
ABSTRACT

GOLART, KIMBERLY LEE. Physiology and Enzymology of Aerobic MTBE and TBA
Biodegradation (Under the direction of Michael R. Hyman).

Methyl tertiary butyl ether (MTBE), a widely used gasoline oxygenate, has been added to

gasoline over the past 25 years to increase the octane rating and reduce air pollution from

vehicle emissions. tertiary butyl alcohol (TBA) has also been used as a gasoline oxygenate

and is a key intermediate in the biodegradation of MTBE.  The frequent detection of these

compounds as ground water contaminants has raised public health concerns and addresses

the need for their remediation. This research focuses on the characterization of the

physiology and enzymology of microorganisms able to grow on MTBE and TBA.

In this study, we isolated and characterized two aerobic bacterial strains able to utilize TBA

as a sole source of carbon and energy.  Strains, Hydrogenophaga G2B2 and Aquincola S1B1

rapidly oxidized TBA, but were unable to grow on MTBE or oxidize MTBE after growth on

TBA.  While strain G2B2 had a very limited growth substrate range, strain S1B1 grew on

many postulated TBA oxidation intermediates including 2-methyl-1,2-propanediol

(2M12PD), 2-hydroxyisobutyric acid (2HIBA), and hydroxyacetone. Using a novel approach

combining a fluorinated analog of TBA, 2-trifluoromethyl-2-propanol (TFMP), with 19F-

nuclear magnetic resonance (19F-NMR) spectroscopy, we also report the detection of the

initial TBA biodegradation pathway intermediates 2M12PD and 2HIBA with both strains

S1B1 and G2B2.



We also demonstrated the cometabolic oxidation of MTBE by a defined co-culture

containing Pseudomonas mendocina KR1 and our isolate Aquincola S1B1.  MTBE

degradation was achieved through the n-alkane dependent cometabolic oxidation of MTBE

by strain KR1 with the subsequent assimilation of TBA by strain S1B1. Further studies with

strain S1B1 demonstrate that separate enzyme systems are required for TBA- and 2HIBA-

oxidation and we report the identification of polypeptides induced after the growth of strain

S1B1 on TBA.  Our initial results suggest that these proteins are enzymes associated with

TBA oxidation in this strain.

Our final study examined the biodegradation of MTBE by the MTBE-metabolizing strain

Methylibium petroleiphilum PM1. Our results demonstrated that the MTBE biodegradation

pathway of strain PM1 includes the intermediates TBA, 2M12PD, and 2HIBA. Furthermore,

our results suggest that separate enzyme systems catalyze MTBE and TBA oxidation in this

strain. We also identified a formaldehyde-activating protein in MTBE-grown cells, which

may play a role in formaldehyde-detoxification during MTBE oxidation by strain PM1.

The research described in this dissertation contributes to the knowledge of MTBE and TBA

biodegradation by strains able to utilize these compounds for growth. Our results suggest that

there is considerable diversity between TBA metabolizing microorganisms and demonstrate a

potential role of these microorganisms on the environmental fate of MTBE and TBA.
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CHAPTER 1

Literature Review
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1. Introduction. The demand for petroleum products is currently a major issue both

economically and politically throughout the world. For example, gasoline is consumed in the

United States on the order of 390 million gallons per day and 140 billion gallons per year

(64). In light of these amounts, it is essential to examine the impact of petroleum products,

like gasoline, on the environment. The frequent detection of gasoline components as ground

water contaminants has raised concern over their impact on the environment and human

health.  This study examines the biodegradation of gasoline oxygenates that are often present

in ground water and reports the enzymology and physiology associated with their

metabolism.

1.1 Historical changes in Gasoline Composition.

Gasoline is a complex mixture of hydrocarbons that includes among others alkanes, alkenes,

alicyclics and aromatic compounds (1). Volatilization and combustion of gasoline generate a

variety of organic and inorganic species that contribute to air pollution. The composition of

gasoline has evolved over the years to reduce air pollution and other environmental

problems. For example, until the mid 1980s, lead, in the form of tetraethyl lead, was used as

an antiknocking compound (68). This compound greatly contributed to the gasoline octane

rating. The removal of lead compounds, therefore, required additional compounds or gasoline

reformulation to compensate for this loss. A number of high octane compounds were added

to lead-free gasoline and these included compounds such as methyl tertiary butyl ether

(MTBE) (11, 35).  The high octane rating that MTBE provided resulted in its use at levels of

~3.0 wt% in lead-free gasoline (42, 56).
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In 1990, the Clean Air Act Amendments (CAAA) were passed by Congress which led to the

introduction of two major gasoline programs by the US Environmental Protection Agency

(62).  The first of these programs, the winter Oxyfuels program, required 2.7 wt% oxygen in

gasoline and was targeted for areas of the country with seasonally high ozone levels (66, 72).

The much larger reformulated gasoline program (RFG) required 2.0 wt% oxygen in gasoline

and targeted areas of the country with seasonal or continual carbon monoxide (CO) non-

attainment problems (72). The purpose of the oxygen requirement in gasoline was to increase

fuel combustion efficiency and to decrease gasoline volatility. Although the 1990 CAAA did

not state which oxygenate should be used in gasoline, highly populated states including

California and New York used MTBE as one oxygenate while mid western states primarily

used corn-derived ethanol. To meet the oxyfuels requirement for oxygen, MTBE was added

to gasoline at a level of 15 wt% (71). To meet the RFG oxygen requirement MTBE was

added to ~11 wt%. (71). At its peak level of use in 1999, MTBE was present in ~30% of all

gasoline sold in the U.S. (69). Currently in the U.S., a “phase out” of MTBE is now mostly

complete and other compounds have been added to gasoline to meet the oxygen requirement

and other mandated properties of RFG. Corn-derived ethanol has now replaced MTBE in

most states covered by the RFG program (63). While use of MTBE in gasoline has now

ceased in the U.S., MTBE-containing gasoline is still in use in Europe and is increasing Asia

(37).
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1.2 Other Oxygenates. In addition to its high octane rating and oxygen content, the

widespread use of MTBE as a fuel oxygenate occurred because this compound can be

blended with gasoline and then transported through the existing pipeline infrastructure. It is

also inexpensive to produce from refinery waste materials such as isobutylene (11, 40, 44).

However, other compounds have also been used as fuel oxygenates. These compounds that

provide many of the same benefits as MTBE include ethyl tert-butyl ether (ETBE), tert-amyl

methyl ether (TAME), and diisopropyl ether (DIPE) (11, 13). The structures of these

compounds are shown in Figure 1. A number of alcohols have also been used as gasoline

oxygenates. Apart from ethanol as mentioned above, these include methanol and tertiary

butyl alcohol (TBA) (11, 13) (Fig.1). The research described in this dissertation focuses on

one of these alcohols, TBA. TBA has not only been used as an independent oxygenate, but it

is also frequently found in fuel grade MTBE as a production contaminant. As discussed in

later sections, TBA is also generated during the biodegradation of MTBE and ETBE.
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      Alcohols

    

Figure 1.  Skeletal structures of gasoline oxygenates. This figure presents the structures of
ether oxygenates (MTBE, ETBE, TAME, and DIPE) and alcohol oxygenates (methanol,
ethanol, TBA, and TAA (product of TAME biodegradation)).
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2. Environmental Impacts of Gasoline. The use of ether oxygenates has been credited with

helping to reduce air pollution. However, the extensive use of these compounds has also

created another environmental problem; the contamination of ground water sources of

drinking water (51). Ether oxygenates like MTBE enter ground water primarily as a result of

leaking underground gasoline storage tanks or mishandled disposals and spills of gasoline

(27).  For example, the USEPA has identified over 400,000 leaking storage tanks in the

United States alone and many of these are believed to have contained MTBE-oxygenated

gasoline (51, 53).

The environmental impact of MTBE in ground water is a result of its unique properties

relative to other gasoline components. The processes that control the environmental impacts

associated with leaking underground storage tanks are summarized in Figure 2.  Gasoline is a

light non-aqueous phase liquid (LNAPL) that travels through the unsaturated portions of a

soil profile (the vadose zone) through the effects of gravity (70). During this transport phase,

gasoline components can volatilize into air-filled pores and can eventually be released into

the atmosphere (70). Aerobic biodegradation can also be an important attenuation process in

this area of the soil.
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Figure 2. Representation of the physical, chemical, and biological processes of natural
attenuation that occur in a gasoline plume.

Figure 2. Reference. U.S.EPA. Monitored Natural Attenuation of Petroleum Hydrocarbons.
EPA/600/F-98/021. May 1999. www.epa.gov/ada/download/fact/pet-hyd.pdf
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Once the gasoline encounters ground water it can spread and can become trapped within pore

spaces when ground water levels vary. Volatilization and biodegradation can continue for

extended periods of time from this source area that contains trapped residual gasoline (70).

The main threat to drinking water resources does not come from this residual gasoline as

much as it does from dissolved gasoline components in ground water. As ground water

travels past a source area, gasoline components dissolve into the water and are then

transported down gradient and away from the source area (26).  The concentration of

dissolved organics in the resulting plume typically decreases with distance through the

physical processes of dilution and dispersion (70). Biodegradation is also an important

attenuation process in this saturated environment. Unlike the vadose zone (unsaturated zone),

the main biodegradation processes close to source areas are anaerobic and these areas often

contain elevated levels of methane and reduced iron, as well as depleted nitrate, sulfate and

oxygen (52).  As the dissolved organic concentration decreases with distance the

biodegradation processes that occur within and around the plume typically become more

oxidizing (52).  Consequently, concentrations of methane and reduced iron are lower than the

source area while concentrations of nitrate, sulfate, and oxygen can be higher (52).

Compared to other gasoline components, MTBE is highly water-soluble (saturated solubility

= 51g l-1) and can be found at much higher dissolved concentrations than other highly soluble

and toxic gasoline components such as benzene (1.8g l-1) (26). MTBE also does not readily

sorb to organics (Log Kow (octanol/water partitioning coefficient) = 1.2) and therefore can travel further in

ground water as compared to more hydrophobic compounds such as benzene (Log Kow =

2.13) (26).



9

The environmental fate of MTBE in gasoline-contaminated ground water is also impacted by

its slow rate of biodegradation under both aerobic and anaerobic conditions (13). For these

reasons, MTBE plumes are often much longer in length than benzene.

In recent years, TBA has drawn increased scrutiny as an important ground water

contaminant. In addition to being present in gasoline as either an oxygenate or an oxygenate

impurity, TBA is also an intermediate in the degradation of ethers such as MTBE and ETBE

(51). Whether added as a co-contaminant or present as a key product of ether degradation,

TBA may pose a greater environmental risk than MTBE.  TBA is fully miscible in water and

also does not sorb well to organic matter (Log Kow = 0.35) (26). Consequently, TBA can

potentially be found in ground water both in the presence and absence of MTBE and it has

similar transport properties that can lead to large plumes in ground water. Although little is

known about this process, the biodegradation of TBA is also expected to contribute to the

attenuation of this compound in gasoline-impacted environments.

2.1 State and Federal Regulations for MTBE and TBA in Ground Water. Compared to

other gasoline components such as benzene (MCL = 5 µg l-1) no maximum contaminant level

(MCL) values have been established for either MTBE or TBA (67). The USEPA currently

views MTBE only as a potential human carcinogen.   Rather than a human health concern,

the major problem with MTBE is actually its taste and odor in drinking water.  To address

these concerns, the USEPA has issued a drinking water advisory for MTBE of 20 to 40 ppb

(65).
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Although little data is available for TBA human health risks in association with drinking

water, some states have also set limits for TBA concentrations of 12 µg l-1 (28).

