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SUMMARY

The ability of Acetobacterium woodii and Eubacterium limosum to degrade methyl esters of acetate, propionate, butyrate, and isobutyrate was examined
under growing and resting-cell conditions. Both bacteria hydrolyzed the esters to the cotresponding carboxylates and methanol under either condition. Methanol
was further oxidized to formate under growing but not resting conditions. Unlike the metabolism of phenylmethylethers, no H; requirement was evident for
ester biotransformation. The hydrolysis of methyl carboxylates is thermodynamically favorable under standard conditions and the mixotrophic metabolism of
ester/CO, allowed for bacterial growth. These results suggest that the degradation of methyl carboxylates may be a heretofore unrecognized nutritional option

for acetogenic bacteria.

INTRODUCTION

Methyl esters of acetate, propionate, butyrate and isobu-
tyrate are widely used as solvents in many industrial
applications [3,15,17]. These compounds also possess rela-
tively high research octane numbers and are considered as
potential biodegradable alternatives to recalcitrant gasoline
oxygenates [31]. The biological formation of methyl acetate
(1,13,18,28], methyl propionate [24,30] and (iso)butyrate
esters [24] has been reported. However, the majority of
methyl carboxylate production comes from commercial
synthesis [3,35]. Understanding how these compounds are
integrated into the carbon cycle is essential for assessing
their environmental and health impacts. So far, there is
very little information on the environmental fate of these
compounds. Rakov et al. [27] reported that a Pseudomonas
sp. hydrolyzes methyl acetate to acetate and methanol.
Suflita and Mormile [31] demonstrated that several methyl
carboxylates were completely mineralized by aquifer micro-
organisms under methanogenic conditions, presumably
through the initial hydrolytic cleavage of the parent mol-
ecules. However, the reaction sequence and the identity of
the requisite microorganisms were not established.

In this study, Acetobacterium woodii and Eubacterium
limosum were tested for their ability to metabolize selected
methyl carboxylates. These bacteria hydrolyzed all tested
esters to methanol and the corresponding carboxylic acids.

Correspondence to: J.M. Suffita, Department of Botany and
Microbiology, The University of Oklahoma, Norman, Oklahoma
73019, USA.

In the presence of CO,, methanol was further oxidized to
formate and the reducing equivalents released were coupled
with CO, reduction to acetate. To our knowledge, this is
the first demonstration of methyl ester hydrolytic activity in
acetogens. '

MATERIALS AND METHODS

Bacteria and culture conditions

Stock cultures of A. woodii (ATCC 29683) and E.
limosum (ATCC 8486) were grown in a defined medium
[32] with 8.5 mM syringate as the sole organic carbon source
under a Hy/CO, (8:2; 2 atm) headspace. The cultures used
were obtained from single colonies grown on this medium
solidified with agar (2%). Syringate-grown cultures (2%)
were inoculated into the defined medium containing a methyl
carboxylate (5 mM). Positive controls assessing culture
viability under the incubation conditions employed 5 mM
syringate as an organic carbon source. The same medium
without an organic carbon source was used to measure
background acetogenesis by the two inocula. All incubations
were placed at 30 °C in the dark under a H,/CO, (8:2; 2
atm) atmosphere.

Experiments with resting-cells

To evaluate the effect of headspace gas composition on
the biodegradation of methyl esters, syringate-grown cells
were harvested anaerobically [19] and suspended in 15 ml
of 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES) buffer (pH 7.8) containing a methyl car-
boxylate (2 mM). Positive controls contained 2 mM syringate
as an organic carbon source, while autoclaved (121 °C;
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20 min) cell preparations served as negative controls. A.
woodii and E. limosum cells in suspension resulted in a
protein content of 1630 and 870 ug ml™!, respectively. The
headspace volume was 11 ml and was filled with either H,/
CO, or N,/CO, gas mixtures (8:2; 2 atm). The cell suspensions
were incubated in the dark at 30 °C.

Analytical techniques and chemicals

Carboxylic esters and volatile fatty acids were analyzed
by gas (GC) and high-performance liquid (HPLC) chromato-
graphy, respectively [19,31]. Headspace gas pressure, culture
optical density and protein concentration were measured
with a transducer, a spectrophotometer [19] and the Bio-
Rad DC protein assay (Bio-Rad Laboratory, Richmond,
CA, USA), respectively. Teflon-lined composite rubber
stoppers were used to close all incubation vessels. All methyl
carboxylates tested in this study were kindly provided by
the American Petroleum Institute. Other chemicals were
from Aldrich Chemical Co. (Milwaukee, WI, USA) and
were reagent grade.

