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Abstract  

The bacterium Pseudomonas sp. strain RW31 isolated from the river Elbe utilized the ammonium salt of 4- 
sulfophthalate (4SPA) as sole source of carbon, sulfur, nitrogen, and energy and grew also with phthalate (PA) 
and several other aromatic compounds as sole carbon and energy source. The xenobiotic sulfo group of 4SPA was 
eliminated as sulfite, which transiently accumulated in the culture supernatant up to about 10 #M and was slowly 
oxidized to the stoichiometrical amount of sulfate. Biodegradation routes of 4SPA as well as of PA converged into 
the protocatechuate pathway and from found activities for the decarboxylation of 4,5-dihydroxyphthalate we deduce 
this compound the first rearomaticized intermediate after initial dioxygenation. Protocatechuate then underwent 
meta-cleavage mediated by a protocatechuate 4,5-dioxygenase activity which was competitively inhibited by the 
structurally related compound 3,4,5-trihydroxybenzoate; protocatechuate accumulated in the medium up to an 
about 2 mM concentration. Indications for the presence of selective transport systems are presented. 

Introduct ion 

Sulfonated aromatics are found as structural elements 
of azo dyes and their respective building blocks, of 
detergents and of many other chemicals. Although the 
highly polar sulfo group renders this aromatic struc- 
ture a very high recalcitrance against biological attack 
the mineralization of many sulfoaromatics has been 
described up to now (for references, cf. Hansen et 
al. 1992). Here, we report on the mineralization of 
4-sulfophthalate (4SPA), which had been industrially 
used as a builder block in the production of tar dyes 
and which is currently used as a model compound in 
our studies. 

Materials  and methods  

Isolation, identification and growth of the 
organism 

4SPA degrading bacterial cultures were isolated by 
standard enrichment procedures from sediments and 
water samples of the Elbe river. For the identifica- 
tion of the strain standard laboratory methods were 
used. The strain RW31 has been deposited at the Ger- 
man Collection of Microorganisms and Cell Cultures 
(DSM), Braunschweig, ER.G. (No. 7300). Cells were 
grown at 28 o C on a rotary shaker (150 rpm) in a miner- 
al salts medium as described previously (Sander et al. 
1991). Concentrations of aromatic substrates normally 
were 5 raM. For determinations of sulfite and sulfate 
the ammonium sulfate in the mineral salts solution was 
replaced by ammonium chloride. 
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Preparation of cell extracts, enzyme assays, and oxy- 
gen uptake measurements 

The preparation of crude cell extracts, protein esti- 
mations and determinations of oxygen uptake rates 
were performed as previously described (Sander et al. 
1991). Activities of the 3,4-dihydroxybenzoate 2,3- 
dioxygenase (Crawford 1975), 3,4-dihydroxybenzoate 
3,4-dioxygenase (EC 1.13.1.3) (Stanier & Ingraham 
1954), and 3,4-dihydroxybenzoate 4,5-dioxygenase 
(EC 1.13.1.8) (Ono et al. 1970) were performed by 
using these standard assays. For measurements of 
enzymic desulfonation in cell extracts two published 
methods were used (Endo et al. 1977; Thurnheer et al. 
1986). Throughout this work the activity of the 4,5- 
dihydroxyphthalate decarboxylase was determined by 
following substrate consumption by HPLC for pre- 
venting those errors caused by superposition of UV 
spectra of substrate and products: using the standard 
assay conditions (Nakazawa & Hayashi 1978) aliquots 
were removed every 5 minutes, diluted with the same 
amount of icy-cold methanol, and chilled on ice for 1 
h. Denatured protein was removed by centrifugation 
and the supernatant was subjected to HPLC analysis 
for quantitation of substrate concentrations. 

Analytical methods and chemicals 

Concentrations and in situ-scanned UV spectra of ethyl 
acetate-extracted aromatic compounds, as well as those 
in culture media or cell-free extracts were determined 
by high-pressure liquid chromatography (HPLC). The 
separations were performed on a reversed-phase col- 
umn using acidified water (1 g of H3PO4/1) as the 
eluent. Thin layer chromatographic analysis of ethyl 
acetate-extracted compounds was performed as report- 
ed earlier (Sander et al. 1991). Sulfite and sulfate 
were estimated using previously described methods 
(Johnston et al. 1975; Bertolacini & Barney 1957). 
The technical mixture of sulfophthalates consisted 
of about 70% of 4-sulfophthalate and 30% of 3- 
sulfophthalate and was obtained from Aldrich-Chemie 
GmbH & Co. KG, Steinheim, F.R.G. 4-Sulfocatechol 
was synthesized from catechol (Quilico 1927). 3,4- 
Dimethoxybenzoate (Aldrich) served as the starting 
material for the synthesis of 4,5-dimethoxyphthalate 
(Edwards et al. 1925). Boron tribromide was used for 
cleavage of the methoxy groups (McOmie et al. 1968); 
4,5-dihydroxyphthalate was further purified by prepar- 
ative HPLC. Mineral salts and other chemicals were of 
the highest purity commercially available. 

