
Abstract Sphingomonas sp. strain TTNP3 has

been previously described as a bacterium that is

capable of degrading the technical mixture of

nonylphenol (NP) isomers and also the 4(3¢,5¢-
dimethyl-3¢-heptyl)-phenol single isomer of NP.

Until recently, 3,5-dimethyl-3-heptanol was the

only reported metabolite of 4(3¢,5¢-dimethyl-3¢-
heptyl)-phenol. A short time ago, the detection

of an intracellular metabolite resulting from the

oxidation of 4(3¢,5¢-dimethyl-3¢-heptyl)-phenol

which was identified as 2(3,5-dimethyl-3-heptyl)-

benzenediol has been reported. A decisive ele-

ment for this identification was the occurrence

of some slight differences with the two most

probable metabolites i.e. 4(3¢,5¢-dimethyl-3¢-
heptyl)-resorcinol and 4(3¢,5¢-dimethyl-3¢-hep-

tyl)-catechol. These facts led us to hypothesise

some NIH shift mechanisms explaining the for-

mation of 2(3¢,5¢-dimethyl-3¢-heptyl)-benzenedi-

ol. In the present work, we describe the steps

that led to the detection of these metabolites in

the intracellular fraction of Sphingomonas sp.

strain TTNP3. The formation of analogous

intracellular metabolites resulting from the

degradation of the technical mixture of NP is

reported. To further elucidate these degradation

products, studies were carried out with cells

grown with 4(3¢,5¢-dimethyl-3¢-heptyl)-phenol as

sole carbon source. The description of the

syntheses of reference compounds, i.e. 4(3¢,5¢-
dimethyl-3¢-heptyl)-resorcinol and 4(3¢,5¢-dim-

ethyl-3¢-heptyl)-catechol and their comparative

analyses with the intermediates of the degra-

dation of 4(3¢,5¢-dimethyl-3¢-heptyl)-phenol are

presented.
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p353NP 4(3¢,5¢-dimethyl-3¢-heptyl)-phenol (no-

nylphenol)

p353NR 4(3¢,5¢-dimethyl-3¢-heptyl)-resorcinol

tNP technical nonylphenol

Introduction

As a consequence of the worldwide use of no-

nylphenol polyethoxylates as additives for a

number of industrial product applications, its

degradation product, nonylphenol (NP), is an

ubiquitous pollutant. Due to its xenoestrogenic

potential NP is of primary concern to organisms

in the environment and its presence has been

widely investigated in technical installations like

wastewater treatment plants and their effluents

(Giger et al. 1987; Soto et al. 1991; Tanghe

et al. 1998). NP has also been detected in

aqueous environments such as sea and surface

waters and even in the atmosphere above the

latter. Furthermore, this xenobiotic compound

has also been detected in food and in soils,

which were fertilised with sewage sludge or not

(Dachs et al. 1999; Ekelund et al. 1993; Es-

padaler et al. 1997; Liber et al. 1999; Sundaram

and Szeto 1981).

NP dissipation or degradation in soil, sedi-

ments and aqueous environments has often been

reported and attributed essentially to bacteria and

sometimes to fungi (Corti et al. 1995; Ekelund

et al. 1993; Fujii et al. 2000; Hesselsøe et al. 2001;

Tanghe et al. 1999; Topp and Starratt 2000; Val-

lini et al. 1997). Among them two strains of NP-

degrading Sphingomonas have been isolated from

wastewater treatment plants (Fujii et al. 2001;

Tanghe et al. 1999). More recently, Sphingobium

amiense has been isolated from river sediment

which also is capable to degrade NP (Ushiba et al.

2003). Metabolic pathways of NP in these bacte-

rial strains and more generally in other studies

remain poorly documented (Fujii et al. 2000;

Tanghe et al. 1999; Van Ginkel 1996). The main

reason is that NPs industrial production process

leads to a wide range of alkyl-chain isomers

(more than 20) rendering metabolism studies

more difficult (Tanghe et al. 2000; Wheeler et al.

1997). Although no other degradation products

than the supposed nonanol have been detected

and no aromatic degradation intermediate could

be found, some authors hypothesised that NP

metabolism by Sphingomonas occurs via a ring

hydroxylation (Fujii et al. 2000; Tanghe et al.

2000).

In previous studies, we reported the degrada-

tion of a chemically synthesised single isomer of

NP i.e. the 4(3¢,5¢-dimethyl-3¢-heptyl)-phenol

(p353NP) in its non-radioactive and uniformly

ring-14C-labelled form by Sphingomonas sp.

strain TTNP3 (Corvini et al. 2004a). It could be

demonstrated that the aromatic ring of NP was

effectively mineralised to radioactive CO2. Fur-

thermore, radioactivity was detected in the cells

indicating that NP is used by Sphingomonas sp.

strain TTNP3 for biomass production. In the

extracellular medium only 3,5-dimethyl-3-hepta-

nol (nonanol) was identified. This metabolite

corresponds with the nonyl chain of p353NP,

where the aromatic ring has been replaced by a

hydroxy function. The mechanism that leads to

the formation of nonanol remains to be eluci-

dated. This would imply oxidation of a tetravalent

carbon in position 3¢ of the nonyl chain (Fig. 1a),

which is a considerably stable partial structure of

the molecule.

