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Cyanobacterial ALS Gene, Sequence, Herbicide Resistance, Point Mutation, Expression in
E. coli

We present here the isolation and molecular characterization of acetolactate synthase (ALS)
genes from the cyanobacterium Synechococcus PCC 7942 which specify a sulfonylurea-sensi-
tive enzyme and from the sulfonylurea-resistant mutant SM 3/20, which specify resistance to
sulfonylurea herbicides. The ALS gene was cloned and mapped by complementation of an
Escherichia coli ilv auxotroph that requires branched-chain amino acids for growth and lacks
ALS activity. The cyanobacterial gene is efficiently expressed in this heterologous host. The
ALS gene codes for 612 amino acids and shows high sequence homology (46%) at the amino
acid level with ALS III of E. coli and with the tobacco ALS. The resistant phenotype is a con-
sequence of proline to serine substitution in residue 115 of the deduced amino acid sequence.
Functional expression of the mutant gene in wild-type Synechococcus and in E. coli confirmed
that this amino-acid substitution is responsible for the resistance. Yet the deduced amino-acid
sequence as compared with other ALS proteins supports the notion that the amino-acid con-
text of the substitution is important for the resistance.

Introduction

The first step in the biosynthesis of branched-
chain amino acids is catalyzed by acetolactate syn-
thase. Three ALS isoenzymes I, II, and III coded
by separate operons i/lvNB, ilvMG and i/vHI were
characterized in enteric bacteria. Each enzyme is a
tetramer composed of two large subunits carrying
the catalytic activity, and two small subunits that
confer sensitivity to inhibition by the end products
and are required for efficient catalysis (for review
see [1, 2]). This enzyme is a target for three classes
of herbicides, the sufonylureas, imidazolinones
and sulphonanilides. ALS II and III are sensitive
whereas ALS 1 is resistant to these herbicides.
Resistant forms of ALS have been identified in sul-
fonylurea-resistant mutants of enteric bacteria,
yeast, and more recently, in plants (for review see
[3]). Sequence analysis of the resistant forms, indi-
cates that in each case a single amino-acid substi-
tution confers the resistance [3, 4].

Cyanobacteria are considered to be a living
chloroplast and offer an excellent system for stu-
dying at the molecular genetics level chloroplast
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genes and nuclear encoded chloroplast proteins.
Since the plant ALS is localized in the chloroplast
[5], we have sought to use the cyanobacteria for
generation and analysis of sulfonylurea-resistant
genes.

Recently, we have isolated sulfonylurea resist-
ant mutants from Synechococcus PCC 7942, whose
ALS activity was 300- to 3000-fold more resistant
to sulfometuron (SM) as compared to that of the
wild-type (WT). The cyanobacterial SM 3/20 mu-
tation did not affect the enzyme activity nor its
sensitivity to feed back inhibition by valine [6].
Here we present the isolation and molecular char-
acterization of ALS genes from the wild-type
cyanobacterium Syncechococcus PCC7942 and
from the sulfonylurea-resistant mutant SM 3/20.

Materials and Methods

Synechococcus PCC 7942 was cultivated as pre-
viously described [6]. E. coli CU 888 kindly given
by G. W. Hatfield is a i/vBN, ilvMG and ilvHI
mutant, devoid of detectable ALS activity and re-
quires branched-chain amino acids for growth.
This strain was used for complementation studies
and was grown in mineral medium containing glu-
cose (0.5%). valine, leucine and isoleucine to final
concentrations of 50 pg/ml each. E. coli cultures
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complemented by plasmids carrying Synechococ-
cus ALS clones were grown in the above medium
without valine, in the presence of ampicilline
(100 pg/ml). Transformations and DNA methods
were performed as previous described [7]. ALS ac-
tivity was measured in sonicated cell-free extracts
as previously described [6] or in toluenized cells [3].