Results 

Isolation, identification, and growth 

Water and aerobic sediment samples from the Elbe riv- 
er collected downstream of the city of Hamburg were 
used as inoculum for enrichment cultures. The slur- 
ry was supplemented with phosphate-buffered mineral 
salts and with the technical mixture of sulfophthalates 
(1 g/l). Increasing turbidity, disappearance of one of 
the two isomeric substrates, and the decline of the pH 
of the culture medium showed utilization of 4SPA as 
one of both isomerical target compounds. The con- 
centration of 3-sulfophthalate in the enrichment cul- 
tures always remained unchanged. After about two 
months and several transfers into fresh medium a stable 
mixed culture consisting of three bacterial strains was 
obtained, which tentatively was named RW3. About 
three months later we isolated two organisms capable 
to grow with 4SPA and we have chosen one of them 
for our studies. This organism was termed RW31 and 
assigned to the genus Pseudomonas on the basis of the 
following characteristics: the Gram-negative, oxidase 
and catalase positive short rod (about 0.7 by 2.3 #m) 
grew only under strictly aerobic conditions. Motility 
was imparted by a pair of two polarly inserted flag- 
ella. Capsules or spores were not present. Colourless 
colonies were formed on solid selective medium. The 
guanine-plus-cytosine content of its DNA was 63.9 
tool%. 

The strain grew well in liquid culture at 20°C, 
28°C, and 37°C but not at 4°C and 41°C and uti- 
lized the following substrates (5 mM each): 4SPA, PA, 
terephthalate, benzoate, 2-hydroxy-, 3-hydroxy-and 
4-hydroxybenzoate, 2,5-dihydroxy-, 3,4-dihydroxy-, 
and 3,4,5-trihydroxybenzoate, 4-methylbenzoate, and 
catechol. The 3 isomeric sulfobenzoates, benzenesul- 
fonate, aniline-2-sulfonate, 4-chloro- and 4-hydroxy- 
benzenesulfonate, benzene-l,2- and benzene-l,3-dis- 
ulfonate, toluene-4-sulfonat, 3-sulfophthalate, 5-sul 
fosalicylate, 4-sulfocatechol, 2,3-dihydroxy-, 2,4-di- 
hydroxy-, and 2,3,4-trihydroxybenzoate, 4-methylphth- 
alate, 2-methyl- and 3-methylbenzoate, isophthalate, 
5-sulfoisophthalate, and 1,2,4-tricarboxybenzene rep- 
resenting the structural carboxyl analogue of 4-sulfo- 
phthalate, were not utilized for growth. The capabil- 
ity to utilize 4SPA was maintained after growth on 
acetate for 100 generations, indicating the stability of 
the organisms characteristic feature. 
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Fig. 1. Growth of Pseudomonas sp. RW31 on 4SPA as its sole 
source of carbon, sulfur, and energy. Growth (protein; ¥),  substrate 
consumption (4SPA; m), sulfite (~), and sulfate (A). 
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Fig. 2. Simultaneous growth of strain Pseudomonas sp. RW3 1 on 
4SPA and phthalate. Growth (E578 ; *), 4SPA (m), and PA (I-]). 

Growth with 4-sulfophthalate and phthalate 

Growth of Pseudomonas sp. RW31 with 4SPA as the 
sole source of carbon, sulfur, and energy is shown 
in Figure 1. In the absence of 4SPA growth was not 
observed and heat-inactivated 4SPA-grown cells (55 
°C, 30 rain) did not transform this compound. The 
doubling time was about 3.5 h. Sulfite ions were tran- 
siently released into the culture medium. Their con- 
centration reached a maximum of 10 #M at the late 
logarithmic growth phase and these ions were stoi- 
chiometrically oxidized to sulfate. Similar results were 
obtained when the ammonium salt of 4SPA was uti- 
lized as a source of nitrogen instead of ammonium 
sulfate and the yield was about 18 g of protein per 
mol of utilized substrate in this experiment, provid- 
ing evidence for the almost complete mineralization 
of the carbon skeleton of 4SPA. During growth of the 
organism, metabolites were not detectable by HPLC 
analysis of the culture medium. In the course of pro- 
longed subcultivation, 4SPA concentrations of 20 mM 
were tolerated; however, the culture showed a signif- 
icant lag phase. 3-Sulfophthalate was not attacked by 
our strain even after prolonged subcultivation over a 
period of about one year. 

