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Microbial degradation of the chiral 2-phenylbutyric acid (2-PBA), a metabolite of surfactant linear
alkylbenzene sulfonates (LAS), was investigated using both racemic and enantiomer-pure compounds
together with quantitative stereoselective analyses. A pure culture of bacteria, identified as Xanthobac-
ter flavus strain PAT1 isolated from the mangrove sediment of Hong Kong Mai Po Nature Reserve, was
able to utilize the racemic 2-PBA as well as the single enantiomers as the sole source of carbon and
energy. In the presence of the racemic compounds, X. flavus PA1 degraded both (R) and (S) forms of
enantiomers to completion in a sequential manner in which the (S) enantiomer disappeared much
faster than the (R) enantiomer. When the single pure enantiomer was supplied as the sole substrate,
a unidirectional chiral inversion involving (S) enantiomer to (R) enantiomer was evident. No major dif-
ference was observed in the degradation intermediates with either of the individual enantiomers when
used as the growth substrate. Two major degradation intermediates were detected and identified as
3-hydroxy-2-phenylbutanoic acid and 4-methyl-3-phenyloxetan-2-one, using a combination of liquid
chromatography-mass spectrometry (LC-MS), and 'H and '3C nuclear magnetic resonance (NMR) spec-
troscopy. The biochemical degradation pathway follows an initial oxidation of the alkyl side chain before
aromatic ring cleavage. This study reveals new evidence for enantiomeric inversion catalyzed by pure cul-
ture of environmental bacteria and emphasizes the significant differences between the two enantiomers
in their environmental fates.
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1. Introduction Under selective conditions, enantiomerization/racemization,

the chiral conversion of one enantiomer into its antipode, may

Many organic pollutants discharged into the environment are
chiral compounds containing stereo isomers. The environmental
fates of chiral pollutants can be stereoselective, and the biologi-
cal degradation, uptake, accumulation and toxicological effect of
enantiomers may also be quite different [1-4]. With respect to
stereochemistry, research on biodegradation of chiral pollutants
can provide a better understanding of environmental safety of
these chemicals to humans, animals and the environment [5-10].In
most cases, microorganisms enantioselectively degrade the chiral
compounds: a specific strain might degrade only one enantiomer
[11,12] or it might sequentially degrade both enantiomers [13-15].
Enantiomer-specific enzymes [16-20] were reported to be involved
in the degradation or uptake process.
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occur in the environment. Chiral phenoxy propionic acids meco-
prop [(RS)-2-(4-chloro-2-methylphenoxy)propionic acid] and
dichlorprop [(RS)-2-(2,4-chlorophenoxy)propionic acid] [21-23]
were reported to proceed a biochemically mediated enantiomer-
ization in soil and lakes in both directions, resulting in the
formation of the S enantiomers from the R enantiomers and vice
versa. Enantiomerization may influence efficacy and side effects
of the enantiopure products, especially in optical active drugs
development [24] and their environmental fate.

Both phenyl and sulfophenyl carboxylates are degradation
metabolites of the most widely used surfactant-linear alkylbenzene
sulfonates (LAS) and their occurrences have been reported in fresh
water [25], marine waters [26,27], riverine and coastal sediments
[28,29] and sewage sludge [30]. Although the degradation of LAS
has been studied extensively [31-37], the fates of their degrada-
tion intermediate metabolites are still unclear. Furthermore, due
to the presence of an asymmetrically substituted C-atom in the
carboxyl alkyl moiety, most of the phenyl carboxylates are chiral
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(R)-2-Phenylbutyric Acid (S)-2-Phenylbutyric Acid

Fig. 1. Chemical structures of (S)-(+)-2-phenylbutyric acid and (R)- (-)-2-
phenylbutyric acid.

and that makes their degradative mechanisms more complicated.
Sariaslani et al. described two different degradation biochemical
pathways of 3-phenylbutyric acid by Pseudomonas sp. [38] through
an initial oxidation of the benzene ring and of the side chain. How-
ever, enantiomer-specific analytical tools were not applied in their
research to further delineate the enantioselectivity in the degrada-
tion processes.

