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Abstract

Pure cultures of aerobic bacteria were isolated which could utilize sulfamate, sulfamide or 1H-2,1,3-benzothiadiazin-4(3H)-
one 2,2-dioxide (BTDD) as sole source of sulfur for growth and thus cleave a N^S(O)x bond. The molar growth yields indicated
that each source of sulfur was utilized quantitatively. This was confirmed directly for Gordonia sp. strain BT2 utilizing BTDD,
which was converted quantitatively via an unidentified intermediate to 2-nitrobenzamide. Another isolate, strain BT1, could
utilize saccharin to yield salicylamide, thus cleaving both the N^S(O)x and C^S(O)x bonds. z 1999 Federation of European
Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Cleavage of a N^SOx bond appears to be a limited
to very few enzymes. There is, indeed, allowance for
this reaction in the Enzyme Commission nomencla-
ture, EC 3.10.-, [1], but only two enzymes are listed.
One widespread enzyme is N-sulfoglucosamine sulfo-
hydrolase, EC 3.10.1.1, [2]. The second entry, EC
3.10.1.2, is for cyclamate sulfamidase [3] (cf. Fig.
1). This enzyme attacks organosulfamates; neither
sulfamide nor sulfamate is attacked [3].

Sulfamide (H2N^SO2^NH2) (Fig. 1) is used in or-
ganic syntheses to yield, for example, 1H,3H-2,1,3-

benzothiadiazin-4-one-2,2-dioxide (BTDD, Fig. 1)
[4], a speci¢c reaction which is representative for a
broad range of syntheses [5]. Sulfamate (H2N^SO3

3)
is used mainly as a precursor for the arti¢cial sweet-
ener, cyclamate (cf. [5]) as well as in industrial and
household descaling [6]. Sulfamate can thus be ex-
pected in many sewage works. It is unclear how
widespread BTDD, or derivatives, is/are, but at least
one similar compound is widespread in European
sewage works, the arti¢cial sweetener, saccharin
(Fig. 1).

We are exploring the range [7^9] of previously
unknown enzymes involved in the assimilation of
sulfur, presumably controlled by the sulfate-starva-
tion-induced stimulon [10]. We now report on clea-
vages of the nitrogen^sulfone bond of sulfamate,
sulfamide and BTDD under the conditions of sulfate
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limitation and have evidence for novel cleavages of
N^SOx bonds, including quantitative formation of a
nitro group.

2. Materials and methods

2.1. Materials

Sulfamic acid (s 99.5%; Merck), sulfamide (Sig-
ma), cyclamate (N-cyclohexylsulfamic acid) (s 98%;
Fluka), saccharin (sodium saccharinate) (99%; Al-
drich), Orange II (CI 15510) (TCI) (Fig. 1) and
BTDD (s 99.5%; BASF) were used as obtained
from the supplier.

2.2. Microbiological methods

Enrichment cultures were done to obtain micro-
organisms from washed inocula able to utilize 60
WM sulfur-containing compounds as sole sources of
sulfur in Tris-bu¡ered medium [7] containing three
carbon sources (5 mM glucose, 10 mM glycerol and
7 mM succinate) as described elsewhere [11]. Two
inocula were used, derived from activated sludge
from the largely communal sewage works in Kon-
stanz, Germany (KN), or from the largely industrial
sewage works in Ludwigshafen, Germany (LU). Iso-
lation of microorganisms from stable enrichment cul-
tures involved alternate plating on Luria^Bertani
Agar and growth of picked colonies in selective
liquid medium. A culture was considered pure
when three successive plates were homogeneous
and identical. Selective solid medium comprised
20 WM OrangeII-(carbon sources)-Tris-salts medium
solidi¢ed with 1% low-sulfate agarose (M.A. Kertesz,
personal communication). The Gram-reaction was
assayed in the KOH test [12]. Oxidase tests were
carried out following standard methods [13]. Tenta-
tive phylogeny of strain BT2 was derived from a 16S
rRNA sequence (about 450 nucleotides) which was
determined by direct sequencing of PCR-ampli¢ed
16S rDNA (German Culture Collection, Brau-
schweig). M.A. Kertesz isolated strain smtA from
one of our mixed cultures and identi¢ed it by anal-
ysis of fatty acid methyl esters as a strain of Pseudo-
monas putida biotype A.

