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Abstract Strain 136, naturally resistant to the herbicide
metsulfuron-methyl (SM), was isolated and characterized
with respect to the molecular mechanism of resistance. The
isolate was identified as Pseudomonas aeruginosa based on
bacterial morphology, physiology, cellular fatty acid, and
16S rRNA gene sequence. Minimal inhibitory concentra-
tions of metsulfuron-methyl against the growth of L.36 and
wild type isolate PAO1 were 6.03 and 1.33 mM, respec-
tively. L36 carried a nucleotide base change in the aceto-
lactate synthase (ALS) gene that coded for a single amino
acid mutation (Ala29 — Val29). The mutated ilvIH gene
was functionally expressed, purified, and the kinetic
properties of the purified ALS were tested. The mutant
enzyme had K, for pyruvate fourfold higher than the wild
type enzyme, and K;*P for sulfonylureas some 30-fold
higher. The A29 V mutation in the ALS resulted in the
resistance of P. aeruginosa to sulfonylurea herbicides but
not to imidazolinone herbicides.

Keywords Acetolactate synthase - Metsulfuron-methy] -
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Introduction

Acetolactate synthase (ALS, EC 4.1.3.18), also named
acetohydroxyacid synthase (AHAS), is the first common
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enzyme in the biosynthetic pathway leading to the bran-
ched amino acids valine, leucine and isoleucine in plants,
bacteria and yeast (Blair and Martin 1988; Brown 1990;
Tan and Medd 2002). ALS has dual catalytic functions: it
catalyzes the condensation of 2-acetolactate from two
molecules of pyruvate in the first step of the valine and
leucine synthetic pathways, and also catalyzes the forma-
tion of 2-aceto-2-hydroxybutyrate from pyruvate and
2-ketobutyrate in the second step of isoleucine biosynthesis
(Chipman et al. 2005). ALS requires three cofactors for its
catalytic activity, thiamin pyrophosphate (TPP), flavin
adenine dinucleotide (FAD), and a divalent metal ion,
Mg>" (Pang et al. 2002). In Escherichia coli and Salmo-
nella typhimurium, at least three active ALS isozymes have
been identified, namely ALS 1, II, and III encoded within
the ilvBN (Wek et al. 1985), ilvGM (Sutton and Freundlich
1980) and ilvIH (Squires et al. 1983) operons respectively,
and ALS is a tetramer composed of two large and two
small subunits (Schloss et al. 1985). However, some pro-
karyotes synthesize a single ALS, e.g. only ilvIH was found
in the genomes of the genus Pseudomonas (Chipman et al.
1998; Stover et al. 2000), and ALS is composed of one
large catalytic and one small regulatory subunit in
P. aeruginosa (Arfin and Koziell 1973).

The branched amino acids are synthesized by plants and
bacteria, but not by animals. Therefore, the ALS of the
biosynthetic pathway is potential target for the develop-
ment of herbicides. Indeed, some of herbicides used
worldwide over the past 20 years act by inhibiting ALS.
However, the repeated use of herbicides in the field has
resulted in weeds developing resistance to several ALS-
inhibiting herbicides. Herbicide-resistant mutations of ALS
in plants, yeast and bacteria have been obtained, including
both naturally resistant isolates under field conditions and
those that have been introduced intentionally in the
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laboratory (Haughn and Somerville 1986; Yoon et al. 2002;
Duggleby et al. 2003). In most cases, resistance is due to a
single point mutation that alters the structure of the ALS,
making it less sensitive to the herbicides. Some of these
resistant-mutation sites have been identified in plants, yeast
and bacteria, e.g. resistant-mutants have been reported in
tobacco (A121T, Chong and Choi 2000), cocklebur (Xan-
thium sp.) (W552L, Bernasconi et al. 1995), cotton
(W563CS, Rajasekaran et al. 1996), Arabidopsis thaliana
(S653 N, Chang and Duggleby 1998), and E. coli
(W464AFLQY, Ibdah et al. 1996).