With respect to stereochemistry, Rhodococcus rhodochrous
PB1 [39] isolated from soil enantioselectively metabolizes 3-
phenylbutyric acid: only (R) enantiomer supports growth of strain
PB1, whereas the (S) enantiomer is only co-metabolized to a dihy-
droxylated intermediate (S)-3-(2,3-dihydroxyphenyl)butyric acid.
A meta-cleavage pathway of (R) enantiomer is also suggested to
form 2-hydroxy-6-o0xo-2,4-nonadiene-1,9-dicarboxylic acid from
dioxygenation product 3(2,3-dihydroxyphenyl)propionic acid. A
Delftia acidovorans SPB1 [40], isolated from activated sludge, is
able to utilize the enantiomers of 2-(4-sulfophenyl) butyrate
sequentially. The (R) enantiomer is degraded first and, only
when it is exhausted, the (S) enantiomer starts to degrade.
Metabolism of the two enantiomers converges at 4-sulfocatechol
and subsequently undergoes through ortho-cleavage. Enantios-
electivity is also reported by Schleheck et al. [33] in that the
(S) enantiomer of RS-4-C6-SPC[RS-4-(4-sulfophenyl)hexanoate]
is utilized faster than (R) enantiomer by D. acidovorans SPH-
1. Although enantioselectivity is reported in these degradation
processes of phenyl and sulfophenyl carboxylates, more mecha-
nism information including detailed degradation pathway, specific
enzyme systems involved and chiral stability remain to be further
explored.

In this study, we investigated the degradation of chiral 2-
phenylbutyric acid (2-PBA) (Fig. 1) by Xanthobacter flavus PA1
using enantiomer-specific analytical techniques. We described the
enantioselectivity and two major degradation intermediates pro-
duced during the biodegradation process. A unidirectional chiral
inversion from (S) enantiomer to (R) enantiomer of 2-PBA catalyzed
by pure culture of environmental bacteria was reported for the
first time.

2. Materials and methods
2.1. Enrichment culture and isolation

The initial aerobic enrichment culture was established in
mineral salts medium (MSM) by adding mangrove sediments
taken from the Mai Po Nature Reserve of Hong Kong as inoc-
ulant, with 2-PBA (starting concentration 0.62mM [100 mg/1])
as the sole source of carbon and energy. The positive enrich-

ment cultures were further transferred and incubated at least 4
times in freshly made MSM before isolation of bacteria. Individ-
ual colonies were picked and streaked on selective agar plates
supplemented with 2-PBA (1.85mM [300mg/1]) to isolate pure
species of bacteria. After confirmation on their degradation capa-
bility, strain PA1 capable of degrading 2-PBA was identified using
16S rDNA sequence as a X. flavus and was used in subsequent
experiments.

2.2. Mineral salts medium

The MSM used for growth of strain PA1 consisted of a buffer
solution (adjusted to pH 7.0) containing KH,PO4 (0.8 g/1), K;HPO4
(0.2g/1), (NH4),S04 (1.0g/1), MgS0,4-7H,0 (0.5 g/1). The following
trace elements were supplied from a stock solution to the final
concentrations (mg/l): CaCl, 5, FeSO4 10, NiSO4 32, Na,07-H,0
7.2, (NH4)6M07024-H20 14.4, ZI‘lClz 23, COClz-Hzo 21, CUClz-ZHzo
10 and MnCl;,-4H;0 30. The medium was also supplemented with
10 mg of yeast extract (Difco Lab., Detroit, Michigan) per liter. The
carbon sources in the R, S, or racemic form of 2-PBA were added
to MSM before autoclaving because neither loss nor transforma-
tion of these chemicals was observed after autoclaving at 121°C
for 30 min.

2.3. Complex culture medium

The non-selective complex culture medium consisting of 20g
bacteriological peptone (Lab M, Bury, England) per liter was used
for preservation of the cultures and preparation for growth exper-
iments.

2.4. Chemicals

Analytical standards of racemic 2-phenylbutyric acid (98%) and
(S)-(+)-2-phenylbutyric acid (99%) were purchased from Interna-
tional Laboratory (San Bruno, CA, USA). (R)-(—)-2-phenylbutyric
acid (99%) was purchased from Sigma-Aldrich (Steinheim,
Germany). All solvents used as the chromatographic eluent in
the experiments were of chromatography pure quality and pur-
chased from Tedia (Fairfield, OH, USA). Other chemicals were from
Sigma-Aldrich or Acros Organics (Fair Lawn, NJ, USA).

