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The utilization of the fuel oxygenate methyl fert-butyl ether (MTBE) and related compounds by microor-
ganisms was investigated in a mainly theoretical study based on the Y, p concept. Experiments were conducted
to derive realistic maintenance coefficients and K, values needed to calculate substrate fluxes available for
biomass production. Aerobic substrate conversion and biomass synthesis were calculated for different putative
pathways. The results suggest that MTBE is an effective heterotrophic substrate that can sustain growth yields
of up to 0.87 g g~', which contradicts previous calculation results (N. Fortin et al., Environ. Microbiol.
3:407-416, 2001). Sufficient energy equivalents were generated in several of the potential assimilatory routes to
incorporate carbon into biomass without the necessity to dissimilate additional substrate, efficient energy
transduction provided. However, when a growth-related kinetic model was included, the limits of productive
degradation became obvious. Depending on the maintenance coefficient m, and its associated biomass decay
term b, growth-associated carbon conversion became strongly dependent on substrate fluxes. Due to slow
degradation Kkinetics, the calculations predicted relatively high threshold concentrations, S,,;,, below which
growth would not further be supported. S,,;, strongly depended on the maximum growth rate p .., and b and
was directly correlated with the half maximum rate-associated substrate concentration K,, meaning that any
effect impacting this parameter would also change S, ;.. The primary metabolic step, catalyzing the cleavage
of the ether bond in MTBE, is likely to control the substrate flux in various strains. In addition, deficits in
oxygen as an external factor and in reduction equivalents as a cellular variable in this reaction should further

increase K, and S ;, for MTBE.

min

Methyl fert-butyl ether (MTBE) and the related compounds
ethyl tert-butyl ether (ETBE) and fert-amyl methyl ether, are
widely used as oxygenating compounds in gasoline. Extensive
use of these compounds for over 20 years has led to pollution
mainly caused by unnoticed leakages and accidental spills.
High water solubility facilitates the spread of these pollutants,
which now severely threaten water resources (4, 29, 47, 51) by
their unpleasant odor and taste and suspected carcinogenicity.
Consequently, a main concern is the environmental fate of the
ether oxygenates and the development of measures against
pollution. In this respect microbial degradation has been con-
sidered (11, 14, 48). However, MTBE and structurally related
compounds prove recalcitrant to microbial attack. This is
thought to be mainly caused by the ether bond in these com-
pounds and the presence of a tertiary carbon atom. The search
for degradative microorganisms was without success for a long
time (25) or resulted at best in the enrichment of degrading
consortia (6, 15, 28, 44). However, provision of alkanes as a
primary source of carbon and energy led to the enrichment of
strains that are able to attack MTBE and related compounds
cometabolically (52). Extensive search has also resulted in the
enrichment of axenic cultures capable of degrading MTBE and
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using it as sole source of carbon and energy for growth. A first
hint came from Mo et al. (34), who described bacterial isolates
with MTBE-degrading activity belonging to the genera Methylo-
bacterium, Rhodococcus, and Arthrobacter. Recently, the spec-
trum of strains has been extended to Rubrivivax gelatinosus
PM1 (18), now Methylibium petroleiphilum PM1 (36), Hydrog-
enophaga flava ENV735 (21), and Mycobacterium austroafrica-
num IFP2012 (16, 17). We have recently isolated strain L108
from a polluted site in Germany, which is able to grow on
MTBE and ETBE (42) and, like M. petroleiphilum PM1, be-
longs to the Ideonella-Leptothrix-Rubrivivax branch of the
B-proteobacteria.

Despite the success in isolating single strains capable of
degrading MTBE, their abundance seems to be rather low
even at polluted sites. This can be inferred from the very long
half-lives of MTBE and its main degradation intermediate
tert-butyl alcohol (TBA) in in situ investigations and micro-
cosm studies (5, 7, 46, 65). Moreover, degradation was often
absent in samples that were derived from contaminated sites
(27). Rittmann (41) explained this deficit by the fact that two
factors must coincide to favor (productive) MTBE degrada-
tion: a high oxygen concentration, which is rather uncommon
in organically contaminated aquifers, and the presence of mi-
croorganisms with specific oxygenase activity (45). An alterna-
tive explanation assumes energy spillage during MTBE con-
version (15), the mechanism of which, however, was not
specified.

