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Mass spectrometric analysis of isotope effects in bioconversion
of benzene to cyclohexanone
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Abstract

Pseudomonas veronii strain PH-03 has been shown to convert benzene to cyclohexanone through phenol. Mass spectrometry results revealed
that unusual isotopic effects have been occurred in the transformation product, cyclohexanone. The isotopic composition was strongly depends on
the compound specific hydrogen or oxygen source. The exchange of labile deuterium atoms has been investigated through electrospray ionization
liquid chromatography mass spectrometry. The mass spectrometric analysis of biotransformation products enabled the proposal of a corresponding
bioconversion pathway.
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. Introduction

Mass spectrometry has been applied as a powerful tool for the
dentification of bioconversion products resulting from micro-
iological reactions and used extensively in the past for the
dentification of chemical reactions [1,2]. Currently, bioconver-
ion using whole cells is being increasingly explored to produce
ndustrially important and fine chemicals because it has several
dvantages over enzymatic reactions [3]. In the biotechnological
rea, mass spectrometry is an essential technique for detection
nd identification of various products. Aromatic hydrocarbons,
uch as BTEX compounds like benzene, toluene, ethylbenzene,
nd meta-, ortho-, and para-xylenes, are significant constituents
f petroleum products. In particular, benzene is a volatile envi-
onmental pollutant commonly found in crude petroleum and
etroleum products such as gasoline [4,5]. Megatons of benzene
re produced every year for use as an industrial solvent or as a
tarting material in the manufacture of pesticides, plastics, and
umerous chemicals [6–8]. Contamination of groundwater sys-
ems by petroleum hydrocarbons is widespread due to leaking
nderground storage tanks, accidental spills, and inappropriate

of particular concern, since benzene is the most water-soluble
BTEX compound and a human carcinogen [9,10].

Isotope compounds can be used to directly monitor biodegra-
dation or bioconversion of aromatic hydrocarbons in the envi-
ronment by measuring the isotopic contents of the remaining
contaminant or product as degradation proceeds [11–13]. Iso-
topes of elements such as carbon [12C and 13C] and hydrogen [1H
and 2H] react at slightly dissimilar rates during mass differen-
tiating reactions. During bioconversion, the lighter isotopes are
preferentially exchanged, causing the remaining contaminant
or producing compound to be enriched in the heavier isotopes
[11–13]. A significant isotopic effect can be observed if a bond
containing the element of interest is broken or formed in the
rate-limiting step [12,14]. Thus, isotope analysis has the ability
to identify biodegradation or bioconversion of environmental
pollutants in the field and to determine contaminant mass loss
or addition due to bioconversion.

In a recent study, we isolated the Pseudomonas veronii strain
PH-03 from contaminated soils collected near the incinerator of
a chemical plant and characterized its ability to degrade chlori-
nated dibenzo-p-dioxins and dibenzofurans [15]. We have also
isposal methods. Groundwater contamination by benzene is
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analyzed this strain for the ability to transform benzene and
described a novel type of benzene metabolism. In contrast to
canonical aerobic biodegradation, this new form of bioconver-
sion produces cyclohexanone from benzene. Here we report on
the mass spectrometric analysis using stable isotopes of ben-
387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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zene and metabolic intermediates of this novel bioconversion.
Further, unusual hydrogen isotopic effects were investigated dur-
ing identification of the hydrogen and oxygen sources in the
bioconversion by mass spectrometric techniques, along with
gas chromatography and electrospray ionization. The specific
effects of individual sources on deuterium ratio were assessed
from the isotopic pattern of consecutive dissociation fragments,
as observed from mass spectra.

2. Experimental

Benzene-[13C6], 99 at.% [13C] was purchased from ISOTEC
(Miamisburg, OH). [13C]-cyclohexanone, deuterated chemicals
(benzene-d6, cyclohexanone-d10, and D2O), and dibenzofuran
were obtained from Sigma–Aldrich (St. Louis, MO). 95 at.%
18O2 was purchased from Cambridge Isotope Laboratories
(Andover, MA). The solvents and acids employed were obtained
from Merck. All chemicals employed were of the highest quality
commercially available.