2.5. Growth experiments

The bacterial cultures used for inoculation in the experiments
were pre-incubated in complex culture medium in a 300ml
Erlenymer flask maintained in an incubator shaker (New Brunswick
Scientific Co., Inc., NJ, USA) at 30 °Cand 150 rpm. In order to remove
the residual organic carbon in the bacterial cultures prior to the
growth experiments, the bacterial cultures were harvested by cen-
trifugation (10 min, 13,000 rpm) at the middle exponential growth
phase, washed, and re-suspended in fresh MSM. The inoculation
started with 2% (v/v) of the purified bacterial culture into the
newly prepared MSM. Degradation experiments were carried outin
150 ml culture medium in 300 ml flasks kept in an incubator at 30 °C
and 150 rpm. The racemic, R- or S-2-PBA was added into respective
MSM as the sole source of carbon and energy for growth, with an
initial concentration of 2.45, 1.23,1.23 mM (400, 200, 200 mg/1). The
growth experiments were all performed in triplicate, and control
experiments were carried out under identical operating conditions
as mentioned above with autoclaved cells (inoculant). When large
amount of cultures were required for intermediate isolation, the
growth experiments were carried out in 500 ml culture medium
in 11 Erlenmyer flasks in an incubator maintained at 30°C and
150 rpm.
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2.6. Biomass measurement

During growth experiments, the culture medium was taken at
regular time intervals. The microbial biomass was determined by
optical density measurements at 580 nm using an UV-1201 spec-
trophotometer (Shimadzu, Japan).

2.7. Sample storage and preparation

After biomass measurement, the culture samples taken from
growth experiments were stored at —20°C for further chemi-
cal analysis. Prior to HPLC analysis, the samples were thawed,
centrifuged (10 min, 13,000rpm), and filtered through 0.2-pm-
pore-size cellulose ester membrane filter (Advantec MFS, Inc.,
Dublin, CA, USA) to remove bacteria cells and undesirable particu-
lates.

2.8. Purification and isolation of metabolites

When large quantities of degradation intermediates were
needed for chemical identification, culture samples at appropriate
time of incubation were centrifuged (20 min, 13,000 rpm) and fil-
tered through 0.2-pum-pore-size mixed cellulose ester membrane
to remove the bacteria cells. Acetone was then used for protein pre-
cipitation and removal of the undesirable soluble proteins in the
filtrate. The aliquot sample was mixed with 2 volumes of acetone
and kept at —20°C overnight. Centrifugation (20 min, 13,000 rpm)
and filtration were performed again to remove the precipitated pro-
teins. The filtrate was acidified with HCl to pH 2 and extracted three
times with 0.5 volume of ethyl acetate. The extracts were com-
bined and concentrated by removing the solvent under reduced
pressure. Then the two major intermediates were separated and
concentrated using HPLC with a semi-preparative Alltima C18 col-
umn (250 mm x 10 mm, Alltech Associates, Inc., Deerfield, IL, USA).
The solvent in each of the fractions was removed under reduced
pressure, and the residues obtained were dissolved in methanol
for LC-MS. Collected fractions were concentrated and evaporated
to dryness under vacuum for NMR analyses.

2.9. Analytical procedures

2.9.1. HPLC

High-pressure liquid chromatography (HPLC) analysis was per-
formed on an Agilent 1100 system with a G1311A QuatPump
and a diode array G1315B DAD detector (Agilent Technolo-
gies, Santa Clara, CA). (R)- and (S)-2-PBA (retention times, 15.0
and 15.3 min, respectively) were separated on a Chiralcel OD-
RH column (150 mm x 4.6 mm, Daicel Chemical Industry, Ltd.,
Osaka, Japan) and detected at a wavelength of 210nm. The
system was operated with an eluent consisting of 50% CH3;CN
and 50% NaClO4-HClO4 solution (200mM; pH 2.0) at a flow
rate of 1.2ml/min. When there was no need for chiral separa-
tion, the system was performed on a Eclipse XDB-C8 column
(150 mm x 4.6 mm, Agilent, Santa Clara, CA) with a 40% CH3OH
and 60% NaH,PO4 (50mM; pH 3.0) solution as the eluent at a
flow rate of 1.0ml/min. A semipreparative Alltima C18 column
(250 mm x 10 mm, Alltech Associates, Inc., Deerfield, IL, USA) was
used for separation and purification of the major intermediates. The
mobile phase consisted of 40% CH30H and 60% NaH,PO4 (50 mM;
pH 3.0) solution at a flow rate of 2.0 ml/min.

