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Ethylene Glycol Metabolism in the Acetogen Acetobacterium woodii
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ABSTRACT

The acetogenic bacterium Acetobacterium woodii is able to grow by the oxidation of diols, such as 1,2-propanediol, 2,3-butane-
diol, or ethylene glycol. Recent analyses demonstrated fundamentally different ways for oxidation of 1,2-propanediol and 2,3-
butanediol. Here, we analyzed the metabolism of ethylene glycol. Our data demonstrate that ethylene glycol is dehydrated to
acetaldehyde, which is then disproportionated to ethanol and acetyl coenzyme A (acetyl-CoA). The latter is further converted to
acetate, and this pathway is coupled to ATP formation by substrate-level phosphorylation. Apparently, the product ethanol is in
part further oxidized and the reducing equivalents are recycled by reduction of CO, to acetate in the Wood-Ljungdahl pathway.
Biochemical data as well as the results of protein synthesis analysis are consistent with the hypothesis that the propane diol de-
hydratase (PduCDE) and CoA-dependent propionaldehyde dehydrogenase (PduP) proteins, encoded by the pdu gene cluster,
also catalyze ethylene glycol dehydration to acetaldehyde and its CoA-dependent oxidation to acetyl-CoA. Moreover, genes en-
coding bacterial microcompartments as part of the pdu gene cluster are also expressed during growth on ethylene glycol, arguing
for a dual function of the Pdu microcompartment system.

IMPORTANCE

Acetogenic bacteria are characterized by their ability to use CO, as a terminal electron acceptor by a specific pathway, the Wood-
Ljungdahl pathway, enabling in most acetogens chemolithoautotrophic growth with H, and CO,. However, acetogens are very
versatile and can use a wide variety of different substrates for growth. Here we report on the elucidation of the pathway for utili-
zation of ethylene glycol by the model acetogen Acetobacterium woodii. This diol is degraded by dehydration to acetaldehyde
followed by a disproportionation to acetate and ethanol. We present evidence that this pathway is catalyzed by the same enzyme
system recently described for the utilization of 1,2-propanediol. The enzymes for ethylene glycol utilization seem to be encapsu-

lated in protein compartments, known as bacterial microcompartments.

In the absence of other energetically more favorable electron ac-
ceptors, CO, is the only electron acceptor used for energy con-
servation in anoxic ecosystems. Only two groups of organisms are
able to utilize CO, as a terminal electron acceptor, namely, metha-
nogenic archaea and acetogenic bacteria. Acetogenic bacteria are a
specialized group of strictly anaerobic bacteria that, in most cases,
can use molecular hydrogen as an electron donor for CO, reduc-
tion and can thus grow autotrophically with H, and CO,. There-
fore, they reduce two molecules of CO, to acetyl coenzyme A
(acetyl-CoA) via the reductive acetyl-CoA pathway (the Wood-
Ljungdahl pathway [WLP]) (1-3). This pathway of CO, fixation
also provides energy for growth by a chemiosmotic mechanism:
an electrochemical ion gradient is established in the course of CO,
reduction (4-6) and can be used by an ATP synthase to drive the
phosphorylation of ADP (7, 8). The nature of the coupling ion can
be either H" (5) or Na* (4). In the Na™ -dependent model organ-
ism Acetobacterium woodii, a membrane-bound Fd> :NAD ™ ox-
idoreductase, most likely encoded by the ruf genes, uses the exer-
gonic electron transfer from reduced ferredoxin to NAD ™ to drive
the export of Na* (9, 10). A. woodii, like most acetogens, can use
molecular hydrogen as the electron donor for the reduction of
CO, and can also grow autotrophically. The thermodynamically
unfavorable reduction of ferredoxin with H, as a reductant is cat-
alyzed by an electron-bifurcating hydrogenase that transfers elec-
trons from molecular hydrogen in equal amounts to NAD™ and
ferredoxin (11).