The present investigation considers the fate of MTBE and
related compounds from the viewpoint of their qualities as
heterotrophic substrates. The question was with which effi-
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ciency carbon from these substrates could be incorporated into
biomass. The stoichiometric balances and the corresponding
yield coefficients were calculated by taking into account the
stoichiometries of various proven and putative pathways. The-
oretical yields were related to growth kinetics, i.e., by taking
into account nonproductive substrate consumption for main-
tenance, a rate term common and specific to living cells, re-
sulting in threshold substrate concentrations that must be ex-
ceeded to enable growth. The various stoichiometric and
kinetic parameters provide the framework for the productive
degradation of MTBE and related compounds and define the
potentials and the restrictions of the elimination of these pol-
lutants by autocatalytically controlled microbial processes. It
can be concluded that in situ MTBE concentrations are often
below the threshold enabling productive degradation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The MTBE-degrading strain L108
and its mutant L10 (TBA*, MTBE ™) (42) were grown on mineral salts solu-
tion containing (in mg/liter): NH,CI, 760; KH,PO,, 340; K,HPO,, 485;
CaCl, + 6H,0, 27; MgSO, - 7TH,0, 71.2; and 1 ml/liter of trace element solution
(TES). TES was composed of (in g/liter): FeSO, - 7H,0, 4.98; CuSO, - 5H,0,
0.785; CoCl,, 5; MnSO, + 4H,0, 0.81; ZnSO, * 7H,0, 0.44; Na,MoO, - 2H,0,
0.25. The medium was supplemented with a vitamin mixture comprising (in
pg/liter): biotin, 20; folic acid, 20; pyridoxine-HCI, 100; thiamine-HCI, 50; ribo-
flavin, 50; nicotinic acid, 50; pL-Ca-pantothenate, 50; p-amino-benzoic acid, 50;
liponic acid, 50, and cyanocobalamin, 50. Batch cultivation on MTBE and TBA
was as previously described (42). Continuous cultivation was performed with
strain L10 in a laboratory fermentor (Biostat D; B. Braun Biotech, Melsungen,
Germany) at a working volume of 0.8 1 at 30°C and pH 6.5. The fermentor was
gassed with a mixture of 90% air and 10% carbon dioxide at a rate of 50 liters/h;
the suspension in the fermentor was stirred at 600 rpm. Acetate at a concentra-
tion of 3 g/liter (supplied as the sodium salt) served as a substrate. The mineral
salts solution medium did not contain CoCl, when acetate was the growth
substrate.

Kinetic constants. Batch cultivation on MTBE aimed at deriving kinetic con-
stants was performed in 50-ml bottles that were sealed gas-tight with butyl rubber
stoppers. These contained a 20-ml suspension of strain L108 at a biomass con-
centration of 0.05 g/liter. MTBE was added to the individual flasks in amounts
yielding concentrations from 0.015 to 0.25 mM. The bottles were incubated for
2 h at 22°C to equilibrate MTBE in the liquid phase, and thereafter samples of
0.5 ml were taken over a period of 10 h, added to 5-ml gas chromatography vials
that contained 1.5 ml of 0.1 N NaOH, and immediately sealed. The degradation
of MTBE was monitored in duplicates, and the rates were determined by linear
regression analysis; the confidence intervals of the combined sets of data were in
general >0.9. Rates refer to the initial MTBE concentration obtained after
equilibration between liquid and gas phases.

Analytics. Biomass concentration was monitored by measurements of the
optical densities of cultures, and the mass of samples was dried to weight con-
stancy at 105°C. Acetate was determined by high-pressure liquid chromatography
on a Nucleogel ION 300 OA column (Macherey-Nagel, Diiren, Germany) at
70°C with 0.01 N H,SO, as the mobile phase (0.6 ml/min). Detection was
performed with a photo diode array detector at 210 nm. MTBE, tert-butyl
formate (TBF), and TBA were quantified by headspace gas chromatography
(42).

Calculations. The calculation of growth yields was performed according to the
Y 5orp concept (1, 54), assuming synthesis of 10.5 g of bacterial dry mass/mol of
ATP (2, 3, 54). Biomass synthesis was assumed to start from the central carbon
precursor 3-phosphoglycerate (PGA [62]). Hence, the assimilatory pathways
forming this metabolite were formulated. C;HgO,N, was taken as the elemental
composition of biomass (3).

Theory. The metabolic routes and stoichiometry considered here are discussed
below.

Cleavage of the ether bond and formation of TBA. MTBE degradation is
initiated by the monooxygenase-catalyzed cleavage of the ether bond (Fig. 1) (8,
14, 26, 50, 52). The reaction is believed to yield fert-butoxy methanol, an unstable
and/or reactive intermediate (13, 14, 48, 52) that may undergo dismutation to
TBA and formaldehyde (19). Alternatively, a dehydrogenase reaction may form
TBF (19, 23, 43). This is supported by the occasional detection of TBF in the
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culture broth of MTBE-degrading bacteria (26, 50) such as strain L108 (43).
Abiotic reactions or an esterase will then cleave TBF into TBA and formate (14).
TBA is a key intermediate observed in various investigations (10, 13, 43, 52).
Formaldehyde and formate are likely to be oxidized by common dehydrogenases.
The balance equations of the two routes leading to TBA are identical (equation
1a [see below]). We also consider the degradation of ETBE, which is a substrate
of strain L108 (42) and Rhodococcus ruber IFP 2001 (8), with TBA and acetal-
dehyde or acetate being the corresponding products of ether bond cleavage (Fig.
1). Acetaldehyde and acetate might be metabolized via acetyl-coenzyme A
(CoA). For the sake of simplicity we assumed their complete oxidation (equation
1b), although they may serve as a carbon source, as in the case with R. ruber IFP
2001 (8). The balances, including a [H,]-consuming monooxygenase step and the
[H,]-delivering oxidations of formaldehyde or acetaldehyde, respectively, to car-
bon dioxide read as follows:

MTBE + O, —TBA + CO, + [H,] (1a)
ETBE + O, + ATP — TBA + 2CO, + 3[H,] + [H,]* (1b)

[H,] and [H,]* refer to NAD(P)H + H* and FADH,, respectively.