2.9.2. LC-MS

Liquid chromatography-mass spectrometry (LC-MS) analysis of
degradation metabolites was performed on an Agilent quadrupole
mass selective detectors (G1946B system) outfitted with Agilent
1100 system with a G1312 Binary pump and a diode array G1315B

DAD detector (Agilent Technologies, Santa Clara, CA). The system
was performed on an ODS column (150 mm x 2.1 mm, Shimadzu,
Japan) with CH3CN and 0.05% formic acid solution as the eluent at
a flow rate of 1.0 ml/min. The mobile phase program was with 10%
CH3CN increasing to 90% in 15 min. Mass analysis was carried out
using positive ion mode electro spray ionization (ESI).

2.9.3. NMR spectroscopy

Vacuum-dried fraction samples derived from growth experi-
ments were dissolved in 400 L of deuterochloroform (CDCl3 ) with
tetramethylsilane (TMS) as internal standard and placed in 15cm
length and 4 mm diameter NMR tubes for NMR analyses. The NMR
spectrum was obtained on a Bruker Avance DPX 500 Fourier Trans-
form Spectrometer, operating at a proton frequency of 500 MHz for
TH and 125 MHz for 13C. Proton NMR spectra were recorded with
a sweep-width of 7 kHz, 32 K data points per sample at a temper-
ature of 300K. In addition, two-dimensional NOESY experiments
were recorded with a spectral width of 3980Hz, 512 steps in f1-
dimension, and a repetition delay of 6.4s.

3. Results and discussion

3.1. Growth characteristics of X. flavus PA1 with racemic
2-phenylbutyric acid

X. flavus strain PA1, could utilize both enantiomers as the sole
carbon and energy source in an enantioselective manner. When
racemic compound 2-PBA was supplied as the growth substrate,
degradation of both enantiomers to completion in an enantioselec-
tive manner by X. flavus PA1 was observed over 350 h of incubation
(Fig. 2A). At the beginning of the incubation, equal amounts of both
enantiomers were supplemented and bacteria started to grow after
a lag phase of about 50 h. Accompanied with an apparent decrease
of (S) enantiomer, the growth of X. flavus PA1 was observed to
proceed through two kinetically distinguishable phases. The first
growth phase started from the end of the lag phase and lasted
for about 50h, at a cell growth rate of 0.0356h~'. In the second
growth phase, strain PA1 grew apparently slower at a growth rate
of 0.0038 h~1. The decline of (S) enantiomer was much faster than
the (R) enantiomer. A notable phenomenon was observed in that
the amount of (R) enantiomer increased gradually to reach a maxi-
mum of 130% after 125 h of incubation, and then decreased rapidly
until disappeared completely.

3.2. Evidence for chiral inversion in growth experiments with
single enantiomer

A unidirectional enantiomeric inversion was observed in that
only the (S) enantiomer could be converted into its antipode before
mineralization. When the single (S) enantiomer was provided to
strain PA1 as the sole source of carbon and energy for growth
(Fig. 2B), a decline of (S) enantiomer was observed with the forma-
tion and subsequent degradation of (R) enantiomer in the culture
media. Both enantiomers were degraded to completion after 200 h
of incubation, the concentration of (R) enantiomer reached a max-
imum of 0.55mM (90 mg/1) in the culture medium after 135 h. On
the contrary, when only the single (R) enantiomer was provided
as the growth substrate (Fig. 2C), the (S) enantiomer could not be
detected during the entire incubation period. These results clearly
indicated that the enantiomeric inversion catalyzed by strain PA1
was a unidirectional one in which only the (S) enantiomer of
2PBA was converted to its antipode. Representative HPLC chro-
matograms (Fig. S1) from the batch experiments with the single (S)
enantiomer after 0, 116 and 155 h of incubation, show an initially
pure composition of (S) enantiomer and then the formation of (R)
enantiomer from (S) enantiomer in the cultures. Furthermore, the
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Fig. 2. Substrate utilization experiments with X. flavus PA1 incubated with racemic
2-phenylbutyric acid, (S)-2-phenylbutyric acid or (R)-2-phenylbutyric acid. (A)
Growth on the racemic mixtures, (B) growth on the pure (S) enantiomer, and (C)
growth on the pure (R) enantiomer.