Whereas methanogens are restricted to the use of H, and CO,,
some C, substrates, and acetate as growth substrates, acetogenic
bacteria are metabolically more versatile and can also grow
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chemoorganoheterotrophically. Alternative energy and carbon
sources can be several sugars, alcohols, acids, or methyl groups
(12-14). Under most of these conditions, the energy and carbon
sources are oxidized and the electrons generated are funneled to
CO,, which is reduced in the WLP to acetate. However, some
substrates are disproportionated, and thus, there is no need for
CO, reduction. Nonacetogenic growth on cinnamate derivatives
(e.g., ferulate or sinapate) was already discovered in 1981 (12), and
recently, we discovered that the model acetogen A. woodii also
grows nonacetogenically on 1,2-propanediol (1,2-PD). This sub-
strate is dehydrated to propionaldehyde, which is eventually dis-
proportionated to form propionate and propanol. This fermenta-
tion does not involve CO, reduction, and ATP is synthesized by
substrate-level phosphorylation only (15). The degradation of
1,2-PD was shown to involve the formation of bacterial micro-
compartments, and these compartments were also present when
growing on other alcohols, such as 2,3-butanediol (2,3-BD) (15).
However, 2,3-BD metabolism follows another scheme. It is not
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dehydrated but is oxidized to acetoin, which is then split into
acetaldehyde and acetyl-CoA. Both are converted into acetate.
The electrons are then channeled into the WLP to reduce CO,
(16). Thus, whether or not oxidation of a diol is coupled to the
WLP cannot be generalized and depends on the substrate. An-
other diol of biotechnological interest that A. woodii can grow on
is ethylene glycol (17). The metabolism of ethylene glycol has not
been studied in great detail in acetogens in general (13, 18) and in
A. woodii in particular. Theoretically, there are various options for
metabolic routes for the acetogenic as well as the nonacetogenic
conversion of ethylene glycol. Here, we have addressed this ques-
tion and present a pathway for ethylene glycol oxidation in A.
woodii based on physiological and biochemical data.

MATERIALS AND METHODS

Growth conditions. Acetobacterium woodii DSM 1030 was cultivated un-
der anaerobic conditions at 30°C. Complex medium was prepared as de-
scribed previously (4). Ethylene glycol (50 mM) or fructose (20 mM) was
used as the substrate. All cultivations were performed under an N,-CO,
(80%/20% [vol/vol]) atmosphere. Growth was followed by measuring the
optical density (OD) at 600 nm (ODy,). As specified below, the optical
density was either measured directly in Hungate tubes without dilution in
a visible (Vis) spectrophotometer (Spectronic 200; Thermo Scientific,
Germany) or after taking 1-ml samples that were appropriately diluted
before measuring the OD in cuvettes with a 1-cm light path. Samples were
reduced with sodium dithionite to avoid interference with resazurin.

Preparation of cell suspensions. All buffers and the medium were
prepared using the anaerobic techniques described previously (19, 20). All
preparation steps were performed at room temperature under strictly
anoxic conditions in an anaerobic chamber (Coy Laboratory Products,
Grass Lake, MI) filled with 95 to 98% N, and 2 to 5% H,. A. woodii was
grown with ethylene glycol as the substrate to an OD, of 0.7 to 0.8,
harvested by centrifugation (8,000 X g, 10 min), washed, and resuspended
in imidazole buffer (50 mM imidazole-HCl, 20 mM MgSO,, 20 mM KCl,
2 mM dithioerythritol [DTE], 4 uM resazurin, pH 7.0). The protein con-
centration of the cell suspension was determined as described previously
(21). The gas phase of the cell suspension was changed to 100% N, and
the cells were stored on ice until use. For analysis of ethylene glycol deg-
radation, 100-ml serum flasks (containing a 100% N, atmosphere at 0.5 X
10° Pa) were filled with 10 ml imidazole buffer containing 20 mM ethylene
glycol. If indicated, 20 mM NaCl and/or 60 mM KHCO; was added. The
gas phase of the cell suspensions containing 60 mM KHCO; was changed
t0 0.5 X 10° Pa N,-CO, (80%/20% [vol/vol]). All experiments were per-
formed at 30°C and started by addition of cell suspensions at a final con-
centration of 1 mg/ml. For the determination of the substrate and product
pool, samples were taken at the time points indicated below, the cells were
removed by centrifugation (14,000 X g, 1 min), and the supernatant was
stored at —20°C for further analysis.