2.2 Remediation Strategies. Various cleanup strategies have been tested for removing

oxygenates in ground water including air stripping, advanced oxidation processes, and

carbon adsorption (61). However, because of the physiochemical properties of MTBE and

TBA, these techniques are often inefficient for their removal. A more applicable technology,

especially for TBA removal, is using Bio-GAC (Biological Granular Activated Carbon) in

pump-and-treat bioreactor systems. Biofilms, either from self-inoculation or

bioaugmentation, develop on standard GAC materials and metabolize the compounds of

interest without the need for contaminant adsorption (47). Several sites in California and

New York have already applied this technology with success (47). As these and other studies

suggest, microbial-mediated remediation offers an effective and less expensive approach for

MTBE and TBA removal.

3. Microbial Degradation of MTBE and TBA. As indicated above, biodegradation is an

important issue impacting the fate of MTBE and TBA in gasoline-impacted ground water

environments.  The following sections discuss the current knowledge concerning the state of

MTBE and TBA biodegradation under aerobic and anaerobic conditions. This summary is

based on studies conducted with microcosms and pure cultures.
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3.1 Microcosm Studies of MTBE and TBA Biodegradation. A growing number of

laboratory microcosm studies have reported both MTBE and TBA degradation under aerobic

conditions (4-8, 23, 28, 31, 50, 51).  In most cases, MTBE was degraded with TBA

accumulating only transiently.  Independent biodegradation of TBA also was reported in

several cases and in some instances TBA was been found to be more readily degradable than

MTBE (8, 51). Overall, these microcosm studies with mixed cultures demonstrate MTBE

and TBA biodegradation under aerobic conditions.

Less clear-cut results have been obtained with microcosms studies of anaerobic MTBE and

TBA biodegradation. MTBE has been reported to biodegrade under denitrifying, sulfate-

reducing, Fe (III)-reducing, Mn (IV)-reducing, and methanogenic conditions (5, 6, 8, 14, 30,

39, 58)  However, in each case, there are also reports that have found no degradation of

MTBE under the same redox conditions (4, 7, 39, 58, 75). Biodegradation of TBA has also

been reported under denitrifying, sulfate-reducing, and Mn (IV)-reducing conditions (8, 14,

75). One study reports TBA degradation under Fe (III)-reducing conditions, but more recent

studies suggest that sulfate-reducing conditions were present in those experiments (8, 14).

Biodegradation of TBA has not been shown under methanogenic conditions (51).  Currently,

no pure cultures have been isolated that are capable of anaerobic MTBE- or TBA-

degradation.
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3.2 Pure Culture Studies of MTBE and TBA Biodegradation. In the absence of pure

cultures of anaerobic MTBE-degrading organisms, all of our current knowledge concerning

the biodegradation of MTBE by individual strains has come from studies with aerobic

organisms. These studies have demonstrated that MTBE is aerobically biodegraded through

two different mechanisms, cometabolism and true or growth-supporting metabolism.

Cometabolism refers to the degradation of a compound that does not support growth.  In this

process, enzymes induced by a growth-supporting substrate catalyze the transformation of a

second compound. This process is often referred to as fortuitous metabolism (2). Several

pure cultures of microorganisms have been reported to cometabolically degrade MTBE. One

group of organisms oxidizes MTBE following growth on n-alkanes and isoalkanes. These

organisms include Pseudomonas putida (formerly P. oleovorans) GPo1, Pseudomonas

mendocina KR-1, Xanthobacter sp., Pseudomonas aeruginosa, Nocardia sp. ENV425,

environmental isolates ENV420 and ENV421, Mycobacterium vaccae JOB5 (ATCC 29678),

Arthrobacter sp., Pseudonocardia ENV478, and the filamentous fungus Graphium sp. (17,

20, 24, 25, 32, 54, 57, 59, 73, 74). Some of these organisms oxidize MTBE to TBA with no

further oxidation products generated (e.g. P. mendocina KR1) (57) while other organisms can

oxidize TBA to a number of intermediates.

In contrast to cometabolism, metabolism refers to biodegradation of a compound that is used

as a sole carbon and energy source for growth (2).  A number of mixed and pure cultures

have been identified that can grow aerobically on MTBE and TBA (Table 1).
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Typically, growth of these organisms, especially on MTBE, is slow and results in low cell

yield (19, 21, 49).  Various reasons have been suggested for the inefficient growth on these

compounds including low energy yield, incomplete metabolism and specific nutritional

demands (11, 21).  The remainder of this review will focus on isolated pure bacterial cultures

able to grow on MTBE and TBA. The current degradation pathways and related enzymology

associated with MTBE and TBA metabolism by these organisms will also be discussed.
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Table 1. Microorganisms capable of utilizing MTBE and TBA for growth.

NR: not reported, Table adapted from Schmidt et al. (2004).
a In most cases, rates taken from Schmidt et al. (2004), rates also calculated from published data
assuming a cell protein content of 50%.

Microorganisms Source

Growth 
Substrate 

(MTBE or TBA 
as sole C & E 

source)

MTBE 
degradation  rate 
(nmol min-1 mg 

protein -1) a

TBA 
degradation rate 
(nmol min-1 mg 

protein -1) a

MTBE /TBA 
pathway genes 

& enzymes
Reference

BC-1 (mixed culture)
 Chemical plant 

biotreater 
(Activated sludge)

MTBE 13 6.3 Salanitro et al. 
1994

Methylobacterium 
mesophilicum, 

Rhodococcus sp., 
Arthrobacter ilicis

Activated sludges, 
soil, and Gingko 

soil
MTBE 28-29% of 

200ppm/14 days NR Mo et al. 1997

MTBE 46% of MTBE/5d 
or 19 > MTBE

TBA NR NR

Burkholderia 
cepacia CIP I-2052

Wastewater 
treatment plant 

(Activated sludge)
TBA not degraded 16 Piveteau et al., 

2001 

 F-consortium (mixed 
culture)

MTBE-
supplemented 

biotrickling filter
MTBE 2.7-20 = MTBE Fortin et al., 

2001

MTBE 46 or 86 (MTBE + 
YE) < MTBE

TBA NR NR

MTBE 0.08 NR

TBA NR 1.4

MTBE 9 8 

TBA 20 10.5

MTBE 18-76 NR

TBA 63-238 NR

UC2 (closely related 
to M.petroleophilum 

PM1)

MTBE-degrading 
porous pot reactor MTBE NR NR Pruden & Suidan 

2004

UC3 (closely related 
to M. 

austroafricanum  IFP 
2012)

MTBE-degrading 
GAC bioreactor MTBE NR NR Pruden & Suidan 

2004

Kharoune et al., 
2002Mixed culture

Gasoline-polluted 
soil (selective 

enrichment with 
ETBE)

UC1 (closely related 
to M.petroleophilum 

PM1)

MTBE-degrading 
porous pot reactor

Pruden & Suidan 
2004

Mycobacterium 
austroafricanum  IFP 

2012

Wastewater 
treatment plant 

(Activated sludge, 
initially selected 

on TBA)

2M12PD alcohol 
dehydrogenase 

(mpdB ) & 
Hydroxy-

isobutyraldehyde 
dehydrogenase 

(mpdC ) 

Francois et al, 
2002, Ferreira et 

al., 2006

Methylibium 
petroleiphilum 

(Rubrivivax 
gelatinosus) PM1

MTBE-degrading 
compost biofilter

Hanson (1999), 
Deeb (2000),  
Kane 2007

Steffan 2000, 
Hatzinger 2001

Hydrogenophaga 
flava  ENV 735

MTBE-degrading 
GAC bioreactor

alkB (?), icmA 
and icmB  genes
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Table 1. (continued)

NR: not reported, Table adapted from Schmidt et al. (2004).
a In most cases, rates taken from Schmidt et al. (2004), rates also calculated from published
data  assuming a cell protein content of 50%.

Microrganisms Source

Growth 
Substrate 

(MTBE or TBA 
as sole C & E 

source)

MTBE 
degradation rate  
(nmol min-1 mg 

protein -1) a

TBA     
degradation rate 
(nmol min-1 mg 

protein -1) a

MTBE /TBA 
pathway genes & 

enzymes
Reference

Aquincola 
tertiaricarbonis 

L108

MTBE-
contaminated 
groundwater

MTBE NR NR

(2-HIBA 
degradation) 
isobutyryl-

coenzyme A (coA) 
mutase (ICM) 
(icmA, icmB )

Rohwerder et al., 
2004

MTBE NR NR

TBA NR 27

Variovorax 
paradoxus  CL-8

Wasterwater 
treatment plant 

(Activated sludge)
MTBE, TBA NR NR Zaitsev et al. 

2007

Mixed Culture   
CL-EMC-1

Wasterwater 
treatment plant 

(Activated sludge)
MTBE, TBA NR NR Zaitsev et al. 

2007

Hydrogenophaga  
G2B2

MTBE & TBA-
degrading biofilter 

(BioGAC)
TBA not degraded 13 This work

Aquincola S1B1
MTBE & TBA-

degrading biofilter 
(BioGAC)

TBA not degraded 15-19 icmA  and icmB 
genes This work

Mycobacterium 
austroafricanum 

IFP 2015

MTBE-
supplemented 

gasoline storage 
tank

Lopes Ferreira et 
al., 2006
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Methylobacterium mesophilicum, Rhodococcus sp., and Arthrobacter ilicis were the first

pure bacterial cultures described to utilize MTBE as a sole carbon and energy source for

growth. These strains, isolated from activated sludge and Gingko tree fruit, which is known

to produce tert-butyl groups, were also able to grow on TBA, butyl formate, 2-propanol,

acetone, and pyruvate (38).  No further research has been reported for these organisms

Currently, the best-characterized organism that grows on MTBE is strain PM1, an organism

that was originally isolated from an MTBE-degrading peat moss biofilter (19). This strain,

now formally described as Methylibium petroleiphilum PM1 (formerly Rubrivivax

gelatinosus), is a gram-negative β–proteobacterium. Strain PM1 has been reported to grow

on MTBE and the postulated degradation pathway intermediates TBA, formate, and

formaldehyde (10, 41).  During MTBE-degradation by this strain, no intermediates have been

reported to accumulate. The genome of PM1 has also recently been sequenced.  A

megaplasmid was identified containing alkane degradation genes, cobalamin biosynthesis

genes and an assortment of insertion sequences and repeated elements (29). The plasmid was

also found to be required for MTBE-degradation based on plasmid-curing experiments (29).

In this work, we report additional PM1 growth on the intermediates 2M12PD, 2HIBA, 2-

propanol, acetol and acetone. We also report the detection of initial MTBE-degradation

pathway intermediates and the identification of enzymes associated with formaldehyde

metabolism (Chapter 4).
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Another β–proteobacterium Hydrogenophaga flava ENV735 has been described that grows

on MTBE, TBA, and 2HIBA (60).  Hatzinger et al. (21) demonstrated that MTBE-oxidizing

activity was constitutive in this strain while TBA-oxidation was inducible.  These results, in

addition to inhibitor studies, suggested that separate enzymes systems are responsible for

MTBE- and TBA-degradation in this strain. Strain L108, another recently described MTBE-

utilizing β–proteobacterium, was isolated through growth on MTBE (48).  Growth was

observed on MTBE, TBA, and 2HIBA and was shown to be dependent upon cobalt. In

addition, a mutant, strain L110, was isolated, which grows on TBA, but not MTBE.