Since the experiments described before (Cor-

vini et al. 2004a) did not allow the detection of

any intermediary metabolite other than nonanol

in extracts of Sphingomonas sp. strain TTNP3

cells and extracellular medium, investigation of

the intracellular formation of metabolites by

Sphingomonas sp. strain TTNP3 was performed.

In an overview study concerning the metabolism

of this isomer of NP, the detection of intracellular

metabolites resulting from the oxidation of NP

was briefly reported (Corvini et al. 2004b). Re-

cently, these metabolites have been definitively

identified as the 2(3¢,5¢-dimethyl-3¢-heptyl)-ben-

zenediol resulting from a hydroxylation-induced

migration of the alkyl chain (NIH shift) (Corvini

et al. 2004c). A decisive element for the identifi-

cation of such unexpected metabolite was the

occurrence of some slight differences with the two

most probable metabolites i.e. 4(3¢,5¢-dimethyl-3¢-
heptyl)-resorcinol (p353NR) and 4(3¢,5¢-di-

methyl-3¢-heptyl)-catechol (p353NC). In the
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present work, we describe in detail the steps that

led to the detection of these metabolites in the

intracellular fraction of Sphingomonas grown ei-

ther on technical nonylphenol (tNP) or on

p353NP in a second time. The detailed chemical

synthesis of p353NR and p353NC and their

structural confirmation by NMR spectroscopy are

reported. Lastly, the comparative analyses of

these intermediates of degradation with the syn-

thesized p353NR and p353NC are presented.

Materials and methods

Bacterial strain and culture conditions

Sphingomonas sp. strain TTNP3 precultures in

complex medium and NP-degrading cultures in

mineral medium were prepared as previously

described (Corvini et al. 2004a). tNP or the

chemically synthesised single NP isomer 4(3¢,5¢-
dimethyl-3¢-heptyl)-phenol (p353NP) were added

as sole carbon source at a concentration of 1 g/l.

For the biodegradability tests of the metabo-

lites, cultures with p353NC, and p353NR, were

prepared under the same conditions. Added

amounts of metabolites corresponded to 1 ml

extract prepared as described in the next section.

The solvent was evaporated before adding 10 ml

of mineral medium. For the tests with p353NC

and p353NR, their concentration was adjusted to

that of the metabolites. As control experiment

p353NP was added to a concentration of 100 mg/l.

Isolation of intracellular metabolites

For intracellular studies, crude cell extracts were

prepared as follows. In order to work with

higher cell-densities, 1.4 l of Sphingomonas sp.

strain TTNP3 suspension cultivated on tNP was

harvested after 15 days of incubation. The cul-

tures with the single isomer were incubated for

6 days. Sphingomonas sp. strain TTNP3 cell

cultures were centrifuged at 30,000g and 4�C for

15 min. Supernatant was discarded and cells

were washed two times with 50 ml of phosphate

buffer (pH 7.0, 50 mM). After the last centrifu-

gation step, pellets were resuspended in 25 ml of

the same phosphate buffer. The cell suspensions

containing 16.8 g dry-weight biomass/l were

sonicated with an energy supply of 40 W

(Branson sonifier II model 250). They were

maintained at 4�C during 5 sonication cycles of

75 s (15 s pause between each cycle). Five ml of

1 M HCl were added to the cell lysates. The

acidified solution was extracted two times with

50 ml and 25 ml ethyl acetate, respectively, by

shaking the mixture vigorously. The combined

organic phases were dried over Na2SO4 and fil-

tered before being evaporated under a N2

stream to a final volume of 5 ml. Aliquots of the

intracellular extracts were stored at –20�C for

further analysis. Prior to GC analysis, 50 ll of

the samples were dried under a gentle nitrogen

stream, derivatised with 50 ll N-methyl-N-trim-

ethylsilyltrifluoroacetamide (MSTFA; Fluka) and

diluted adequately.

GC-MS analysis and GC-MS-MS analysis

The GC-MS analyses were performed according

to Vinken et al. (2002).
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Fig. 1 Reference compounds (a–c) and possible metabo-
lites of p353NP (d–h). (a) 4(3¢,5¢-dimethyl-3¢-heptyl)-
phenol (p353NP); (b) 4(3¢,5¢-dimethyl-3¢-heptyl)-catechol
(p353NC); (c) 4(3¢,5¢-dimethyl-3¢-heptyl)-resorcinol
(p353NR); (d) and (e) adjacent trisubstituted metabolites;
(f) symmetrically trisubstituted metabolite; (g) nonylcate-
chol with modified alkyl chain; (h) metabolite resulting
from a NIH shift
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The GC-MS-MS analyses were performed with

a Finnigan MAT GCQ gas chromatograph

(Finnigan MAT, San Jose, USA) equipped with

an ion trap mass spectrometric detector operating

in the positive electron impact mode (EI+). For

analysis 2 ll split injections (1:10) were carried

out by auto-sampling (A 200 S auto sampler;

Finnigan MAT). The GC separation was per-

formed on a fused silica capillary column (DB-

17 ms, film thickness 0.25 lm, 60 m · 0.25 mm

I.D; J&W Scientific, Folsom, USA). Helium was

used as carrier gas at a linear velocity of 40 cm/s.