Strain RW31 also grew on PA (ld, 1.5 h). In order 
to evaluate if both compounds compete for the same 
initial enzyme or transport system, strain RW31 was 
grown with an equimolar mixture of 4SPA and PA. 
Results shown in Figure 2 demonstrate that the con- 

sumption of 4SPA was concomitant with that of phtha- 
late and the doubling time of this culture was 1.7 h. 

The conversion of 4SPA and of PA by 4SPA-grown 
resting cells showed the immediate degradation of PA 
just starting several minutes after the complete utiliza- 
tion of 4SPA. A completely different observation was 
made when PA-grown cells were incubated in the pres- 
ence of both PA and 4SPA. The turnover of the latter 
compound started about 2 h after the degradation of 
PA, indicating the induction of a probably new set of 
degradative enzymes. Results of these experiments are 
demonstrated in Figures 3 and 4. Interestingly, in the 
presence of equimolar concentrations of both 4SPA and 
protocatechuate, the latter compound was utilized after 
the complete consumption of 4SPA when resting cells 
had been pregrown with 4SPA (data not shown). In the 
course of the above experiments metabolites were not 
detectable in the culture supernatant by HPLC analysis. 

Oxygen uptake rates and enzyme activities 

Resting cells of our Pseudomonas sp. RW31 showed 
identical uptake rates for oxygen in the presence of 
PA and very similar rates for the oxidation of 4SPA, 
4,5-dihydroxyphthalate, protocatechuate, and 3,4,5- 
trihydroxybenzoate irrespective of whether cells were 
grown on 4SPA or PA. With regard to the oxidation of 
4SPA by PA-grown cells we found this observation not 
being correlated with the significantly delayed con- 
version of 4SPA by PA-grown cells. Acetate-grown 
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Fig. 3. Conversion of 4SPA (m) and PA ([3) by resting cells of 
Pseudomonas sp. RW31 pregrown on 4SPA. 
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Fig. 4. Conversion of 4SPA (1) and PA (D) by resting cells of 
Pseudomonas sp. RW3 t pregrown on PA. 

resting cells exhibited a low level of  about 10% of  
the activity of  cells grown on the selective carbon 
source. None of  the 14 further sulfoaromatics listet 
in Table t was oxidized by resting cells. Interestingly, 
extracts from cells grown on either the selective media 
or on acetate, but no resting cells slowly oxidized 4- 
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Fig, 5. Proposed pathway for the degradation of 4SPA by the strain 
Pseudomonas sp. RW31. 

sulfocatechol. These extracts were also capable to oxi- 
dize 4,5-dihydroxyphthalate and protocatechuate. 

Results from enzyme assays as demonstrated in 
Table 2 show significantly high activities for the 
turnover of  4,5-dihydroxyphthalate and for the activity 
of  the protocatechuate 4,5-dioxygenase. No activities 
were detected in the protocatechuate 2,3-dioxygenase 
and protocatechuate 3,4-dioxygenase assay. A tran- 
sient and very intense yellow color was observed dur- 
ing the conversion of  protocatechuate, giving an indica- 
tion for the meta-cleavage of  the substrate. This colour- 
ing was also observed in the 4,5-dihydroxyphthalate 
decarboxylase assay. 3-Chlorocatechol, a potent 
inhibitor of  those enzymes which catalyze the meta- 



Table 1. Specific oxygen uptake rates of whole cells and cell-free extracts of the bacterium Pseudomonas sp. RW31. 
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Substrate Specific oxygen demand (nmol O2/min 

per mg protein) after growth with 

4-Sulfophthalate Phthalate Acetate 

Phthalate 542 (< 5) 545 (< 5) 50 (< 5) 

Isophthalate < 5 (< 5) < 5 (< 5) < 5 (< 5) 
Terephthalate < 5 (< 5) < 5 (< 5) < 5 (< 5) 

