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Metazachlor (R-CH,-Cl), a chloroacetanilide herbicide,

is converted in soil to products including the
ethanesulfonate metabolite (R-CH,-SO;~; BH 479-8).
Nothing is known about the degradation of the
ethanesulfonates of this class of herbicides. We used
inocula derived from five sources for enrichment
cultures to utilize R-CH,-SO3~ as a sole sulfur source
for the growth of microorganisms. Each culture
yielded bacteria that caused the disappearance of R-CH,-
SO;~ and the formation of a product identified as
the glycolate metabolite (R-CH,-OH; BH 479-1) by mass
spectrometry. A pure culture, strain HL1, was isolated,
and this bacterium quantitatively desulfonated
R-CH,-S0;™, the sulfur being recovered in cell protein.
Recovery of the organic moiety was usually about
80%. A second ethanesulfonate (R'-CH,-SO;~) and two
alkylsulfonates, but not taurine, were utilized by
strain HL1 as sulfur sources.

Introduction

A major fate of chloroacetanilide herbicides in soil is attack
by glutathione transferases (Figure 1) (1-3). The gluta-
thione conjugate is then subject to further biotransforma-
tion, which leads to the formation of, for example, the
“ethanesulfonate” metabolite (2—4), whose formation from
alachlor (4), propachlor (2), acetochlor (3), and metazachlor
(5) (Figure 1) has been detected. The ethanesulfonate
metabolite seems to be stable in the soils studied (6).

It was of interest to explore whether the compound is
likely to be stable in all environments or if it is susceptible
to any form of microbial attack. A routine approach to this
question is to deviate from the standard, carbon-limited
growth medium and to ask whether other moieties in the
molecule are available to microorganisms (7, 8). The sulfur
moiety in xenobiotics, especially the sulfonate moiety, has
been found to be readily removable as a sulfur source for
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growth (9, 10). We now observe that enrichment cultures
to desulfonate the ethanesulfonate metabolite of metaza-
chlor (R-CH,-SO3™) are readily obtained and that a defined
desulfonation product is obtained.

Experimental Section

Materials and Apparatus. Metazachlor [N-(2,6-dimethoxy-
phenyl)-N-(pyrazol-1-ylmethyl)chloroacetanilide; BAS 479
H; R-CH,-Cl] is the parent compound from which the
ethanesulfonate metabolite R-CH,-SO3~ isderived. R-CH,-
SO3;~ (BH 479-8; >99%) was kindly provided by BASF AG
(Ludwigshafen, Germany), which also supplied the glycolic
acid (R-CH,-OH; BH 479-1; >99%) and the oxalic acid (R-
COOH; BH 479-4; 99%) derivatives (Figure 1). Whereas
R-CH,-OH chromatographed as a single peak, R-CH,-SO3~
and R-COOH each chromatographed as pairs of peaks due
to the hindered rotation of the acid group and the existence
of rotamers. The ethanesulfonate derivative [R'-CH,-SO3™;
99% (Figure 1)] of a plant safener [1-(2,2-dichloroacetyl)-
3,3,8-trimethylperhydropyrolo[1,2-a]pyrimidin-5-one; R'-
CHCI;] was also supplied by BASF. Analytical grade
chemicals were used throughout the work. Plate Count
Agar was from Difco and MacConkey Agar No. 3 was from
Oxoid. The testkits for L-alanine peptidase and the oxidase
test were from Merck. Horse liver alcohol dehydrogenase
(Boehringer) and NAD™ (Merck) were from commercial
sources. HPLC was done with Beckman apparatus
equipped with adiode array detector. lon chromatography
with suppression was done with a Sykam apparatus. A
Finnigan Model 4023 mass spectrometer was used for direct
probe analyses.

Analytical Methods. Reversed-phase HPLC was done
with Nucleosil 5-C18 as the stationary phase in 125 x 3mm
columns. The mobile phase was 40% (20%) methanol and
60% (80%) 10 mM potassium phosphate buffer, pH 2.2, at
a flow rate of 0.5 mL/min for the herbicide derivatives
(safener derivatives). Bacterial cultures were centrifuged
(180009, 2 min, room temperature) and filtered (0.45 um
pore diameter) prior to analysis by HPLC, where 100-uL
portions were injected onto the column. Occasionally,
spent medium was concentrated 10-fold under a stream of
nitrogen, and putative R-CH,-OH from 500-uL portions was
collected after separation on the HPLC column. The mass
spectrometer was operated in chemical ionization mode
with methane as the reagent gas to examine the authentic
R-CH,-OH standard and putative R-CH,-OH, which had
been separated by HPLC. The source temperature was 120
°C, and the electron energy was 70 eV. Sulfate ion in the
growth medium was determined by ion chromatography
on an LCA A0l anion-exchanger column with 3 mM
NaHCO; plus 2 mM Na,COj3; containing 0.5% butanol as
the mobile phase, according to the manufacturer’s instruc-
tions (Sykam). Protein in bacterial cultures was measured
by a Lowry method (11).