Recently, a new MTBE-metabolizing bacterium, Variovorax paradoxus strain CL-8, was

isolated from a mixed culture that can grow on MTBE at psychrophilic and mesophilic

temperatures (3 to 30°C) (76).  Most studies of MTBE biodegradation to date have used

cultures grown at mesophilic temperatures (20 to 30°C) (76). In the mixed culture (CL-EMC-

1), TBA was found to accumulate transiently only during growth at temperatures between 3

to 14°C.   This report of a cold-adapted bacterial consortium that can utilize MTBE for

growth is noteworthy as MTBE-contaminated sites may contain ground water that is below

10°C (76). The authors suggest that temperature may affect the efficiency of in situ

bioremediation.  Strain CL-8 was reported to grow on MTBE, TBA, 2HIBA, lactate,

methacrylate, and acetate at 22°C.  The MTBE degradation pathway intermediates TBF,

TBA, and formaldehyde were also detected during MTBE-oxidation by this isolate.
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Another β–proteobacterium reported to grow on TBA, but not MTBE is the methylotrophic

bacterium strain I-2052 (previously identified as Burkholderia cepacia) (45).  This strain also

grows on TAA, 2HIBA, formate, and methanol. This study was also the first to report cobalt

stimulation of microbial growth on TBA.

While the organisms described above are capable of growth on either TBA or MTBE, other

less conclusive studies have suggested other organisms can utilize these compounds as

growth-supporting substrates.  Mycobacterium austroafricanum strain IFP 2012, a gram-

positive bacterium, was initially isolated through enrichment on TBA (16). This strain was

also reported to grow on MTBE, 2HIBA, 2-propanol, acetone, and methacrylate. A closely

related strain, M. austroafricanum strain, IFP 2015, was isolated through enrichment on

MTBE (34). Growth was also reported on TBF, TBA, 2M12PD and 2HIBA.  Several

intermediates of TBA-degradation were identified including 2M12PD and 2HIBA. For both

strains, growth on MTBE involved a doubling of culture density (initial OD600 = 0.1 over

1400h for strain IFP 2012 and initial OD600 = 0.15 over 500h for strain IFP 2015) and no

evidence for growth (e.g. changes in protein content) other than changes in culture density

were provided to support the claim for growth. The authors propose that MTBE-degradation

by both strains IFP 2012 and IFP 2015 is very similar.

Lastly, three other strains have been described in the literature and all of these organisms

were isolated from enrichment cultures with MTBE.  These strains include UC1, UC2, and

UC3 and were isolated from an MTBE-degrading bioreactor (46). Two of the strains, UC1
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and UC2, show high 16S rDNA sequence similarity to M. petroleiphilum PM1. Strain UC3

shows a high level of 16S rDNA sequence similarity to the genus Mycobacterium. Little else

is known about these strains.

Although it is difficult to make generalizations about organisms growing on MTBE or TBA,

there are some observations that stand out.  As noted in a recent review (35), many of these

organisms belong to either the order Burkholderiales or the order Actinomycetales.  The

order Burkholderiales comprises a diverse group of gram-negative aerobic and facultative

anaerobic microorganisms with great metabolic versatility (18, 43). Likewise, the order

Actinomycetales encompasses a very diverse bacterial group with capabilities ranging from

biodegradation to antibiotic production (18). These observations can provide future research

with molecular tools in identifying sites of potential remediation. Additionally, it is important

to consider that perhaps horizontal gene transfer is playing a role the biodegradation

occurring in these environments.

A second observation is the common methylotrophic nature of TBA- and MTBE-utilizing

strains.  Studies with strains M. austroafricanum IFP 2012 and IFP 2015, H. flava ENV 735,

CIP I-2052 and M. petroleiphilum PM1 have demonstrated the ability to oxidize C1

compounds of formate and formaldehyde found in MTBE-degradation (16, 21, 35, 41, 45).

This activity may provide a way to regenerate reducing equivalents during their oxidation to

CO2.  Thirdly, there is a potential association between hydrogen-oxidizing activity and

MTBE- and TBA-oxidizing activity. For example, the MTBE- and TBA-utilizing strain H.
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flava ENV 735 is also an H2-oxidizing autotroph (21). Our studies with PM1 have shown that

this strain will grow autotrophically with H2 as an energy source (Chapter 4).  Additionally,

one of our TBA-degrading isolates was also identified to be another H2-oxidizing organism,

Hydrogenophaga G2B2 (Chapter 2).  At this time it is unclear what, if any, association exists

between H2-, MTBE-, and TBA-oxidizing activity.

4. MTBE-Degradation and Related Enzymology. Although a number of mixed and pure

cultures have been reported to oxidize MTBE, the MTBE-degradation pathway is still not

fully elucidated.  The degradation pathway initially proposed for propane-oxidizing bacteria

has provided the basic framework for most other subsequent studies of aerobic MTBE

oxidation (59). A recent review (35) has presented this pathway with data from several

studies proposing alternative pathways of TBA oxidation. The following is a summary of the

understanding of MTBE oxidation presented in the literature to date.

Currently, no products of MTBE oxidation have been detected that suggest the methyl groups

are initially oxidized. Consequently, the pathway of aerobic MTBE oxidation is thought to be

initiated solely by a monooxygenase-catalyzed oxidation of the methoxy group. In M. vaccae

JOB5, the alkane-oxidizing monooxygenase believed to be responsible for initiating MTBE

(and TBA oxidation) has not been identified. In the case of P. mendocina KR1 and P. putida

GPo1, several reports suggest that an AlkB-like alkane hydroxylase is responsible for

MTBE-oxidation (55, 57, 59).
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In other studies with P. putida (ATCC 17453) Nocardia sp. ENV425, and Graphium sp.

results suggested the involvement of a P450-monoxygenase in initiating MTBE oxidation

(20, 59). Cytochrome P450s have also been implicated in MTBE oxidation by a number of

strains that can grow on ETBE (3, 9, 22).

The product of the initial monooxygenation of MTBE is believed to be an unstable

hemiacetal, tertiary butoxymethanol (20). Although this intermediate has not been detected,

this hemiacetal can then either chemically dismute to form TBA and formaldehyde or can be

enzymatically dehydrogenated to tertiary butyl formate (TBF) (Figure 3).  The latter reaction

has been proposed to be catalyzed by an alcohol dehydrogenase (ADH) (20). If TBF is

formed, it is then hydrolyzed to TBA and formate through the activity of an esterase or

similar non-specific hydrolytic enzyme. It is currently unclear why TBF is not consistently

detected during MTBE oxidation. It is possible that a lack of ADH activity results in the

chemical dismutation of all of the putative hemiacetal.  Alternatively, high levels of esterase

activity may rapidly hydrolyze TBF to TBA.  TBF production also offers a way to

circumvent accumulation of formaldehyde as a potentially toxic intermediate during MTBE

oxidation (57). This may provide a benefit to those organisms capable of using the TBF-

generating pathway as opposed to the pathway that generates TBA directly through

dismutation.
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Figure 3.  Initial pathways of MTBE oxidation to the TBA intermediate.

Figure 3.  Reference. Lopes Ferreira et al., Enzymes and genes involved in the aerobic
biodegradation of methyl tert-butyl ether (MTBE). Applied Microbiol. Biotech., 2007. 72 (2),
252-262.
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5.  TBA-Degradation and Related Enzymology.  In MTBE oxidizing bacteria, the

immediate product of TBA oxidation is thought to be 2M12PD (Figure 4).  Like the initial

oxidation of MTBE, this reaction is also believed to be catalyzed by monooxygenase

enzymes. In Mycobacterium strains that either cometabolically degrade MTBE (M. vaccae

JOB5) or organisms where growth on MTBE is unclear (M. austroafricanum IFP 2012 and

2015), it appears that the same enzyme responsible for MTBE and alkane oxidation is also

responsible for TBA oxidation (16, 34, 56). In M. vaccae JOB5 this monooxygenase has not

been identified. In M. austroafricanum IFP 2012 and 2015 it has been suggested that the

TBA monooxygenase is an alkane hydroxylase (36). However, the authors of that study do

not address their previous reports with these organisms that MTBE and TBA are oxidized by

the same enzyme. Several other studies with organisms that can grow on MTBE and TBA

(e.g. M. petroleiphilum PM1 (12), H. flava (21), and strain L108 (48)) suggest that unique

enzymes catalyze MTBE- and TBA-oxidation.  To date, no MTBE or TBA monoxygenase

enzymes have been identified for these organisms.

Additional studies with M. austroafricanum IFP 2012 have proposed that the degradation of

2M12PD is oxidized to 2HIBA through hydroxyisobutyraldehyde as an intermediate (33).

Hydroxyisobutyraldehyde has not been detected as an intermediate, but a cluster of genes,

the mpd genes, have been shown to be associated with MTBE and TBA oxidation. These

genes encode an alcohol dehydrogenase (MpdB), an aldehyde dehydrogenase (MpdC), and a

putative regulator (33). The activities of these enzymes are reported to convert 2M12PD to

2HIBA and for hydroxyisobutyraldehyde to act as an intermediate.
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Additional studies with M. austroafricaunum IFP 2015 report that low concentrations of

acetone are generated during TBA-degradation and it has been suggested that acetone is

further oxidized by another monoxygenase separate from the MTBE/TBA monoxygenase

(15). This enzyme has not been identified.

Further biodegradation of 2HIBA has been proposed with propane-oxidizing bacteria to

involve two potential pathways. These include one pathway of either methacrylic acid with

2,3-dihydroxy-2-methyl propionic acid, 2-hydroxy-2-methyl 1,3-dicarboxylic acid, and lactic

acid as sequential intermediates or another pathway involving 2-propanol with acetone,

acetol, and pyruvic acid as sequential intermediates (59). Although the strains investigated

could grow slowly on most of these compounds, they were not detected as degradation

intermediates (59). Further oxidation of these intermediates is proposed to ultimately end in

biomass and the production of CO2.

Little is known about the enzymes involved in TBA oxidation by organisms that grow on

TBA. The lack of accumulation of intermediates during growth of these organisms has

limited our understanding of the pathway of TBA oxidation. However, it is believed that the

pathway resembles that seen in the Mycobacterium strains discussed above. To date, the

monooxygenase enzymes proposed to be responsible for initiating TBA oxidation have not

been identified, nor have the enzymes that would oxidize 2M12PD to 2HIBA. The mpd

genes that are potentially responsible for these transformations in Mycobacterial strains are

not present in the genome of the MTBE- and TBA-utilizing strain M. petroleiphilum PM1

(29).
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However, several studies have reported a requirement for cobalt or cobalamin during growth

on TBA or 2HIBA.  For example, strain CIP I-2052 was shown to require cobalt ions for

growth on TBA (45) and either cobalt or cobalamin were required for growth on 2HIBA by

strain L108 (48).  Recently, using strain L108 Rohwerder et al. identified a cobalt-containing

enzyme, isobutyryl-CoA mutase (ICM) that was shown to convert 2HIBA to 3-

hydroxybutyrate.  The sequences of both subunits of ICM (ICMA and ICMB) were also

found to be fully conserved in the genome of strain PM1 (29, 48).  This genome analysis also

demonstrated the presence of a cobalamin biosynthesis pathway on the PM1 megaplasmid.



26

Figure 4.  Proposed pathways of TBA-degradation.

Figure 4.  Reference. Lopes Ferreira et al., Enzymes and genes involved in the aerobic
biodegradation of methyl tert-butyl ether (MTBE). Applied Microbiol. Biotech., 2007. 72 (2),
252-262.

?
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The research in this dissertation has focused on several aspects of the microbial oxidation of

MTBE and TBA. Two major studies (Chapters 2 and 3) focus on the characterization of two

newly isolated TBA-metabolizing strains. The first study focuses on the isolation and

physiological characterization of these organisms and demonstrates that their activities can

be combined with alkane oxidizing organisms to achieve the commensal biodegradation of

MTBE, although these strains cannot utilize this compound as a growth substrate.  The

second study uses a variety of novel approaches for identifying the initial steps of the TBA

oxidation pathway and the identification of enzymes involved in this process. Lastly, MTBE

and TBA oxidation is described with an MTBE-oxidizing organism capable of using MTBE

and TBA as sole sources of carbon and energy (Chapter 4). In this study, similar approaches

for pathway analysis, as mentioned above, are described for MTBE- and TBA-grown cells of

M. petroleiphilum PM1.  This study also reports that MTBE and TBA oxidation are catalyzed

by separate enzymes in this strain and that MTBE oxidation is inducible. Finally, these

studies demonstrate that a key difference between cells grown on MTBE and TBA is the

expression of a formaldehyde activating protein.
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ABSTRACT

tertiary butyl alcohol (TBA) is a key intermediate in the biodegradation of the gasoline

oxygenates methyl tertiary butyl ether (MTBE) and ethyl tertiary butyl ether (ETBE).