Bacteria were maintained in 50% glycerol at

380³C. Cultures were grown at 30³C on an orbital
shaker. P. putida smtA was grown in 60 WM sulfa-
mate/20 mM acetate-Tris salts medium. Strain sudA
was grown in 60 WM sulfamide/(5 mM glucose,
10 mM glycerol and 7 mM succinate)-Tris salts me-
dium in liquid culture. Strains BT1 and BT2 also
required all three carbon sources from the enrich-
ment in 60 WM BTDD-Tris salts medium; there
was negligible growth with the individual carbon
sources. Growth experiments were done in 60-ml cul-
tures in 300-ml Erlenmeyer £asks, and samples for
turbidity, protein and compounds in solution were
taken at intervals. Cell suspensions were obtained
by allowing a culture to grow to the late exponential
phase, when cells were harvested by centrifugation
(20 000Ug, 10 min, 4³C), washed twice in cold
50 mM Tris bu¡er, pH 7.5, and used immediately.
Experiments were done at 30³C on a 5-ml scale in
20-ml McCartney bottles which were shaken occa-
sionally (in an anaerobic glovebox) or contained a
magnetically drived stirring bar (under air), and sam-
ples were taken at intervals for 10 h. BTDD was
supplied at 60 WM and the protein concentration
was about 1 mg ml31.

2.3. Analytical methods

Compounds with an aromatic chromophore were
determined by reversed-phase HPLC [7]. Gradient
elution from the 125U3 mm Nucleosil 5 Wm-C18-
100 column was used with two mobile phases,
10 mM potassium phosphate bu¡er, pH 2.2 (bu¡er
A) and methanol (B) which were delivered at 0.5 ml
min31. The initial condition was 10% B for 3 min
before a linear gradient to 30% B over 10 min was
applied. These conditions were held constant for
5 min when the initial conditions were regenerated
and the column equilibrated for 10 min prior to the
next injection. Solid-phase extraction of products
from BTDD in growth medium was done with Chro-
mabond HR-P columns (200 mg solid phase; Ma-
cherey Nagel, Duëren, Germany) according to the
manufacturer's protocol (no. 181) for aromatic
amines in water. Protein from whole cells was as-
sayed by a variant of the Lowry method after solu-
bilization of the cells in NaOH [14]. Ion chromatog-
raphy was done as described elsewhere [7]. We
attempted to derivatize sulfamate and sulfamide
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with 2,4-dinitro£uorobenzene [15] and with o-phthal-
dialdehyde [16].

Mass spectra of products from BTDD dissolved in
methanol were obtained after separation on a 30-
mU250-Wm column coated with 0.25 Wm 5% phenyl-
methylsiloxane in an HP 6890 GC coupled to an HP
5973 mass spectrometer operating in the EI mode at
70 eV.

3. Results

Enrichment cultures for utilization of sulfamide as
sole added source of sulfur (inoculum, KN) yielded
coryneform mixed cultures sudA and sudB. We
worked with mixed culture sudA, which could utilize
both sulfamide and sulfamate, but the separation of
pure cultures showed that the motile, coryneform
organism, strain sudA, utilized only sulfamide,
whereas a Gram-negative rod, P. putida smtA, uti-
lized sulfamate, but not sulfamide. Enrichment cul-
tures with BTDD were done with two inocula (KN
and LU). Only one inoculum, KN, gave growth and
two coryneform isolates were obtained, strains BT1
and BT2. Enrichments for organisms able to utilize
BTDD as a sole carbon or nitrogen source gave no
growth. We thus had four di¡erent cultures with
which to examine the cleavage of N^SO3

3 or N^
S(O2) bonds (Table 1).

These cultures had narrow substrate ranges in our
area of interest, with the dyestu¡ Orange II as the
only sulfur-containing compound in common (apart
from sulfate). Each organism utilized sulfate with a
molar growth yield of about 2^4 kg of protein (mol
S)31 (Table 1), which is a normal range [17]. There
was no detectable growth in the controls with no
added sulfur. The molar growth yields with the dif-

ferent sulfur sources were about the same as the
same organism with sulfate (Table 1), except for
strain BT1, whose formation of clumps made repre-
sentative sampling di¤cult, and except for the sub-
strate Orange II, which always gave low values (Ta-
ble 1). There was no signi¢cant contamination of any
source of combined sulfur with inorganic sulfate (ion
chromatography), so the sulfur in each of these com-
pounds (Table 1) was as readily bioavailable as sul-
fate.