Results and Discussion

Isolation of a cyanobacterial ALS gene and func-
tional expression in E. coli

Southern blot analysis of Synechococcus
PCC7942 WT DNA digested by various restric-
tion enzyme and hybridized with Anabaena ALS
gene (kindly given by B. Mazur) as a probe, re-
vealed major hybridization bands of the size of 3.8,
9.0 and 6.0kb of Hincll/EcoRI, Hinell and
EcoRI digests respectively of either WT (lanes a,
b, ¢) or the mutant (lanes d, e, f) DNA respectively
(Fig. 1). Two approaches were undertaken for the
cloning of the Synechococcus wild-type (WT) ALS
gene: a) complementation of E. coli CU 888 which
lacks any detectable ALS activity and required
branched-chain amino acids for growth, with our
gene-bank of Synechococcus PCC 7942 [7], and b)
identification of ALS genes in the gene bank by
hybridization with the Anabaena probe. In both
cases positive clones were obtained. A plasmid
containing 12 kb insert (designated pSM 18) was
isolated by complementation, and further ana-
lyzed.

The restriction analysis of pSM 18 and subclon-
ing of the cyanobacterial ALS gene is presented in
Fig. 2. Mapping the WT ALS gene was based on
the ability of pSM 18 subclones to complement the
requirement of E. coli CU 888 for valine, and on
the expression of ALS activity in this strain.
Transformation of E. col/i CU888 by pSM 18 and
plasmids carrying the 6 kb EcoRI, 3.8 kb EcoRI/
Hincll and the 2 kb Xbal fragments enabled the
cells to grow in the absence of valine. These trans-
formants expressed significant levels of ALS activ-
ity (150 to 200 nmol-hr~'-mg prot™') which are
2—3-folds higher than the level in Synechococcus
extracts. Similar results were obtained with inserts
subcloned in opposite orientations (not shown),
suggesting that the ALS gene is within the 2 kb
Xbal fragment.
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Although in E. coli the cyanobacterial ALS gene
is on a multicopy plasmid it is evident that the
cyanobacterial gene is efficiently expressed in the
heterologous host. A recombinant ALS plant gene
has recently been shown to function in E. coli [8].

Isolation, mapping and functional expression of the
herbicide resistant SM 3/20 ALS gene

Based on the restriction analysis of the putative
ALS WT gene, a gene bank of SM 3/20 DNA was
constructed as 3.8 kb EcoRI/Hincll fragments
cloned in pUC118. Using the WT 3.8 kb Hincll/
EcoRI DNA fragment as a probe, a positive clone
was identified, from which a plasmid designated
pSM 320 was isolated.

As shown in Fig. 2, pSM 320 contains a 3.8 kb
Hincll/EcoRI fragment identical by its restriction
map to the equivalent fragment in pSM 18. Trans-
formation of E. coli CU 888 by pSM 320 not only
complemented the valine auxotrophy but also re-
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Fig. 1. Southern-blot analysis of Synechococcus
PCC7942 and SM 3/20 mutant DNA. The DNA was
cleaved by Hincll/EcoRI1, Hincll and EcoRI (lanes
a—c, and d—f respectively) and hybridized with 32P-la-
belled nick-translated 1.2kb Hincll fragment of Ana-
baena ALS gene (kindly given by B. Mazur). The hybri-
dization was performed at a low stringency (37%
formamide, 37 °C, 5 x SSC (0.75M NaCl, 0.75m
Na-Citrate) followed by washings with 2x SSC at a
maximum temperature of 48 “C).
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Fig. 2. Subcloning of the WT and SM 3/20 ALS genes, mapping the SM 3/20 mutation and expression of Synechococcus

ALS in E. coli CU 888. The subclones in pUC 118 or pUC
Synechococcus or E. coli CU 888. Typical 100% activity in
E. coliis 200 nmol-hr™'-mg protein~'.

sulted in ALS activity which was resistant to sul-
fometuron (/5, = 400 um), whereas the ALS activi-
ty of pSM 18, or its derivative transformants was
sensitive (I5y = 2% 107" uM). As in the case of the
wild-type clones, the smallest fragment of pSM 320
which complemented E. coli CUS888 was the
2.0 kb Xbal fragment.