The injector temperature and the transfer line

temperature were set at 250�C and 275�C,

respectively. The initial oven temperature was set

to 80�C and held for 3 min. Then oven was heated

to 280�C by a temperature ramp of 10�C/min and

held for 7 min under these conditions. After

35 min of data acquisition, a post analysis baking

at 280�C for 3 min was applied to the column.

The positive electron impact full scan data were

acquired at an ion source temperature of 150�C.

Data acquisition was performed for ions at m/z

30–450 and a scan time of 1.76 s was applied. The

data were acquired after a solvent delay of 8 min.

For ionisation, the electron energy was 70 eV. An

emission current of 250 lA and an electron mul-

tiplier voltage 1,750 V were applied.

For MS/MS analysis the precursor ions at m/z

380 were isolated during 14 ms. An excitation

voltage of 1.00 V (excitation energy 0.450) was

applied during 15 ms and product ions were

scanned within a range of m/z 190–400.

Gas chromatography/Fourier-transform

infrared spectrometry (GC/FTIR)

A Perkin Elmer 8420 gas chromatograph (Rod-

gau-Jügesheim, Germany) equipped with a Per-

kin Elmer 1700x GC/FTIR Interface and a Perkin

Elmer 1740 Infrared Fourier-Transform spec-

trometer was used for infrared analysis. Helium

was used as carrier gas and a linear gas pressure

of 110 kPa was applied. The injector temperature

and the transfer line temperature were set to

250�C and 200�C, respectively. For analysis 2 ll

split injections (1:10) were carried out manually

on a 30 m Quadrex 007 608 column with an I.D.

of 0.53 mm and a film thickness of 0.8 lm (New

Haven, Connecticut, USA). The initial oven

temperature was set to 40�C and held for 4 min

before being heated to 280�C by a temperature

ramp of 10�C/min and hold for 25 min. The

infrared spectra were recorded at a scan speed of

2.0 cm/s and at a resolution of 8 cm–1. The scan

ranged from 4,000 to 700 cm–1.

HPLC-DAD-MS

The samples were analysed by HPLC with UV

diode-array (HP 1100, Hewlett Packard) and

electrospray ionisation mass spectrometry detec-

tors in series (ESI-MS, SSQ 7000, Finnigan

MAT). A reversed-phase Nucleosil 100 C18-col-

umn was used (particle size 5 lm, 4.1 · 250 mm2;

Alltech) with methanol and H2O as the mobile

phase at a flow rate of 0.6 ml/min. A gradient

from 70% to 80% (v/v) methanol within 15 min,

hold for 5 min, from 80% to 100% within 5 min,

hold for 4 min and from 100% to 70% within

6 min was employed. UV-detection was per-

formed at 210 nm with spectra acquisition from

190 nm up to 400 nm. A voltage of –4.5 V was

applied to the electrospray needle, the capillary

temperature was set to 200�C, sheath gas was

adjusted to 60 psi and auxiliary gas to 30 psi.

Detection was performed in the negative mode

using a collision-induced dissociation (CID) of

20 V.

Chemical synthesis of the reference

compounds p353NC and p353NR

The p353NR was synthesised by Friedel–Crafts

alkylation from resorcinol (Merck, Darmstadt,

Germany) and 3,5-dimethyl-3-heptanol (Avo-

cado, Heysham, U.K.). In the case of p353NC,

guaiacol (Merck, Darmstadt, Germany) and the

3,5-dimethyl-3-heptanol were allowed to react

correspondingly in a first step to form non-

ylguaiacol, followed by demethylation. In all

cases, the products consisted of two diastereo-

mers. For the alkylation step, 880 mg of resor-

cinol, or 440 mg of guaiacol, 700 ll of 3,5-

dimethyl-3-heptanol, 5 ml of BF3–ether complex

(Merck,) and 5 ml of diethyl ether for p353NR

synthesis or 35 ml petroleum ether (boiling range

from 60�C to 95�C) in case of guaiacol were
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placed in a 100 ml two-necked flask equipped

with a reflux condenser and a drying tube filled

with CaCl2. Petroleum ether and diethyl ether

(Acros, New Jersey, USA) were dried over

molecular sieve 4 Å prior to use. The reaction

was allowed to run for 90 min (p353NR synthe-

sis), or 30 min (nonylguaiacol synthesis) at 40�C

with stirring. Then the reaction was stopped by

addition of one volume of distilled water and the

mixture was stirred intensely for further 15 min.