Determination of ethylene glycol, acetate, and ethanol. Samples of
400 pl were mixed with 50 .l of 2 M phosphoric acid and 500 pl of 13.6 M
acetone. As an internal standard, 50 pl of 200 mM 1-propanol was added.
The samples were analyzed by gas chromatography on a Clarus 580 gas
chromatograph (PerkinElmer, Waltham, MA) with an Elite-FFAP capil-
lary column (30 m by 0.32 mm; PerkinElmer). The following temperature
profile was used: 60°C for 3 min followed by a temperature gradient to
165°C at 10°C/min. Ethylene glycol, acetate, and ethanol were analyzed
with a flame ionization detector at 250°C. The peak areas were propor-
tional to the concentration of each substance and calibrated with standard
curves.

Preparation of cell extract. A. woodii was cultivated with either fruc-
tose or ethylene glycol and harvested as described above for the prepara-
tion of the cell suspensions. Cells were washed in washing buffer (25 mM
Tris HCI, 420 mM sucrose, 2 mM DTE, 4 wM resazurin, pH 7.5), resus-
pended in 20 ml washing buffer containing 5 mg/ml lysozyme, and incu-
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bated at 37°C for 60 min. Afterwards, the cells were sedimented by cen-
trifugation (8,000 X g, 10 min), resuspended in 3 ml lysis buffer (25 mM
Tris HCl, 20 mM MgSO,, 2 mM DTE, 4 wM resazurin, pH 7.5), and
disrupted by two passages through a French press (SLM Aminco; SLM
Instruments, USA) at 100 MPa. Intact cells and cell debris were removed
by centrifugation, and the supernatant was stored at 4°C for further anal-
ysis. To remove the remaining H, from the anaerobic chamber, the gas
phase of the cell extract was changed to 100% N,.

Measurement of enzymatic activities. All enzymatic measurements
were carried out in 1.8-ml cuvettes (Glasgeridtebau Ochs, Bovenden-Len-
glern, Germany) that contained 1 ml buffer in a 100% N, atmosphere and
that were sealed with rubber stoppers. Measurements were performed at
30°C using a UV/Vis spectrometer (Uvikon XL; Bio-Tek Instruments,
Neufahrn, Germany). Alcohol dehydrogenase activity was measured by
determination of the acetaldehyde-dependent oxidation of NADH at 340
nm (¢ = 6.2 mM ' cm ™) in buffer containing 0.1 M Na,P,0,, 20 mM
MgSO,, 22 mM glycine, 4 uM resazurin, pH 9.0. Then, 0.5 mM NADH
and 10 mM acetaldehyde were added to the assay mixture. CoA-depen-
dent aldehyde dehydrogenase activity was measured by determination of
the acetaldehyde-dependent reduction of NAD at 340 nm in buffer con-
taining 33.15 mM K,HPO,, 1.85 mM KH,PO,, 50 mM KCl, 2 mM DTE,
4 uM resazurin, pH 8.0. Then, 1.8 mM NAD, 0.2 mM CoA, and 10 mM
acetaldehyde were added to the assay mixture. Formate dehydrogenase
(hydrogen-dependent CO, reductase [HDCR]), Rnf, and CO dehydroge-
nase (CODH) activities were measured as described previously (22, 23).

Analytical methods. Protein concentrations were measured as de-
scribed by Bradford (24). For Western blot analysis, the preparation of the
samples was performed as described previously (25). Proteins were sepa-
rated on 12% polyacrylamide gels. Gel staining was performed with Coo-
massie brilliant blue G250.

Calculations. Determination of the kinetic parameters maximal en-
zyme velocity (V,,,,,) and Michaelis constant (K,,,) was performed with
GraphPad Prism (version 4.03) software. Curve fittings were per-
formed by using a nonlinear fit of the Michaelis-Menten equation.

