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In situ 'H NMR study of the biodegradation of xenobiotics:
Application to heterocyclic compounds
A-M Delort and B Combourieu
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In vivo or in situ nuclear magnetic resonance (NMR) offers a powerful tool to study the degradation of xenobiotics by
microorganisms. Most studies reported are based on the use of heteronuclei, and experiments with xenoblotlcs have
been limited because specifically labeled xenobiotics are not commercially available, with the exception of “Fand *'P.
wn>"H NMR is, thus, of great interest in this area. To avoid problems caused by the presence of water and intrinsic
metabollte signals, some studies were performed using a deuterated medlum or specific detection of protons linked to
the C-"N enriched pattern. We report here the application of in situ 'H NMR, performed directly on culture media, to
study the metabolism of heterocyclic compounds. In this review, we show that a common pathway is involved in the
biodegradation of morpholine, piperidine, and thiomorpholine by Mycobacterium aurum MO1 and Mycobacterium sp.
RP1.In all cases, the first step is the cleavage of the C—N bond, which results in an amino acid. Thiomorpholine is first
oxidized to sulfoxide before the opening of the ring. The second step is the deamination of the intermediate amino
acid, which leads to the formation of a diacid. We have shown that the cleavage of the C—N bond and the oxidation of

thiomorpholine are initiated by reactions involving a cytochrome P450.
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Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a basic tool
used to determine the molecular structure of organic compounds.
It has been used in many studies to identify metabolites resulting
from the degradation of xenobiotics by microorganisms.
However, it was used mainly in a chemically conventional
way, i.e., after purification of each intermediate and analysis by
classical H and "C NMR techniques (one- and two-
dimensional experiments). This approach presents numerous
drawbacks: large amounts of biomass (microorganisms),
xenobiotics and metabolites (in the range of milligrams) are
necessary. In addition, the metabolites must be purified.

Since the 1980s, a new NMR approach has been developed to
study microbial metabolism: in vivo NMR, performed directly on
living cells, or in situ NMR, performed on culture medium or
cellular extracts [13, 17, 21, 31]. Metabolic NMR is usually based
on the detection of heteronuclei such as ”C, 31P, ZH, IQF, and "N.
Fluorinated and phosphorylated xenobiotics can be easily studied,
but other nuclei must be enriched to be detected, because of their
low sensitivity and low natural abundance. Specifically, BC-, 2H-,

r "N-labeled xenobiotics must be synthesized by specialized
laboratories, as they are not commercially available. Consequently,
there have been only a few studies concerning microbial
degradation of xenobiotics using DC, 2H, or "F NMR [2,5,6,18,
24,32].

'H NMR has rarely been used, although the natural abundance
of 'H is almost 100%, and its sensitivity is excellent. Studies of
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biotransformation of xenobiotics using 'H NMR are rare, due to the
narrow range of chemical shifts (about 15 ppm), which induces
overlapping of many signals and also because of the large amount
of H,O present (about 55 M).

To overcome these problems, some strategies were developed to
climinate 'H signals from water and from intrinsic cellular
metabolites.

Gaines et al. [15] studied the degradation of 100% 'H benzoate
and/or p-hydroxybenzoate by Acinetobacter calcoaceticus cells
grown in a commercial *H-enriched medium (ZH IG medium).
Under these conditions, only 'H resonances from these aromatic
compounds and their metabolites were detected. Nevertheless, this
approach presents some drawbacks: 4. calcoaceticus growth was
reduced by half because of the well known isotopic effect of
deuterium on many enzymatic reactions, and the large amount of
deuterated medium needed in this type of experiment is very
expensive.

Gard et al. [16] developed another concept based on the
detection of 'H coupled to specifically enriched heteroatoms
("C-"N). They studied metabolism of doubly labeled
(BC—HN) glyphosate in two strains of Ochobactrum antropi
using triple resonance edited NMR spectroscopy (TRIED).
The combination of isotope editing and proton detection
selectively cancels all but the signals arising from "c-"N
fragments, so the detected signals are specific to the xenobiotic
and its metabolites. The limitation of this 'H editing technique
is the requirement for doubly labeled xenobiotics; in addition,
the "C—"N motif is not common among xenobiotics.