The aqueous phase was removed and the organic

phase was washed 5 times with one volume of

0.1 M HCl in order to remove the non-reacted

educts, and then dried over Na2SO4 (Acros).

After removing the solvent under vacuum, the

product yields were 356 mg of pure nonylguaiacol

and for p353NR 635 mg with a purity of 90.1%.

The latter included dialkylated resorcinol as by-

product (GC-MS analysis). The nonylguaiacol

product was further demethylated with 3 ml of

1 M BBr3 solution in CH2Cl2 (Fluka) in 30 ml of

petroleum ether at 50�C for 90 min in the same

apparatus. After stopping the reaction with one

volume of distilled water, the mixture was treated

as described above. For identification and char-

acterisation of the reaction products, GC-MS was

used. Demethylation was quantitative and led to

two diastereomers of pure p353NC (GC-MS). For

further identification 13C- and 1H-solution state

NMR spectra were recorded in CDCl3 on a

Varian Inova-400 spectrometer (Varian Inc., Palo

Alto, USA) at 100 and 400 MHz, respectively; as

internal standard tetramethylsilane (TMS) was

used, coupling constants J are given in Hz.

Results and discussion

Metabolites of tNP

The aim of this work was to assess the presence of

metabolites of NP in the intracellular fraction of

Sphingomonas sp. strain TTNP3. Because of the

low biomass yields of Sphingomonas sp. strain

TTNP3 grown on tNP as well as on p353NP

(approx. 300 mg dry weight/l), suspensions with

high biomass concentration of Sphingomonas sp.

strain TTNP3 grown on NP (16.8 g cell dry

weight/l) were applied for the preparation of

intracellular extracts. Due to the high amount of

NP (1.4 g) required for such experiments, these

assays were carried out first with bacteria culti-

vated with tNP. Organic fractions of these intra-

cellular extracts were silylated with MSTFA prior

analyses by GC-MS. The chromatogram showed

the emergence of a group of many unresolved

peaks between 20.7 and 22.4 min (Fig. 2, top),

which exhibited a pattern similar to that of tNP,

where peaks appeared between 17.9 and 20.3 min

(Fig. 2, bottom). The mass spectra analysis of

these new peaks demonstrated molecule ions at

m/z 380 for all compounds of this group, whereas

those of derivatised tNP had molecular ions at

m/z 292. As their corresponding non-derivatised

forms, the trimethylsilylated-tNP isomers showed

mainly fragmentations at the nonyl-chain by

cleavage of alkyl residues (data not shown). The

GC-MS fragmentation patterns of the compounds

detected in the intracellular extract resembled

those of the parent NP isomers. Losses of frag-

ments with masses of 15, 29, 71 and 99 which

corresponded to alkyl group fragmentations were

detected in their mass spectra. The molecular ion

at m/z 380 was explained by hydroxylation of the

tNP isomers, which led to doubly trimethylsily-

lated derivatisation products.

The metabolites were also analysed by nega-

tive ion LC-MS without derivatization, where

usually (M-H)– signals are detected. Besides

remaining tNP isomers (at m/z 219), which gave

one large peak, a new broad peak with a pseudo

molecule ion at m/z 235 and with a maximum of

UV absorption at ca. 280 nm was detected in the

sample (data not shown). This peak had a shorter

retention time (14.5–16.5 min) than tNP (18.5–

22.5 min). Under the applied reversed phase

chromatography, this indicated that the corre-

sponding metabolites were more hydrophilic than

tNP.

Detection of the metabolites of p353NP

Because of the difficulty to separate each peak of

the tNP-derived metabolites, interpretation of the

mass spectra was too complex in the case of tNP.

Therefore, further experiments were performed

with cultures of Sphingomonas sp. strain TTNP3

grown on p353NP (Fig. 1a). It is important to
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note that due to two asymmetric carbon atoms

(C3¢ and C5¢), p353NP consisted of two diaste-

reomers. The latter gave rise to two peaks with

the same fragmentation patterns (GC-MS). The

use of p353NP in the metabolism studies should

allow for a simpler chromatographic pattern of

the resulting metabolites. Furthermore, metabo-

lites should probably also be present in higher

amounts than in cultures grown on tNP.

GC-MS analysis of the extract confirmed the

presence of two peaks with molecular ions at m/z

380 and retention times of 21.46 and 21.55 min,

respectively. Both metabolites displayed the same

mass spectrum indicating their origin from the

diastereomers of p353NP. It was assumed that

they were also diastereomers. As previously re-

ported the main ion was found at m/z 73 and

corresponds to a trimethylsilyl fragment (Corvini

et al. 2004c). Prominent ions were observed at m/

z 267, 281, and 309, which corresponded to alkyl

losses. Similar fragmentations (ions at m/z 179,

193 and 221) resulted from derivatised p353NP

(Table 1). As for the parent compound, the main

eliminated neutral fragments were M+ –71, M+ –

99 and M+ –113. The elimination of these frag-

ments occurred with both, p353NP and its

metabolites. As already reported (Corvini et al.