Synechococcus PCC 7942 is a recombinant pro-
ficient host and upon transformation with homo-
logous DNA and under appropriate selection the
transformable DNA replaces the homologous re-
gion in the genome via a double crossing-over event
[9]. This mechanism was used to map the SM 3/20
mutation. Fig. 2 further shows that transformation
of wild-type Synechococcus cells by pSM 320 sub-
clones and selection for the ability to grow in the
presence of SM, resulted in resistant transfor-
mants which exhibited resistant ALS activity.
Based on the transformation studies, the SM 3/20
mutation was mapped within the 1.1 kb EcoRS/
Xbal DNA fragment.

119 [16] or the linear fragments were used to transform WT
Synechococcus is: 70 nmol acetoin-h™'-mg protein~' and in

Table I is a dose response of the ALS activity of
a typical Synechococcus WT clone transformed by
pSM 320, as compared with the activity of the
SM3/20 mutant and the WT. As expected, the
transformant exhibited a level of resistance similar
to that of the mutant, thereby confirming the map-
ping of the SM3/20 mutation in an isogenous
strain. The enhancement of the apparent /s, in the
case of the mutant or the transformant as com-
pared to the WT value was: 5000, 800 and 1500-
folds for three variants of sulfonylureas: SM, met-
sulfuron (MS) und chlorosulfuron (CS) respective-
ly. It demonstrates that the SM 3/20 mutation
which was isolated by selection for SM resistance
[6], confers resistance also to MS and CS. Among
the three herbicides the CS was the weakest inhibi-
tor.

Table I further demonstrates that the cyanobac-
terial ALS activity was less sensitive to SM in the
E. coli host, as compared to the activity in the nat-
ural host, a phenomenon which has recently been
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Table I. Inhibition of cyanobacterial ALS activity by sulfonyl-

ureas.
Strain 15, [um]?

SM MS CS
WT 1.4x 1072 2.6x 1072 20x 107"
SM 3/20 7.0 x 10! 5.0% 10! 3.0x10°
WT/pSM 320° 6.0 x 10! 7.0 x 10! 3.5 %107
CU888/pSM 18HR® 2.0 x 107! = =
CU 888/pSM 320 4.0 x 10? - =

4 I, 1s the herbicide concentration which inhibits ALS activity by

50%.
> WT transformed by pSM 320 (see Fig. 2).

¢ E. coli CU 888 transformed by pSM 18 HR which is a derivative
of pSM18 carrying a Hincll/EcoRI 3.8 kb fragment (see

Fig. 2).

observed also in E. coli transformed by a recombi-
nant ALS plant gene, and is inexplicable as yet [8].

Sequence analysis of the ALS gene and the molecu-
lar basis of the herbicide resistance

Sequence analysis of the WT ALS gene (Fig. 3)
revealed an open reading frame of 612 amino acids
with GTG as the initiation start codon. The role of
GTG as a translation start codon is known in oth-
er organisms [10]. Potential ribosomal binding site
and promoter sequence are underlined. Sequences
which can form a stem and loop structure and
might serve as transcription terminator are under-
lined with arrows.

The deduced amino-acid sequence is 46% ho-
mologous with the tobacco ALS gene [I1] and
with the ALS III gene of E. coli [12]; the homology
with other ALS genes is lower (not shown).

The tobacco gene is longer and codes for 670
amino acids, however the mature chloroplast pro-
tein is expected to be shorter and it was suggested
that 81 amino acids at the N’ terminal comprise a
leader peptide which is processed off upon entry to
the chloroplast [11]. Alignment of the cyanobac-
terial gene with the tobacco gene suggests that the
putative leader sequence of the tobacco ALS gene
1s not present in the cyanobacterial gene (not
shown).

Sequence analysis of the SM 3/20 ALS gene re-
veal a point mutation, resulting from a C to T

Table II. Comparison of the deduced amino-acid sequence around the
cyanobacterial SM resistance mutation with the sequences of ALS

genes from other organisms.