Formation of 2-HIBA. 2-Hydroxyisobutyrate (2-HIBA) is a likely central me-
tabolite in the degradation pathway of MTBE as it is frequently detected in
cultures growing on MTBE accompanied by the presumed intermediate 2-
methyl-2-hydroxypropanol (17, 52). Hydroxylation of a methyl group of TBA
followed by two consecutive dehydrogenase steps yields 2-HIBA (Fig. 1). Re-
cently, the corresponding enzymes were detected in M. austroafricanum IFP 2012
(32). The sum equation including the monooxygenase reaction to TBA and two
consecutive dehydrogenase steps yielding 2-HIBA reads:

TBA + O, —2-HIBA + [H,] 2)

and the complete sequences:
MTBE + 20, —2-HIBA + CO, + 2[H,] (3a)
ETBE + 20, + ATP — 2-HIBA + 2CO, + 4[H,] + [H,]* (3b)

Connection with the central metabolism. Information about the assimilation
of 2-HIBA is scarce. However, observed metabolites (11, 22, 33, 42) suggest the
routes depicted in Fig. 2.

(i) Direct conversion of 2-HIBA. Conversion of 2-HIBA without activation by
CoA was proposed (48, 52). Initiation by a decarboxylase would yield pyruvate
via acetone (Fig. 2, route 1), whereas a monooxygenase reaction would lead to
lactate (10, 52) (route 2). The former route was favored by several authors (10,
11, 13, 17, 22, 52). Indeed, acetone was found as a metabolite in MTBE degra-
dation in M. austroafricanum IFP 2012, and high and inducible acetone mono-
oxygenase activity could be demonstrated in MTBE-grown cultures supporting
this route (16). In addition, hydroxyacetone was detected during degradation of
MTBE by M. vaccae JOBS (22). In contrast, strain L108 showed weak growth on
acetone at best, whereas it utilized lactate quickly. Both balance equations are
equivalent when lactate is assumed to oxidize to pyruvate:

2-HIBA + O, — pyruvate + CO, + 2[H,] (4a)

For comparison of the various pathways and calculation of biomass synthesis
from a common basis, we formally transformed the key metabolites into the
conventional (3, 62) intermediate for biomass synthesis PGA. Pyruvate conver-
sion to PGA was assumed to involve pyruvate carboxylase and phosphoenolpyru-
vate carboxykinase reactions, thus extending equation 4a to:

2-HIBA + 2ATP + O, + H,0 — PGA + CO, + 2[H,] (4b)

(ii) Metabolism via 2-HIBA-CoA. Alternative routes including activation by
thioester formation were formulated, which are motivated by the observed de-
pendency of MTBE (TBA, 2-HIBA) degradation by strain CIP 1-2052 (13, 39),
M. austroafricanum TFP 2012 (17), and strain L108 (42) on Co?*. Since the
addition of vitamin By, stimulated MTBE degradation by strain L108 (42), we
assumed that a cobalamin-dependent mutase reaction was involved in the MTBE
degradation and we could show that strain L108 and the derivative strain L10
express a mutase that directly converts 2-HIBA-CoA into 3-hydroxybutyryl-CoA
(42). The respective balance equation of the mutase pathway of 2-HIBA-CoA
degradation (Fig. 2, route 4), including the formation of PGA, reads:

2-HIBA + 3ATP + 3H,0 — PGA + CO, + 3[H,] + [H,]* )

The formation of 2-HIBA-CoA was assumed to be an ATP-dependent process
(acyl-CoA synthetase, EC 6.2.1.-) resulting in AMP and pyrophosphate and thus
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FIG. 1. Potential conversion routes of MTBE or ETBE to 2-HIBA. TCC, tricarboxylic acid cycle.

requiring the formal addition of two energy equivalents (ATP) included in the
above balance equation.

We also considered a dehydratase pathway initiated by the conversion of
2-HIBA-CoA to methacrylyl-CoA (52) (Fig. 2). This enzymatic step is specula-
tive at present, but strains L108 and L10 grew on the proposed intermediates
methacrylate and methylmalonate (42). 3-Hydroxyisobutyryl-CoA as a central
intermediate in this pathway may be oxidized by two consecutive dehydrogenase
reactions, yielding methylmalonyl-CoA (the direct oxidation variant of 2-HIBA-
CoA degradation; route 3b). Alternatively, the thioester may be assimilated via
the free acid, 3-hydroxyisobutyrate, resulting in propionyl-CoA through methyl-
malonate semialdehyde dehydrogenase (EC 1.2.1.27) which, after carboxylation
by propionyl-CoA carboxylase (EC 6.4.1.3), will give methylmalonyl-CoA (the
indirect oxidation variant of 2-HIBA-CoA degradation; route 3a). The simulta-
neous presence and function of both routes was shown in Streptomyces cinna-
monensis (31). The methylmalonyl-CoA mutase (EC 5.4.99.2) will finally convert
methylmalonyl-CoA into succinyl-CoA (Fig. 2, routes 3a and 3b). In this case we
considered CoA activation of 2-HIBA by transesterase (CoA transferase, EC
2.8.3.-) activity with succinyl-CoA as the energy-neutral CoA donor which con-
tributed positively to the energy balance (equation 5 versus equations 6a and 6b).