To establish the molecular mechanism of resistance in
Pseudomonas aeruginosa to metsulfuron-methyl, the SM-
resistant strain L36 was isolated from soils previously
impacted by metsulfuron-methyl spills. The mutated ilvIH
gene was cloned, functionally expressed, purified, and the
kinetic properties of the purified ALS were tested. The
result revealed important clues about how mutation led to
herbicide resistance.

Materials and methods
Chemicals and medium

Soil samples were collected from the surface layer
(0-10 cm) from Huarui Agrochemical Factory (Jiangsu,
China). Metsulfuron-methyl (98.0% purity) and chlorsul-
furon (99.0% purity) were purchased from Changzhou
Agrochemical Factory (Jiangsu, China). Imazethapyr
(98.0% purity) was purchased from Xinnongji Agrochem-
ical Company (Shangong, China). Imazaquin (96.0% pur-
ity) was purchased from Shandong Cynda Chemical Co.,
Ltd (Shandong, China). Other chemicals used were ana-
lytical grade.

The mineral salt medium (MSM) had the following
composition (per liter): NaCl, 1.0 g; NH4NO;, 1.0 g;
K,HPO,, 1.5 g; KH,PO4, 0.5 g5 MgSO,4-7H20, 0.1 g;
FeSQy,, 0.025 g; trace element solution 10 ml (Ferrari et al.
1994); pH7.0. MSGM medium was MSM supplement with
glucose at a final concentration of 100 mg 17", Luria-Ber-
tani (LB) medium contained bactotryptone (10.0 g 171,
yeast extract (5.0 g17"), NaCl (5.0 g17") (pH 7.0). For
solid medium, agar was added to a final concentration of
1.5% (wiv).

Isolation and identification of SM-resistant strain

About 10.0 g of soil sample was added to Erlenmeyer
flasks (250-ml) containing 100 ml sterilized water incu-
bated at 30°C on a rotary shaker at 200 rev min~' for
30 min. The mixed cultures were serially diluted and
spread onto MSGM agar plate containing different
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concentrations of metsulfuron-methyl (0, 0.66, 1.31, 2.62,
3.93, 5.24 mM). After incubation at 30°C for 2 days, vis-
ible colonies were picked and repeatedly streaked onto
MSGM agar containing metsulfuron-methyl until pure
cultures were obtained. After repeated streaking, a high-
level resistant strain, designated as L36, was selected for
further research.

The identification of L36 was carried out according to
Bergey’s Manual of Determinative Bacteriology (Holt et al.
1994). To determine the fatty acid composition, cultures of
L36 and P. aeruginosa wild type strain PAO1 were grown
in 100 ml LB medium at 30°C for 24 h. Cells were har-
vested, and the pellet was washed three times with distilled
water. The fatty acids in the bacterial cells were saponified,
methylated, and extracted as described previously (Zhu
et al. 2005). The resulting methyl ester mixtures were
separated by gas chromatograph. Fatty acids were identi-
fied by the standard MIDI Microbial Identification system
(Wei et al. 2008).

The genomic DNA was extracted by the method of high-
salt concentration precipitation. The 16S rRNA gene was
amplified by PCR using standard procedures (Lane 1991),
and the sequence was deposited in GenBank (accession
number DQ989017). The sequence was compared to
known sequences found in the Ribosomal Database Pro-
ject. Multiple alignments were carried out using CLU-
STALX 1.8.3, and phylogenesis was analysed using
MEGA (version 3.0) software. The distance was calculated
using the Kimura two-parameter model. An unrooted tree
was built using the neighbour-joining method.