2004c), the occurrence of the M+ –113 ion was

explained by the formation of substituted tropy-

lium ions and M+ –71 corresponded to the loss of

a pentyl fragment. The formation of the substi-

tuted tropylium ion is important to notice because

it indicates that the hydroxy group is probably

attached to the ring. Regarding the M+ –99 ion,

fragmentation implies the loss of both an ethyl

and a pentyl fragment with a shift of a hydrogen

atom to the positive ions. Furthermore, a trace at

M+ –126 (m/z 254) confirmed that the whole alkyl

chain was lost. These facts showed clearly that the

additional (derivatised) hydroxy group was at-

tached to the ring.

As observed for the intracellular extract ob-

tained from the cells grown on tNP, negative ion

LC-MS analysis of the sample derived from

p353NP confirmed the presence of a narrow peak

with a retention time of 14.9 min and a pseudo

molecule ion (M-H)– at m/z 235 (Corvini et al.

2004b). Moreover, the UV absorption maximum

of this peak (around 280 nm) and its entire UV

spectrum (Fig. 3) were characteristic for an aro-

matic ring, and were comparable to those ob-

tained from experiments with tNP.

The experiments thus showed that the metab-

olites were aromatic ring-oxidation products of

Fig. 2 GC-
chromatograms of
intracellular extract of
Sphingomonas sp. strain
TTNP3 grown on tNP;
total ion (bottom) and ion
at m/z 380 (top)
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p353NP. Furthermore, double trimethylsilylation

of the metabolites using MSTFA indicates that the

parent compound (p353NP) was hydroxylated.

Characterisation of the synthesised p353NC

and p353NR

In order to further identify these metabolites, the

two most probable hydroxylation products of

p353NP, i.e. the catechol derivative p353NC

(Fig. 1b) and the p353NR (Fig. 1c) were sepa-

rately synthesised. Due to the presence of two

asymmetric carbons on their respective alkyl

chain, both p353NC and p353NR exist as to two

diastereomers, as it is the case for the p353NP.

For the synthesis of p353NC, a direct alkyl-

ation of catechol was not possible because alkyl-

ation at meta position relatively to a hydroxyl

group is unfavourable. That is why guaiacol (2-

methoxy-phenol) was firstly alkylated at position

C4 by using 3,5-dimethyl-3-heptanol in presence

of BF3–ether complex as catalyst. Finally,

p353NC (purity >99%) was obtained by deme-

thylation of the alkylation product of guaiacol in

presence of BBr3. For the synthesis of p353NR,

resorcinol was directly alkylated by means of 3,5-

dimethyl-3-heptanol in presence of BF3–ether

complex. The purity was above 90% and the main

by-product was the dialkylated resorcinol. After

verification of the presence of typical diastereo-

mer peaks for both the p353NC and the p353NR

giving M+ ions at m/z 380 (double trimethylsily-

lated) by GC-MS analysis in each reaction mix,

Table 1 Chromatographic and mass spectral characteristics of the trimethylsilylated derivates of: metabolites of p353NP,
p353NC, p353NR and p353NP

Diastereomers compounds m/z Relative abundance M+ –x

Metabolites (p353NP culture)
trimethylsilylateda; Molecule ion = 380;

Retention time 21.45 and 21.55 min

73 100 307
254 8 126
267 23 113
281 74 99
309 38 71
380 27 0

p353NC trimethylsilylated;
Molecule ion = 380; Retention

time 21.43 and 21.53 min

73 100 307
267 3 113
281 31 99
309 59 71
351 8 29
380 6 0

p353NR trimethylsilylated; Molecule ion = 380;
Retention time 21.62 and 21.73 min

73 37 307
267 9 113
281 50 99
309 100 71
351 13 29
380 5 0

p353NP trimethylsilylated; Molecule ion = 292;
Retention time 19.59 and 19.67 min

73 60 307
179 20 113
193 67 99
221 100 71
263 15 29
292 4 0

aValues taken from Corvini et al. 2004c
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Fig. 3 UV spectra of p353NC (full line) and metabolites
(dashed line) acquired during HPLC analysis
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the reference compounds were analysed by 13C-

and 1H-solution state NMR.

The 1H-NMR chemical shifts in ppm relative

to the internal standard TMS recorded for the two

synthesised standard compounds and the result-

ing coupling constants J (expressed in Hz) were

(for positions of atoms see Fig. 1a):

p353NC (diastereomer): 0.50, 0.75 (each dou-

blet, J = 6.6, 3 H–(CH3 at C5¢)); 0.66, 0.77 (each

triplet, J = 7.4, 3 H–C7¢); 0.62 (triplet, J = 7.7, 3

H–C1¢); 0.87–0.94, 1.00–1.11, 1.16–1.31, 1.39–1.50,

1.59–1.69 (each broad multiplet, 10 H–C(2¢, 4¢–6¢,
CH3 at C3¢)); 6.12 (singlet, 2 H–OH); 6.69 (dou-

ble doublet, J1 = 8.2, J2 = 1.9, H–C5); 6.79 (dou-

blet, J = 8.2, H–C6); 6.86 (d, J = 1.9, H–C3).