RESULTS

Growth of A. woodii on ethylene glycol. A. woodii was transferred
on carbonate-buffered complex medium containing 20 mM
ethylene glycol from a preculture grown on fructose. After three
transfers, the growth rate increased from 0.03 = 0.004 h™' to
0.07 = 0.007 h™', indicating that the cells had adapted to this
substrate. The growth of A. woodii on ethylene glycol was further
characterized with an adapted culture. Under optimal conditions,
ethylene glycol allowed the growth of A. woodii DSM 1030 up to a
final optical density at 600 nm of 1.1 = 0.01 within 55 h with an
optimal substrate concentration of 75 mM ethylene glycol (Fig. 1,
inset). A reduction as well as an increase in the substrate concen-
tration resulted in reduced final optical densities. At 50 mM eth-
ylene glycol, the growth rate was 0.07 = 0.01 h™'. Again, an in-
crease or decrease in the ethylene glycol concentration resulted in
a decrease in the growth rate (Fig. 1, inset). Analysis of the final
product pool revealed that 40 mM ethylene glycol was converted
to 33.5 £ 3.1 mM acetate as well as 8.2 = 0.3 mM ethanol. Time
course determination of the products revealed a biphasic behav-
ior. In the first phase during exponential growth, ethylene glycol
was converted to acetate and ethanol in a roughly 2:1 stoichiom-
etry (product concentrations, 5.7 mM acetate and 3.3 mM ethanol
determined in the mid-exponential growth phase and 21.5 mM
acetate and 11.9 mM ethanol determined in the end-exponential
growth phase) (Fig. 2). The culture reached the stationary growth
phase after ethylene glycol was completely consumed. In this
phase, the ethanol concentration decreased and acetate was still
produced as the sole end product. During this second production
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FIG 1 Growth of A. woodii on ethylene glycol. A. woodii DSM 1030 was
cultivated at 30°C in 5 ml CO,-bicarbonate-buffered medium containing 50
mM ethylene glycol under an N,-CO, (80%/20% [vol/vol]) atmosphere.
Growth was followed by measuring the OD at 600 nm in Hungate tubes. The
results of one representative experiment are shown. (Inset) Dependence of the
growth rate (A) and the final OD,, (H) on the ethylene glycol concentration.
Final ODy, values and growth rates are averages from two independent bio-
logical experiments.

phase, about 3 mM ethanol was consumed and 8 mM acetate was
produced. This amount of acetate is possible only if, in addition to
ethanol, CO, is converted to acetate in the WLP. The emergence of
the complete amount of carbon in the products (41.7 mM C,
products from 40 mM C, substrate) can be explained only if ad-
ditional carbon from CO, was converted to biomass.

Resting cells of A. woodii convert ethylene glycol to equal
amounts of acetate and ethanol. In order to unravel the ethylene
glycol metabolism in A. woodii in more detail, we analyzed the
product pool during oxidation of ethylene glycol by suspensions
of resting cells. These experiments allowed the determination of
the stoichiometry between substrates and products without a bias
of biomass formation. As evident from Fig. 3, 20 mM ethylene
glycol was degraded within 2 h at an initial rate of 8.2 % 0.6 pmol
ethylene glycol mg~' h™'. Concomitantly, ethanol and acetate
were produced, with the final product concentrations being
12.0 = 0.9 mM and 10.4 * 1.4 mM, respectively. Initial formation
rates were 4.8 * 0.4 mol ethanol mg™ ' h™ "' and 3.6 = 0.2 wmol
acetate mg~' h™'. The conversion of ethylene glycol by resting
cells resembles the conversion in the exponential phase by grow-
ing cells. The production of ethanol and acetate in nearly equal
amounts indicates that ethylene glycol is disproportionated ac-
cording to the equation

2 ethylene glycol > 1 ethanol + 1 acetate™ + H™ + H,0
(1)
A closely related acetogen, Acetobacterium carbinolicum, oxidizes
ethylene glycol to acetate (13) according to the equation
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FIG 2 Degradation of ethylene glycol by growing cells of A. woodii. A. woodii
DSM 1030 was cultivated at 30°C in 50 ml CO,-bicarbonate-buffered medium
containing 40 mM ethylene glycol under an atmosphere of N,-CO, (80%/20%
[vol/vol]). Growth was followed by measuring the OD at 600 nm of samples
taken from a 1-liter-flask (M). The concentrations of ethylene glycol (®),
acetate (), and ethanol (A) were determined by gas chromatography. Acet-
aldehyde could not be detected. All data points are means = SEMs (n = 3
independent experiments).