Although several MTBE-metabolizing bacteria are known, little is currently known about

organisms that can utilize TBA but not MTBE. In this study we have isolated two aerobic

TBA-metabolizing bacteria from ex–situ reactors used to treat TBA-impacted groundwater.

The strains, identified as Hydrogenophaga G2B2 and Aquincola S1B1, both grew on TBA

and 2-methyl-1, 2-propanediol. While strain G2B2 had a limited growth substrate range,

strain S1B1 grew on tertiary amyl alcohol, 2-hydroxyisobutyric acid, hydroxyacetone, and

on primary alcohols (C2-C10) but not on the corresponding n-alkanes. Cells of both strains

rapidly oxidized TBA after growth on TBA (16-22 nmol min-1 mg total protein-1), but MTBE

was not oxidized, even after 24 h.   The presence of the genes icmA and icmB, encoding

isobutyryl-coenzyme A mutase (ICM) was confirmed in strain S1B1, but not strain G2B2. A

co-culture of Pseudomonas mendocina KR1 and strain S1B1 incubated with n-octane and

MTBE was shown to support the growth of both organisms. Our evidence suggests that in

this co-culture MTBE was cometabolically oxidized to TBA by strain KR1 while the TBA

generated from this process was metabolized by strain S1B1. Overall our results suggest

there is physiological diversity associated with organisms that can utilize TBA as a sole

source of carbon and energy. Our results also suggest that TBA-utilizing organisms can

participate in the mineralization of MTBE in commensalistic relationships with MTBE-

cometabolizing organisms.
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INTRODUCTION

Over the past 25 years, a variety of ethers such as methyl tertiary butyl ether (MTBE), ethyl

tertiary butyl ether (ETBE), tertiary amyl methyl ether (TAME) and diisopropyl ether

(DIPE) have been added to gasoline to serve as both octane enhancers and oxygenates (17).

Although the use of ethers in gasoline aimed to decrease air pollution, the extensive use of

these compounds and the frequent losses of ether-containing gasoline from underground

storage tank systems have led to the widespread contamination of groundwater resources by

these highly water-soluble compounds (15, 31). The U.S. Environmental Protection Agency

currently classifies MTBE as a potential human carcinogen and has issued a drinking water

advisory for this compound of 20 to 40 parts per billion (ppb) (32).

Biodegradation is an important process that can contribute to both the natural and

engineered attenuation of MTBE. Previous studies have often shown tertiary butyl alcohol

(TBA) is either the immediate or terminal product of various different microbial MTBE

biodegradation processes. For example, microcosm and field studies have both indicated that

TBA is a stable product generated during MTBE biodegradation under methanogenic or

sulfate-reducing conditions and similar results were also obtained with ETBE (27). It has

been suggested that anaerobic MTBE and ETBE biodegradation under these strongly

reducing conditions may be catalyzed by acetogenic organisms that can utilize the methoxy

methyl group as an electron donor (30).

Under aerobic conditions TBA also accumulates during alkane-dependent

cometabolic degradation of MTBE and ETBE. In some instances TBA is further oxidized to

products such as 2-methyl-1, 2-propanediol (2M12PD) by organisms such as Mycobacterium

vaccae JOB5 (14).
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In other instances organisms such as Pseudomonas mendocina KR1 catalyze single

dealkylation reactions and do not further oxidize TBA (28).  Organisms such as Methylibium

petroleiphilum PM1 are also believed to generate TBA as an obligate intermediate during

growth on MTBE (3). The frequent detection of TBA as a product of MTBE biodegradation,

its rapid ground water transport properties (13) and its potential human toxicity (4) have led

to increased concern about the presence of TBA in ground water.

To date, only a few pure bacterial cultures are known to unequivocally use TBA as a

sole carbon and energy source and most of these organisms also grow on MTBE.  The best

characterized of these organisms include M. petroleiphilum strain PM1 (9), Hydrogenophaga

flava strain ENV735 (11) and a recently described strain, Aquincola tertiaricarbonis L108

(26). Burkholderia cepacia CIP I-2052 is the best-characterized organism that has been

shown to grow on TBA but not MTBE (21). Strain L10, a derivative strain of A .

tertiaricarbonis L108, retains the ability to grow on TBA but can no longer grow on MTBE

(26). Strains L108, L10 and CIP I-2052 can all also grow on another putative metabolite of

MTBE oxidation, 2-hydroxyisobutyrate (2HIBA) (26) and these organisms have recently

been proposed to all be members of the Aquincola genus (17). In strain L108 a cobalamin-

dependent mutase (isobutyryl Co-A mutase [ICM]) has been identified that catalyzes the

conversion of 2HIBA to 3-hydroxybutyrate (26). This study also established the presence of

the genes encoding this enzyme in M. petroleiphilum PM1.

The ability of organisms to utilize TBA but not MTBE has raised questions about the

significance of these organisms in ether oxygenate biodegradation processes.

For example, it has previously been demonstrated that Rhodococcus ruber strain IFP 2001

grows on the C2 product generated during the degradation of ETBE (6), but this organism
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does not utilize the TBA generated from this process. This organism can also cometabolically

degrade MTBE. In a subsequent study strain IFP 2007, a mutant strain of IFP 2001, was

shown to grow on ethanol and constitutively oxidize MTBE to TBA (12). The TBA

generated by this process was subsequently metabolized as a growth substrate by a second

strain, B. cepacia IFP 2003 which to the best of our knowledge is the same strain as B.

cepacia CIP I-2052 (7, 20).

In the present study we have characterized two pure strains of TBA-utilizing bacteria

isolated from biological granulated activated carbon (Bio-GAC) reactors that had self-

inoculated with native organisms present in gasoline-impacted groundwater.  One of these

strains, isolate S1B1, is closely related to the recently described Aquincola strains discussed

above. The other isolate, strain G2B2, is closely related to Hydrogenophaga strains.  In this

study we have examined the basic structural and physiological features of these organisms

and have examined the presence of ICM genes in both organisms. We have also

demonstrated that the growth of one strain, Aquincola S1B1 can be supported in a defined

co-culture with P. mendocina KR1. This co-culture is based on the cometabolic degradation

of MTBE to TBA by n-octane-grown cells of strain KR1 with concurrent assimilation of

TBA by strain S1B1. Our results have been interpreted in terms of their impacts on our

understanding of the diversity of TBA-utilizing organisms and the potential role of microbial

communities in the biodegradation of MTBE in the environment.
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MATERIALS AND METHODS

Materials. Methylibium petroleiphilum PM1 was obtained from the Belgian Co-ordinated

Collections of Microorganisms (BCCM) (Brussels, Belgium). Pseudomonas mendocina KR1

was generously supplied by Amgen (Thousand Oaks, CA). Benzene (99% purity), butyl

methyl ether (99% purity), carbon monoxide (99% purity), d-biotin (99% purity),

diethylether (99.9% purity), d-pantothenic acid, ethyl tertiary butyl ether [ETBE] (99%

purity), ethylbenzene (99.8% purity), formaldehyde (37% aqueous solution), formate (99%

purity), hydroxyacetone (90% purity), isobutane (99% purity), isobutylene (99% purity),

lactate (98% purity), methacrylic acid (99% purity), methyl tertiary butyl ether [MTBE]

(99.8% purity), methylacetate (99.5% purity), neopentyl alcohol (99% purity), o-xylene

(98% purity), m-xylene (99% purity), p-xylene (99% purity), n-butane (99% purity), n-

decane (99% purity), n-dodecane (99% purity), n-heptane (99% purity), n-hexane (99+%

purity), n-nonane (99% purity), n-octane (99% purity), n-undecane (99+% purity),

pyridoxine-HCL, sec-butyl methyl ether (99.9% purity), tertiary amyl alcohol [TAA] (99%

purity), tertiary amyl methyl ether [TAME] (97% purity), tertiary butyl acetate (99% purity),

tertiary butyl formate [TBF] (99% purity), tertiary butyl propionate (99% purity), thiamine-

HCL, toluene (99.8% purity), 1-butanol (99% purity), 1-decanol (99% purity), 1-dodecanol

(99% purity), 1-heptanol (98% purity), 1-hexanol (99+% purity), 1-nonanol (98% purity), 1-

pentanol (99% purity), 1-propanol (99.9% purity), 2-butanol (99.5% purity), 2-butanone

(99% purity), 2-heptanol (98% purity), 2-hexanol (99% purity), 2-hydroxyisobutyric acid

[2HIBA] (99% purity), 2-methyl-1-propanol (99.5% purity), 2-methyl-2-propanol [tertiary

butyl alcohol (TBA)] (99.3% purity), 2-octanol (97% purity), 2-pentanol (98% purity),
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2-pentanone (99.5% purity), 2-propanol (99.5% purity), and 3,3 dimethyl-1-butanol (99%

purity) were obtained from Sigma Aldrich Chemical Co. (Milwaukee, WI).  Acetone (99.5%

purity), isopropyl ether (99% purity), methanol (99% purity), and n-pentane (99.5% purity)

were obtained from Fisher Scientific (Pittsburgh, PA). Absolute ethanol was obtained from

Aaper Alcohol and Chemical Co., (Shelbyville, KY). 1-octanol (99% purity) was obtained

from Lancaster Synthesis Inc., (Windham, NH). Glutaraldehyde, osmium tetroxide and

Spurr’s resin were all purchased from Ladd Research Industries, Williston, VT. Uranyl

actetate was purchased from SPI Supplies (West Chester, PA). Reynold's lead citrate was

obtained from Mallinkrodt (Hazelwood, MO). Ethane and methane (CP grade) were supplied

by National Specialty Products, (Durham, NC). Propane (Instrument grade) was supplied by

Air Products and Chemicals Inc., (Allentown, PA). 2-Methyl-1, 2-propanediol (2M12PD)

was a gift from Lyondell Chemical Co. (Houston, Tex.). 2-Methyl-1,3-propanediol (98%

purity) was obtained from TCI America (Portland, OR).  Compressed gases used for gas

chromatography (GC) (H2, N2, and air) were obtained from local industrial vendors.

Isolation Procedure. Samples (~5g wet wt.) of solids from a biologically active granulated

activated carbon (Bio-GAC) reactor were added to glass serum vials (160 ml) that contained

mineral salts medium (25 ml) (34) and 0.05% (vol./vol.) TBA. The vials were sealed with

butyl rubber stoppers and were incubated at 30o C in the dark in a rotary shaker (200 rpm).

After 14 d, samples (1 ml) of each enrichment were transferred to fresh medium containing

0.05% (vol./vol.) TBA. This procedure was repeated 5 times over a 60 d period. Samples of

each final enrichment were serially diluted in mineral salts medium.
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Samples (50 µl) of the 10-5 and 10-6 dilutions were plated on Luria-Bertani (LB) plates and

incubated for 3 d at 30o C in the dark. Individual colonies on these plates were picked and

used to inoculate mineral salts medium (25 ml) containing 0.05% (vol./vol.) TBA. These

vials were incubated in the dark at 30o C in a rotary shaker (200 rpm). This procedure was

repeated after 7 d for 4 complete cycles until axenic cultures were obtained, as determined by

analysis by bright field optical microscopy.

A total of 7 morphologically distinct isolates were initially obtained using this approach.