p353NR (diastereomer): 0.51, 0.77 (each dou-

blet, J = 6.6, 3 H–(CH3 at C5¢)); 0.59–0.69 (broad

multiplet, 6 H–C(1¢, 7¢)); 0.88–1.00, 1.03–1.15,

1.25–1.32, 1.38–1.49, 1.92–1.98, 2.04–2.21 (each

broad multiplet, 10 H–C(2¢, 4¢–6¢, CH3 at C3¢));

5.06 (doublet, J = 3.9, OH at C3); 5.46 (singlet,

OH at C1); 6.21, 6.22 (each d, J = 2.5, H–C2); 6.34

(double doublet, J1 = 8.5, J2 = 2.5, H–C6); 6.96,

6.99 (each doublet, J = 8.5, H–C5).

The 13C-NMR chemical shifts in ppm relative

to the internal standard TMS of p353NC and

p353NR were (for positions of atoms see

Fig. 1a):

p353NC (diastereomer): 8.790, 8.850 (C1¢);

11.437, 11.634 (C7¢); 21.481, 21.906 (CH3 at C5¢);

23.051, 23.749 (CH3 at C3¢); 30.743, 30.971 (C5¢);

31.540, 32.025 (C6¢); 36.183, 36.714 (C2¢); 40.969,

41.159 (C3¢); 50.763, 50.816 (C4¢); 114.637,

114.659 (C3); 115.228 (C6); 119.666, 119.712 (C5);

140.558 (C1); 141.908, 141.946 (C4); 142.834 (C2).

p353NR (diastereomer): 9.116, 9.154 (C1¢);

11.354, 11.589 (C7¢); 20.942, 21.860 (CH3 at C5¢);

24.902, 25.274 (CH3 at C3¢); 31.252, 31.312 (C5¢);

31.912, 32.041 (C6¢); 33.687, 33.823 (C2¢); 41.311,

41.515 (C3¢); 47.076, 47.182 (C4¢); 103.849,

103.887 (C2); 107.043, 107.089 (C6); 125.606,

125.636 (C4); 130.264, 130.302 (C5); 154.091,

154.061 (C3); 155.130, 155.214 (C1).

On the whole, the chemical structures of the

synthesised p353NC and p353NR could be con-

firmed by their 1H-, 13C-NMR, and mass spectra,

which were interpreted comparatively to the 1H-

and 13C-NMR analyses of p353NP (Vinken et al.

2002).

Mass spectrometric comparison of the

metabolites with p353NC and p353NR

GC-MS analyses were performed for trimethylsi-

lylated p353NC and p353NR and both reference

compounds showed two peaks (Table 1). Reten-

tion times of p353NC and p353NR diastereomers

were quite similar to those of the metabolites ob-

served during the experiments with p353NP

( < 0.1 min difference). p353NC appeared shortly

before, p353NR slightly later than the metabolites.

Spiking experiments with the synthesised com-

pounds and the metabolites showed that they dif-

fered regarding their retention times. Although the

ring substitution patterns of p353NC and p353NR

differed, no evident differences of MS fragments

were found. Only differences in the relative abun-

dance of the ions were detected. For p353NC the

main ion was at m/z 73 as for the p353NP metab-

olites, whereas for p353NR the main fragment was

at m/z 309 as for the p353NP. As for p353NP and its

metabolites, fragmentation occurred essentially at

the alkyl-chain in the case of p353NC and p353NR.

This resulted in the emergence of the prominent

ions at m/z 267, 281, 309, 351, and 380.

For further examination, GC-MS-MS analyses

were performed by trapping the 380 m/z ion for a

second ionisation (Fig. 4). Concerning the iso-

lated p353NP metabolites the fragments were at

m/z (relative abundance in %): 380 (24), 351 (5),

323 (10), 322 (22), 309 (100), 281 (90), and 267

(24) (Fig. 4a). For p353NC fragmentation pattern

was m/z: 380 (6), 351 (100), 309 (96), 281 (22)

(Fig. 4b) and for p353NR m/z: 351 (81), 309 (100),

and 281 (18) (Fig. 4c). GC-MS-MS thus showed

only slight differences between p353NC and

p353NR; the fragmentation of the alkyl chain was

not strongly influenced by these substitution pat-

terns of the aromatic ring. Metabolites differed

mainly from reference compounds having a very

weak m/z 351 fragment (ethyl loss), a quite high

m/z 281 and significant m/z 322, 323, and 267

fragments. Fragments m/z 322 and 323 may be

interpreted as ionisation products resulting from a

fragmentation between C4¢ and C5¢ with or

without a H atom shift. The differences observed

between GC-MS and GC-MS-MS analysis were

explained by the use of two different mass spec-

trographs.
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HPLC-MS chromatograms of both p353NC

and p353NR showed a peak at 14.9 min, which

co-eluted with the isolated metabolites. The MS

spectra at CID 20 eV showed the pseudomolecule

peak [M-H]– at m/z 235 for the metabolite. The

UV spectra of both reference compounds were

similar. As shown in Fig. 3, the p353NC UV

spectrum resembled that of the p353NP metabo-

lites with a maximum absorption at ca. 280 nm.