ethylene glycol — acetate” + H" + 2 [H] (2)

followed by disposal of the reducing equivalents by reduction of
CO, to acetate in the WLP according to the equation

2 CO, + 8[H] ~ acetate” + H* + 2H,0 (3)

In sum, this results in substrate conversion according to the equa-
tion
4 ethylene glycol + 2 CO, — 5 acetate” + 5 H" + 2 H,0
(4)
The observed conversion by resting cells of A. woodii argues
against this mode of ethylene glycol utilization and against an
involvement of the WLP. Consistent with this hypothesis is the
finding that the conversion of ethylene glycol did not depend on
the presence of either CO,-bicarbonate or Na™ (data not shown),
both of which are essential for the WLP in A. woodii. In both cases,
ethylene glycol was disproportionated to almost equal amounts of
ethanol and acetate.
The disproportionation of ethylene glycol resembles the utili-
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FIG 3 Degradation of ethylene glycol by resting cells of A. woodii goes along
with the formation of acetate and ethanol. Resting cells (1 mg/ml) of A. woodii
were incubated in 10 ml imidazole buffer (50 mM imidazole, 20 mM KCl, 50
mM MgSO,, 2 mM DTE, 4 pM resazurin, pH 7.0) containing 20 mM ethylene
glycolin a 100% N, atmosphere at 30°C. The concentrations of ethylene glycol
(V), acetate (A), and ethanol (M) were determined by gas chromatography.
Acetaldehyde could not be detected under the conditions tested. All data
points are means = SEMs (n = 3 independent experiments).
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FIG 4 Immunological determination of key enzymes of the WLP and ethylene glycol (EG) metabolism in cells grown on ethylene glycol or fructose. A. woodii
was grown on either fructose or ethylene glycol and harvested in the mid-exponential growth phase. Whole-cell extracts were separated on a 12% SDS-
polyacrylamide gel. The presence of PduC (A), PduP (B), FdhF (C), HydA (D), RnfC (E), and PduB (F) was determined immunologically.

zation of another diol, 1,2-propanediol (1,2-PD), by A. woodii
(15). In this pathway, 1,2-PD is first dehydrated to propionalde-
hyde followed by an oxidation to propionyl-CoA and conversion
to propionate via propionyl-phosphate. The reduced electron car-
rier NADH is recycled by reduction of a second propionaldehyde
to propanol. Growth on 1,2-PD is accompanied by the formation
of bacterial microcompartments, proposed to include the 1,2-PD
degradation pathway to protect the cell from the toxic intermedi-
ate propionaldehyde. Likewise, ethylene glycol could be dehy-
drated to acetaldehyde to form the observed products ethanol and
acetate. There is only one dehydratase encoded by the genome of
A. woodii, and it is annotated PduCDE. This protein is encoded by
the pdu gene cluster (Awo_c25780 to Awo_c25910), which has
previously been shown to encode not only this dehydratase but
also a CoA-dependent aldehyde dehydrogenase and proteins
building the bacterial microcompartment. Western blot analysis
with antibodies against subunit PduC of the dehydratase actually
revealed that this protein is produced not only in 1,2-PD-grown
cells (15) but also in ethylene glycol-grown cells (Fig. 4A). This
shows that the pdu gene cluster is also expressed in ethylene glycol-
grown cells and that the same enzyme machinery responsible for
1,2-PD utilization could convert ethylene glycol to the observed
end products. Indeed, resting cells of A. woodii grown on 1,2-PD
were also able to use ethylene glycol: 20 mM ethylene glycol was
converted to equal amounts of ethanol and acetate. However, eth-
ylene glycol was utilized much more slowly. Ethylene glycol in
1,2-PD-grown cells decreased at a rate of 1.5 = 0.1 wmol mg ™'
h™!, whereas it decreased at a rate of 8.2 = 0.6 pmol mg ™' h™' in
ethylene glycol-grown cells. Consistent with the proposed reac-
tion scheme of ethylene glycol utilization, we were able to detect
an acetaldehyde-dependent reduction of NAD ™ in extracts of eth-
ylene glycol-grown cells, which was also strictly dependent on the
presence of CoA (Fig. 5A). The specific activity of the reaction was
0.9 = 0.1 U/mg, the dependence on acetaldehyde, CoA, and
NAD™ followed Michaelis-Menten kinetics (Fig. 5B to D), and the
apparent K,,, values were determined to be 6 = 1.1 mM for acet-
aldehyde, 77.1 + 13.5 uM for CoA, and 160 = 3 uM for NAD ™. A
CoA-dependent acetaldehyde dehydrogenase is also encoded by
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the pdu cluster (PduP), and Western blot analysis revealed that the
production of PduP is induced by ethylene glycol (Fig. 4B). These
data are fully consistent with the hypothesis that the products of
the pdu gene cluster catalyze not only 1,2-PD disproportionation
but also ethylene glycol disproportionation. Since the second end
product of the ethylene glycol conversion was shown to be etha-
nol, it was tested whether the extract of ethylene glycol-grown cells
catalyzes an NADH-dependent reduction of acetaldehyde. In-
deed, NADH was oxidized upon addition of acetaldehyde (Fig.
6A). The specific activity of the electron transfer was 1 = 0.05
U/mg, and the dependence on NADH and acetaldehyde followed
Michaelis-Menten kinetics (Fig. 6B and C). K,,, values were deter-
mined to be 52.1 = 7.1 pM for NADH and 2.6 = 0.2 mM for
acetaldehyde. CoA-dependent acetaldehyde dehydrogenase and
alcohol dehydrogenase activities were negligible in cells grown on
fructose.