4-Carboxyphthalate < 5 (nd) < 5 (nd) < 5 (rid) 

3-Sulfophthalate < 5 (< 5) < 5 (< 5) < 5 (nd) 

4-Sulfophthalate 411 (< 5) 369 (< 5) 33 (< 5) 

5-Sulfoisophthalate < 5 (< 5) < 5 (< 5) < 5 (< 5) 

4,5-Dihydroxyphthalate 134 (60) 161 (33) 18 (5) 

4-Methylphthalate 14 (< 5) 34 (< 5) < 5 (< 5) 

Sulfobenzene < 5 (nd) < 5 (nd) < 5 (nd) 

1,2-Disulfobenzene < 5 (nd) < 5 (nd) < 5 (nd) 

1,3-Disulfobenzene < 5 (nd) < 5 (nd) < 5 (nd) 
2-Sulfoaniline < 5 (nd) < 5 (nd) < 5 (nd) 
4-Sulfophenol < 5 (< 5) < 5 (< 5) < 5 (< 5) 

4-Sulfocatechol < 5 (19) < 5 (38) < 5 (13) 
4-Sulfotoluene < 5 (nd) < 5 (nd) < 5 (rid) 

2-Sulfobenzoate < 5 (nd) < 5 (nd) < 5 (nd) 

3-Sulfobenzoate < 5 (nd) < 5 (nd) < 5 (nd) 
4-Sulfobenzoate < 5 (nd) < 5 (nd) < 5 (nd) 

5-Sulfo-2-hydroxybenzoate < 5 (< 5) < 5 (< 5) < 5 (nd) 

4-Sulfochlorobenzene < 5 (< 5) < 5 (< 5) < 5 (< 5) 

Benzoate < 5 (nd) < 5 (nd) < 5 (nd) 

2-Hydroxybenzoate < 5 (< 5) < 5 (< 5) < 5 (< 5) 
3-Hydroxybenzoate 14 (< 5) 7 (< 5) < 5 (< 5) 

4-Hydroxybenzoate < 5 (< 5) < 5 (< 5) < 5 (< 5) 

2,3-Dihydroxybenzoate < 5 (< 5) < 5 (< 5) < 5 (< 5) 

2,4-Dihydroxybenzoate < 5 (< 5) < 5 (< 5) < 5 (< 5) 

2,5-Dihydroxybenzoate 13 (< 5) 19 (< 5) < 5 (< 5) 

3,4-Dihydroxybenzoate 308 (116) 350 (58) 14 (8) 

2,3,4-Trihydroxybenzoate < 5 (< 5) < 5 (< 5) < 5 (< 5) 

3,4,5-Trihydroxybenzoate 285 (50) 326 (32) < 5 (< 5) 

Catechol 8 (< 5) 38 (< 5) 13 (< 5) 

Experiments were performed with washed cell suspensions grown on the respective substrates and cell-free extracts (data in parentheses). 
Uptake rates were corrected for endogenous oxygen consumption; concentrations of test compounds were between 0.1 mM and 1 mM and were 
always optimized for highest rates for individual suhstrates. Data represent means of at least three independently performed experiments; rid, 
not determined. 

c l eavage  o f  ca techo l  s t ruc tures  (Bar te ls  et al. 1984; 

K l e c k a  & G i b s o n  1981),  however ,  on ly  exh ib i t ed  a 

very scarce  activity.  

D e t e r m i n a t i o n s  o f  the  K m values  o f  the  pro toca t -  

e chua t e  4 , 5 - d i o x y g e n a s e  in cell  ext racts  o f  4SPA and  

P A - g r o w n  cel ls  were  86 # M  and 85 # M ,  respect ively,  

and  3 , 4 , 5 - t r i h y d r o x y b e n z o a t e  f o u n d  as an effect ive  and  

c o m p e t i t i v e  i n h i b i t o r  o f  th is  r ing  c l eav ing  d i o x y g e n a s e  

revealed  Ki data  o f  7.4 ¢tM and  7 . 6 / i M ,  in ex p e r i men t s  

p e r f o r m e d  wi th  extracts  o f  cel ls  g r o w n  w i t h  4 S P A  and  

PA, respect ively.  

Isolation and identification of metabolites 

T h e  ident i f ica t ion  o f  3 , 4 , 5 - t r i h y d r o x y b e n z o a t e  as 

a po ten t  i n h i b i t o r  o f  the  p r o t o c a t e c h u a t e  4,5- 
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Table 2. Specific activities of catabolic enzymes from cell-free extracts of the strain Pseu- 
domonas sp. RW31. 