Sensitivity tests

The sensitivities of L36 and PAOI1 to different ALS-
inhibiting herbicides (metsulfuron-methyl, chlorsulfuron,
imazethapyr and imazaquin) were determined by minimal
inhibition concentration (MIC) test. The MIC was defined
as the lowest concentration of herbicides that would inhibit
visible bacterial growth after incubation. L36 and PAOI1
were streaked onto MSGM agar plate containing different
concentration of ALS-inhibiting herbicides, and a control
included no herbicides. The plates were incubated at 30°C
for 24 h. After incubation, the visible bacterial growth was
observed, and the MIC was determined.

Cloning, expression and purification of ALS

The ilvIH gene from 136 and PAO1 was cloned using PCR-
based technique. The primers were designed as follows:
5'-GTGGAGCTTTTATCTGGC-3' and 5'-TCAGATGCT
CAGAGTCTTGT-3'. PCR reactions were carried out with a
PTC 200 gradient cycler (MJ Research, Waltham, MA,
02451-2173) under the following conditions: 3 min at 95°C;
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30 cycles of 30 s at 94°C, 30 s at 52°C and 1 min at 72°C;
plus an additional 10 min cycle at 72°C. PCR fragments
were ligated into the linear vector pMD18-T (TaKaRa Bio-
technology) after purification by agarose gel electrophoresis,
and then transformed into competent E. coli DH5a cells. The
recombinant plasmid in positive clones was extracted and
used as the template for direct sequencing of the ilvIH
fragment by using an automatic sequencer (Applied Bio-
systems, model 3730). Manipulation and editing of nucleic
acids and protein sequences of ALS were made using the
BioEdit program.

The DNA fragments encoding the open reading frames
of ALS from L36 and PAO1 were amplified by PCR using
the gene specific primers 5'-AGCTGGATCCGTGGAGC
TTTTATCTGGC-3' (BamHI) and 5- AGCTCTCGAG
TCAGATGCTCAGAGTCTTGT-3' (Xhol). The amplified
DNA was inserted into the BamHI/Xhol sites of pET29a.
Recombinant expression plasmid (pET-IH) was trans-
formed into E. coli BL21 (DE3). Transformed bacteria
were grown at 37°C in LB medium containing 30 pg ml™"
kanamycin until optical density of the culture at 600 nm
reached 0.5. Expression of recombinant ALS was induced
by addition of 0.5 mM isopropyl-f-p-thiogalactopyrano-
side (IPTG) and additional incubation for 4 h at 37°C.
Cells expressing fusion protein were harvested, centri-
fuged, and washed with 20 mM potassium phosphate
buffer (pH 7.0). After the cells were disrupted by ultrasonic
treatment for a total of 10 min in ice, insoluble material
was removed by centrifugation (12,000g for 40 min at
4°C), and the supernatant was passed through a 0.45 um
membrane filter for purification.

The ALS expressed from pET29a(+) had a C-terminal
6x His tag, and the histidine-tagged ALS (IlvIH) were
purified in their native forms by affinity chromatography
on a Ni-NTA Agarose column (Qiagen, Shanghai, China)
using the method described previously (Engel et al. 2004).
The purity of the proteins obtained was assessed by SDS/
PAGE and the protein concentration was determined with
bovine serum albumin (Sigma, Shanghai, China) as the
standard protein.

Enzyme assay

Enzyme activities of the purified ALS were measured using
the standard colorimetric assay for acetoin as previously
described (Yoon et al. 2002) with slight modification. The
reaction mixture contained 50 mM potassium phosphate
buffer (pH 7.5), 1 mM TPP, 10 mM MgCl,, 20 uM FAD,
100 mM pyruvate, and the enzyme in the absence or
presence of different concentrations of inhibitors. The
reaction was started by adding the enzyme solution into the
buffer containing substrate and cofactors at 37°C and ter-
minated after adding 6 M H,SO,4. The reaction product

acetolactate was allowed to decarboxylate, and the acetoin
formed by acidification was measured with 0.5% creatine
and 5% a-naphthol. The absorbance of the reaction mixture
was detected at 525 nm. One unit (U) of activity was
defined as the formation of 1 pmol acetolactate per minute,
and the specific activity was expressed as U mg™' protein
under standard conditions.