concentrations of both enantiomers remain constant in the control
experiments during the entire experiment period (data not shown),
indicating that the degradation and chiral inversion processes were
biochemically mediated.

The chiral inversion may be bidirectional or unidirectional.
The mechanisms and racemases, the enzymes that catalyze the
inversion of stereochemistry in biological molecules, are summa-
rized [41,42]. It is noted that, one drug derivative 2-arylpropionic
acid (APA) (so-called profens), with structure similar to 2-PBA,
is known to undergo metabolic chiral inversion in vivo. Within
the APA derivatives, ibuprofen is the most studied and has been
shown to undergo unidirectional chiral inversion (from R to S)
in different animal species and humans [43-45]. The enzymatic
mechanism [46-49] of chiral inversion of ibuprofen contains three
steps involving the formation of the acyl-CoA thioester by stere-
oselective activation of R enantiomer in the presence of acyl-CoA
synthetase and enzymatic epimerization of the R-thioester to the
S-(+)-thioester followed by the formation of S-(+)-enantiomer by
hydrolysis of S-(+)-thioester.

3.3. Kinetics considerations

The rate equations for a process involving both degradation and
enantiomerization (chiral inversion) assuming first-order kinetics
are [21]:

9IR) — _kg[R]  keslR] + k] (M

) k1S ksels] + kaslR] @
whereby [R] and [S] are the concentrations, kg and ks are the rates of
decomposition, and kgs (R to S) and ksg (S to R) are the rates of chiral
inversion of the R and S enantiomers, respectively. Enantiomer frac-
tion (EF), which is considered superior to the enantiomer ratio (ER)
[50], is used as the standard descriptor of enantiomeric signatures
as follows:

[S]

EFs = R+ 151 3)

The EF values can only range from 0 to 1.0 with EF = 0.5 representing
a racemic mixture.

Due to the unidirectional chiral inversion from (S) enantiomer
of 2PBA to (R) enantiomer by the strain PA1, kgs =0 (inversion from
R to S can be neglected). During the incubation processes with
racemic mixtures as well as (S) enantiomer of 2PBA, there was a
continuous formation of (R) from (S) enantiomer. Thus, the rate
equations can be described as

% = —kg[R] + ksg[S] Y
% = —ks[S] - ksr[S] ”

In the growth experiment with racemic 2PBA, the net (overall)
dissipation rate (kner, d=1) of (S) enantiomer can be described as the
sum of decomposition and enantiomeric inversion (Kner = ks + ksg).
Following a first-order kinetic reaction, the net dissipation rate of
(S) enantiomer was derived from “In(Cy/C) vs. t” plots (neglect-
ing the lag phase) and calculated as 0.009h~', and corresponding
half-life for degradation of (S) enantiomer was 77 h. The kinetics in
dissipation of (R) enantiomer was more complicated, and the net
dissipation rate of (R) enantiomer was concerned to concentrations
of both enantiomers. In an early stage of incubation, the concentra-
tions of the two enantiomers were equal; and in the late stage, the
concentration of (S) enantiomer was much lower than (R) enan-
tiomer. Thus, the dissipation of (R) enantiomer was assumed to
follow a pseudo-first-order kinetic reaction, and proceeded a two-
phase kinetic with an initially slow formation rate (—0.0007 h~1)
followed by a more rapid dissipation rate (0.0154h~1). The concen-
tration of (R) enantiomer increased to reach a maximum of 130%
after 125 h of incubation, indicating that in the early stage of incu-
bation the inversion rate from (S) enantiomer to (R) enantiomer
was higher than the decomposition rate of (R) enantiomer. The EFs
values decreased gradually from 0.5 to 0, indicating the preferen-
tial dissipation of (S) enantiomer by strain PA1 in the presence of
racemic 2PBA.