However, over time, all but one of the original isolates subsequently failed to grow in TBA-

containing medium after prior plating on LB media. The only remaining isolate with a stable

TBA-utilizing capability, strain G2B2, was further characterized in this study. The 16S

rRNA gene sequence of all 7 original strains were determined and were shown to be closely

related to recognized H2-oxidizing bacteria (e.g. Ralstonia, Hydrogenophaga and

Pigmentiphaga). Following this analysis the isolation procedure described above was

repeated using Knallgas medium (2) supplemented with a vitamin source (biotin 0.02 mg.l-1,

pantothenic acid 0.02 mg.l-1, thiamin-HCl 0.02 mg.l-1, pyridoxine-HCl 0.02 mg.l-1). Using this

medium a second isolate, strain S1B1, was obtained. Plate cultures of strain G2B2 were

normally stored at 8o C after growth on LB media while plates cultures of strain S1B1 were

normally stored at 8o C after growth on Knallgas media containing vitamins (as above) and

TBA (1% vol./vol.).
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Growth Substrate Range. For experiments examining substrate ranges, cells of strain G2B2

were grown in batch culture in glass test tubes (30 ml) sealed with Teflon-lined Mininert

valves (Alltech Associates Inc., Deerfield, Ill.).  The test tubes contained Knallgas mineral

salts medium (10 ml). Cells of strain S1B1 were grown in the same medium containing a

vitamin solution, as described above. In both cases the cultures were inoculated (initial

optical density at 600 nm [OD600] ≤ ~0.001) using a suspension of cells obtained from

cultures either previously grown on LB agar plates (strain G2B2) or agar plates containing

vitamin-amended Knallgas mineral salts medium with TBA (1% vol./vol.) as the sole carbon

and energy source (S1B1).  Unless stated otherwise, all liquid potential growth substrates

were added to the sealed tubes as pure compounds (0.05% vol./vol.) using microsyringes. All

gaseous potential growth substrates (8ml) were added to the sealed tubes using sterile plastic

disposable syringes fitted with Acrodisc disposable filters (0.1 µm) (Millipore Corporation,

Bedford, MA).  All other substrates were added at concentrations of 4-5 mM from filter

sterilized stock solutions. The test tubes were incubated horizontally in the dark at 30°C for

up to 14 d in an Innova 4230 (New Brunswick Scientific Co., Inc., Edison, N.J.)

environmental shaker operated at 200 rpm.  Culture growth was determined from

measurements of optical density at 600 nm (OD600) using a Shimadzu 1601 UV/Vis

spectrophotometer (Kyoto, Japan). All potential growth substrates were only tested at a

single initial concentration and potential toxicity of substrates that did not support growth of

either strain was not tested. For all cultures exhibiting growth, a sample (50 µl) was streaked

onto LB agar plates to subsequently confirm the purity of the culture.
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For experiments following the time course of growth of each strain on TBA or TAA, cells

were grown in glass serum vials (600ml) containing Knallgas mineral salts medium (100 ml),

as described above. The cells were grown under carbon-limited conditions using either TBA

(500 µmoles) or TAA (500 µmoles) as sole source of carbon and energy. The vials were

inoculated (initial OD600 ≤0.001) with a suspension of cells obtained from cultures either

previously grown on LB agar plates (strain G2B2) or agar plates containing vitamin-amended

Knallgas mineral salt medium with TBA (1% v/v) (strain S1B1). During the time course of

culture growth, samples (1 ml) were removed from culture bottles to determine the culture

density (OD600) and to determine the levels of substrate consumption using gas

chromatography (GC) (see below).  In other experiments examining growth yield on TBA,

cells were grown in glass serum vials (160ml) containing Knallgas mineral salts medium (25

ml), as described above. The cells were grown under carbon-limited conditions using varying

concentrations of TBA (27-133 µmoles) as sole source of carbon and energy and inoculated

as described above. Samples (0.5 ml) were removed at the start of the experiment and after 5

d to determine culture density (OD600) and to analyze for substrate consumption using gas

chromatography (GC) (see below).

In some experiments cells of strain S1B1 were grown as co-cultures with P.

mendocina KR-1. These cultures were grown under carbon-limited conditions in glass serum

vials (160 ml) containing G4 mineral salts medium (25ml) (35). The vials were inoculated

(initial OD600 ≤0.001) with a suspension of cells of P. mendocina KR1 previously grown on

G4 mineral salts plates containing lactate (20 mM) or cells of strain S1B1 previously grown

on vitamin-amended Knallgas mineral salts medium plates containing with TBA (1%

vol./vol.).
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The vials were sealed with Teflon-lined Mininert stoppers and MTBE (42 µmoles), n-octane

(42 µmoles) and TBA (27 µmoles) were added as pure compounds as required. At the start of

the experiment and after 5 d samples (1 ml) were removed to determine culture density

(OD600) and to analyze for substrate consumption using GC (see below). After 5 d the

remainder of the cultures in which growth occurred were centrifuged (10,000 x g for 10 min)

to harvest the cells. The resulting cell pellet was resuspended  (~10 mg total protein ml-1) in

sodium phosphate buffer (50 mM sodium phosphate pH 7.0) and stored at -20o C for

subsequent analysis by SDS PAGE (see below).

In experiments requiring concentrated cell suspensions, batch cultures were grown on

either TBA (0.05% vol./vol.) or TAA (0.05% vol./vol.) in glass serum bottles (600 ml) sealed

with screw caps fitted with butyl rubber septa (Wheaton Scientific, Millville, N.J).  The

bottles contained the appropriate mineral salts medium (100 ml) for each organism and were

inoculated using cell suspensions from plate cultures, as described above.  The inoculated

bottles were incubated at 30o C in the dark in a shaker operated at 200 rpm.  After growth for

5 d, the cells were harvested by centrifugation (10,000 x g for 10 min), and the resulting cell

pellet was resuspended in sodium phosphate buffer.  The washed cells were sedimented again

by centrifugation (as above), and the resulting cell pellet was finally resuspended with buffer

(0.5 ml, as above) to a final protein concentration of 20 to 35 mg of total cell protein ml-1.

The harvested and washed cells were kept on ice and were used within 4 h.  Cells were also

grown on LB medium using the same methods described above except cultures were

harvested after growth for 2 d.
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Degradation Experiments. Specific rates of biodegradation of MTBE, TBA, and TAA were

determined in small-scale reactions conducted in glass serum vials (15 ml) sealed with butyl

rubber stoppers and aluminum crimp seals. The vials contained sodium phosphate buffer (0.9

ml) and substrates were added directly to the sealed vials from aqueous stock solutions by

using microsyringes.  The vials were placed in a shaking water bath (30º C, 150 rpm) for 1

min to allow equilibration of the reactants between the gas and liquid phases.  Concentrated

cell suspensions (100 µl) were added to the vials to initiate the reactions and obtain a final

aqueous reaction volume of 1 ml (total cell protein content ~ 2.0 to 3.5 mg). The reaction

vials were then returned to the shaking water bath and samples (2 µl) were removed for

analysis by GC at the times indicated in each experiment.

PCR and sequencing. Total genomic DNA was extracted and purified from strains G2B2

and S1B1 using the Qiagen Dneasy kit (Qiagen, Valencia, CA) according to the

manufacturers instructions. The 16S rRNA genes of strains G2B2 and S1B1 were amplified

by PCR using the following primers; 8F (5’-AGAGTTTGATCMTGGCTCAG-3’) and

1492R (5’-GGTTACCTTGTTACGACTT-3’). Polymerase chain reaction (PCR)

amplifications were carried out with a Bio-Rad MJ Mini Personal Thermal cycler using 30

cycles of the following conditions: 94°C for 1 min, 50°C for 1 min, and 72°C for 3 min.

Amplified products were checked for correct product size and purity by gel electrophoresis

(1% agarose gels stained with ethidium bromide). Sterile water (no DNA) was used as a

negative control in all PCR reactions. The 16Sr RNA amplification products were

commercially sequenced in both directions (MWG-Biotech. High Point, NC).
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The resulting nucleotide sequences were compared with the NCBI nucleotide sequence

database using the BLASTN sequence alignment tool.

The presence of genes encoding isobutyryl CoA mutase (ICM) were also investigated using

PCR amplification (26).  Total genomic DNA was extracted and purified from strains S1B1,

G2B2 and M. petroleiphilum PM1 using the Qiagen Dneasy kit (Qiagen, Valencia, CA).

Initial attempts to amplify the icmA gene from M. petroleiphilum PM1 were unsuccessful

using the primers previously described by Rohwerder et al. (26). An analysis of the icmA

gene in M. petroleiphilum PM1 genome indicated the reverse primer  (ICMA_r) described by

Rohwerder et al. (26) was inverted. Subsequent PCR amplification of icmA in both strain

S1B1 and M. petroleiphilum PM1 was achieved using the following primers (ICMAf: 5’-

ATGACCTGGCTTGAGCCGCA-3’ and ICMAr: 5’-TCAGAAGACCGGCGTCTCGC-3’).

The nucleotide sequence of the amplification products was determined by bidirectional

sequencing and was shown to correspond with the icmA nucleotide sequence in M .

petroleiphilum PM1. We were also unable to amplify the icmB gene in M. petroleiphilum

PM1 using the primers described Rohwerder et al., (26) This was assumed to be due to the

high GC content (90%) of the published i cmB  reverse primer (ICMB-r) (5’-

TCAGCGGGCGCCGCGCGCGG-3’). New icmB-specific primers were developed using the

Invitrogen Oligoperfect Designer software based on the nucleotide sequence information for

the icm genes from the M. petroleiphilum PM1 genome (16). These included two internal

i c m B  primers (ICMBintf: 5’-GTCATCTACTCCGGCCTTCA-3’ and ICMBintr: 5’-

GCTTGAAGATCTTGGGGAAG-3’)
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and two external primers (ICMBextf: 5’-GATGCTCATGGTGTCTGCAT-3’ and ICMBextr:

5’-TCCTCGATACGGTCCTTGAC-3’. The nucleotide sequence of icmB amplification

products were subsequently confirmed by bidirectional sequencing. All PCR reactions were

performed under the following touchdown PCR conditions: 94º C for 3 min, 10 cycles of

(94º C for 1 min., 65-55º C (1º/cycle), 72º C for 3 min.), 25 cycles of (94º C for 1 min., 55º C

for 1 min., 72º C for 3 min.), 72º C for 5 min., 4º C hold.

Analytical Methods. Other than formaldehyde, the concentration of all reactants and

products were determined by GC.  Samples (25 µl gas phase) were used to quantify n-octane

while aqueous samples (2 µl) of reaction media or calibration standards were used to

quantify all other reactants and products. All samples were directly injected into a gas

chromatograph (Shimadzu model GC-8A) (Kyoto, Japan) fitted with a flame ionization

detector.  The chromatograph was fitted with stainless steel column (0.3 by 183 cm) filled

with Porapak Q (60/80 mesh) (Waters Associates, Framingham, Mass.). The column was

used at a temperature of 120º C while the injection port and detector temperatures were 200

and 220º C respectively. Nitrogen was used as carrier gas at a flow rate of 15 ml min-1. The

gas chromatograph was interfaced to a Hewlett-Packard HP3395 (Palto-Alto, CA) integrator.

In experiments examining formaldehyde production, samples (1 ml) of the reaction

mixture were centrifuged in an Eppendorf microfuge tube (14,000 rpm for 2 min) to

sediment cells.  Three subsamples (100 µl each) were diluted with deionized water to a final

volume of 1 ml.  The test reagent was added and the mixtures were incubated in the dark for

1 h at 37o C (18).
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Formaldehyde concentrations were determined colorimetrically by measuring absorption at

412 nm using standard aqueous formaldehyde solutions (0 to 2 mM). Cell protein

concentrations were determined by the Biuret protein assay (8) after solubilizing of cell

material for 30 min at 65º C in 3 N NaOH and sedimenting insoluble material by

centrifugation (14,000 x g, 5 min).  Bovine serum albumin was used as a standard.