We found no method to determine sulfamate or
sulfamide (see Section 2), so we concentrated on
strains BT1 and BT2. Strain BT1 was a Gram-pos-
itive, non-motile coryneform bacterium with long
(4.5^5.0 by 0.5^1 Wm) cells which formed rough,
orange colonies with no aerial mycelium on LB
agar. Strain BT2 was a Gram-positive, coryneform
bacterium with short (1.0^1.5 by 0.5^1.0 Wm) club-
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Table 1
Organisms, growth substrates and growth yields

Organism Molar growth yield (kg protein (mol S)31) with the following sources of sulfur

None Sulfate Sulfamide Sulfamate Cyclamate BTDD Saccharin Orange II

sudA 0 2.2 1.6 0 0 0 0 1.2
smtA 0 4.1 0 3.9 4.1 0 0 3.1
BT1 0 3.3 0 0 0 4.1 1.7a 1.4
BT2 0 3.3 0 0 0 3.3 0 2.6

aUtilization of this compound was incomplete.

Fig. 1. The major sulfur sources used in this work and the prod-
ucts from the aromatic compounds. The product from Orange II,
not examined here, is that formed by Pseudomonas putida S-313
[8]. In the IUPAC nomenclature of BTDD, the nitrogen atom
N1 is that adjacent to the aromatic ring.
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formed cells which gave rough red colonies without
aerial mycelium on LB agar. Strain BT1 grew faster
with BTDD (W= 0.25 h31) than strain BT2
(Wmax = 0.04 h31), but strain BT1 could not be quan-
ti¢ed reliably (see above), and we concentrated on
strain BT2. The organism was identi¢ed as Gordonia
sp. strain BT2 by 16S rDNA [18], most closely re-
lated to G. terrae (98.6% similarity) and to G. rubro-
pertinctus (96.4%) and distant from G. hydrophobica
(91.9%). The phylogenetic data support the morpho-
logical and physiological observations. Gordonia sp.
strain BT2 has been deposited with the German Cul-
ture Collection (DSMZ), Braunschweig, as DSM
12450.

Growth of strain BT2 with sulfate (W= 0.22 h31)

was monophasic. Strain BT2 grew biphasically with
BTDD as sole added source of sulfur (Fig. 2A),
although growth was a linear function of product
formation (Fig. 2B). In the ¢rst phase, most of the
sulfur substrate disappeared to give about half of the
¢nal yield of cells, an end product and an intermedi-
ate. The speci¢c growth rate during this phase was
about 0.04 h31. Growth then paused, but when the
intermediate and the residual BTDD were converted
largely to end product, growth continued at about
0.02 h31. Strain BT1 grew with slight accumulation
of the same intermediate, no detectable second
phase, and formed the same product (co-chromatog-
raphy and identical UV spectra).

The intermediate had e¡ectively the same UV
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Fig. 2. Growth of Gordonia sp. strain BT2 with BTDD as sole added source of sulfur. Growth (8) is shown kinetically in a semi-log
plot (A), and in a linearized manner with the substrate (F), transient intermediate (b) and product (R) concentrations plotted against the
corresponding protein concentration (B).

Table 2
Data (nm) from the UV spectra of compounds used in this work and their HPLC retention times

Compound Retention time (min) Vmax Vshoulder Vmin Vmax Vmin Vmax

BTDD 9.5 214 239 273 309
Intermediate 5.5 216 240 281 309
Product 5.3 195 212 234 259
2-Nitrobenzamide 5.3 196 212 234 260
Saccharin 7.1 201 223 244 264
Intermediate 7.2 196 225 255 272
Product 13.7 200 ^ 222 234 261 297
Salicylamide 13.7 201 ^ 223 234 261 298
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spectrum as the educt (Table 2) and was tentatively
quanti¢ed with the same standard curve (Fig. 2B).
The unknown intermediate had a shorter retention
time than the educt (Table 2). The product had a still
shorter retention time (Table 2). It was tentatively
identi¢ed as 2-nitrobenzamide by co-chromatogra-
phy with authentic material and by its UV spectrum
(Table 2). The identi¢cation was con¢rmed by ex-
tracting the product (contaminated with intermedi-
ate) by solid phase extraction and separating these
two compounds by GC coupled to a mass spectrom-
eter; product and authentic material had identical
spectra (e.g. 166 (molecular ion, M�), 150 (M�^
NH2), 120 (M�^NO2), 104 (M�^NH2^NO2), 76, 65
and 51 (typical fragments from the aromatic ring)).
The yield of product represented 105^115% of the
educt supplied, which we interpret as stoichiometric
formation of 2-nitrobenzimide from BTDD. The
mass spectrum of the transient intermediate (136
(trace), 90 (base peak), 72, 60 and 42) implies that
the molecular ion was not observed and the com-
pound remains unidenti¢ed.