New techniques of high-performance liquid chromatography
(HPLC) NMR have been intensively used in pharmacological
studies [22], but there have been few studies which employ the
technique on the degradation of xenobiotics by microorganisms



[7]. These techniques allow the detection of lower concentra-
tions of metabolites (a few micrograms) compared with
conventional NMR analyses of isolated purified metabolites,
but they require initial purification of the metabolites (on-line
HPLC). One of the limitations of HPLC-NMR is the cost of the
equipment.

In situ 'H NMR, performed directly on biological fluids (e.g.,
plasma, urine, cerebrospinal fluid), is being increasingly used for
clinical analyses [3]. This technique is simple and does not
require any purification or specific labeling. It was also applied to
study bacterial culture media and bacterial extracts [1,25,26],
but no data have been reported about biodegradation of
xenobiotics.

In this paper, we present a review of the results we obtained
about the biodegradative pathway of heterocyclic compounds,
such as morpholine, by two Mycobacterium strains, Mycobac-
terium aurum MO1 and Mycobacterium sp. RP1 [4,10—12,28],
using in situ 'H NMR. This new approach was particularly
convenient, because the lack of chromophores and the high
water solubility of these chemicals prevented easy purification.
Only indirect tools for the detection of these xenobiotics and
their metabolites are available, including measurements of
chemical oxygen demand (COD), optical density (OD), or
NH;, growth on intermediates, and in vitro enzyme assays
[8,14,19,27,33].
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Degradative pathway of heterocyclic compounds

Several heterocyclic compounds including morpholine (X=0),
thiomorpholine (X=S), piperidine (X=C) were incubated with
the Mycobacterium strains and the kinetics of their degradation was
monitored by in situ 'H NMR using the experimental protocol
described previously [12]. The results obtained allowed us to
propose a general pathway of degradation (Figure 1).

Degradation of morpholine

An example of 'H NMR spectra collected during the incubation of
10 mM morpholine with cells of M. aurum MOL1 is presented in
Figure 2.

In spectra taken at time zero, three main signals are visible: a
singlet at 0 ppm that belongs to the methyl groups of TSPd, and two
pseudotriplets at 2.88 and 3.72 ppm that correspond to the CH, of
morpholine. After 10 h, the signals of morpholine had decreased
while three new signals (Y') were present resonating, respectively,
at 3.95 (singlet), 3.67 (pseudotriplet) and 3.05 ppm (pseudo-
triplet). These signals were assigned to the CH, of 2-(2-
aminoethoxy )acetate (Figure 1). This assignment was confirmed
by the addition of the authentic compound which we synthesized
[12]. A singlet at 3.95 ppm increased. It was assigned to glycolate
as evidenced by addition of the commercial compound to the
sample. However, this chemical shift was also corresponding to the
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Figure 1 General pathway of degradation of heterocyclic compounds by Mycobacterium aurum MO1 and Mycobacterium sp. RP1. 1: 2-(2-
aminoethoxy ) acetate, 2: diglycolic acid, 3: glycolic acid, 4: 5-amino - valeric acid, 5: glutaric acid, 6: sulfoxide of thiomorpholine, 7: thiodiglycolic

acid.
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Figure 2 Kinetics of morpholine degradation by Mycobacterium aurum MOL. In situ 'H NMR spectra were recorded at 300.13 MHz for 15 min on
samples collected every hour from the incubation medium, centrifuged and adjusted to pH 10. TSPd, was used as chemical shift reference (6 =0
ppm) and for quantification. M: morpholine, Y: 2- (2-aminoethoxy ) acetate.

resonance of diglycolic acid. Complementary experiments per-
formed with in situ ion spray mass spectroscopy showed
unambiguously the presence of diglycolic acid [10]. Both
glycolate and diglycolate were degraded when incubated directly
with the bacterial cells. Diglycolic acid is likely to be transformed to
glycolic acid, which is further integrated in the central metabolism
of bacteria via the glyoxylate pathway. After 20 h, morpholine was
exhausted, and all intermediate compounds were decreasing and
almost disappeared.

The time courses of the concentration of morpholine, 2-(2-
aminoethoxy )acetate and the signal at 3.95 ppm are presented in
Figure 3. These quantitative data were obtained by integrating the
NMR signals in Figure 2, and the measured areas were compared
with the integral of the TSPd, signal. The different concentrations
were calculated as explained previously [12].

These experiments were repeated with Mycobacterium sp. RP1,
and the same results were obtained [28].