GC-FTIR comparison of the metabolites with

the reference compounds

Further comparison of the metabolites with the

parent compound p353NP and the p353NC and

p353NR reference compounds was achieved by

means of GC-FTIR (Fig. 5). Parent compound

p353NP emerged after 23.7 min well separated

from the other compounds. The metabolites gave

one peak with a retention time of 25.8 min; the

diastereomers were not separated under these

conditions. The IR spectra of the metabolites and

of the p353NC (Rt 25.5 min) differed only little.

The reference compound p353NR eluted after

26.2 min and exhibited additional bands at 2,350,

2,375, and 3,650 cm–1
. These differences however,

were difficult to interpret due to the derivatisa-

tion necessary for gas chromatographic analysis.

On the whole, all compounds demonstrated the

1,500 and 1,600 cm–1 bands of C–C valence

vibrations of aromatic rings and bands between

2,970 and 2,880 cm–1 for alkyl C–H bonds.

Moreover, a band for asymmetrical aromatic ring

trisubstitution was also present at 850 cm–1, such

band is absent for vicinal trisubstitution. Thus,

p353NP metabolites with three adjacent substi-

tution groups were excluded (Fig. 1d, e). Fur-

thermore, the metabolites exhibited a distinct

band around 1,230 cm–1 which argues against a

symmetrical trisubstitution (Fig. 1f).

Further microbial transformation of the new

metabolites

The last part of this work was to assess whether

the observed metabolites are dead-end products

or intermediates. Growth tests were performed

by using either the isolated metabolites, p353NC

or p353NR as substrates for cultures of Sphingo-

monas sp. strain TTNP3. Abiotic controls and

cultures with p353NP (0.1 g/l) were performed

simultaneously. At the start of experiments opti-

cal density at 550 nm was between 0.05 and 0.07.

Within five days of incubation, the optical density

increased only in assays grown on p353NP or on

the isolated metabolites achieving optical densi-

ties at 550 nm of approximately 0.24 and 0.15,

respectively. Extraction and subsequent GC-MS

analyses revealed significant abiotic losses of

metabolites (ca. 70%) showing that they are very
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Fig. 4 Mass spectra obtained by GC-MS-MS analysis. (a) metabolites; (b), p353NC; (c), p353NR
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unstable in aqueous solution. Since remaining

portions could only be detected in abiotic assays,

a minimum of 30% of the applied metabolites was

degraded by Sphingomonas sp. strain TTNP3.

These experiments thus clearly showed that the

metabolites formed by Sphingomonas sp. strain

TTNP3 are, from a biological point of view, dif-

ferent from p353NC and p353NR.

Conclusion

NP metabolism appears to vary, in dependence

on the branching of the nonyl chain. An aromatic

ring hydroxylation of octylphenol was reported in

rainbow trout (Fereira-Leach and Hill 2001). The

detoxification pathway lead to formation of al-

kylphenol glucuronide conjugates of octylcate-

chol. Such compounds were also detected in pond

snail incubated with a single branched isomer of

NP (Lalah et al. 2003). Side-chain hydroxylation

products were reported in wheat cell suspension

cultures on linear NP (Bokern et al. 1996). In

bacterial consortia the formation of hydroxylated

side-chain products of NPnEO have been re-

ported, but the authors conceded that these

metabolites resulted rather from less extensively

branched nonyl chains (Di Corcia et al. 1998).

Though till now, many assumptions have been

formulated concerning ring attack during micro-

bial metabolism of NP.

Concerning NP degradation by bacteria, most

studies found in the literature report the extraction

of NP metabolites from whole cellular suspensions

or wastewater effluents containing microbial

consortia (Di Corcia et al. 1998; Fujii et al. 2001;

Tanghe et al. 2000; Corvini et al. 2004a). Such

an approach allows mainly the extraction of

compounds from the extracellular compartment.

Some authors assumed that the metabolism of
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amphiphilic compounds like NP leads to the

excretion of lipophilic intermediates (Tanghe et al.

2000). Consequently, they expected their detection

in the surrounding cell medium. However, sub-

strates entering the cells do not always give rise to

excretion of intermediary products, if they are

comparatively rapidly metabolised. Another rea-

son for the unsuccessful attempts to isolate further

metabolites of NP was that these studies were

performed with relatively small volumes of culture

suspensions where metabolites, if present, were

possibly present only in small amounts.

In the present study, we described the elements

which contributed to establish the basis for the

identification of the recently reported 2(3¢,5¢-di-

methyl-3¢-heptyl)-benzenediol (Corvini et al.