Enrichment Cultures and Growth Conditions. The
enrichment cultures were prepared to select for the
utilization of the sulfur in R-CH»-SO3;~ at 30 °C. Theinocula
were from five independent sources: forest soil; soil from
an oat field; and from sewage sludges from rural (Trogen),
largely communal (Werdholzli), and largely industrial
(Herisau) treatment plants (cf. ref 12). Inocula were
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FIGURE 1. Generalized scheme of dechlorination of a chloroacetanilide herbicide by a glutathione (GSH, y-L-glutamyl-L-cysteinylglycine)
transferase with a possible route to the formation of the ethanesulfonate derivative of the herbicide together with the structures of metazachlor
(R-CH,-Cl), its ethanesulfonate metabolite (R-CH,-SOs~), and the major product (R-CH,-OH) from desulfonation of R-CH,-SO;~ together with
a putative intermediate. Also shown are the plant safener (R'-CHCI,), its ethanesulfonate metabolite (R'-CH,-SO;7), and the putative product
(R'-CH2-OH) from desulfonation. A plant safener is a compound added to a pesticide formulation to protect nontarget plants.

prepared, and the enrichments were done with a 30 uM
sulfur source in phosphate-buffered medium as described
previously (9). Enrichment cultures were evaluated after
three transfers, when the turbidity of cultures supplied with
R-CH,-SO5;~ was compared with positive (30 uM sulfate)
and negative (no added sulfur source) controls. Where the
formation of turbidity was accompanied by the disappear-
ance of R-CH,-SO3™, cultures were transferred further.
Active cultures were streaked on Plate Count Agar. Picked
colonies were inoculated into selective liquid medium
where growth and substrate disappearance were evaluated,
and active cultures were restreaked. A culture was con-
sidered pure when three successive plates gave identical
colonies.

Enrichment cultures (3 mL) were done in screw-capped
30-mL tubes to prevent contamination from airborne
sources of sulfur. Growth yield was measured in sets of
30-mL cultures in 300-mL screw-capped Erlenmeyer flasks.
In this case, the sulfur source was present at 0—110 M,
and the medium (pH 7.3) was glycerol, 30 mM; Tris base,
50 mM; NH4Cl, 20 mM; MgCl,, 0.5 mM; KCI, 20 mM; NacCl,
20 mM; potassium phosphate, 2 mM; and trace elements
as in Zurrer et al. (9). The growth yield was the slope of
the regression line in agraph of protein after the exhaustion
of sulfur source vs the initial sulfur concentration; the
coefficient of correlation (R%) was >0.97. Growth experi-
ments were done with strain HL1 in the Tris-buffered
medium in 500-mL portions in 1-L flasks at 30 °C with
aeration by magnetically driven stirring bars (13). Samples
were taken at intervals to determine turbidity (500 nm),
protein, sulfur sources, and products. On occasion, an
outgrown culture was washed twice in cold 50 mM
potassium phosphate buffer, pH 7.2, and resuspended, 10-
fold concentrated in phosphate buffer containing 30 uM
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R-CH,-SO3~ at 30 °C. Samples were taken at intervals to
follow the fate of the R-CH,-SO5™.

Cultures of strain HL1 were grown to the late log phase,
harvested by centifugation, and stored frozen. Cell pellets
were thawed, suspended in buffer, and disrupted in a French
pressure cell. Whole cells and debris were removed, and
glycolate dehydrogenase was examined analogous to the
work with the “alcohol dehydrogenase” described elsewhere
(14).