Route 3b results in:

2-HIBA + 1ATP + 3H,0 — PGA + CO, + 3[H,] + [H,]* (6a)

whereas route 3a requires an additional ATP (propionyl-CoA carboxylation, EC
6.4.1.3):

2-HIBA + 2ATP + 3H,0 — PGA + CO, + 3[H,] + [H,]* (6b)

The overall balances of PGA synthesis from MTBE (ETBE) by taking into
account the various routes are summarized in equations 7 to 10 (Table 1).

Biomass synthesis. The balance equation (2, 3) for biomass synthesis from
PGA reads:

4PGA + 3NH; + 29.1ATP + 5.5[H,] — 3C,H;O,N + 10H,O (11)

Combination of equation 11 with any of the equations 7 through 10 (Table 1)
gives the overall balance of MTBE/ETBE assimilation. The demand and gain in
energy (ATP and reduction equivalents) of each combination will define the
requirements of substrate dissimilation to satisfy the energy demand of biomass
synthesis. The reduction equivalents [H,] and [H,]* were converted into ATP
quantities with an efficiency according to [H,] — (P/O)ATP and [H,]* —
(P/O — 1)ATP, respectively. The energy balances were calculated with (P/O)-
cocefficients of 1, 2, or 3, respectively (for details, see references 2 and 3). The P/O
quotient reflects the efficiency of energy transduction from reduction equivalents
into ATP at the passage of electrons via the respiratory chain. It is defined as the
energy-rich phosphate bonds formed (P) per oxygen (O) reduced to water.

Implication of growth Kinetics. Yield calculations are based on the stoichiom-
etry of the assumed metabolic routes, taking into account the energy demands
for biomass synthesis. However, they do not consider the amount of energy
required for cell maintenance, i.e., turnover of cell constituents and homeostasis
that is commonly lumped in the maintenance coefficient m,. This parameter is
correlated to the yield coefficient:

VY = 1/Ype + m/p (12)

where Y'is the experimental yield coefficient that is derived at growth rate p and
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FIG. 2. Putative pathways connecting 2-HIBA to the general metabolism. TCC, tricarboxylic acid cycle.

Y, 18 the maximum (experimental) yield coefficient. Equation 12 allows deriv-
ing m, from experimental data sets by linear regression. The specific mainte-
nance rate may be correlated to the specific growth rate by an extended Monod
equation which includes a rate term b (h™') for biomass loss due to maintenance

costs.

W= e M S/(K + S) — b (13)
b =mYpax Yias = Y1) (14)

At § > K|, the rate parameters approach:
Ponax = B = b (15)

i.e., the true maximum rate cannot be reached because there is always biomass
decay. A consequence of the foregoing is the existence of a limiting substrate
concentration, S,;,, at which . becomes zero:

Smin = DK/ (™ — b) (16)
The maintenance coefficient m, usually derived from growth experiments as the
substrate-based coefficient m, may be transformed into an energy equivalent-
based maintenance coefficient m, that is based on the energy equivalents that
were gained after complete substrate oxidation to CO,. m, has the advantage

that substrates can be compared directly. Moreover, m, can be calculated for
substrates for which m, is hardly accessible for practical reasons, such as MTBE.

This maintenance rate has a major impact of the growth rate on biomass
formation and on S,,,;,,. The maximum specific growth rate on MTBE was derived
from the specific substrate consumption rates g; with .. X Yexp.
Relevant figures of specific substrate consumption were taken from experiments
with pure cultures, as summarized elsewhere (14), and by assuming experimental
yield coefficients of 0.2 to 0.5 g g~ ! (13, 18, 53, 58). The protein content of
biomass was assumed to be 55%.

= 4s max

RESULTS

Balance equations and maximum theoretical yield coeffi-
cients. The mass and energy balances of the synthesis of PGA
from MTBE (ETBE) via the various routes are summarized in
Table 1. It is clear that different quantities of reduction equiv-
alents arise during assimilation and become available for bio-
mass formation. Routes involving CoA activation of 2-HIBA
were the most energy efficient but varied, e.g., due to the
requirement of two energy equivalents for 2-HIBA-CoA syn-
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TABLE 1. Mass and energy balances for synthesis of PGA from MTBE and ETBE*

Variant®

MTBE
Route or Substrate Moles consumed Moles gained Equation no.