Degradation of piperidine

An example of the H NMR spectrum collected after 2 and 6 h of
incubation of M. aurum MO1 with 10 mM piperidine is presented
in Figure 4A. After 2 h, the signals belonging to the CH, of
piperidine were still visible at 3.13 (triplet), 1.74 and 1.66 ppm
(quintuplets). After 6 h, new signals resonating at 2.16 (triplet)
and 1.76 ppm (quintuplet) were detected. They were assigned to

the protons of glutarate, on carbons 2 and 3, respectively. This
assignment was confirmed by adding commercial glutarate to the
sample [10].

The quantitative analysis of the kinetics of degradation of
piperidine was made by integrating the signals of the different
metabolites in 'H NMR spectra (Figure 4B). No glutarate was
detected after 20 h. Consequently, it was degraded in the cells,
presumably because it enters amino acid metabolism, especially
lysine metabolism as observed for Streptomyces sp. [23] and
Candida tropicalis [20].

We obtained similar results with the strain sp. RP1 (unpublished
data).

Degradation of thiomorpholine
Figure 5A presents a spectrum collected after 10 h of incubation of
M. aurum MOI cells with 10 mM thiomorpholine. Four groups of
multiplets resonating at 2.84, 2.98, 3.08 and 3.36 ppm were
assigned to the four nonequivalent protons of the sulfoxide of
thiomorpholine (Figure 1). To make this attribution, this sulfoxide
was synthesized in our laboratory. Figure 5B shows the 'H NMR
spectrum of this synthetic sulfoxide (4 mM) in Knapp buffer, at pH
10; the signals perfectly overlap those of the sulfoxide obtained
enzymatically.

Another signal (a singlet) is also present in Figure 5A at 3.25
ppm, which was assigned to the CH, of thiodiglycolic acid (see
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Figure 3 Morpholine degradation by Mycobacterium aurum MOI in
the absence (X) or in the presence of S mM (O) and 10 mM (A)
metyrapone, a specific inhibitor of cytochrome P450. Concentra-
tions were measured from metabolite integrals relative to TSPdy
integrals in 'H NMR spectra (Figure 2).

Figure 1). The same signal was obtained when the cells were
incubated with the sulfoxide of thiomorpholine, showing that it is a
downstream metabolite [11]. The assignment of this resonance
was confirmed by addition of the commercial compound to this
sample and complementary analysis by mass spectrometry. This
metabolite accumulated in the cells, and the C—S bond was not
cleaved further.

The time course of the concentrations of thiomorpholine
sulfoxide and thiodiglycolic acid are presented in Figure 6.

The same metabolic pathway was observed when Mycobac-
terium sp. RP1 resting cells were incubated with thiomorpholine

[4].
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Conclusion

In all cases, the opening of the heterocyclic ring proceeds via the
cleavage of the C—N bond. The absence of this C—N bond prevents
any degradation of the heterocyclic compounds. This cleavage
leads to an amino acid whose central atom varies (O, S or C)
depending on the initial substrate.

The second step (Figure 1) is the deamination of the
intermediate amino acid, which results in the formation of a
diacid.

These results are in agreement with those of Swain et al. [33],
who showed that pyrrolidine was metabolized via succinic acid in
Mycobacterium sp. MORG.

Involvement of cytochrome P450 activity

Spectrophotometric evidence of the induction of a
cytochrome P450

Mazure and Truffaut [27] have shown that morpholine degrada-
tion was associated with oxygen consumption, indicating that
activity of a monooxygenase, namely a cytochrome P450, may be
involved. To investigate the presence of a cytochrome P450 in M.
aurum MOL, the carbon monoxide differential spectra of sodium
dithionite-reduced soluble fractions of morpholine-induced and
uninduced cells were measured [ 11,28 ]. The results are reported in
Table 1. When M. aurum MO cells were grown on morpholine as a
sole source of carbon, nitrogen, and energy, a peak at 449 nm was
present in the spectrum, indicating the presence of a soluble
cytochrome P450 [11]. As this peak was not observed in acetate -
grown cells, the synthesis of this enzyme was induced by
morpholine. The same results were obtained with Mycobacterium
sp. RP1 [28].

Using the same spectrophotometric method, induction of
cytochrome P450 by growth of each strain of mycobacteria on
various heterocyclic compounds was tested [4,11,28] (Table 1).
Induction in both strains of this soluble protein was observed in
the case of morpholine, piperidine and thiomorpholine, which was
consistent with the involvement of this enzyme in the cleavage of
the heterocyclic ring. This cleavage probably occurs at the C—N
bond, as shown by non-induction of a cytochrome P450 by
tetrahydropyrane and tretrahydrofurane wherein this bond is
absent.