The kinetic characteristics of the resistant and wild-type
enzyme were studied, including K, for pyruvate, K. for
FAD, TPP and K;"P of four herbicides, metsulfuron-methyl,
chlorsulfuron, imazethapyr and imazaquin. The value of K,
for the substrate were determined by fitting the data to Eq. 1,
and the values of activation constant (K.) for cofactor were
obtained by fitting the data into Eq. 2, by the non-linear least-
squares and simplex method for error minimization.

V= Vmax/(] + Km/(S)) (1)
v ="Vo+ Vama/(1 +K/(C)) (2)

In these equations, v is the reaction velocity, V.. is the
maximum velocity, V; is the activity without adding
cofactors, K, is the Michaelis—Menten constant, K is the
activation constant, (S) is substrate concentration, and (C)
is added cofactor concentration. The K*P values were
determined by fitting the data into Eq. (3).

vi = Vo/(1+ (I)/K}*) (3)

In this equation, v; and v, represent the rates in the presence
or absence of the inhibitor, respectively, and (/) is the
concentration of the inhibitor. The K7*P is the apparent K;,
which is the concentration of the inhibitor resulting in 50%
inhibition under standard assay conditions, which is also
known as 1Csy,.

Results

Isolation and identification of the SM-resistant strain
L36

After serial dilution and repeated streaking, a high-level
resistant strain, designated as L.36, was selected for further
research. Strain L36 was a Gram-negative, short, rod-
shaped bacterium and formed aerogenous colony on LB
agar medium. Biochemically, it revealed positive results
for oxidase, catalase, gelatin liquefaction, nitrate reduction
and utilized fructose, sucrose, galactose, xylose, mannitol
as sole carbon sources. Negative results were observed in
the hydrolysation of starch, Voges-Proskauer test and
methyl red test. The physiological and biochemical char-
acteristics of L36 showed no difference from the results of
strain PAOL.
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The cellular fatty acid composition of L36 and PAOI1
were analysed, and the results revealed that the fatty acids
of L36 were extremely similar to PAO1. The most abun-
dant straight-chain fatty acids in two strains were hexa-
decanoic acid (16:0), hexadecenoic acid (16:1), and
octadecenoic acid (18:1). Each of these strains also con-
tained relatively large amounts of 3-OH 10:0, 2-OH 12:0,
and 3-OH 12:0, and none of these strains contained
3-hydroxytetradecanoic acid (3-OH 14:0).

The sequence of the 1.5 kb 16S rRNA gene of L36 was
deposited in the GenBank database under accession num-
ber DQ989017. Multiple alignments revealed that the 16S
rRNA gene sequence of L36 was closely related to that of
P. aeruginosa strain DSMS50071 (98.4% of similarity,
Toschka et al. 1988) (Fig. 1). According to its morphology,
physiology, cellular fatty acid, and 16S rRNA gene
sequence, L.36 was identified as P. aeruginosa.

Herbicide resistance

The resistance of L.36 and PAOI1 to different ALS-inhib-
iting herbicides was determined. MICs of L36 to metsul-
furon-methyl and chlorsulfuron on MSGM plates were 6.03
and 5.48 mM respectively, whereas for PAO1 it was 1.33
and 1.12 mM respectively. The result showed strain L.36
was resistant to the sulfonylureas metsulfuron-methyl and
chlorsulfuron. Strain L36 was also found sensitive to imi-
dazolinones, another ALS-inhibitor herbicide, which is
structurally unrelated to sulfonylureas. There was no

Fig. 1 Phylogenetic tree

difference between L36 and PAOI1 in the sensitivity to
imazethapyr and imazaquin, implying that the sulfonylu-
reas resistant strain L36 had no cross-resistance to
imidazolinones.