As mentioned above, ethylene glycol conversion in growing
cells showed a biphasic behavior, with a first phase of ethylene
glycol disproportionation being followed by a phase of produc-
tion of acetate as the sole end product, and the degradation of
ethanol. A. woodii is able to grow by the conversion of ethanol to
acetate according to the equation

2 ethanol + 2 CO, >3 acetate + 2 H,O (5)

(13,26, 27). We therefore conclude that ethylene glycol utilization
starts by the disproportionation to acetate and ethanol as seen
here. The ethanol produced is reoxidized in a second step to form
acetate. The reducing equivalents are channeled to the WLP to
reduce CO, to acetate. This is most pronounced when ethylene
glycol is depleted and acetate formation continues. To further
confirm this conclusion, the enzymatic activities of some of the
enzymes involved in the WLP and the concomitant energy con-
servation were measured in cells grown on either fructose or eth-
ylene glycol. In ethylene glycol-grown cells, the activities of CO
dehydrogenase (CODH), the Rnf complex, as well as the hydro-
gen-dependent CO, reductase (HDCR) were only slightly reduced
compared to their activities in fructose-grown cells. With fructose
as the substrate, a third of the product is generated via the WLP.
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transfer from acetaldehyde to NAD™ in the cell extract was measured in a 100% N, atmosphere at 30°C in buffer containing 33.15 mM K,HPO,, 1.85 mM
KH,PO, (pH 8.0), 50 mM KCI, 2 mM DTE, and 4 uM resazurin. NAD™, CoA, and acetaldehyde were added to concentrations of 1.8, 0.2, and 10 mM,
respectively. Michaelis-Menten kinetics for NAD™ (B), CoA (C), and acetaldehyde (D) are shown. All data points are means + SEMs (n = 3 independent

experiments).

The activities measured in extracts of ethylene glycol-grown cells
were 74% (Rnf), 75% (CODH), and 67% (HDCR) of the activities
measured in extracts of fructose-grown cells. In addition, immu-
nological detection of important enzymes for the conversion of
CO, to acetate, HDCR, electron-bifurcating hydrogenase
HydABCD, and RnfC showed comparable enzyme levels in ethyl-
ene glycol-grown cells and fructose-grown cells (Fig. 4C to E).

The pdu gene cluster contains genes coding for enzymes as well
as for shell proteins of bacterial microcompartments. As recently
shown, the expression of the shell proteins correlates with the
presence of bacterial microcompartments in the cytoplasm of A.
woodii (15). Finally, we tested for the presence of the shell protein
PduB by immunological detection, and again, as observed for 1,2-
PD, the level of the shell protein was increased in cells grown on
ethylene glycol compared to the level in cells grown on fructose
(Fig. 4F).