Results and Discussion

R-CH,-SO3~ was stable in sterile growth medium, indeed
the sulfonate was stable to autoclaving in growth medium.
Five enrichment cultures, one per inoculum, were prepared
with R-CH,-SO3™ as the sole added source of sulfur. Each
culture grew and was ranked positive (a) with regard to
growth in comparison with positive and negative controls,
(b) by partial to complete disappearance of R-CH,-SO3~
within 5 days, and (c) by concomitant appearance of a
metabolic product. The product was absent from the
controls, and its UV spectrum strongly resembled that of
R-CH,-SO3;~ (Table 1). Given the range of inocula (see
Enrichment Cultures and Growth Conditions), the ability
to desulfonate R-CH,-SO3~ is widespread and is found in
areas in which the parent herbicide would scarcely be
expected (forest nature reserve and towns).

The same putative product from R-CH,-SO3~ was found
in all five mixed cultures. The product was tentatively
identified as R-CH,-OH by co-chromatography with au-
thentic material and by identity of the UV spectra of
unknown and authentic material (Table 1). Identification
of the unknown was confirmed by mass spectrometry
(Figure 2).



TABLE 1

Chromatographic Behavior of R-CH,-SO3~, R-CH2-OH,
and Related Compounds and Data from Their UV
Spectra?

date from UV spectra (nm)

retention
compound time (min) max shoulder
R-CH,-SO3~ 3.9/4.6 197 212
R-CH,-OH 8.3 197 213
putative R-CH,-OH 8.3 197 212
unknown Il 6.5 197 212
unknown I 5.3 197 212
R-COOH 3.4/13.9 197 212

2 R-CH,-SO3;~ and R-COOH each form rotamers that are separated by
HPLC; the larger peak is italicized. The wavelength for the shoulder in
a UV spectrum is considered to be a maximum in the first derivative
of the spectrum. The spectra are very similar to one another. The
“comparison” facility in the software processing data from the diode
array detector detects differences among the spectra. Thus, differences
between the spectra of R-CH,-SO;~ and R-CH,-OH are indicated, whereas
the identities of authentic R-CH,-OH and putative R-CH,-OH are
supported.
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FIGURE 2. Mass spectral identification of putative R-CH,-OH. The
spectrum was identical with that of authentic material.

Four of the five cultures could be continuously sub-
cultured, and two of these cultures yielded pure cultures,
HL1 and RK1. The bacterium HL1 was a motile short rod
that occurred mainly as single cells or pairs. Strain HL1
was judged to be Gram-negative by the L-alanine peptidase
reaction and by growth on MacConkey Agar No. 3 and was
oxidase-negative. Bacterium RK1 was a motile short rod
that occurred singly and in pairs. Strain RK1 was judged
to be Gram-negative and was found to be oxidase-positive.

Strain HL1 grew overnightin 30 uM R-CH,-SO3;~ medium
with 30 mM glycerol as the sole carbon source and inocula
of 1% (v/v). This organism was examined in more detail.
Strain RK1 required 2 days to grow in 30 uM R-CH,-SO3~
medium with 7 mM succinate as the sole carbon source
and an inoculum of 1% (v/v). Whereas strain RK1 retained
the ability to utilize R-CH,-SO3 ™, it no longer released R-CH,-
OH into the medium, as had been observed in the
enrichment culture, though traces of an unidentified
product were found.

Strain HL1 quantitatively removed at least 90 uM R-CH,-
SO3~ from the growth medium. The growth yield was 3.0
kg of protein/mol of sulfonate compared with 2.9 kg of
protein/mol of sulfate, anormal value (10, 15). The growth
yield data from strain RK1 essentially resembled those of
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FIGURE 3. Differential growth curve of strain HL1 utilizing R-CH,-
SO;~ as the sole added source of sulfur. The organism was
subcultured from 80 #M R-CH,-SOs~ and 30 mM glycerol salts medium
into homologous medium, and samples were taken at intervals for
the determination of protein, sulfur source, and metabolic products.
Substrate utilization and product formation are plotted as a function
of growth. This curve is an exception in that the R-CH,-SO;~ was
not fully utilized. The jump in the concentration of R-CH,-OH after
the end of growth is represented by the highest value in the line.
R-CH,-S0O57, A; R-CH,-0OH, <; unknown I, x; unknown IIl, +.

strain HL1. We thus have a mass balance for the sulfono
moiety, which is recovered in protein.

Theyield of the carbon skeleton of R-CH,-SO3~ as R-CH,-
OH was usually in the range 60—90% (strain HL1), whereby
the higher yield was at the higher sulfonate concentrations
(90 uM). R-CH,-OH was not lost during centrifugation and
filtration of authentic material, and we do not know the
fate of the missing material. It is clear, however, that a
major portion of the R-CH,-SO3~ molecule is acounted for.