SDS-PAGE.  Cell samples were suspended in 2x SDS-PAGE sample buffer containing 10 %

(vol./vol.) β-mercaptoethanol. The solution was diluted with an equal volume of ddH20 and

vortexed for 2 min. Unsolubilized material was removed by centrifugation (14,000 x g, 5

min) and samples (75 µg total protein) of the supernatant were loaded into the wells of 10%

polyacrylamide discontinuous slab gels (0.15 x 14 x 16 cm). The samples were

electrophoresed at 6o C in a Bio-Rad Protean II xi Cell system (Bio-Rad, Hercules, CA)

operated at 30mA constant current for 60 min, followed by 40 mA for the remaining time.

The gels were stained with Coomassie Blue R-250 (ICN Biomedicals Inc., Aurora, OH) in

water/methanol/acetic acid (40:50:10 vol/vol.) and destained in the same solution without

dye.

Densitometry.  Densitometry analysis was performed using Kodak 1D image analysis

software (Eastman Kodak Company, Rochester, NY) on 1D SDS-PAGE gels examining the

co-culture biodegradation of MTBE.  1D SDS-PAGE gel images were analyzed using

automatic region of interest (ROI) analysis, as described in the Kodak 1D image analysis

user’s manual, for determination of band intensities.
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Net ROI intensity data (background subtracted pixel values) were subsequently plotted

against SDS-PAGE polypeptide molecular masses (kDa).

Electron Microscopy.  Electron Microscopy analyses were performed by Valerie Knowlton

at the NCSU Center for Electron Microscopy. In brief, samples for scanning electron

microscopy were fixed for 24 h in 3% glutaraldehyde in 50mM NaPO4 buffer, pH 7.0. An

aliquot (100 µl) was filtered using a 0.4 µm Nucleopore filter, rinsed 3 times in cold buffer

and then dehydrated using a graded ethanol series. The filters were critical point dried in

liquid CO2 for 10 min, mounted and sputter coated with ~55 Å Au/Pd. Samples were viewed

with a JEOL 5900LV scanning electron microscope at 15kV. Images were captured using the

JEOL Digital Scan Generator software. Samples for transmission electron microscopy were

fixed in 3% glutaraldehyde in 50mM NaPO4 buffer, pH 7.0 and post-fixed in 2% (wt./vol.)

osmium tetroxide. The samples were spun for (14,000 x g for 3 min) and each cell pellet was

mixed with 2% (wt./vol.) agarose. The gelled agarose was cut into blocks and stained with

1% (wt./vol.) aqueous uranyl acetate. The samples were then dehydrated in a graded ethanol

series and embedded in Spurr’s resin. The blocks were sectioned (~75 nm), and stained with

4% (wt./vol.) aqueous uranyl acetate and Reynolds’s lead citrate. Samples were viewed with

a JEOL JEM-100S transmission electron microscope (JEOL USA, Peabody, MA) at 80kV.

Images were initially recorded with Kodak 4489 film then digitized at 1200 ppi with an

Epson Perfection 4870 flatbed scanner.
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RESULTS

Isolation and Characterization of TBA-Degrading Strains. Two distinct strains were

isolated from enrichment cultures using the approach described in the Methods section. Both

strains exhibited a stable phenotype of TBA-dependent growth in liquid medium after

transfer from rich media plates lacking TBA. Both strains were gram–negative and catalase

and oxidase positive. One strain, G2B2, was non-motile and formed yellow circular convex

colonies (1-2 mm) on LB plates. The second strain, S1B1, was motile and formed cream

circular convex colonies (1-2 mm) on LB plates. On mineral salts plates containing TBA (1%

vol./vol. liquid phase) strain S1B1 formed small (≤0.25 mm) white circular raised colonies.

A comparison of the partial 16S rRNA gene sequences with the EMBL/GenBank database

indicated strain G2B2 was most closely related (98% sequence homology) with a

Hydrogenophaga sp. (accession number AY566583). The second strain, S1B1 was most

closely related (99% sequence homology) to Aquincola tertiaricarbonis L10 (accession

number DQ656489) and Ideonella strain L108 (accession number DQ436455). These two

organisms, strains L10 and L108, are identical except strain L10 has lost the ability to

oxidize MTBE, but has retained TBA-oxidizing activity. Strains S1B1, L10, and L108 are all

also both closely related to Burkholderia cepacia CIP I-2052 (accession number AF244133).

Strain CIP I-2052 is a TBA-oxidizing bacterium that does not grow on MTBE.

Scanning electron microscopy demonstrated TBA-grown cells of both organisms

were rod-shaped (length of ~1-2 µm and diameter of ~ 1 µm) (Fig. 1A & B). Transmission

electron microscopy revealed that TBA-grown cells typically contained non-staining

inclusions similar to polyhydroxyalkanoate granules.
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Small electron dense paracrystalline structures were also observed in some cells (Fig. 1C &

D).

Growth Substrate Range. Strain G2B2 grew well on TBA and 2M12PD but did not grow

on 2HIBA, 2-propanol, acetone, hydroxyacetone, methacrylate, or any ether oxygenates

(Table 1).  Strain G2B2 also grew on tertiary butyl formate (TBF), but not other tert-butyl

containing compounds such as tertiary butyl acetate or tertiary butyl propionate. This strain

also did not grow on other ethers (diethylether, butyl methyl ether and sec-butyl methyl

ether), C1 compounds (methanol, formaldehyde, formate or CO), BTEX compounds

(benzene, toluene, ethylbenzene, o, m and p-xylene, n-alkanes (C1-C12), isobutane, 1o

alcohols (C2-C12) and 2o alcohols (C4-C8) or branched alcohols (2-methyl-1-propanol, 2-

methyl-1,3-propanol, 3,3-dimethyl-1-butanol, neopentyl alcohol) (data not shown). Strain

S1B1 grew on TBA, TAA, 2M12PD, 2HIBA, hydroxyacetone, lactate, TBF, tertiary butyl

acetate, and tertiary butyl propionate (Table 1) but, with the exception of 1o alcohols, did not

grow on any of the other compounds listed above. Growth of strain S1B1 on 1o alcohols (C1

to C12) was generally consistent (average OD600 = 0.32) but no growth was observed with

methanol, 1-heptanol or 1-octanol (data not shown). Both organisms grew weakly as

autotrophs (mean OD600 = 0.04) in vials containing an H2 (5%): CO2 (10%): N2 (75%): O2

(5%) (vol./vol.) gas phase.

Growth Kinetics. The time course of growth of strain G2B2 on TBA and strain S1B1 on

TBA and TAA were determined in batch cultures grown under carbon-limited conditions.

Increases in culture density closely followed TBA and TAA consumption (Fig. 2A & B),
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which was determined by GC. No intermediates generated from either TBA or TAA were

detected using the GC conditions used in this study. Using culture density measurements, the

growth rate for strain G2B2 on TBA was estimated at 0.094 h-1 (generation time = 10.7 h)

while the growth rates for strain S1B1 on TBA and TAA were estimated at 0.129 h-1

(generation time = 7.8 h) and 0.121 h-1 (generation time = 10.7 h), respectively.  Carbon-

limited batch cultures were grown for both organisms using five varying initial amounts of

TBA (0 to 10 mg in 25 ml). The cultures were grown until substrate exhaustion and the cells

were then harvested by centrifugation for cell protein determinations. Plots of total protein

versus initial TBA were linear for both organisms (r2 ≤ 0. 97) over the range of TBA

concentrations tested. Growth yields for strains S1B1 and G2B2 on TBA of 0.44 and 0.34 mg

protein/mg TBA, respectively were estimated from these plots.

Potential Cometabolism of MTBE and TAA. Resting cells of strain G2B2 and S1B1 were

assayed for their ability to oxidize MTBE, TBA, and TAA in short-term assays (2 h) after

growth on either LB or TBA. Similar measurements were also made for cells of strain S1B1

grown on TAA. In short term incubations (2 h), neither strain oxidized MTBE at significant

rates (≥ 1.0 nmol min-1 mg total protein-1) after growth on either LB or tertiary alcohols

(Table 2).  Likewise, no MTBE oxidation was observed in longer incubations (24 h) with

TBA-grown cells (data not shown). Substantial rates of TBA oxidation (≥10 nmol min-1 mg

total protein-1) were observed for both strains after growth on TBA while no short-term TBA-

oxidizing activity was observed in cells grown on LB.
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Low levels of TAA-oxidizing activity (≤ 1.0 nmol min-1 mg total protein-1) were observed for

cells of strain G2B2 grown on TBA but 6-fold higher rates of TAA oxidation were observed

for cells of strain S1B1 grown on TBA. Cells of strain S1B1 grown on TBA oxidized TBA at

least 7-fold faster than TAA. In contrast, cells grown on TAA only oxidized TBA 3-fold

slower than TAA. For strain S1B1 the rate of TAA oxidation by TAA-grown cells and TBA

oxidation by TBA-grown cells were similar (~17 and ~15 nmol min-1 mg total protein-1).

Together the results shown in Table 2 suggest that TBA-oxidizing activity is an inducible

process in both organisms and indicate neither organism oxidizes MTBE after growth on

TBA. These results further suggest the TAA- and TBA-oxidizing activities of strain S1B1 do

not fully overlap and may therefore involve differences in key enzymes or steps in pathways.

Presence of Isobutyryl CoA-mutase (ICM) Genes.  The presence of genes encoding

isobutyryl CoA-mutase (ICM) was investigated in both strains using PCR and recently

published primer pairs. Using the published primer pair for icmA (ICMA_f and ICMA_r)

(26) we were initially only able to obtain short (~500 bp) products rather than full length

(1670 bp) after PCR amplification using gDNA prepared from strain S1B1 and M .

petroleiphilum PM1 as templates. No reproducible product was obtained using gDNA from

strain G2B2. When using a corrected primer pair (see Methods section) we obtained

amplification products of the correct size for icmA using gDNA from strains S1B1 and PM1

as a template (Fig. 3A). However, no correctly-sized product was obtained using gDNA from

strain G2B2.

In the case of the published primers for icmB  (ICMB_f and ICMB_r) (18) we

observed no amplification products when using gDNA from strains PM1, G2B2 and S1B1 as
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templates. We subsequently redesigned two new sets of primer pairs based on the icmB gene

in strain PM1 (Mpe B0538), as described in the Methods section. Using the new internal

primer pair (ICMBintf and ICMBintr) we amplified an ~130 bp product using gDNA from

strains PM1 and S1B1 as a template (Fig. 3A).  Using the new external primer pair (ICMBextf

and ICMBextr) we also amplified a ~1300 bp product from gDNA from strains PM1 and

strain S1B1 (Figure 3A). Overlapping fragments of the icmB gene in strain PM1 were also

amplified to further validate these primers in this strain. Using gDNA from strain PM1 as a

template, PCR amplification using primers ICMBextf and ICMBintr generated a ~360 bp

product while primers ICMBintf and ICMBextr generated an ~1100 bp product (Figure 3B).

The nucleotide sequences of all products were determined and confirmed the correct icm

gene sequences. Irrespective of the ICMB primer pairs used, no PCR amplification products

were obtained when gDNA from strain G2B2 was used as a template.

Commensal Mineralization of MTBE. In this study we examined whether mineralization of

MTBE could be achieved using co-cultures of a TBA-utilizing strain with the MTBE-

cometabolizing, n-alkane-utilizing strain, Pseudomonas mendocina KR1 (28). A series of

carbon-limited batch cultures of strains Aquincola S1B1 and P. mendocina KR1 were grown

in the presence of individual or combined substrates. After 5 d, culture density was

determined and substrate consumption (MTBE, TBA or n-octane) and product accumulation

(TBA) was determined by GC.
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The results of these analyses (Table 3) allowed the cultures to be divided into four

different groups.  In the first group of cultures no growth was observed and no substrate

consumption or TBA accumulation occurred. These included monocultures of strain S1B1

incubated with n-octane alone, MTBE alone, or MTBE plus n-octane and a monoculture of

strain KR1 incubated with MTBE alone or TBA alone. These results confirm our previous

observations that strain S1B1 does not grow on n-alkanes (this study) or that strain KR1 does

not grow on MTBE or TBA (28).