For the incubation process with single (R) enantiomer, chiral
inversion can be neglected and the equation will be
MR — ke ®)
The degradation rate of R enantiomer was calculated (neglecting
the lag phase about 20 h) as 0.0426 h~! and corresponding half-life
was 16.3 h.

When the strain PA1 was incubated with single (S) enantiomer
(EFs=1), the overall dissipation rate of (S) enantiomer was cal-
culated (neglecting the lag phase about 50h) as 0.032h~! and
corresponding half-life was 21.7 h. This time, interestingly, the con-
centration curves for the R and S enantiomers intersected (Fig. 2B)
after 120h of incubation (EFs=0.5), indicating reversed enan-
tiomeric composition with higher ratio of the R enantiomer. The
kinetics in dissipation of (R) enantiomer also can be divided into
two kinetic phases with rates as —0.026 and 0.0277 h~1.
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Fig. 3. Chemical structures of the two major degradation intermediates (A) 3-
hydroxy-2-phenylbutanoic acid and (B) 4-methyl-3-phenyloxetan-2-one.

3.4. Identification of intermediates produced during growth of
X. flavus PA1

The formation and further degradation of the two major degra-
dation intermediates were detected using HPLC on the culture
aliquot samples and no difference was observed on intermediates
produced between the two enantiomers. After purification and iso-
lation steps by semipreparative HPLC, as mentioned above, two
major degradation intermediates were identified using a series of
LC-MS and NMR analyses.

Combining LC-MS spectra and 'THNMR, '3CNMR, COESY and
HSQC spectroscopy (Supplement material), we concluded the
two degradation intermediates have the following chemical
structures: 3-hydroxy-2-phenylbutanoic acid (A) and 4-methyl-
3-phenyloxetan-2-one (B) (Fig. 3). These two major degradation
intermediates produced during degradation process indicate an ini-
tial oxidation of the alkyl side chain before aromatic ring cleavage.

The biochemical degradation pathway of racemic 2-PBA by strain
PA1 is proposed (Fig. 4).

LC-MS spectra included M+1-H,O (163), M+H (181), M+Na
(203), M+2Na-1 (225) except the core structure part ions, such as
117, 135. In contrast, the spectra (Supplement material) did not
contain the 181 peak, but M+H (163), M+18+Na (203), M+2Na-1
(225)ions were found. Compared with their similarity in NMR spec-
tra, the degradation intermediate B is a further dehydrated product
of intermediate A. The chemical shifts of peak and peak assignment
from NMR analysis are summarized and shown in Table 1.

For the stereochemistry of these two degradation metabolites,
NOESY analysis was also conducted (Fig. 5). The NOE effect between
protons a and c is stronger than that between a and b from the
NOESY spectra while the NOE effect between protons b and h is
stronger than that between ¢ and h. Thus, we conclude that proton
a and b of the two degradation metabolites should have a trans
relationship combining the NMR results presented above.

Our data showed that, the initial metabolic attack of 2-PBA is
at the B-C atom of the carboxyl alkyl side chain through hydrox-
ylation, not at the aromatic ring. This may be due to the steric
hindrance caused by the spatial structure of the chiral carboxyl
alkyl moiety attached on the benzene ring. It might be too hard
to directly attack through oxidation at the aromatic ring for further
ring fission. This view is in agreement with results from the previ-
ous studies on degradation of phenyl and sulfophenyl carboxylates,
3-phenylbutyric acid and 2-(4-sulophenyl)butyrate [39,40]. When
R. rhodochrous PB1 was incubated with 3-phenylbutyric acid [39]:
the (R) enantiomer was initially demethylated at the chiral center
of the carboxyl alkyl side chain to decrease the steric hindrance

A summary of chemical shifts for the two degradation intermediates detected in transformation of 2-phenylbutyric acid by Xanthobacter flavus PA1.