Occasionally, strain HL1 yielded about half the expected
concentration of R-CH,-OH together with another product
(11, in a single peak) with a similar UV spectrum to R-CH,-
OH, but with a shorter retention time (Table 1). Assuming
similar molar extinction coefficients for these two com-
pounds, product Il represented <10% of the initial sulfonate.
Strain RK1 released no obvious desulfonation product. We
presume R-CH,-OH to be subject to further metabolic
transformations, for which conditions have not been
optimized.

The specific growth rate («) of strain HL1 was 0.32 h—!
with R-CH,-SOs~ or 0.50 h~1 with sulfate, which indicates
sulfur assimilation into the cell between 30 ukat/kg of
protein (R-CH,-SO37) and 49 ukat/kg of protein (sulfate).
When followed kinetically, the first product detected from
R-CH,-SO3~ was product Il. Both product Il and R-CH,-
OH were present simultaneously during growth. Thereafter,
the concentration of product Il essentially disappeared
(Figure 3). Yet another product (I11) was detected, which
we have not identified. Product Ill sometimes appeared
late in the growth curve and sometimes at the start of the
experiment (Figure 3). After the end of growth, the level
of R-CH,-OH rose overnight (Figure 3).

We were unable to detect desulfonation in cell suspen-
sions or in cell extracts. The known hydrolytic desulfona-
tion, that of taurine, yields a methyl group subsequent to
arearrangement reaction (16, 17), whereas we observe the
glycolate. We thus hypothesized that desulfonation of
R-CH,-SO3~ would lead to the formation of the glyoxylate
(R-CHO) (cf. refs 18 and 19), on the assumption that an
oxygenase was involved. We have as yet found no alcohol
dehydrogenase in strain HL1, which could interconvert
“glycolate” and “glyoxylate”, so the reactions leading to the
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formation of R-CH,-OH are still undefined. The glycolate
was not a substrate for horse liver alcohol dehydrogenase.

The substrate range of strain HL1 for compounds similar
to R-CH,-SO;~ (cf. Introduction) could not be tested because
so few ethanesulfonates were made available to us. One
alternative substrate was tested (Figure 1), and it supported
growth concomitant with substrate (retention time 3.6 min)
disappearance and the formation of a putative product
(retention time 6.8 min), which we did not identify. The
organism grew with ethylsulfonate or pentylsulfonate but
not with taurine as the sole added source of sulfur.

The relevance of a degradative enzyme is not limited to
its activity, it also involves its regulation. Recognition of
the regulation of metabolism of organosulfonates is not
new (20—22), but we now conclude that a global regulatory
network is involved (sulfate starvation-induced stimulon,
SSIS) (8, 23), and this has yet to be evaluated as an ecological
phenomenon. The potential ecological relevance of the
network should be considered together with the growing
awareness of the extent of pollution by sulfonated com-
pounds (e.g. refs 6 and 24—27) and with a realization that
the range of naturally occurring sulfonates has widened
vastly from a few, largely aliphatic compounds (28) to humus
(29). The turnover of humus, regardless of how slow, must
yield myriad aromatic, and presumably aliphatic, sulfonates.
In this light, the widespread desulfonation of xenobiotic
sulfonates in this work and elsewhere (9, 10) is surely not
surprizing butis a reflection of the previously unrecognized
requirement for desulfonation in the cycling of humus in
soil and humic materials in water.

We thus presume that the desulfonation of R-CH,-SO3~
is catalyzed by enzymes whose synthesis is regulated by
the SSIS. In the laboratory, the desulfonative enzymes in
this network are expressed in the absence of sulfate (23).
There is one example of the expression in nature of genes,
which we presume to be regulated by a sulfate starvation-
induced stimulon (8), the adaptive eradication of methio-
nine and cysteine from bacterial light-harvesting proteins
in the presence of low sulfate concentrations (30). The
expression of SSIS can be expected in soil, where most sulfur
is present in organic form and free sulfate is rare (e.g., refs
31-33), as discussed by Kertesz et al. (8). One must
distinguish, however, among soil usage and the concentra-
tion of free sulfate, which can obviously vary from several
hundred micromolars (©M) and effectively zero (e.g., ref
34). So a desulfonation may be expected in a forest soil,
but not in an agricultural soil. Proof of expression of SSIS
is not yet available under any condition, because suitable
genetic tools are only now approaching development (cf.
ref 35).
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