PCR amplification of ALS gene

The nucleotide sequences of the ilvH and ilvl genes of L.36
were obtained by PCR amplification and deposited as
EF105336 and EF105338 in GenBank. The amino acid
sequence of IlvH subunit of L36 was identical to that of
PAOI. But a mutation (C-to-T) at nucleotide 86 of the ilvl
gene was found in L36, and this mutation resulted in Alayg
(GCC) being changed to Valyg (GTC) in the amino acid
sequence of the IlvI subunit. In comparison of the amino
acid sequence of Ilvl among different species of bacteria,
the composition of Ala29 from P. aeruginosa is remarkable
in a highly conserved domain which was located near the
N-terminus (Fig. 2). A29 V has been described previously
as the equivalent mutation of A26 V in E. coli ALS I and

E.coli QVFGYPGGAVLDIYDALHT
E.coli mutation V.
Yeast TVFGYPGGAILPVYDAIHN

Yeast mutation
Paeruginosa PAO1 YIYGYPGGALLHIYDALFK
P.aeruginosa L36 ~ -==-==-========-V-mmoomomnonnneeeae
Fig. 2 Comparison of the partial amino-acid sequences of P. aeru-
ginosa and the equivalent mutation known to confer resistance to
metsulfuron-methyl in E. coli and yeast

93 Pseudomonas alcaliphila AL15-21(AB030583)
constructed by the neighbor- 99 Pseud docina (M59154)
joining method based on 16S 14 Pseud pseudoalcaligenes DSMS001ST (Z76675)
TRNA gene sequences of L36 Pseud stutzeri AW-1(AY017341)
and related bacteria. Bootstrap | P .
values, expressed as percentages 64 | 94 I—| P stutzeri CCUG11256 (U26262)
of 1,000 replications, are given 49 Pseud. balearica SP1402 (U26418)
at branching points. The scale Pseud, psychrotolerans C36 (AJ575816)
bars represent 0.005 9 o Pseud Jlavescens B62 (U01916)
substitutions per site 99 Pseud arg sis CHO1 (AY691188)
Pseud. sp. R-20821 (AM114527)
85 Pseud anguilliseptica NCIMB1949 (X99540)
I Pseud indica (AF302795)
99 Pseud: azotifigens 6H33b (AB189452)
74 Pseud citronellolis DSM50332T (Z76659)
99 I_| Pseud Jjinjuensis Pss26 (AF468448)
I— Pseud nitrored, DSM14399 (AMO088474)
48 Pseud. lcaligenes LMG1224 (Z76653)
4 Pseud resinovorans LMG2274 (Z76668)
99 Pseud. itidis MCC10330 (AY953147)
W(—‘i L36 (DQY89017)
99 Pseud aeruginosa DSM50071 (X06684)
0.005
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mutation of A117 V in yeast ALS. In E. coli ALS 1I, the
A26 V mutation resulted in reduced levels of ALS and
reduced sensitivity to metsulfuron-methyl (Yadav et al.
1986). In yeast ALS, the A117 V mutation exhibited rather
specific resistance to metsulfuron-methyl (Duggleby et al.
2003). But different from the reported equivalent muta-
tions, the naturally resistant strain L36 was obtained from
an ecosystem contaminated with metsulfuron-methyl run-
off and was not induced in the laboratory.

Expression and purification of ALS

The ilvHI genes of L36 and PAOl were overexpressed
from E. coli BL21 (DE3). SDS-PAGE of samples of the
transformed bacteria before and after induction of expres-
sion of the ALS with IPTG showed enhancement bands of
60 kDa and 20 kDa, the expected size of the large catalytic
and small regulatory subunits of P. aeruginosa ALS. The
overexpressed protein was purified and two subunits with
rather high degree of purity were obtained (Fig. 3). The
purified ALS of L36 and PAOlwere named as mutant ALS
(mALS) and wild ALS (WALS) respectively.