P. veronii strain PH-03 employed in this study was routinely
grown in the dark (160 rpm, 28 ◦C) in minimum salts medium
(MSM) amended with 1 mM dibenzofuran (DF) as the sole car-
bon source, from resting cells which were prepared as previously
described [15]. Pre-grown strain PH-03 culture was inoculated
into 250 ml of MSM containing 0.5 g of DF in 2-l Erlenmeyer
flasks. After overnight incubation, the entire culture was har-
v
w
t
F
s
8
2
s
o
d
I
T
(
a
D
1
a
p
d
w
a
a

f
a
t
s
c
e
5
a

2 ml syringe through a 0.45 �m syringe filter (Millipore). The
aqueous solvent system (flow rate, 1.0 ml/min) contained 0.1%
(w/v) acetic acid and 40% methanol. In addition, the extracts of
bioconversion experiments with labeled and unlabeled benzene
and cyclohexanone were analyzed by nanospray ESI (Elec-
tro Spray Ionization)-MS/MS in positive or negative mode
by using an ESI-mass spectrometry quadruple-time of flight
(Qstar Pulsar; Applied Biosystems, Foster City, CA) system.
Then, the extracted samples obtained were analyzed by high-
resolution gas chromatography–ion trap mass spectrometry. For
gas chromatography–mass spectrometry analyses, we used a
Trace GC 2000 system (Thermoquest, Austin, TX) linked to
a Finnigan Polaris Q mass spectrometer (Thermoquest) with
a 60-m DB-5 mass spectrometry column. The initial tempera-
ture, 100 ◦C, was maintained for 2 min, and then programmed to
reach 280 ◦C at a rate increase of 10 ◦C/min, and held for 5 min.
The temperatures of the injector port and the interface were set
at 250 and 280 ◦C, respectively. The carrier gas (helium) flow
rate was 1.0 ml/min. In all experiments, additional controls were
employed; these controls consisted of cells that were heat inacti-
vated (75 ◦C for 20 min) and cultures that were poisoned (10 mM
NaN3).

In 18O2 incorporation studies, reaction mixtures contained
resting cells (OD600 = 8.0) and benzene in 20 mM phosphate
buffer (pH 7.0). Reactions were carried out with 18O2 (Cam-
bridge Isotope Laboratories, Andover, MA) purging into 100-
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ested (11,000 × g for 10 min at 4 ◦C) and washed three times
ith 20 mM phosphate buffer. The OD600 of the resulting cul-

ure was adjusted to 8.0 with 20 mM phosphate buffer (pH 7.0).
or bioconversion of benzene, 10 ml portions of a resting cell
uspension were added to 100-ml Erlenmeyer flasks containing
7.9 mM of the benzene and incubated at 160 rpm and 28 ◦C for
4 h. The bioconversion was monitored and quantified by taking
amples of the culture suspensions over time. Every 2 h, a set
f triplicate flasks was removed, and the samples were imme-
iately analyzed by HPLC after centrifugation and filtration.
n addition, we collected all HPLC analytes using prep-HPLC.
he analytical system consisting of a reverse-phase HPLC

Agilent 1100; Agilent, Waldbronn, Germany) equipped with
Lichrocart RP-18 column (125 mm × 30 mm; 5 �m; Merck,
armstadt, Germany). The aqueous solvent system (flow rate,
.0 ml/min) contained 0.01% (w/v) of 85% ortho-phosphoric
cid and 20% CH3CN. After collection of the purified sam-
les from HPLC, the contents were extracted and analyzed as
escribed below. The samples and the corresponding controls
ere extracted four times with 0.2 volumes of dichloromethane

nd hexane. Extracts were dried over anhydrous sodium sulfate,
nd the solvents were evaporated under reduced pressure.