With the second group of cultures we observed comparable levels of growth of strain

KR1 in all n-octane-containing monocultures and equally high levels (81 to 91%) of average

n-octane consumption in all conditions. In KR1 monocultures containing n-octane plus

MTBE, ~27 µmoles of MTBE were consumed and an equivalent amount of TBA (~28

µmoles) was generated. No TBA was consumed in the KR1 monocultures containing n-

octane plus TBA. These observations are consistent with our previous report that n-alkane-

grown cells of strain KR1 cometabolically degrade MTBE to TBA without further

consumption of TBA.  In the co-culture of strains S1B1 and KR1 grown on n-octane, the

final culture density was almost equivalent (~87%) to the final culture density observed in

the monoculture of strain KR1 grown on n-octane. As strain S1B1 does not grow on n-

octane, we conclude growth in this co-culture was only attributable to strain KR1.

In the third group of cultures we observed comparable levels of growth and

equivalent high levels (>90%) of TBA consumption in all monocultures of strain S1B1 and

no n-octane consumption was observed in monocultures of strain S1B1 incubated with TBA

plus n-octane.
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Similar levels of growth and TBA consumption were also observed for a co-culture of strains

S1B1 and KR1 incubated with TBA alone. As strain KR1 does not grow on TBA we

conclude that all of the growth observed in this co-culture was attributable to strain S1B1.

In the final group, co-cultures of strains S1B1 and KR1 were grown on mixtures of n-

octane plus TBA or n-octane plus MTBE. The final culture density in the co-culture grown

on n-octane plus TBA was close to the sum of the final culture densities for monocultures of

strain S1B1 grown on TBA alone and strain KR1 grown on n-octane alone. Furthermore, the

levels of substrate consumption in these co-cultures were also close to the levels of

consumption observed in these corresponding monocultures. In the case of the co-culture

containing n-octane plus MTBE the final culture density exceeded that of the co-culture

grown on n-octane plus TBA while the final level of n-octane and MTBE consumption were

both close to the levels observed in monocultures of strain KR1 grown on this substrate pair.

However, unlike this specific monoculture, no TBA was observed at the end of the

incubation period.  The lack of TBA in this co-culture was assumed to be due to growth of

strain S1B1 on the TBA generated during the n-alkane-dependent cometabolism of MTBE

catalyzed by strain KR1.

The presumed growth and substrate utilization patterns described above were further

examined by investigating the protein expression patterns of selected mono- and co-cultures

using SDS-PAGE (Fig. 4) and densitometry (Fig.5). This approach enabled us to determine

whether specific polypeptides were present in cells grown on specific substrates and to

determine whether the same polypeptides were also present in co-cultures.
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A lack of significant changes in the overall protein expression patterns between mono and

co-cultures also provided some indication that the same suites of major enzymes were

expressed and the same substrate utilization occurred under different culture conditions.

Several polypeptides (59, 45, and 28 kDa) were observed in monocultures of strain

KR1 grown on n-octane both in the presence or absence of MTBE or TBA (Fig. 4: lanes 2-

4). The same polypeptides and overall protein-staining pattern was also observed in a co-

culture of strains KR1 and S1B1 grown in the presence of n-octane (Fig. 4; lane 5);

conditions that do not support growth of strain S1B1.  This suggests that these polypeptides

are reliable indicators of growth of strain KR1 on n-octane. Similarly, several other

polypeptides (56, 47, 40, 24, 18 kDa) were identified as specific to cells of strain S1B1

grown on TBA (Fig. 4; lanes 8 and 9). These polypeptides were also present in a co-culture

of both strains grown on TBA alone (Fig. 6; lanes 7); conditions that support the growth of

strain S1B1 but not strain KR1.  This suggests these polypeptides are reliable indicators of

growth of strain S1B1 on TBA.  In the co-culture containing both n-octane and MTBE (Fig.

4; lane 6) all eight polypeptides listed above were observed in the co-culture cell extracts, an

observation that suggests both organisms were present and had expressed the same suite of

major proteins as cells grown on defined substrates in monocultures. This conclusion was

further supported by a densitometric analysis of the relative amounts of these specific

polypeptides in Coomassie-stained SDS-PAGE gels of monocultures of strain S1B1 grown

on TBA and KR1 grown on n-octane and co-cultures of both organisms grown in the

presence of n-octane plus MTBE (Fig. 5).
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DISCUSSION

Although a number of previous studies have focused on the performance of microbial

communities in ex-situ bioreactors designed to treat MTBE (22-24), little attention has been

focused on the organisms present in systems designed mainly to treat TBA-contaminated

water. Zhuang et al. (38) used denaturing gradient gel electrophoresis and partial 16S rRNA

sequences to characterize the communities present in a TBA-degrading sequencing batch

reactor inoculated with activated sludge. This analysis identified a wide variety of

Proteobacteria and members of the Cytophaga-Flavobacteria-Bacteroides as components of

self-forming granules in these reactors. Reinauer et al. (25) also recently described two

mixed cultures (KR1 and YZ1) enriched from biological granulated activated carbon (Bio-

GAC) reactors, the same reactor type used as an inoculum in the present study. These

reactors are based on conventional GAC units designed for the adsorption of organics from

contaminated water. The mainly surface-attached microbial communities in these reactors are

often obtained through self-inoculation by indigenous organisms present in the influent

contaminated water. The activity in the reactor is stimulated and maintained by the addition

of oxygen and nutrients and usually requires the prior removal of more readily biodegradable

organics that can lead to extensive microbial growth, pore clogging and pressure increases

within the carbon vessel. Partial 16S rRNA sequences of cultures KR1 and YZ1 indicate that

the communities in these TBA-treating Bio-GAC reactors included strains belonging to the

genera Hydrogenophaga, Caulobacter and Pannonibacter (25).
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In contrast to the mixed cultures described above, the organisms described in the present

study are the first strains obtained in pure culture from self-inoculated Bio-GAC reactors.

The two organisms identified and characterized in this study show marked similarities to

other TBA-utilizing organisms isolated in Germany (26), France (21) as well as the United

States (11).  The global distribution of these organisms potentially indicates the ability to

oxidize TBA is not as unusual or uncommon as has been previously suspected. It should also

be noted that the organisms we have characterized in this study had a stable TBA-oxidizing

phenotype following growth on rich media that did not contain TBA. As indicated in the

Methods section, we experienced difficulties with isolating TBA-metabolizing strains due to

unstable phenotypes. The loss of MTBE-oxidizing activity has been noted in several strains

(16, 26) and is likely to be attributable to the loss of plasmid-encoded genes. A similar

explanation could account for the ephemeral nature of a TBA-oxidizing phenotype,

especially in organisms enriched from environments such as Bio-GAC reactors where there

is a close physical association between organisms and where horizontal gene transfer would

be facilitated.

The Aquincola strain (S1B1) we have identified shows several physiological

similarities to the other strains now included in this genus (17).  These similarities include the

ability to grow as rapidly and efficiently on TBA (Fig. 2) as other isolates (21, 26), the ability

to grow on a variety of compounds containing a tertiary alkyl moiety (TBA, TAA and

2HIBA) (Table 1) and the presence of genes encoding icmA and icmB (Fig. 3) (26). A

potentially significant difference is the apparently non-methylotrophic nature of strain S1B1

and strains L108 and L10, as judged by their inability to grow on formate (17). Strain S1B1
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is also distinguishable from other Aquincola strains by the fact that it grows on

hydroxyacetone and many 1o alcohols (C2 and above).

In contrast, the Hydrogenophaga strain we have characterized in this study shows

some important differences to the Aquincola strains discussed above.  While this organism

grows on TBA at comparable rates to strain S1B1 (Fig. 2), strain G2B2 does not utilize TAA

or 2HIBA as growth substrates (Table 1) and icm-like genes appear to be absent from this

organism (Fig. 3). Unlike previous studies of TBA-utilizing bacteria, we also examined 2-

methy-1, 2-propanediol as a potential growth substrate. This diol supports the growth of both

strains (Table 1) and is believed to be the immediate product of TBA oxidation following a

monooxygenase-catalyzed hydroxylation reaction (14). As both strains grow on this

compound the major physiological and enzymatic differences between strains S1B1 and

G2B2 most likely lie in the subsequent metabolism of 2M12PD. The inability of strain G2B2

to grow on 2HIBA and the absence of icm-like genes suggests that more than one mechanism

of TBA oxidation exists and that the recently described process of 2HIBA mutation by

isobutyryl-CoA mutase may not universally applicable to all TBA-oxidizing bacteria.

Hydrogenophaga strains similar to strain G2B2 have previously been associated with

MTBE-oxidizing activity mixed cultures in ex-situ reactors as well as pure cultures such as

Hydrogenophaga ENV735 (11). This Hydrogenophaga strain grows on MTBE, TBA and is

also reported to grow on 2HIBA (11). If gross physiological traits remain consistent within

genera it would be interesting to determine the rate and efficiency of growth of this strain on

2HIBA and to investigate the presence or absence of icm-like genes in this organism.
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In addition to indicating diversity in microbial TBA-oxidizing processes, this study also

provides clear evidence that the TBA-oxidizing activities of these bacteria can be harnessed

in commensal relationships with other organisms to achieve full biodegradation of MTBE.

As indicated in the Introduction, previous studies of defined mixed cultures capable of

MTBE biodegradation have used ethanol as a primary substrate and have used a mutant

ETBE-metabolizing and MTBE-cometabolizing Rhodococcus strain. The TBA generated

from MTBE cometabolism by this organism was then utilized by the TBA-oxidizing strain,

B. cepacia CIP I-2052. In the present study we reexamined this type of interaction using wild

type strains and substrate combinations that are more directly relevant to gasoline, the major

source of MTBE in the environment.  In this study, MTBE cometabolism to TBA was

achieved by the n-alkane-utilizing strain P. mendocina KR1. We have previously shown that

this organism rapidly oxidizes MTBE to TBA after growth on C5 to C8 n-alkanes, the major

n-alkanes found in gasoline (28). No further oxidation of TBA is observed by n-alkane-

grown cells of this strain and neither MTBE or TBA support the growth of this bacterium as

sole sources of carbon and energy. The TBA-utilizing organism used in our experiments,

strain S1B1, also does not grow on MTBE (Table 1) and also does not cometabolically

oxidize MTBE after growth on TBA (Table 2). This organism also does not grow on n-

alkanes.

The substrate utilization and culture growth patterns identified in our experiments

(Table 3) are all compatible with the model presented in Figure 6. This model suggests P.

mendocina KR1 grows on the oxidation of n-octane and cometabolically oxidizes MTBE to

TBA and formaldehyde.
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The TBA generated by this cometabolic process is then metabolized by strain S1B1. As no

intermediates such as 2M12PD were detected during our GC analyses of the final culture

media we conclude this combination of organisms and substrates leads to the full

mineralization of MTBE even though individually neither organism can grow on this

compound.