Growth was usually correlated with induction of cytochrome
P450, indicating the first step of degradation. When the
degradation was not complete, as in the case of thiomorpholine,
the bacteria could not grow on this substrate, despite its initial
transformation.

The activity of P450 was also consistent with the oxidation of
thiomorpholine into sulfoxide, this type of reaction being rather
common.

Inhibition of morpholine and thiomorpholine
transformation by metyrapone
To confirm the key role of a cytochrome P450 in the transformation
of morpholine and thiomorpholine, a selective inhibitor of this
enzyme was added to the incubation medium. Metyrapone (2-
methyl-1,2-di-3-pyridyl- 1 -propanone) was chosen as a specific
inhibitor of cytochrome P450 [34].

M. aurum MOL1 cells (100 g/1) were incubated with different
concentrations of metyrapone (5 and 10 mM) and with morpho-
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Figure 4 (A) In situ 'H NMR spectra of a sample collected after 2 and 6 h of incubation of Mycobacterium aurum MO1 with 10 mM piperidine.

Experimental conditions were as in Figure 2. (B) Time course of piperidine (O) and glutaric acid (x) concentrations during incubation of
Mycobacterium aurum MOI in the presence of 10 mM piperidine.
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Figure5 (A) 'H NMR spectrum of a sample collected after 10 h of incubation of Mycobacterium aurum MO1 with 10 mM thiomorpholine, (B)
H NMR spectrum of synthetic sulfoxide of thiomorpholine in Knapp buffer.
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line (10 mM) and analyzed by 'H NMR. The kinetics of
morpholine degradation is reported in Figure 3.

Addition of metyrapone resulted in inhibition of morpholine
degradation. In the presence of metyrapone (5 mM), the rate of
formation of 2-(2-aminoethoxyacetate) decreased and was
completely inhibited at a concentration of 10 mM.

The direct effects of metyrapone on sulfoxide formation from
thiomorpholine, the first intermediate in thiomorpholine biodegra-
dation, showed that a cytochrome P450 was also involved in the
first step of this degradation (Figure 6). The synthesis of
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Figure 6 Thiomorpholine degradation by Mycobacterium aurum MO1
in the absence (x) or presence of 5 mM (O) or 10 mM (A)
metyrapone, a specific inhibitor of cytochrome P450.

Table 1 Growth of M. aurum MO1 and Mycobacterium sp. RP1 on
different substrates and induction of cytochrome P450 (From Refs. [20,
21, 28])

Substrate Growth® Induction of
cytochrome P 450
MO1 RP1 MOl RP1
Acetate + + — _
Succinate + + - _
Morpholine + + + +
Thiomorpholine — — + +
Pyrrolidine + + + +
Piperidine + + + +
Tetrahydrofurane — T - _
Tetrahydropyrane — T — _

?(+) Growth; (F) low growth; ( —) no growth.

thiodiglycolic acid was also decreased in the presence of
metyrapone.

Similar results were obtained with Mycobacterium sp. RP1
[28].

Conclusion

This was the first evidence of the presence of a cytochrome P450
in mycobacteria. Since then, Poupin et al. [29] showed induction
of a soluble cytochrome P450 during degradation of morpholine
in other strains of Mycobacterium. The genes encoding a
cytochrome P450 involved in piperidine and pyrrolidine utiliza-
tion and its regulatory protein were cloned and sequenced in M.
smegmatis mc2155 [30], and 20 genes that potentially code for
P450 proteins were found in the complete genome sequence of
M. tuberculosis [9]. These examples show the key role of
cytochrome P450 in mycobacteria, especially in biodegradation
processes.

General conclusion

To date, only a few studies have been reported on the microbial
degradation of xenobiotics using NMR. After the pioneering
work carried out 10 years ago, new data have been published
only recently. NMR is a high-performance tool to identify
metabolic pathways involved in biodegradation of drugs and
pollutants. The main limitation in this type of approach is the
necessity of specifically (BC, ISN, zH) labeling non-commer-
cial compounds to perform heteronucleus NMR experiments.
However, the methods described in recent work using 'H
NMR in pure water, performed either by HPLC-NMR, or
directly in situ in culture medium, are quite promising: natural
abundance molecules can be studied under simple culture
conditions. This strategy should be successfully developed in
the future.
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