Substrate and products present in the extracts obtained
rom the bioconversion experiments were detected and char-
cterized initially using a liquid chromatography–mass spec-
rometry (Qstar Pulsar; Applied Biosystems, Foster City, CA)
ystem consisting of a reverse-phase high-performance liquid
hromatograph (Agilent 1100; Agilent, Waldbronn, Germany)
quipped with a Lichrocart RP-18 column (125 mm × 30 mm;
�m; Merck, Darmstadt, Germany) and then by using mass
nd UV–vis light detection after filtration of the samples with
l baffled Erlenmeyer flask fitted with Teflon-lined septa and
crew-on caps in 10-ml portions of a cell suspension after
2 flushing. Reaction products were analyzed by LC–MS or
C–MS after filtration or extraction as described above.

. Results and discussion

In this study, unusual isotopic effects were observed and char-
cterized during the novel benzene ring reduction by P. veronii
train PH-03. When determining the hydrogen source of the bio-
onversion of strain PH-03, we observed unpredicted effects that
ccurred consistently. In our recent study, the bioconversion was
onitored by a HPLC to determine the conversion rate and the
PLC profiles revealed a decrease in the benzene concentration
ith time, and a concomitant increase in the concentration of a
ew product (Fig. 1). The newly formed product was identified
y GC and ESI-MS analysis as cyclohexanone through phe-
ol; these were confirmed by comparing the data with those of
uthentic standards. Importantly, these results were a novel bio-
onversion of benzene by a bacterium under aerobic conditions
hat utilizes oxidation and reduction concomitantly.

In order to confirm that the detected cyclohexanone carbon
ource originated from benzene, experiments were conducted
ith stable isotope [13C]-labelled benzene. As shown in Fig. 2,

he result clearly shows [13C]-cyclohexanone originated from
13C]-benzene. In other sets of bioconversion experiments, how-
ver, unpredicted isotopic effects were detected by GC and
SI-MS analysis in the case of deuterium-labelled compounds

Fig. 3). This suggests that the deuterium-labelled compound
s more unstable than the [13C]-labelled compound in the bio-
ogical reaction. [D5]-labelled cyclohexanone (m/z = 103) was
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Fig. 1. HPLC chromatograms illustrating cyclohexanone formation from ben-
zene with time. (a) 30 min; (b) 8 h; (c) 12 h; (d) 24 h.

expected as the bioconversion product, but the major ion had
an m/z ratio of 105, as shown in Fig. 3(b). In addition, sim-
ilar isotopic effects were detected in ESI-MS spectra in both
positive (Fig. 4) and negative (Fig. 5) ionization modes. We
examined whether the isotopic effects observed in the previous

F
p

Fig. 3. GC–MS spectra of authentic [D6]-labelled benzene and cyclohexanone
product with isotopic effects.

[D6]-labelled benzene experiment come from the buffer by using
deuterated water (D2O) instead of H2O. The results revealed
that cyclohexanone formation was similar to that observed in
H2O-based buffer systems (Figs. 4(a) and 5(a)). Also, the D2O-
based buffer systems spectra showed 1–2 mass unit larger frag-
ments than the corresponding peak in H2O-based buffer systems
spectra, which suggests that the source of isotopic effects is
from deuterium-labelled chemicals such as D2O and there are
multiple hydrogen sources. Finally we confirmed that a par-
tial source of hydrogen was H2O. From the magnified inset
Figs. 4(b) and 5(b), the deuterium ratio of individual specific
effect was assessed from the isotopic pattern of consecutive dis-
sociation fragments. The ratio of presented peaks in the positive
mode of ESI-MS was [m/z, 99.0942:100.0998 = 2:1]. This result
suggested that the isotopic effect potential value was about 50%
for 1 unit large mass. Meanwhile, the ratio of negative mode of
ig. 2. GC–MS spectra of authentic [13C]-labelled benzene and cyclohexanone
roduced through bioconversion by Pseudomonas veronii PH-03.

ESI-MS was [m/z, 96.9700:97.9742:98.9802 = 1:3:4.5].
The source of oxygen for this oxygenation should be molecu-

lar oxygen, which clearly proves that the present bioconversion
is occurring under aerobic conditions. It has been reported that
water is the source of oxygen to form phenol from benzene
in anaerobiosis [16] whereas molecular oxygen is incorporated
in aerobic transformation [17,18]. We determined that the strain
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Fig. 4. Positive LC/ESI-MS spectra of liquid suspensions in H2O (a) and in
D2O (b) from the bioconversion reaction by Pseudomonas veronii PH-03 sup-
plemented with benzene. In figure (a) diagnostic peaks are [M + H] = 99.0824
(cyclohexanone), [M + H − H2O] = 81.0695, and [M + H] = 79.0551 (benzene).
In figure (b) diagnostic peaks are [M + H] = 99.0942 and 100.0998 (cyclohex-
anone), [M + H − H2O] = 81.0808, and [M + H] = 79.0663 (benzene).The iso-
topic effects for the spectrum are shown in the figure.

