsis ALS gene. A single Xba I fragment and two Eco RI
fragments hybridized to the probe, a pattern consistent with
Arabidopsis having a single ALS gene.

DISCUSSION

We have isolated plant ALS genes by heterologous hybridiza-
tions with a yeast ALS gene. That the yeast gene was a successful
probe for the Anabaena, Arabidopsis, and tobacco genes indicates
that ALS genes have been conserved across species boundaries.
Such conservation is consistent with the structural homologies
that had been seen between the bacterial and yeast ALS enzymes,
and that are seen here with the plant enzymes. It is also consistent
with the sensitivity to sulfonylurea herbicides of ALS enzymes
from a broad range of organisms. While tobacco and Arabidopsis
are both dicotyledonous plants, they are not classified in the
same plant family. The high homology seen between their ALS
enzymes leads us to expect that other plant ALS proteins will
also be highly conserved. Although heterologous hybridizations
have been employed to isolate genes from related species, and to
isolate genes coding for highly conserved proteins from evolu-
tionarily diverse sources, this study further extends the utility of
the method. Conservation of 'housekeeping genes' across broad
species boundaries may in fact be more general than has been

assumed, and heterologous hybridizations using yeast and/or
bacterial probes may be a generally applicable method for cloning
such genes from higher organisms.
The finding that both plant genes apparently lack introns was

unexpected, given the general prevalence of introns in plant
genes that have been sequenced thus far. We had anticipated
that introns might interrupt the plant ALS genes at positions
corresponding to the nonconserved domains of the microbial
ALS genes. This was not the case, however; the two plant genes
are in fact highly conserved across these nonconserved domains.
Thus, if the ancestral ALS gene was formed through exon shuf-
fling, introns may have been lost from it prior to the prokaryotic/
eukaryotic division (19). We would therefore expect other plant
ALS genes also to lack introns.
These ALS genes will be useful for exploring a number of

questions of basic interest. Mutant alleles of these genes may be
useful as dominant selectable markers for both heterologous and
homologous transformations of plants, bacteria, and fungi; each
of the species from which we isolated ALS genes is naturally
sensitive to a sulfonylurea compound. Sequence analyses ofthese
genes is allowing us to gain insight into the evolution of ALS
across a range of species. In yeast, ALS is encoded in the nucleus,
but localized in the mitochondria (17, 26), while in plants ALS
is nuclear encoded, but localized in the chloroplasts (2, 9, 22).
Thus, identification of the domains of specificity for subcellular
localization in these sequences will be of interest, as will be
expression of these genes in species in which ALS is localized in
a heterologous organelle. For example, by expressing plant ALS
genes in yeast, it may be possible to determine if the plant ALS
chloroplast transit sequences can be recognized by yeast mito-
chondria. Studying the regulation of the tobacco ALS genes will
allow us to begin to elucidate the roles of the different tobacco
ALS isozymes. Expression of the plant genes in bacteria should
allow enough plant ALS to be accumulated to permit biochem-
ical and structural analyses of substantial quantities of purified
enzyme. These studies, coupled with sequence analyses of her-
bicide sensitive and resistant alleles, should allow us to begin to
understand the modes of protein-herbicide interactions of ALS
and its inhibitors.
Our success in isolating plant ALS genes will allow us to carry

out experiments of agronomic interest. The tobacco gene de-
scribed here does not confer herbicide resistance in transgenic
plants. We assume that this is because it specifies a herbicide
sensitive ALS, and that the second tobacco gene encodes the
herbicide insensitive ALS. Another possibility is that the plant
enzyme, like the bacterial enzymes, has a small subunit, and that
the small subunit carries the mutation that confers herbicide
resistance. We consider this possibility less likely, in that the
bacterial and yeast ALS mutations which have been identified
are in the large subunit of the enzyme (34). The cloned tobacco
and Arabidopsis genes can now be used to isolate the genes
specifying resistant forms of ALS from herbicide resistanit lines
of these plants (2, 8). The cloned genes should also be useful
probes for isolating ALS genes from other plant species. ALS
genes isolated from sensitive species can then be specifically
mutated in order to confer herbicide resistance in transformed
crops. Thus, the cloned ALS genes described here should permit
the isolation of ALS genes from diverse crop species, and the
subsequent transformation of these species to herbicide resist-
ance.
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FIG. 4. Hybridization of cloned ALS genes to genomic filter blots of tobacco and Arabidopsis DNA. a, Tobacco DNA was digested with Eco RI
or Nco I and fractionated by electrophoresis on an agarose gel. After transfer to a nylon filter, the DNA fragments were hybridized with labeled
RNA probes generated from either the 5' or the 3' halves of the tobacco ALS gene. b, Arabidopsis DNA was digested with Eco RI or Xba I
restriction enzymes and fractionated by electrophoresis on an agarose gel. After transfer to a nylon filter, the DNA fragments were hybridized with
a nick-translated internal fragment from the Arabidopsis ALS gene.
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