Strain Sequence

SM resistance

Synechococcus TGQVPRTAIGTDAFQET

Synechococcus mutant S +
Tobacco TGQVPRrmIGTDAFQET -
Tobacco mutant Q +
Yeast TGQVPtsAIGTDAFQEa —
Yeast mutant S +
E. colil TGQVPasmIGTDAFQEV  +
E. coli 1l TGQVsapflIGTeAFQEV =
E. coli ALS 111 SGQVatslIGyDAFQEC =

The sequence of tobacco [11, 13], yeast [4, 14] and E. coli [4, 12, 14, 15]
genes were described previously. Small letters indicate nonconserved

amino acids.
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CAAAATTGAGAATGGCAGCCTCGGATTTTGATGGCAAAATAANGGTCTAGAATTGCAGCC
TAGACTACAGGTCGTTCCTCGTCGCGATCGCCGCTTTCAGTTTTTAGAAAGTCACGCTCT
GCAGACAACAGACCCAAGCGCTCTGGGCTACTCCCACCGACCAGTCCATTAGATCCGCCA

ATCGGGAGAGGTTCGCTG&T’AACTGCAFACGGTCACCATTCAACAGCGTGCGACCGGTG
MYQ L Q T V T I Q Q R AT

CTTATGCGCTGATTGATAGTCTCTGTCAGCACGGAGTTAAGCACATCTTTGGCTATCCAG
Y AL I DS L CQWHGV KHTITFGYFP

GTGGGGCAATCCTGCCCATCTACGACGAGCTGCATCGGGCTGAGGCGGCTGGCCGTGTTC
G A I L P I YDETLUHTE RAEAAGTRVQ

AACATATTTTGGTACGCCACGAGCAGGGTGCAGTCCATGCGGCAGATGCCTACTCGCGAG
H I L VRHEI QG AV HAADATY S RA

CCACGGGTGAAGTCGGGGTTTGCTTTGCGACTTCTGGTCCTGGTGCAACCAATCTCGTAA
T G EV GV CFATSG?PGATNTLUVT

T
CCGGGATTGCTACGGCCCAGATCGACTCGATCCCGATGGTGGTGGTGACGGGGCAGGTGC

G I ATAQMDSTIPMVV VTG
S

CTCGCACGGCGATCGGAACCGACGCTTTCCAAGAGACAGACATCTACGGCATCACGCTAC
I G T D ATF QE TD I

CAATCGTCAAACACTCCTACGTGGTGCGCGATCCACGGGACATGGCGCGGATTGTGGCGG
I V K H S Y V V RDUPRDMARTIUVATE

AAGCCTTCCACATTGCCCAATCGGGTCGTCCTGGCCCTGTCTTGATCGATGTGCCCAAGG
H I AQ S GRUPGUP VL IDWV

ATGTCGGCACTGAGGAATTTGATTATGTGCCTGTGGCTCCGGGGGATATTCGACTGCCGG
vV GTEETFDY VPV APGDTIRTILTPG

GCTATCGTCCGACAACTCGGGGCAACFCACGTCAGATTGCTCAGGCGATCGCTCTGGTGA
Y R P TTIRGNUPRQTIA A I

AAGTAGCCCGTCGGCCCTTGCTCTACGTTGGTGGCGGCGCAATTACGGCCGGCGCCCATG
VARRPILTILYV GGGATITA AGAHA

CbGAGCTGCGGGCCTTTGCAGAGCGCTTCCAACTGCCGGTAACAACGACTCTGATGGGCA
E L RAF AERTFOQLUPVTTT G

AAGGGGCCTTTGATGAGCGGCACCCCTTGGCGCTTGGCATGCTGGGGATGCACGGCACGG
G A F DERUHPILALGMTLGMUHEGT A

CCTATGCCAACTTCGCCGTCAGCGAATGTGATCTGCTGATTGCGGTGGGTGCCCGCTTTG
Y A NF AV S E C L L I AV GARTFD

ACGATCGTGTCACGGGCAAACTGGATGAGTTCGCCTCCAAAGCGCAAGTTATTCACGTTG
DRV TG KTULDETFASI KA AQV I HVD

ATATCGATCCGGCCGAAGTCGGTAAAAACCGCGTGCCGGAAGTGCCAATCGTGGGCGATG
I1 D P AEV G KNI RV P E P I VG DV

TCCGCCAGGTGCTGAATGAGCTTCTGGCGCGTGCCGAAGAGCAAATCAGCGCCGATGATG
R Q VL NE L L AR AETEIZ QTISADTDA

CGACTCGAACTCAGCCTTGGCTCGATCGCATTGCCTACTGGAAGCGGGAATATCCTCTGC