ETBE

ATP 0, H,O0 - PGA CO, [H,] [H,]*

lor2 MTBE 1 2 3 1 1 2 4 0 7a (3a + 4b)

ETBE 1 3 3 1 1 3 6 1 7b (3b + 4b)
4 MTBE 1 3 2 3 1 2 5 1 8a (3a + 95)

ETBE 1 4 2 3 1 3 7 2 8b (3b +5)
3b MTBE 1 1 2 3 1 2 5 1 9 (3a + 6a)
3a MTBE 1 2 2 3 1 2 5 1 10 (3a + 6b)

“[H,] — (P/O)ATP; [H,]* — (P/O — 1)ATP.

> Based on the pathways indicated in Fig. 2; for equations 3 to 6, see the text.

thesis in the mutase pathway (route 4). Succinyl-CoA as the
final intermediate was assumed to function as the CoA-donor
for 2-HIBA activation by a transferase mechanism, thus reduc-
ing the expenditure of ATP to one in the direct oxidation route
(route 3b) and two in the indirect route (route 3a) (Fig. 2).
The energy and reduction equivalents involved in PGA syn-
thesis (equations 4 to 6) and biomass synthesis from PGA
(equation 11) are summed up and summarized in Table 2. In
accordance with the foregoing, most efficient biomass synthesis
should result from pathways including 2-HIBA-CoA activation
due to its higher yield of reduction equivalents that is caused by
the fact that it contains one less inefficient monooxgenase step.
The derived yield coefficients and corresponding carbon
conversion efficiencies (CCE) are given in Table 3. CCE ex-
presses the fraction of carbon of a heterotrophic substrate that
is incorporated into biomass; this value can be deduced from
the yield coefficient by referring to the carbon content of bio-
mass (of defined composition), i.e., 47% in the present case
(equation 11). The yield coefficients were derived by taking
into account the amount of substrate assimilated (Table 1 and
equation 11) and the amount of substrate dissimilated in order
to satisfy the energy requirements for biomass synthesis (en-
ergy balances for dissimilation were derived from connecting
the central intermediates shown in the various routes of MTBE
metabolism as outlined in Fig. 2 to common sequences for
oxidizing these metabolites to CO,, i.e., finally to the tricar-
boxylic acid cycle [data not shown]). According to the figures in
Table 3, MTBE is an effective heterotrophic substrate, regard-
less of the pathway used for 2-HIBA degradation. The CCE

TABLE 2. Balance of energy equivalents in the synthesis of
biomass from MTBE

Variant”
Route Moles required Moles produced Equation”
MTBE ATP Biomass [H,] [H,]*
lor2 4 37.1 3 10.5 0 Ta
4 4 41.1 3 14.5 4 8a
3b 4 33.1 3 14.5 4 9
3a 4 37.1 3 14.5 4 10

“ Based on the pathways indicated in Fig. 2.

b Calculations were based on the equations indicated in Table 1. [H,] and
[H,]* stand for the reduction equivalents NAD(P)H + H* and FADH,, respec-
tively, which are converted into ATP according to energy transduction efficien-
cies of P/O and P/O — 1, respectively (for further details, see the text).

were similar to those obtained at P/O = 2 with acetate (0.477),
glucose (0.614), or methanol (0.671) (1, 2). Balanced growth,
i.e., carbon conversion liberating enough energy equivalents
during substrate assimilation to enable biomass synthesis with-
out additional substrate dissimilation for energy generation,
was obtained for several MTBE and ETBE assimilation routes
at P/O = 2. Conditions of energy excess, i.e., the liberation of
energy equivalents exceeding the requirement for carbon in-
corporation into biomass (2, 3), were obtained for P/O = 3 for
most assimilation routes. The maximum theoretical yield from
MTBE was Y, " = 0.869 g g~ '. This corresponds to a
maximum carbon conversion of 0.6 C-mol of biomass (C-mol
of substrate) ™! reflecting the oxidation of two carbon atoms of
MTBE and elimination as CO, during the formation of PGA.
With ETBE the CCE was lower (0.5) since the acetate liber-
ated from this compound was assumed to be further oxidized
to carbon dioxide (Fig. 1). This loss in carbon was accompanied
by the generation of reduction equivalents with the result that
the total amount of energy equivalents formed at PGA synthe-
sis was sufficient or even in excess of that required for synthe-
sizing biomass from this general carbon precursor, efficient
energy transduction provided (Table 3).

Maintenance coefficients and effective biomass yields. Main-
tenance coefficients required for the calculation of rate-depen-
dent biomass yields were derived from chemostat cultivation of
strain L10 on acetate at dilution rates of 0.03 to 0.12 h~ . This
substrate was used since chemostat growth on MTBE is diffi-
cult to establish and TBA as a possible alternative is suscepti-

TABLE 3. Yield coefficients (Y) during conversion
of MTBE and ETBE

MTBE Yield coefficient (Y [g g~ '])“

Route or Equation”
ETBE P/O =1 P/O =2 PO =3

lor2 MTBE 0.500(0.345) 0.711(0.49)  0.826 (0.569) Ta
ETBE  0.479 (0.319) Balanced Excess 7b

4 MTBE  0.500 (0.345)  0.789 (0.544) Excess 8a
ETBE  0.450 (0.300) Balanced Excess 8b

3b MTBE  0.717 (0.494) Balanced Excess 9

3a MTBE  0.534(0.368)  0.827 (0.570) Excess 10

“ Carbon conversion efficiencies (CCE; in C-mol/C-mol) are indicated in
parentheses. Balanced, no dissimilation of substrate required in addition to
assimilation to synthesize biomass; excess, more energy generated during assim-
ilation than required for biomass synthesis. The maximum biomass yield (at
balanced or excess cases) was as follows: Yy;rpg = 0.869 (CCE = 0.6); Yirpg =
0.750 (CCE = 0.5).