90kDa ==
67kDa “ !. W www <—Large subunit of ALS
| o -
—

43kDa « = =

29kDa s o =
- e <— Small subunit of ALS

Fig. 3 SDS-PAGE analyses of ALS from P. aeruginosa. Lane I:
protein molecular marker; Lane 2: overexpressed mALS; Lane 3:
overexpressed WALS; Lane 4: purified mALS; Lane 5: purified wALS

Table 1 Kinetic properties of wALS and mALS

Kinetic properties of mALS and wALS

Mutant and wild enzymes were characterized in term of
kinetic parameters, including K, for pyruvate, K. for FAD,
TPP and K?*P of four herbicides. The specific activity of the
purified enzymes was determined. The activity of mALS
showed no significant difference from the wALS. The K,
value of mALS for pyruvate was 12.54 mM which was
approximately fourfold higher than the corresponding
value for wALS (Table 1). However, the K. values of
mALS for FAD and TPP were marginally different from
those of wALS.

The activities of wALS and mALS were assayed in the
presence of different herbicide inhibitors. The herbicides
metsulfuron-methyl, chlorsulfuron, imazethapyr and imaz-
aquin were inhibitors of wALS with K;PP values of 0.29 puM,
1.04 uM, 0.93 mM and 0.83 mM, respectively (Table 2).
The mALS was strongly resistant to both metsulfuron-
methyl and chlorsulfuron with K;*P values of 12.42 uM and
36.62 pM respectively. However, the mALS showed no
resistance to imazethapyr and imazaquin. With regard to
kinetic parameters and herbicide resistance, that A29 residue
was very likely to locate at the common binding site of the
sulfonylureas instead of that of imidazolinones. Several
mutations leading to resistance to sulfonylureas but not to
imidazolinones have been found previously. The D379 N
mutant of yeast ALS was resistant only to sulfonylureas
(Duggleby et al. 2003). In tobacco ALS, the D374E mutant
was strongly resistant to the sulfonylurea Londax, but not the
imidazolinone Carade (Le et al. 2005).

Discussion

Metsulfuron-methyl blocks growth of Pseudomonas aeru-
ginosa by inhibition of ALS. We have reported the molecular

P. aeruginosa K K. Specific activity (U)
ALS

Pyruvate (mM) Tpp (UM) FAD (uM)
wALS 3.14 £ 0.27 1.07 £ 0.13 0.043 + 0.002 0.287 + 0.021
mALS 12.54 £ 0.76 2.57 £ 0.25 0.081 + 0.046 0.213 + 0.012

Table 2 K:* values of the tested herbicides by wALS and mALS

P. aeruginosa KPP

ALS .
Metsulfuron-methyl (uM) Chlorsulfuron (uM) Imazethapyr (mM) Imazaquin (mM)

wALS 0.29 + 0.02 1.04 + 0.23 0.93 £+ 0.04 0.83 £ 0.02

mALS 12.42 + 0.27 36.62 + 4.31 1.03 + 0.06 0.95 + 0.04
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basis of SM-resistance in strain L36. A mutation was found
in the ilvl gene, which encoded the large subunit of ALS. The
mutation resulted in a single amino acid substitution in the
protein. The amino acid mutation was the first report of ALS-
inhibitor resistant mutation in P. aeruginosa. The results
provided new evidence to prove the substitution of valine for
alanine at the corresponding amino acid residue responsible
for ALS resistance to metsulfuron-methyl.

In this paper, the A29 residue is located at a common
binding site for the sulfonylureas but not for the imidaz-
olinones. This suggested that the herbicide-enzyme inter-
actions are very complex, and that different mutations in
ALS gene could affect the binding of each herbicide
molecule differently, making it difficult to predict cross-
resistance patterns to other ALS-inhibitors.

In this paper, the inhibition was directly measured by
interaction between the purified enzyme and herbicides,
without the limited diffusion of inhibitors through mem-
brane, efflux pumps and other possible detoxification fac-
tors of bacteria (Cloete 2003). This approach has the
advantage of studying the molecular mechanism of enzyme
resistance to inhibitors.
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