2004c). The use of high biomass cell suspension of

Sphingomonas TTNP3 grown with tNP has been

proven useful as it was the case for cells fed with

p353NP for the preparation of intracellular ex-

tracts and the detection of ring hydroxylated

metabolites. In the case of the cells fed with tNP,

these metabolites could be detected by means of

GC-MS as a group of peaks similar to the typical

pattern observed for the tNP mixture. This fact was

consistent with previous works reporting on the

degradability of all isomers of tNP (Tanghe et al.

1999, Corvini et al. 2004a). LC-MS analyses of both

intracellular extracts (cells grown in presence of

tNP or p353NP) showed that these metabolites

were oxidised products of NP. In addition, the UV

spectra were characteristic for an intact aromatic

moiety. GC-MS analyses of the derivatised extracts

and corresponding mass calculations indicated that

the products were doubly trimethylsilylated and

thus consisted of hydroxylation products of tNP

isomers or p353NP, accordingly. Due to the diffi-

cult gas chromatographic analyses and low peak

resolution of the different metabolites a defined

single isomer, i.e. p353NP was necessary for the

further identification.

As previously described diastereomeric peaks

were observed for the metabolites in the case of

cells grown on p353NP (Corvini et al. 2004c). A

more detailed examination of the mass spectra of

the diastereomeric metabolites of p353NP

showed that their fragmentation resembled that

of p353NP. Thus, we assumed that the metabo-

lites were ring hydroxylation products of diaste-

reomeric p353NP. For the next step the chemical

syntheses of the most probable metabolites of

p353NP i.e. p353NC and p353NR were carried

out. The metabolites obtained with Sphingo-

monas sp. strain TTNP3 cultivated on p353NP

and the chemically synthesised putative metabo-

lites p353NC and p353NR were compared by GC-

FTIR and GC-MS-MS-analyses. The infrared

spectra of the p353NC and the metabolites

showed remarkable similarities and pointed to

metabolites with 1,2,4-trisubstitution at the ring.

GC-MS-MS analyses confirmed that no hydrox-

ylation occurred at the alkyl chain and that most

fragments emerged with p353NC, p353NR and

isolated metabolites. However, slight differences

in the relative abundance of these fragments led

us to assume that the metabolites were different

from p353NR and p353NC. First, ion at m/z 351

which results from the loss of ethyl at carbon 3¢ of

the nonyl chain was quite absent in the spectra of

the metabolites. Furthermore, fragment at m/z

281 which corresponds to ethyl and pentyl losses

for p353NP increased strongly in its relative

abundance in the case of the metabolites. The

corresponding fragment has also been found in

the mass spectrum of nonylcatechol glucuronide

conjugate after b-glucuronidase hydrolysis (Lalah

et al. 2003). However, there the main ion resulted

from a pentyl loss as in the case of the reference

compounds p353NC and p353NR.

In contrast to p353NC and p353NR, biodeg-

radation assays of the metabolites indicate that

they were not dead end-metabolites and stimu-

lated growth of Sphingomonas sp. strain TTNP3.

However, it was not clear whether the metabo-

lites were itself responsible for bacterial growth

or if their abiotic transformation products served

as the real substrates.

Based on these observations, two hypotheses

are formulated. A structural rearrangement at the

quaternary carbon atom (carbon 3¢ of the nonyl

chain) leads to a nonylcatechol with a rearranged

alkyl chain (Fig. 1g). The hypothesis of structural

rearrangement at this carbon occurring concomi-

tantly or prior to hydroxylation could explain the

formation of the corresponding nonanol, which is

otherwise quite difficult to understand (Corvini

et al. 2004a). Furthermore, transformation of the

quaternary carbon into a less substituted carbon
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atom adjacent to the ring could explain why this

metabolite is further transformed by Sphingo-

monas sp. strain TTNP3 and p353NC was not. An

intramolecular rearrangement of the propyl

chain, which resembles the present possible

rearrangement of p353NP metabolites, was de-

scribed for bisphenol A (Lobos et al. 1992; Spi-

vack et al. 1994). Another possible explanation

for the formation of the observed metabolites

could involve hydroxylation-induced migration

referred to as NIH shift. NIH shifts were reported

for halogenated as well as for alkyl substituents in

the case of 4-methylphenylalanine as a conse-

quence of aromatic ring hydroxylation catalysed

by cytochrome P450 (Guroff et al. 1967, Koerts

et al. 1998). Interestingly such enzymes are also

present in the genus Sphingomonas (Imai et al.

2000). In the present case, such mechanism should

lead to a 1,4 dihydroxylation product (Fig. 1h)

where the alkyl chain could shift from C4 to an

adjacent carbon atom. The last hypothesis could

explain the formation of the 2(3¢,5¢-dimethyl-3¢-
heptyl)-benzenediol described recently (Corvini

et al. 2004c).
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Ekelund R, Granmo Å, Magnusson K, Berggren M (1993)
Biodegradation of 4-nonylphenol in seawater and
sediment. Environ Pollut 79:59–61

Espadaler I, Caixach J, Om J, Ventura F, Cortina M,
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