® Calculations were based on the equations in Table 1.
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FIG. 3. Kinetic characteristics of MTBE utilization at 1ow ..
The calculations were performed by using equation 13 with K, = 1 mM
and Y, = 0.0694 g mmol "' for the mutase pathway (Fig. 2, route 4)
andm, = 0.2l mmolg 'h™' (b = 0.0146 h ") and m, = 0.07 mmol g~
h™! (b = 0.0054 h™1), respectively, as indicated.

ble to losses by volatilization. Linear regression analysis of the
experimental data (equation 12) gave an m, of 0.7 mmol of
acetate g~ ' h™!. This term was transformed into the energy-
based maintenance coefficient m,, with acetate delivering
[3(P/O) + (P/O — 1) —1]JATP per mol after its oxidation to
CO, via common routes. MTBE would thus deliver [9(P/O) +
2(P/O — 1) + 1]JATP, [9(P/O) + 2(P/O — 1)]JATP, and
[8(P/O) + (P/O — 1) + 1]ATP per mol via the dehydratase
pathway (equation 9), the mutase pathway (equation 8a), and
the acetone pathway (equation 7a) (Table 1), respectively,
assuming that the final metabolites in Fig. 2 are connected to
the general metabolism via common sequences. For MTBE
and P/O = 2, m, was 0.20, 0.21, and 0.23 mmol g~ h™%,
respectively, for the three pathways.

The reported maximum growth rates on MTBE range be-
tween 0.01 and 0.06 h™' (14), and preliminary investigation
with our strain L108 gave a p,,. with MTBE of 0.035 h~*. The
K, values for MTBE were 0.51 to 0.58 mM for M. petroleiphi-
lum PM1 (18), 0.95 to 1.48 mM for M. vaccae JOBS5 (23, 50),
and 0.53 mM for strain L108 during batch growth; for model-
ing we used a K, of 1 mM. Y, was assumed to be 0.0765 g
mmol ! MTBE. This value corresponds to balanced carbon
conversion according to our calculation with P/O = 2 (Table
2). With ppa = 0.035 h™', K, = 1 mM, m, = 0.2 mmol g*
h™!, and b = 0.0153 h™' S, (equation 16) corresponds to
0.77 mM MTBE. The results with strain PM1 indicate that S, ;,
for other organisms might be lower than calculated here, since
it was observed that biomass (protein) still increased during
the degradation of 0.28 mM MTBE (18). However, reevalua-
tion of these data may be required since substrate decline and
protein increase were not fairly coupled and data in figures
were inconsistent with those in the text (18). Reduction of the
assumed K would result in proportionally reduced S,;,,. A K
of 17 uM was indeed reported for a microbial consortium (15).

When the assumed p,,,, is reduced, S, increases since
more substrate is required for w to become positive (equation
16), as shown in Fig. 3. It is evident that minor changes in p,
can result in drastically increased threshold concentrations for
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FIG. 4. Impact of the maximum growth rate (p,,,,) and the rate of
negative growth (b) on S,;,. The calculations were performed by using
equation 13 with K, = 1 mM and various values for p,,, and b as
indicated.

productive degradation. Decreasing the maintenance require-
ment b, in contrast, leads to decreased §,,,;,,- The fact that S, ;,
is reduced when ., is increased may seem counterintuitive at
a first glance. It results from the steeper slope (. X K;) of
the first-order part of the Monod curve at a higher p,,,, that
intercepts with the abscissa at a lower concentration. The in-
terplay of w,,,, and b as a determinant of S, ;, is shown in Fig.
4. Reduced maintenance needs extend the concentration range
for productive degradation. For example, at w = 0.016 h™! a
sevenfold decrease in b resulted in a 50-fold decrease in S,,;,
(Fig. 4). S,.in is so sensitive to changes of the maximum growth
rate that it may be influenced by the catabolic pathway despite
having only slightly different energy efficiencies. This is illus-

75
Route 4
2 1 threshold
— — — - Route 3b
. e — -~ - - lim Route4
504 g — - «— - lim Route3b
s I
£ Py
= BER
E S |
n I\ zone of growth
54 ; %
|
i
0 : ‘ ,
0.014 0.017 0.02 0.023
Hmax ()