DISCUSSION

Acetogenic bacteria are characterized by their ability to use a va-
riety of electron donors to reduce two molecules of CO, to acetate
via the WLP. Recently, we showed that the model acetogen A.
woodii oxidizes the diol 2,3-BD to form acetate and the resulting
reducing equivalents are channeled into the WLP to form another
acetate via CO, reduction (16). In contrast, the diol 1,2-PD is
disproportionated by a bacterial microcompartment-dependent
metabolism to equal amounts of propionate and propanol, thus
favoring this reaction over the WLP-dependent disposal of reduc-
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ing equivalents by the reduction of CO, (15). The diol ethylene
glycol was reported to enable the growth of A. woodii strain
NZval6, and this strain was shown to convert ethylene glycol
solely to acetate with 100% carbon recovery (17). In the present
study, we show that the degradation of ethylene glycol by A. woodii
DSM 1030 shows a biphasic behavior. The alcohol is first dispro-
portionated to ethanol and acetate (Fig. 7A), and this is followed
by a phase of acetate production from ethanol (Fig. 7B).

As elucidated, the enzymes that catalyze the degradation of
ethylene glycol in A. woodii are presumably the same ones that
were already shown to mediate the conversion of 1,2-PD to pro-
pionate and propanol, and this hypothesis is strengthened further
when the kinetic parameters determined for the conversion of the
intermediates of both pathways are compared: the conversion of
propionaldehyde to propionyl-CoA in 1,2-PD degradation is cat-
alyzed by the CoA-dependent aldehyde dehydrogenase PduP. It
was shown that propionaldehyde conversion occurred at a rate of
3 U/mg. However, cells grown on 1,2-PD converted not only pro-
pionaldehyde but also acetaldehyde (an intermediate of the ethyl-
ene glycol degradation pathway) at a rate of 1 U/mg (15). The very
same rate (0.9 U/mg) was observed here when extracts of cells
grown on ethylene glycol converted acetaldehyde to acetyl-CoA.
Also, the apparent K,,, values determined on both diols for the
substrates CoA and NAD™, as well as the respective aldehyde, are
very much alike (120 uM for CoA, 400 uM for NAD ™, and 8 mM
for propionaldehyde in 1,2-PD grown cells [15], compared to val-
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ues of 77 uM for CoA, 160 uM for NAD™, and 6 mM for acetal-  of the alcohol dehydrogenase in 1,2-PD-grown cells is still un-
dehyde in ethylene glycol-grown cells). Similarly, both in 1,2-PD-  solved, and a gene coding for such an enzyme is missing in the pdu
grown cells and in ethylene glycol-grown cells, an NAD-dependent ~ gene cluster.

alcohol dehydrogenase activity is significantly induced. The identity In contrast to growth on 1,2-PD, where the conversion stops at
A B
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FIG 7 Model of ethylene glycol metabolism in A. woodii. For explanations, see the text. (A) Initial disproportionation of ethylene glycol to acetate and ethanol;
(B) the following oxidation of ethanol to acetate (27). Note that the WLP requires H,, Fd*~, and NADH as reductant. Reduction of ferredoxin with NADH as
reductant catalyzed by the Rnf complex requires reverse electron transfer, which is driven by the electrochemical sodium potential that is established by ATP
hydrolysis (27). Here, 0.45 mol of ATP has to be hydrolyzed to drive the reaction.
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the products propionate and propanol, the conversion of ethylene
glycol starts with a disproportionation, as described above, but the
product ethanol is oxidized in a second step to acetate, accompa-
nied by CO, reduction to acetate. The ethanol metabolism in A.
woodii was recently characterized (27). Ethanol is first oxidized to
acetate, and the reducing equivalents are used to reduce 2 mole-
cules of CO, to 1 molecule of acetate via the WLP. One of the key
enzymes of ethanol metabolism is the bifunctional AdhE. This
enzyme catalyzes the oxidation of ethanol to acetaldehyde and also
the CoA-dependent oxidation of acetaldehyde to acetyl-CoA.
AdhE was present in cells grown on ethanol as well as in ethylene
glycol-grown cells but not in 1,2-propanediol-grown cells. There-
fore, AdhE is also apparently involved in ethylene glycol metabo-
lism. It may catalyze the disproportionation of acetaldehyde to
acetyl-CoA and ethanol and, additionally, the oxidation of etha-
nol to acetyl-CoA after ethylene glycol is completely consumed.
The enzymatic characterization, however, revealed in the absence
of CoA a high K,,, value of 40 mM for ethanol, which indicates that
ethanol oxidation may proceed very slowly at lower ethanol con-
centrations. That can be one reason why A. woodii could not com-
pletely consume the produced ethanol. The biphasic metabolism
is supported by the observed stoichiometry of the products during
growth, especially a carbon recovery of over 100% and the contin-
ued production of acetate when ethylene glycol is depleted. For a
complete carbon recovery, CO, needs to be fixed to explain the
formed biomass. In addition, enzyme activities and immunolog-
ical analysis proved the presence of the enzymes of the WLP.