T R T Q P W L DRI AYWIKI REY P L Q

AGATTCCCTACTACGCTGATGTGCTCTCACCCCAACAAGTGATTCACAGTTTGGGAGAAG
I PY Y ADVILSZPQQVIUHSTLSGTEHRA

CAGCACCGGATGCTTACTTCACCACGGATGTGGG*CAGCACCAAATGTGGGCTGCTCAGT
P DAY F TTWDV G Q HQMUWAATGQTF

TCATCAAGAATGGTCCCCGTCGTTGGATCTCTAGTGCAGGTCTCGGTACGATGGGCTTTG
I K NG P R R W §$ $ AGL G TMG F G

GTATGCCGGCCGCTATGGGAGCACAAATGGCTCTGCCGGATGACACCGTCATCTGTGTGG
M P A A MGAQMALUPDTUDTUVI

CTGGGGATGCCAGCATCCTGATGAATATTCAGGAGCTGGGGACCCTAGCGCAGTACAACA
G DASTILMNTIQGQETLSGTTLA AGQTYNTI

TCCCGATCAAGGTCGTTGTTGTCAATAATGGCTGGCAGGGGATGGTGCGCCAGTGGCAAG
I KV VV V NNGT WOQG MV RQ WQE

AAGCGTTCTACGACGAGCGCTATTCCAACTCCAACATGGAGCGGGGCATGCCCGACTTTG
A F Y DERYSNSNMEUZ RGMMZPUDTF V

TGAAACTGGCAGAAGCCTTTGGTATCAAAGGGATGCGCGTTAGTCATCCAGACGAGCTGC
K L A EAF GI KGMZ® RV S HZPDTELQ

AAGCAGCGATCGCTGAAATGTTGGCCTTTGATGGGCCGGTGTTCTTGGATGCGATCGTCA
AA I AEMILATFDGZPVF L DA ATIV K

AGAGGGATGAAAACTGTTATCCGATGGTGCCCTCTGGTCACAGCAATGCGCAGATGCTRG
R D EWNUCYPMVP S GHSNAQMTLG

GCTTGCCCAAGGACCCGACGCTGGATTTGGATTTGGCGATCGCGACCTGTTCGAGCTGCG
L P KDUPTTULDULTGDOE LATIABATTCSSCG

GCGCGAAAACCCTGCCCAGCCACAAGTTCTGTCCGGACTGCGGCGCTAAGCTCTAGAGCT

A K TLP S HKUFEOCPDIS EC®GAT KL
GCTTTTTAGCPACTCTTCATGACAFCCQTCGAACCR —TTTGI"GGGACTTTAFCTTFFF
GATGTCATGCAATGATGCGCCCGAACACGATCCTGGCCCAGCCTGACTGCAAGGCCGTCA

GTTTAGGAA 1972
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Fig. 3. Sequencing the ALS genes of Synecho-
coccus WT and the SM 3/20 mutant. Putative
promoter and Shine-Dalgarno sequences are
underlined. Sequences which can form stem
and loop and might serve as a transcription
terminator are underlined with arrows.
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change of nucleotide 342 which caused a proline to
serine substitution in position 115 of the deduced
amino-acid sequence (Fig. 3).

The SM 3/20 mutation is in a conserved region
of the ALS gene (Table II). Proline to serine sub-
stitution in this conserved region resulted in herbi-
cide resistance also in yeast [4]; substitution of the
equivalent proline to glutamine resulted in resist-
ant tobacco [13]. Analysis of the deduced amino-
acid sequence around the SM 3/20 mutation sup-
ports the notion that the amino-acid context of the
substitutions is important for the resistance as im-
plicated from the data showing that serine is pres-
ent in the indicated position in resistant Synecho-
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