FIG. 5. Impact of the MTBE degradation pathway on S,,;,. The
calculations (equation 16) were performed by taking into account
MTBE degradation via the mutase pathway (Fig. 2, route 4) (b =
0.0146 h™ ') and the dehydratase/direct oxidation variant pathway (Fig.
2, route 3b) (b = 0.0153 h™'), respectively. The terms lim-Route4 and
lim-Route3b indicate threshold rates at which productive degradation
of MTBE would not further be possible by using the respective path-

ways (Smin = Oo)'
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trated for the mutase pathway (route 4) and the dehydratase/
direct oxidation variant pathway (route 3b) (Fig. 5). The
threshold concentration for productive degradation was lower
for the less-energy-efficient mutase pathway than for the de-
hydratase route. The acetone pathway (route 1) produced fig-
ures similar to those produced by the mutase pathway. There
is a limiting concentration at which growth with the dehy-
dratase pathway would halt (threshold 1), whereas the mutase
pathway would further enable growth (threshold 2). At a .
of 0.016 h™! the S, for the dehydratase pathway was about
twice as high as for the mutase pathway (Fig. 5), and at a
of 0.015 h™! growth was restricted to the mutase pathway. It
seems curious but is significant that, since b is dependent on
the biomass yield (equation 14), less-efficient biomass synthesis
may be an advantage at a low maximum growth rate since it
minimizes b.

DISCUSSION

Calculations based on the Y ,p concept showed that MTBE
and ETBE can be effective substrates for heterotrophic bacte-
ria. Growth yields of up to 0.6 and 0.5 C-mol/C-mol are pos-
sible with MTBE and ETBE, respectively. The realization of
this potential in growth-associated processes, however, seems
to be restricted by the slow kinetics of the microbial conversion
of MTBE. Calculations show that actual growth yields may
approach zero because the biochemically determined rates of
energy generation are in the order of the cells’ maintenance
demands. Our conclusion differs from those of an earlier at-
tempt to explain low biomass formation from MTBE. Fortin
et al. (15) used Payne’s concept of available electrons (37) to
explain the large discrepancy between expected and obtained
yield coefficients. They introduced a dissipation term repre-
senting energy not utilized for biomass synthesis. This is for-
mally right but does not give a mechanistic explanation. We
overcame this shortcoming by coupling stoichiometric and ki-
netic terms, thereby showing that the energy is likely to fulfill
the specific maintenance needs of the MTBE-degrading pop-
ulation. Y ,pp calculations have the added advantage to con-
sider the actual metabolism, thus allowing it to be tested in
detail once MTBE degradation pathways are elucidated un-
equivocally. Y ,pp calculations may also be used to identify
individual reaction mechanisms by comparing theoretical and
observed contribution to the energy generation. For the time
being our calculations rely on incomplete information about
MTBE metabolism.

The results in Fig. 3 and 4 showed that the threshold con-
centration for growth is strongly influenced by the mainte-
nance demands. It is commonly agreed that the maintenance
coefficient itself can depend on the growth rate. There is less
agreement in which direction the rate influences m. Pirt (38)
introduced a growth-rate-dependent term for increased main-
tenance at slower growth. Recent experiments with Nitrobacter
growing at maximum rates of 0.02 h™', i.e., similar to those
observed with MTBE, supported this model (57). Other exam-
ples with Nitrobacter indicated a difference in maintenance
requirements for cultures grown in a chemostat as opposed to
reactors with biomass retention (55). In the latter, decreasing
growth was found to be accompanied by a gradual decrease in
the maintenance coefficient (9, 12, 30, 35, 56, 63). An assumed
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reduction of m to 1/3 in our calculations decreased S,;, sig-
nificantly (Fig. 3). With m = 0.07 mmol g~' h™! (b = 0.0054
h™1), S,nin Was reduced to 0.82 mM for . = 0.012 h~* and
to 0.29 mM for w,,, = 0.024 h~'. Both are concentrations of
environmental concern, since the threshold concentration for
the taste and smell of MTBE in drinking water is as low as 0.2
pwM. It should be noted that in a field situation the apparent
threshold concentration may be affected by other factors,
among them deficits in oxygen and NAD(P)H as the substrates
of the initial cleavage reaction. All of these deficits would
increase the apparent K, with respect to MTBE and S,;,.. It
should be noted that the supply of oxygen stimulated MTBE
degradation in field studies (45) and was associated with an
increase in the titer of degradative microorganisms (49).

It was not our goal to identify the biochemical reasons for
slow rates of microbial MTBE conversion. However, the occa-
sional occurrence of various metabolites in cultivation super-
natants, e.g., TBF (19, 23, 43), 2-HIBA (17, 42, 52), and in
particular TBA (17, 21, 52) indicates that several enzymatic
steps may contribute to the limited degradation rates. Struc-
tural features of the mother compounds, such as the ether
bond and the tertiary carbon atom, may certainly contribute to
the low overall rates but do not fully explain them. For exam-
ple, the tertiary carbon atom is retained up to 2-HIBA (Fig. 1).
Despite the overall positive energy balance of MTBE, ener-
getic reasons may hamper the first degradation phase since
TBA, like MTBE itself, is attacked by an energy-inefficient
monooxygenase. It may be speculated that the poor energy
balance of the initial degradation may have been a serious
obstacle for the evolution of MTBE pathways, since a relatively
long degradation sequence had to evolve and gather in one
organism to provide its host a selective advantage in MTBE-
contaminated environments. Some strains seem to have over-
come this difficulty by decoupling growth and biomass mainte-
nance from MTBE degradation by using other fuel components,
e.g., n-alkanes, as additional carbon sources (50, 52). A similar
strategy of mixed substrate utilization has been observed in or-
ganisms that grow on substrates of low bioavailability (64).