Summing up, our data are consistent with the metabolic path-
way shown in Fig. 7: ethylene glycol is initially dehydrated to ac-
etaldehyde. Since the PduC subunit of the 1,2-propanediol dehy-
dratase PAuCDE is produced in ethylene glycol-grown cells and
this is the only dehydratase encoded by the genome of A. woodii,
the initial conversion of ethylene glycol is most likely catalyzed by
this enzyme, which is also responsible for the initial dehydration
of 1,2-PD (15). This is similar to ethylene glycol fermentation in
the strict anaerobe Clostridium glycolicum (28). This organism dis-
proportionates ethylene glycol and 1,2-PD into the corresponding
acid and alcohol utilizing one dehydratase specific for both 1,2-PD
and ethylene glycol in the first step (29). The first intermediate of
ethylene glycol degradation following dehydration is acetalde-
hyde. Extracts of ethylene glycol-grown cells of A. woodii can ei-
ther reduce acetaldehyde using NADH or oxidize the same in a
CoA-dependent reaction, thereby transferring electrons onto
NAD™. Thus, acetaldehyde is disproportionated to form equal
amounts of both ethanol and acetyl-CoA. The oxidation of acet-
aldehyde is probably catalyzed by a CoA-dependent aldehyde de-
hydrogenase, PduP, whereas the production of ethanol might be
performed by a yet-to-be identified alcohol dehydrogenase. Etha-
nol is further converted as described in reference 27 by oxidation
to acetate coupled with the reduction of CO, to acetate.

Growth on ethylene glycol as the sole carbon and energy source
has been described for many aerobic and anaerobic organisms,
despite the fact that it is not usually found in soil or waste samples.
However, Asiatic clams as well as the fungus Tricholoma matsutake
were reported to produce ethylene glycol (30, 31), and it is also
known to be a product of ethylene metabolism in a number of
higher plants (32). Whereas many aerobic bacteria utilize ethylene
glycol by oxidation to glycolaldehyde and glycolate followed by an
oxidase reaction to glyoxylate (33-36), anaerobic bacteria use the
alternative route via the acetaldehyde resulting from ethylene gly-
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col dehydration catalyzed by the very oxygen-sensitive diol dehy-
dratase (13, 28, 29). As recently shown, growth on 1,2-PD leads to
the formation of bacterial microcompartments in the cytoplasm
of Acetonema longum and A. woodii cells (15, 37). In a previous
study (15), we also demonstrated the presence of the microcom-
partment shell proteins of the PDU1 core locus (38) in compara-
ble amounts in cells grown on ethylene glycol. This is in accor-
dance with the model that ethylene glycol degradation is catalyzed
by the same enzyme machinery described here. Encapsulation of a
pathway for ethylene glycol degradation into microcompartments
has, to our knowledge, not been reported before. Protection from
the toxic intermediate acetaldehyde might necessitate this encap-
sulation. In A. woodii, the bacterial microcompartment mightbe a
more general mechanism for protection from toxic aldehydes, as
is obvious from the dual function of the microcompartments for
1,2-PD and ethylene glycol degradation. In addition, synthesis of a
microcompartment shell protein has been observed in A. woodii
cells grown on ethanol, 2,3-butanediol, and, to a lesser extent,
fructose and H, and CO,, all of which, except for H, and CO,,
are substrates that lead to small amounts of ethanol or aldehyde
intermediates (16, 26, 27).
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