Enzyme Spec. Activity (nmol/min per mg of protein) 

after growth with 

4-Sulfophthalate Phthalate 

4,5-Dihydroxyphthalate decarboxylase 934 584 

Protocatechuate 2,3-dioxygenase < 1 < 1 

Protocatechuate 3,4-dioxygenase < 1 < 1 

Protocatechuate 4,5-dioxygenase 1579 1019 

Cells were grown in the presence of the appropriate carbon sources (5 mM) and 

worked up as described. The respective substrates were used in the assays. 

Data represent means of at least three independently performed experiments. 

dioxygenase in an appropriate experiment allowed 
the isolation of protocatechuate from the culture 
supernatant of 4SPA-growing cells; the inhibitor 
concentration was 1 mM. The isolated compound 
co-chromatographed with authentical protocatechuate 
(HPLC); the in situ-scanned UV spectrum was also 
identical with that one of protocatechuate. Results 
were confirmed by TLC analysis of the ethyl acetate- 
extracted compound and the standard. Protocatechu- 
ate was also formed from 4,5-dihydroxyphthatate by 
extracts of both PA- and 4SPA-grown cells in the 
presence of 0.1 mM 3,4,5-trihydroxybenzoate. The 
oxidation and desulfonation of 4SPA, however, was 
not detectable in extracts of cells in our experiments. 
Metabolites were also not detectable in supernatants or 
solutions of the above experiments, nor they were in 
those experiments performed with 4SPA-grown rest- 
ing cells in order to produce the carboxydihydrodiol 
from the structural analogue 1,2,4-tricarboxybenzene, 
on the analogy of similar experiments in which the 
carboxy analogues of sulfonated naphthalenes were 
co-oxidized to the respectively stable carboxydihydro- 
diols (Brilon et al. 1981; Wittich et al. 1988). 

Discussion 

The results from our experiments indicate that the 
transport of 4SPA into the bacterial cell obviously rep- 
resents the first limiting step in the degradation of sul- 
foaromatics. The same observation already had been 
made earlier in the case of other mononuclear sulfonat- 
ed aromatics (Thurnheer et al. 1990) and of other aro- 
matic compounds carrying the highly polar dissociable 

carboxyt group (Groenewegen et al. 1990). We also 
presume that 4-sulfocatechol is not transported into 
the cell although it is oxidized by extracts according 
with the results from our oxygen uptake measurements. 
The oxidation should be due to the structural similar- 
ity with protocatechuate and we think that the narrow 
substrate specificity of the transport system for pro- 
tocatechuate excludes the analoguous sulfocatechol. 
We, furthermore, have no indication neither for the 
probable meta-cteavage of 4-sulfocatechol nor for its 
intracellular desutfonation after ring cleavage (Feigel 
and Knackmuss 1988). 

1,2,4-Tricarboxybenzene representing the struc- 
tural analogue of 4SPA is not oxidized because it, per- 
haps, also is not transported into the cell due to the pos- 
sibly very narrow substrate specificity of the transport 
system for 4SPA or, perhaps, of the limited substrate 
specificity of the sulfophthalate dioxygenase. Conse- 
quently, there is no proof for the dioxygenation of this 
tricarboxy compound and, therefore, we cannot show 
the specific region of the dioxygenolytic attack onto 
4SPA: positions 3,4- und 4,5- are accessible which then 
could yield the respective intermediary and unstable 
sulfodihydrodiols in analogy to both stable dihydrodi- 
ols known from the degradation of phthalate (Ribbons 
& Evans 1960; Eaton & Ribbons 1982). Therefore, 
we cannot completely exclude 3,4-dihydroxyphthalate 
from the pathway we have suggested in Figure 5. A 
highly specific dioxygenase attacking and desulfonat- 
ing 4-sulfobenzoate via a proposed, unstable sulfodi- 
hydrodiol has been characterized recently (Locher et 
al. 1991). 

Found differences in specific enzyme activities for 
4,5-dihydroxyphthalate decarboxylation and the meta- 



cleavage of protocatechuate probably give evidences 
for the induction of separate sets of parallel pathways 
which means the expression of isofunctional enzymes 
for the degradation of 4SPA as well as for PA. Further 
studies are needed to understand the above observa- 
tions as well as the discrepancy between the results 
from conversion experiments and those from oxygen 
uptake rates. 
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