Some investigations suggested a higher yield on MTBE than
calculated here. This was the case, e.g., when MTBE-contam-
inated water was treated in a fluidized bed reactor where
extensive biofilm formation occurred (58). It is common
knowledge that biofilm formation is accompanied by extensive
synthesis of extracellular polymeric substances, which may ex-
plain the observed differences since extracellular polymeric
substances, (i) do not require net energy during synthesis from
MTBE and, (ii) being nonliving, i.e., inert biomasses, do not
require energy for maintenance.

It appears that, due to the limited efficiency of the existing
degradation pathways for MTBE and related compounds, rel-
atively high environmental concentrations are required to
bring about the productive degradation of these compounds.
This observation provokes questions about the mechanisms
that drive the evolution of catabolic pathways for emerging
contaminants. It is not daring to state that a new chemical will
not exert any selective pressure on microbial communities as
long as it is biochemically or physiologically inert. A minimum
degree of catabolic transformation for detoxification or energy
or carbon delivery is required for an emerging contaminant to
drive evolution toward its faster or more substantial degrada-



1790 MULLER ET AL.

tion. The example of MTBE suggests that the utilization as a
sole source of energy and carbon can be regarded as the end-
point of an evolutionary adaptation to a new contaminant
occurring in several steps. The first attempts to isolate MTBE-
degrading microorganisms were only successful when an ad-
ditional growth-supporting carbon source was provided. n-
Alkanes susceptible to attack by unspecific monooxygenases
turned out to be particularly effective since these enzymes also
fortuitously oxidized MTBE (50, 52). Strains isolated in this
manner proved capable of degrading MTBE and related oxy-
genates; however, this process was not self-sustained in terms
of a utilization of the oxygenates as a sole source of carbon and
energy for growth. It is believed that the degradation of xeno-
biotic compounds in an initial phase after their release is me-
diated by enzymes that were already existent in the preindus-
trial phase (24). However, even the cometabolic conversion of
a compound may provide a selective advantage when the in-
digent substrate is toxic or its conversion adds to the energy or
carbon balance of the degrader. Any evolutionary improve-
ment of the conversion will enhance these positive effects and
may help the degrader to approach conversion rates that de-
liver energy and/or carbon at rates sufficient for growth. Evo-
lution may substitute the fortuitous character of these reac-
tions by increasing the specificity of the catalysts. This appears
to have happened since the first cases of MTBE contamination
were reported less than 30 years ago.

The evolution of MTBE degradation is far from being un-
derstood. Evidently, hydroxylations of the methyl groups of
MTBE, TBA, and acetone are key steps. The responsible
alkane monooxygenases of both the heme (cytochrome P450)
and non-heme (alkB) types show wide diversity (59-61) caused
by the fact that n-alkanes are widespread natural chemicals. It
is interesting that sequence motifs of the cytochrome P450 type
monooxygenase EthABCD involved in MTBE oxidation in R.
ruber (8) were also found in our gram-negative isolate L108
(unpublished results), suggesting horizontal gene transfer. The
identification of a newly described mutase involved in the di-
rect conversion of 2-HIBA to 3-hydroxybutyric acid (42) is also
noteworthy in that it exhibited similarities but also distinct
differences to the isobutyryl-CoA mutase large subunit of S.
cinnamonensis. An exchange of Phe for Ile (corresponding to
position 80 in the S. cinnamonensis sequence) in strains PM1
and L108, was remarkable (42) since this position influences
the substrate specificity (40).

Our results suggest that most of the existing productive MTBE
degraders have degradation kinetics that require relatively high
environmental concentrations for the build-up and maintenance
of biomass concentrations required for substantial environmental
degradation. One may thus predict that evolutionary improve-
ments of enzymatic kinetics are crucial for the formation of sub-
stantial concentrations of MTBE-degrading biomass and the re-
duction of environmental MTBE concentrations. The kinetic
limitation of the natural attenuation of MTBE shows a clear
analogy to the bioavailability-limited biodegradation (20) of hy-
drophobic organic compounds in that in both cases low biomass
concentrations are sustained, which translates into high apparent
contaminant threshold concentrations.

Although a prominent example of an emerging contaminant,
MTBE differs in its massive environmental concentrations
from other synthetic contaminants such as therapeutics, fra-
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grances, detergents, etc. In terms of the evolution of catabolic
pathways, many of these latter compounds have the disadvan-
tage that they are unlikely to become a selective factor for the
evolution of microbes. MTBE is thus a more promising driver
of natural microbial evolution, and it will be interesting to see
if and when nature will solve the pressing problem of MTBE
contamination.
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