RESULTS

Degradation of methyl carboxylates by growing cultures
incubated under the H,/CO, headspace

A. woodii and E. limosum metabolized the methyl esters
of acetate, propionate, butyrate and isobutyrate to methanol
and corresponding carboxylates (identified by comparing
GC and HPLC retention times of the products with those
of authentic standards) under conditions which allowed
growth (Fig. 1). Methanol was produced and then consumed
during the incubation. Other major end products were
formate and acetate which were also generated in ester-
unamended controls (Fig. 2). The degradation of straight
chain esters was near completion within the observation
period and the bacteria were able to grow at the expense
of these compounds (Fig. 1). However, the transformation
of methyl isobutyrate was slow and only slight growth of E.
limosum was measured at the end of the incubation period
(Fig. 1). For A. woodii incubations, the degradation rates
of straight chain esters was positively correlated with the
chain length of the acyl groups. E. limosum grew better
under these conditions than A. woodii (Fig. 1) but A. woodii
produced more acids from esters than E. limosum (Fig. 2).
Both bacteria failed to grow appreciably in incubations that
did not receive a methyl ester, even though they consumed
H,/CO, and produced formate and acetate (Fig. 2). The
viability of the inoculum was confirmed by the typical level
of growth measured in syringate-amended positive controls.
Methanol was not detected in either ester-unamended or
positive control incubations.

Effect of headspace gas composition on ester degradation
To test whether H, is required for the biotransformation
of methyl esters, resting-cell suspensions were incubated
under a H,/CO, or N,/CO, atmosphere. Based on the loss
of substrate and formation of methanol (Fig. 3) and
corresponding carboxylates (Fig. 4), almost identical rates

of ester hydrolysis were observed for A. woodii cells
incubated under both types of headspace. The loss of
headspace gas pressure in the H,/CO, incubations was much
higher than that shown by the N,/CO, incubations (data not
shown) and large amounts of formate and acetate were
produced in the former but not the latter incubations (Fig.
4). In contrast to growth experiments, near-stoichiometric
amounts of methanol persisted in resting-cell suspensions
under both atmospheres for longer periods of time (Fig. 3).
The positive correlation between the acyl chain length of
the esters and their depletion rates was more apparent in
resting-cell incubations than in growing cultures. In addition,
extensive degradation of methyl isobutyrate was observed.
However, no acetate formation was detected in incubations
amended with methyl isobutyrate (Fig. 4). Autoclaved
controls incubated under both atmospheric conditions showed
little or no substrate disappearance and methanol formation
(Fig. 3). No formate or acetate were detected in these
controls. In comparison with ester degradation, syringate
transformation occurred only under the H,/CO, but not
the N/CO, atmosphere (Liu and Suflita, manuscript in
preparation). Comparable results were also observed for E.
limosum.

DISCUSSION

The disappearance of methyl carboxylates and the detec-
tion of stoichiometric amounts of the corresponding car-
boxylates in non-sterile incubations but not in autoclaved
controls (Figs 1 and 3) confirmed that the transformation
was microbially mediated. The depletion rates of straight
chain esters were positively correlated with the length of
acyl chains. At present, we do not have a biological
explanation for such a phenomenon. Unlike straight chain
esters, methyl isobutyrate inhibited bacterial growth (Fig.
1) and interfered with acetate production (Figs 2 and 4).
The reason for such an inhibitory effect by this secondary
ester is not known.

Methanol was detected as a product formed during
anaerobic ester biodegradation. Previous studies with aerobic
organisms also showed methanol as a product of ester
hydrolysis [23,27]. The formation of methanol and the
carboxylate derivatives may be achieved by O-demethylation
followed by hydroxylation, or demethoxylation followed by
hydrogenation. In the O-demethylation scheme, the bond
rupture takes place between the ether oxygen and the alkyl
carbon atom (alkyl-oxygen fission), while with demeth-
oxylation, the bond breakage occurs between the ether
oxygen and the acyl carbon atom (acyl-oxygen fission). *0O
labelling studies with aliphatic [5,7,26] and aryl [4,6] esters
and lactone [20] in abiotic systems always showed the
acyl-oxygen fission. Chemical analyses suggest that demeth-
oxylation should be the most common mechanism among
all possible alternatives, especially in alkaline conditions [12].
In consistent fashion, we propose the following generalized
reaction for the initial microbial biotransformation of methyl
esters; RCOOCH; + OH™ — RCOO~ + CH;0H.

Thus, the metabolism of methyl esters by these cells is
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Fig. 1. Biodegradation of methyl carboxylates by A. woodii and E. limosum growing under a H,/CO, headspace. Methyl carboxylates (@);
Carboxylates (A); Methano! (O); Optical density (CJ).
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Fig. 2. Acid production measured at the end of the growth
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A indicates that the acid produced in the

ester-amended incubations was significantly (P<0.05) different from

the ester-free incubations. The letters B and C indicate that the

acid production by A. woodii was more than that produced by the
E. limosum at P<0.05 and P<0.1 levels, respectively.