Table 1
HO o
5 OH
HiCr..
(cf
H H (d)
(b)H 11
(h) 10 H(e)

Intermediate A
TH chemical shifts (ppm vs. TMS)

a b C d e f g h

3.56(d, J=6.9 Hz) 4.41-438(m) 1.23(d, J=6.3 Hz) 7.39-7.37(m) 7.37-7.35(m) 7.34-7.31(m) 7.37-7.35(m) 7.39-7.37(m)

13C chemical shifts (ppm vs. TMS)

2 3 4 5 6 7 8 9 10 11

176.7 58.4 68.4 20.5 134.5 129.3 128.9 128.1 1289 129.3
Intermediate B

TH chemical shifts (ppm vs. TMS)

a b c d e f g h

3.55(d,J=9.2Hz) 4.36(qd) 1.23(d,J=6.3Hz) 7.30-7.27(m) 7.35-7.31(m) 7.37-7.34(m) 7.35-7.31(m) 7.30-7.27(m)

13C chemical shifts (ppm vs. TMS)

2 3 4 5 6 7 8 9 10 11

177.0 59.8 69.6 20.5 135.7 128.9 128.4 128.0 128.4 1289
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Fig. 4. Biochemical pathway proposed for the metabolism of (R)- and (S)-2-phenylbutyric acid by X. flavus PA1. A unidirectional chiral inversion from (S) to (R) enantiomer
was observed; together with further metabolically transfer to 3-hydroxy-2-phenylbutanoic acid and 4-methyl-3-phenyloxetan-2-one. Side chain cleavage is supposed to
occur before the oxidation and opening of aromatic ring.
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Fig. 5. NOESY spectra of the two degradation intermediates detected in this study.



Y. Liu et al. / Journal of Hazardous Materials 192 (2011) 1633-1640 1639

and further metabolized via meta ring cleavage; whereas the
(S) enantiomer is only cometabolically oxidized to (S)-3-(2,3-
dihydroxyphenyl)butyric acid without ring cleavage. In another
study [40] with D. acidovorans SPB on 2-(4-sulfophenyl)butyrate,
metabolism of the two enantiomers converges at 4-sulfocatechol
indicating the initial side chain cleavage, but no further information
is available prior to the detection of this degradation intermediate.

3.5. Proposed mechanisms of enantioselective metabolism of
2-PBA by X. flavus

Due to the absence of intermediates which have hydroxyl
groups on the aromatic ring together with alkyl side chain, we
propose that the major metabolic pathway may follow an initial
hydroxylation at the (3-C of carboxyl alkyl side chain and further
dehydration to a tetratomic ring, and then followed by side chain
cleavage and further oxidation at the aromatic ring for ring fission.
The trans position relationship between the two protons of degra-
dation intermediates may be due to the specific attack direction
and chiral structures of the corresponding enzymes.

The mechanisms and enzymes involved in the enantioselec-
tive metabolism of 2-PBA by X. flavus PA1 are still unclear. Some
enantiomer-specific enzymes including racemase catalyzing chiral
inversions may be involved, causing the unidirectional enan-
tiomeric inversion from S-(+)-2-PBA to R-(—)-2-PBA. During the
incubation process with only the single S-(+)-2-PBA as the sole
source of carbon and energy for growth, the decomposition and
enantiomeric inversion were observed concurrently. Although the
(S) enantiomer could be degraded to completion, there is no
evidence to ascertain whether the strain PA1 could decompose
S-(+)-2-PBA directly, or it could only selectively decompose the R-
(=)-2-PBA which was inverted from the (S) enantiomer. In other
words, relevant degradative enzymes for alkyl side chain might also
be enantioselective.

4. Conclusions

Nowadays, more and more new optical active products, man-
ufactured by agrochemical and pharmaceutical industry, are
introduced into market aiming to increase efficacy and specificity,
and reduce toxicity. These chemical may be dispersed and accumu-
lated in the environment. However, little information is available
concerning stereochemistry in the study of environmental fates of
diverse chiral compounds. In this study, we described the complete
microbial degradation of the chiral 2-phenylbutyric acid, a metabo-
lite of surfactant LAS, in an enantioselective manner by X. flavus PA1.
Furthermore, a unidirectional enantiomeric inversion catalyzed by
pure culture of environmental bacteria has been established for
the first time. Our study emphasizes the importance of stereo-
specificity in the microbial metabolism and environmental fate of
chiral compounds. Further work on biochemical enzymes involved
for these phenyl carboxylates concerning stereochemistry will be
carried out to advance our understanding on these mechanisms.
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