PH-03 utilized molecular oxygen at a higher rate in the presence
of benzene than in the presence of phenol. This result suggests
that molecular oxygen is consumed for the production of phe-
nol. During phenol formation, the oxygen level decreased, so
specific ring reducing enzymes might be involved in the subse-
quent cyclohexanone formation. To verify the oxygen source of
the bioconversion, we performed additional experiments with
18O2. As shown in Fig. 6, the results showed that 18O2 is the
oxygen source in the bioconversion. Even-though we removed
the 16O2 by N2 purging from resting cells suspension, [16O]-
cyclohexanone fragmentation occurred. This might be due to
involvement of trace of 16O2 from the buffer. Finally, we deter-
mined the bioconversion is completely aerobic and the oxygen
originated from molecular oxygen.

Scheme 1 summarizes the isotope effect scheme involved in
this bioconversion. In organic synthesis, aromatic ring reduc-
tion is a energetically and mechanistically difficult process that
requires solvated electrons generated by dissolving alkali met-
als in liquid ammonia. Through a so-called Birch mechanism,
aromatic ring reduction proceeds in single electron and proton
transfer steps by means of radical intermediates [19]. A similar

Fig. 5. Negative LC/ESI-MS spectra of liquid suspensions in H2O (a) and in
D2O (b) from the bioconversion reaction by Pseudomonas veronii PH-03 sup-
plemented with benzene. In figure (a) diagnostic peaks are [M − H] = 96.9721
(cyclohexanone) and [M − H] = 76.9611 (benzene). In figure (b) diagnos-
tic peaks are [M − H] = 96.9700, 96.9742, and 98.9802 (cyclohexanone) and
[M − H] = 76.9461 (benzene). The isotopic effects for the spectrum are shown
in the figure.

Fig. 6. Positive LC/ESI-MS spectra of culture suspensions purged with 18O2

from the bioconversion reaction by Pseudomonas veronii PH-03 supplemented
with benzene.
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Scheme 1.

mechanism has been proposed for anaerobic, enzymatic benzene
ring reduction in benzoyl CoA, a central metabolite of anaerobic
biodegradation of aromatic compounds [20]. However, the com-
plete ring reduction yields a substituted cyclohexanone such as
cyclohexanoneacyl-CoA. We examined whether the hydrogen
ion comes from water by replacing water with deuterated water
(D2O). Cyclohexanone formation was slightly different from
that observed in H2O-based buffer systems (see Figs. 4 and 5)
suggesting that H2O is a partial source of hydrogen although the
main hydrogen source is another reductant. Recently, NADPH-
dependent xenobiotic ring reductase has been characterized from
Pseudomonas fluorescens, which is able to mediate the partial
ring reduction of xenobiotic compounds by hydride addition
[21]. Finally, in this bioconversion, the proposed oxygen source
is molecular oxygen from aerated conditions and the hydro-
gen source is partially the H2O-buffered system. Although the
effects investigated from GC–MS and ESI-MS were not identical
for mass units, obvious results showed the compound-specific
isotopic effects from bioconversion according to different exper-
imental conditions. Scheme 1 illustrates the individual biocon-

versions examined in this study using stable isotopes and clearly
shows the effects of deuterium isotope specifically.

4. Conclusions

The specific isotopic effects in this study should help elu-
cidate the oxygen and hydrogen sources in the biological con-
version of some chemicals of interest. Deuterium [2H], [13C]-
labelled, and [18O]-labelled compounds can be efficiently used
for this purpose. To our knowledge, this is the first report on
isotope effects in the biological conversion of environmentally
hazardous compounds such as benzene.
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