12

Methy! acetate

10 H,/CO A A
A A A
5 1 -, ™ H W
—_ A
s Zﬁ
£ 1L B A
c
°
© 0
£
5,1 N,/CO,
©
%}
< 11
0 ]
None Methyl Methy! Methy! Methy!
Acetate  Propionate Butyrate Isobutyrate

Organic carbon amended

Fig. 4. Production of formate (open bars), acetate (striped bars)
and the corresponding carboxylic acids (filled bars) from various
methyl esters by resting-cell suspensions of A. woodii held under a
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Fig. 3. Depletion of methyl carboxylates and production of methanol in resting-cell incubations of A. woodii under a H,/CO, (O, W) or
a N/CO, (A, A) headspace. Autoclaved cells suspended under both atmospheric conditions (O, @) served as the abiotic controls.



fundamentally different from the bioconversion of phenylme-
thylethers. With the latter, methanol is not detected as a
free intermediate [2,11,14] and 20 labelling studies con-
firmed that bond cleavage is between the oxygen atom and
the methyl group [9]. In addition, the dependency for
reductive activation of methyl transfer reactions during
phenylmethylether metabolism has been observed [16,29]
and H, was recently shown to supply reducing equivalents
for this transformation [19, Liu and Suflita, manuscript in
preparation]. However, no requirement for H, was evident
during the biotransformation of the methyl esters (Figs 3
and 4). Thus, the initial transformations of these two classes
of methoxylated compounds must proceed by different
mechanisms: hydrogenolysis for the phenylmethylethers and
hydrolysis for the esters.

Hydrolysis of esters is thermodynamically favorable under
standard conditions {Table 1). Thus, this transformation
may occur in the absence of CO,/HCO7 (such a possibility
was not tested in the current study). However, CO/HCO3
may impart an additional advantage to ester-hydrolyzing
bacteria. CO,/JHCO3 can function as electron acceptor for
the disposition of reducing equivalents generated during
methanol oxidation (Table 1). It also helps to maintain the
culture pH to favor demethoxylation. In this study, bacterial
growth was observed in ester-amended H,/CO, incubations
(Fig. 1) but not in incubations containing just H,/CO, (data
not shown). In reality, microorganisms will usually encounter
multiple carbon sources, especially CO,/HCO73. Mixotrophic
metabolism at the expense of methyl esters and CO,
may be a usual nutritional mode for microorganisms in
environments receiving these esters. A mechanism for this
metabolism is proposed (Fig. 5). The detection of formate
and acetate in the ester-degrading cultures is consistent with
this mechanism.

TABLE 1
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RCOOCHg HCOy
RCOO
CHOH__
Y
HCOO 0.5CH,CO0" +1.5H*

Fig. 5. A mixotrophic scheme for biodegradation of methyl car-
boxylates in the presence of CO,/HCO7. Reactants and products
are consistent with the information in Table 1.

Methanol was consumed in growing cultures (Fig. 1) but
persisted in resting-cell suspensions (Fig. 3). The failure of
resting cells to metabolize methanol was also observed when
this alcohol was given as the primary substrate (data not
shown). Thus, the persistence of methanol in resting-cell
incubations is not due to the inhibitory effect of other ester
hydroxylation products. In fact, the metabolism of H, and
CO, in methanol-amended suspensions (as evidenced by
formate and acetate production (Fig. 4) was comparable to
the ester-free controls. The lack of methanol metabolism by
resting cells grown on syringate may reflect the need for
induction. However, this result attests to the fact that the
metabolism of methanol and phenylmethylethers is distinctly
different. Alternatively, it may be that methanol metabolism

Gibbs free energy available from reactions related to ester degradation®

Reactions AG”
kJ/reaction
A. Hydroxylation of methyl carboxylates
CH,COOCH; + OH~ — CH,COO~ + CH,0OH —63.2
CH,CH,COOCH, + OH~ — CH,CH,COO~ + CH,OH -62.8
CH,CH,CH,COOCH,; + OH~ — CH,;CH,CH,COO~ + CH,OH —58.6
Summary: AVG
RCOOCH; + OH~ — RCOO~- + CH,OH —61.5
B. Other related reactions
CH;OH + OH- — HCOO™~ + 2 H, —18.5
HCO5 + 2 H, + 0.5 H* — 0.5 CH,COO~ + 2 H,O =523
2H,0 -2 OH- + 2 H* 80.0
Summary:
CH;0H + HCO3 — HCOO~ + 0.5 CH,COO~ + OH™ + 1.5 H* 9.4
C. Mixotrophic metabolism
RCOOQCH; + HCO3; — RCOO~ + 0.5 CH;COO~ + HCOO~ + 1.5 H* —52.1°

2 AG®; values from Thauer et al. [33], except methyl carboxylates [34].
® Based on the average value of AG® for ester hydrolysis.
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is tightly coupled to anabolic pathways so that the consump-
tion of this alcohol is not evident in resting cell preparations.
Similar findings have been made with CO in resting-cell
suspensions of A. woodii [10] and Clostridium thermoaceticum
[21,22]. Further studies are needed to clarify this issue.

The toxicity of methyl carboxylates is generally mild [3,8],
except for a few reported incidences [25]. In this study, the
microbial degradation of a variety of these compounds was
shown and the products of this metabolism were clarified.
By the nature of the products, the parent esters are likely
to be environmentally compatible compounds and potentially
suitable for large-scale industrial use.
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