The nature of the reactions catalyzed is unclear.
We did experiments with non-growing cell suspen-
sions under oxic and anoxic conditions, but we ob-
tained no substrate disappearance, and observed nei-
ther intermediate nor 2-nitrobenzamide.

We also explored the behavior of our organisms
with a compound similar to BTDD, namely the ar-
ti¢cial sweetener, saccharin (Fig. 1). Strain BT1 was
able to grow with saccharin as a sole source of sul-
fur, though substrate utilization was incomplete (Ta-
ble 1). Here too, an unidenti¢ed intermediate was
formed, but the end product could be tentatively
identi¢ed as salicylamide on the basis of co-chroma-
tography with authentic material and by its UV spec-
trum (Table 2).

4. Discussion

We experienced no di¤culty in obtaining pure cul-
tures of bacteria to utilize the sulfur from sulfamate,
sulfamide and BTDD quantitatively for growth. The
small number of bacteria available does not allow us
to generalize that only the coryneform bacteria uti-
lize the sulfones (^SO2^) and not the N^sulfonate
(N^SO3

3), whereas P. putida smtA utilizes sulfamate

and cyclamate. The isolation of a Gordonia sp. re-
lated to G. terrae is not surprising, as the latter is a
common soil organism [19]. Indeed, Gordonia spp.
have been observed to utilize sulfone-sulfur derived
from benzothiophene and dibenzothiophene ([20,21];
cf. [18] for modern nomenclature).

We are uncertain how many novel reactions we
have detected, in part because we cannot determine
sulfamate or sulfamide. We have not explored
whether assimilation of cyclamate-sulfur by P. putida
smtA involves an enzyme (EC 3.10.1.2) of the type
discovered in dissimilatory metabolism by Niimura
et al. [3], i.e. which does not attack sulfamate; strain
smtA utilizes both cyclamate and sulfamate (Table
1). Even with the aromatic compound, BTDD,
where two di¡erent N^S bonds are cleaved, one to
yield an amide and one to yield a nitro group (Fig.
1), we can only guess what reactions are involved.
The failure of cells in suspension to catalyze any
reaction may indicate oxygenation in a ¢rst reaction,
because previous work showed that the necessary
oxygenase is detected only after over-expression [9],
while a hydrolase is active and stable [22]. Given the
nitro group as a product, we postulate that oxygen-
ation at the N1-nitrogen of BTDD initiates the at-
tack. A putative aliphatic N^sulfamate could then be
attacked by a hydrolase analogous to cyclamate sul-
famatase (EC 3.10.1.2); the latter enzyme is presum-
ably absent, because the organism does not utilize
cyclamate (Table 1). Whatever the details, the reac-
tions seem to represent a novel ring cleavage for
heterocycles.

The reaction of strain BT1 with saccharin (Fig. 1)
shows that this organism can cleave the aromatic C^
SOx bond as well as the N^SOx bond. Cleavage of
the C^S bond yielded a phenol, as experienced else-
where [23], so we anticipated that the phenol would
be the product obtained routinely. However,
although the organism utilized toluene sulfonate,
no cresol was detected (Rein, unpublished), and we
wonder whether the organism further transformed
any cresol formed.

The regulation of expression of these novel ring-
cleavage enzymes for heterocycles (Fig. 1) is presum-
ably regulated in the sulfate-starvation-induced net-
work within the cys regulon, as found in some
Gram-negative bacteria (e.g. [24]), but already de-
tected in at least one Gram-positive organism, Staph-
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ylococcus aureus [25]. We wonder how many more
novel enzymes are encoded in the cys regulons of less
frequently examined organisms.

It is as yet unclear where reactions like those
shown in Fig. 1 are found in nature. We anticipate
them in soil, where inorganic sulfate is a minor por-
tion of the total sulfur pool, and where sulfur is
becoming a growth-limiting macroelement for plant
growth [26]. Any 2-nitrobenzamide from BTDD in
soil could be converted by an amidase to nitroben-
zoate, which is biodegradable [27]; alternatively, re-
duction to the biodegradable anthranilate could fol-
low, or binding to humic material either non-
covalently as the nitro-compound or covalently via
the amino group (e.g. [28]).
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