Additional points concerning our model for commensal MTBE biodegradation

deserve further comment. First and foremost, the maximal final culture density in our

experiments was achieved with the co-culture of strains KR1 and S1B1 incubated with n-

octane plus MTBE (Table 3).  The final density of this culture was significantly higher than

that achieved with these organisms grown in co-culture on n-octane plus the equivalent

amount of TBA generated from MTBE (Table 3).  The key difference between these two co-

cultures is that the MTBE-containing co-culture is likely to generate both TBA and

formaldehyde as products of MTBE oxidation whereas this C1 moiety is absent from the co-

culture containing TBA. As we did not detect formaldehyde in any of the final culture media,

the increased final culture density seen in the MTBE-containing co-culture suggests one or

both of the organisms utilized the methoxy group-derived C1 product of MTBE

cometabolism as an additional growth-supporting substrate. While we have been unable to

grow either strain KR1 or S1B1 on either methanol, formaldehyde or formate as a sole

sources of carbon and energy, it may be that these organisms can productively utilize C1

compounds when they are provided at lower concentrations and replenished over time or in

the presence of a more robust carbon and energy source such as n-octane or TBA.
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Another commensal relationship associated with MTBE oxidation that is based on C1

compounds has recently been reported. A Variovorax strain (CL-8) was isolated that grows

on the tertiary alkyl group of MTBE.  In contrast, the C1 moiety generated by the

dealkylation of MTBE was metabolized by commensal methylotrophic bacteria (36). It was

suggested that the removal of potentially toxic C1 products by these commensals could

explain why the growth rate of the pure culture was significantly slower than the rate

observed with TBA. It is also notable that the two best-characterized organisms that

unequivocally grow on MTBE (M. petroleiphilum PM1 and Hydrogenophaga flava ENV

735) are both methylotrophs and can grow on compounds including methanol (19) or

formaldehyde (11). It may be that part of the difficulties associated with isolating aerobic and

possible anaerobic MTBE-degrading bacteria in pure culture reflects the toxic effects of the

C1 moiety. While the role of each organism in the fate of the C1 product in our co-culture

experiments remains unknown, potential toxicity of C1 products from MTBE oxidation does

not seem to be a valid explanation for why either strain S1B1 or G2B2 does not grow on

MTBE as no MTBE-oxidizing activity was observed for TBA-grown cells of either strain in

either short-term (2 h) or long-term (24 h) incubations with MTBE (Table 2).

The ability to achieve full mineralization of MTBE using the similar combinations of

organisms and substrates described here may be of significance in the active remediation of

sites impacted by MTBE-containing gasoline. For example, field experience has shown that

aggressive aeration of source areas using air sparging and soil vapor extraction is often an

effective approach for remediating environments that contain residual MTBE-containing

gasoline (10).
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Under these circumstances the remediation is achieved through a combination of physical

and biological processes. It is very likely that the organisms responsible for the

biodegradation of n-alkanes will cometabolically oxidize some portion of MTBE present in

these environments to TBA. The TBA generated by this process will then be available for

utilization by TBA-utilizing strains. Further weight is added to this suggestion by the fact

that the enzyme responsible for MTBE oxidation is an alkane hydroxylase (Smith and

Hyman, unpublished results) very similar to the enzyme responsible for MTBE oxidation in

Pseudomonas putida GPo1 (29) The genes encoding this enzyme are known to be widely

distributed in gasoline-impacted environments (2,33). Second, it should be recalled again that

the organisms characterized in the present study are derived from aquifer materials and are

very similar to MTBE- and TBA-utilizing organisms that have been identified at sites and

sources across the world. Our current efforts are directed at examining the potential for

commensalistic degradation of MTBE using microcosms and further exploring the

physiological differences between the organisms characterized in this study.
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a Cultures of Hydrogenophaga G2B2 and Aquincola S1B1 were grown in duplicate for 7
days.
b The values in parentheses indicate the range of optical densities around the means for
duplicate cultures.

Growth Substrate
 G2B2 S1B1

DIPE ≤0.01  ≤0.01  
ETBE ≤0.01  ≤0.01  
MTBE ≤0.01  ≤0.01  
TAME ≤0.01  ≤0.01  
TBA       0.44 (0.03)b     0.49 (0.02)
TAA       0.04 (0.04)    0.62 (0.01)

2-Methyl-1, 2-Propanediol        0.51 (0.03)    0.24 (0.01)
2-Hydroxy isobutyric acid  ≤0.01   0.10 (0.00)

2-Propanol ≤0.01  ≤0.01  
Acetone ≤0.01  ≤0.01

Hydroxyacetone ≤0.01   0.31 (0.02)
Methacrylate ≤0.01  ≤0.01  

Lactate ≤0.01   0.33 (0.00)
TBF       0.25 (0.03)    0.56 (0.04)

tert -butyl acetate ≤0.01   0.60 (0.06)
tert -butyl propionate ≤0.01   0.62 (0.05)

  OD600 after 7 d.a       

TABLE 1. Growth of strains G2B2 and S1B1 on gasoline oxygenates and 
TBA biodegradation intermediates
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a Cultures of Hydrogenophaga G2B2 and Aquincola S1B1 were grown in duplicate for 7 d.
LB-grown cells were grown in duplicate for a period of 1-2 d.
b Units are nanomoles consumed per minute per milligram total protein.
c The values in parentheses indicate the range around the means for duplicate cultures.

Organism Growth substratesa MTBE TBA TAA
S1B1 TBA 0.07b (0.00)c 15.14 (0.09) 1.96 (0.02)

TAA 0.12 (0.00) 6.30 (0.15) 17.06 (0.41)
LB 0.12 (0.00) ≤0.01 ≤0.01

G2B2 TBA 0.19 (0.01) 12.75 (0.42) 0.32 (0.01)
LB 0.06 (0.01) 0.03 (0.01) ≤0.01

TABLE 2. Cometabolism of MTBE and TAA with Hydrogenophaga G2B2                               
and Aquincola  S1B1.
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a Cultures of P. mendocina KR1 and Aquincola S1B1 were grown in duplicate
cultures for 5 d.
b Units are µmoles of substrate consumed after 5 d of growth.
c The values in parentheses indicate the range around the means for duplicate cultures.
d Substrates n-octane, MTBE, or TBA were added to the cultures at concentrations of  42
µmoles (n-octane), 42 µmoles (MTBE),  or 27 µmoles (TBA).
e If a value appears in this column it indicates the presence of TBA was determined,
irrespective of whether TBA was added as a potential growth substrate.

OD600 n -Octane MTBE TBA TBA
at 5 d consumed consumed consumed detectede

S1B1 n -Octane <0.01 <0.1
S1B1 MTBE <0.01 <0.1 <0.1
S1B1 n -Octane + MTBE <0.01 <0.1 <0.1 <0.1
KR1 MTBE <0.01 <0.1 <0.1
KR1 TBA <0.01 <0.1
KR1 n -Octane 0.32 (0.07)c 34.2b (6.7)c

KR1 n -Octane + MTBE 0.36 (0.03) 37.8 (6.7) 27.25 (6.5) 27.9 (0.1)
KR1 n -Octane + TBA 0.36 (0.03) 36.8 (10.6) <0.1

S1B1 + KR1 n -Octane 0.28 (0.03) 38.3 (7.0)
S1B1 TBA 0.16 (0.01) 25.5 (0.5)
S1B1 n -Octane + TBA 0.12 (0.02) <0.1 26.1 (0.0)

S1B1 + KR1 TBA 0.18 (0.04) 26.1 (1.7)
S1B1 + KR1 n -Octane + TBA 0.50 (0.04) 33.8 (6.0) 23.8 (0.1)
S1B1 + KR1 n -Octane + MTBE 0.61 (0.06) 35.6 (6.1) 28.7 (2.0) <0.1

TABLE 3. Growth and substrate consumption of the commensal mixture with                      
Pseudomonas mendocina  KR1 and Aquincola  S1B1.a

Group Organism(s) Growth Substratesd

No growth

KR1 on 
Octane

S1B1 on 
TBA

KR1 and 
S1B1 on both
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(A)        (B)

(C)        (D)

FIGURE 1. Scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) images of Hydrogenophaga G2B2 and Aquincola S1B1 after growth on TBA.

Both organisms were grown and samples prepared for electron microscopy as described in

the Methods section. The Figure shows (A) SEM image of strain G2B2; (B) SEM image

strain S1B1; (C) TEM image of strain G2B2; (D) TEM image of strain S1B1. Magnification

of SEM and TEM images were 7500x and 15,000x, respectively.
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FIGURE 2. Growth kinetics of isolates on tertiary alcohols. Batch cultures of each

organism were grown as described in the Methods section. Panel A shows the time course of

growth of Hydrogenophaga G2B2 on TBA. The symbols are as follows: (),TBA in

inoculated cultures, () culture density (OD600) and, () TBA in uninoculated cultures.

Panel B shows the time course of growth of Aquincola S1B1 on TBA and TAA. The

symbols are as follows: () TBA in inoculated cultures, () TAA in inoculated cultures,  ()

culture density (OD600) in TBA-containing cultures, () culture density (OD600) in TAA-

containing cultures, () TBA in uninoculated cultures and, () TAA in uninoculated

cultures.
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(A) (B)

 

FIGURE 3. PCR amplification of icm genes in strains PM1, S1B1 and G2B2. The Figure

shows the agarose gel analysis of the PCR amplification products obtained using various

primer sets designed to amplify icm genes. Panel A: Lane 1, 1 kb ladder; Lanes 2 (strain

PM1), 3 (strain S1B1), and 4 (strain G2B2), amplified using published IcmA primers (26);

Lanes 5 (strain PM1), 6 (strain S1B1), and 7 (strain G2B2), amplified with new IcmBinternal-F/

IcmBinternal-R primers; Lanes 8 (strain PM1), 9 (strain S1B1), and 10 (strain G2B2), amplified

with new IcmBexternal-F/IcmBexternal-R primers.

Panel B: The panel shows the various PCR amplification products obtained from strain PM1

using the following newly developed primers for icmB. Lane 1. 1kb ladder, Lane 2.

IcmBinternal-F/ IcmBinternal-R, Lane 3. IcmBexternal-F/IcmBexternal-R, Lane 4. IcmBexternal-

F/IcmBinternal-R, and Lane 5. IcmBinternal-F/IcmBexternal-R.

10,000
8,000
6,000
5,000
4,000
3,000
2,500
2,000
1,500
1,000

750
500
250

 1     2     3      4     5     6    7     8     9    10     1      2      3     4      5

10,000
8,000
6,000
5,000
4,000
3,000
2,500
2,000
1,500
1,000

750
500
250



72

FIGURE 4. SDS-PAGE analysis of total cell proteins expressed by mono and co-

cultures of P. mendocina KR1 and Aquincola S1B1. The Figure shows an image of an

SDS-PAGE analysis of total cell proteins from selected mono and co-cultures described in

Table 3. The cultures were grown, harvested, and analyzed by SDS-PAGE, as described in

the Methods section. The samples were as follows: Lane 1, marker proteins with molecular

mass indicated; Lane 2, strain KR1 grown on n-octane; Lane 3, strain KR1 grown on n-

octane plus TBA; Lane 4, strain KR1 grown on n-octane plus MTBE; Lane 5, strains KR1

and S1B1 grown on n-octane; Lane 6, strains KR1 and S1B1 grown on n-octane plus MTBE;

Lane 7, strain KR1 and S1B1 grown on TBA; Lane 8, strain S1B1 grown on TBA plus n-

octane and; Lane 9, strain S1B1 grown on TBA.   The solid arrows on the right side of the

image identify polypeptides identified as indicators of growth of strain S1B1 on TBA. The

dashed arrows on the right side of the image identify polypeptides identified as indicators of

growth of strain KR1 on n-octane.
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FIGURE 5. Densitometric analysis of specific polypeptides expressed in mono and co-

cultures of P. mendocina KR1 and Aquincola S1B1. The Figure shows the results of a

densitometric analysis of a Coomassie Blue-stained SDS-PAGE analysis of total cell protein

extract obtained from cells grown as mono or co-cultures. The growth of the cultures and

sample preparation for SDS-PAGE and subsequent densitometric analysis were conducted as

described in the Methods section.  The densitometric analysis was conducted on the specific

polypeptides identified in the SDS-PAGE gel shown in Figure 5. The Figure shows the

relative intensity of each polypeptide in the following cultures: (black bars) strain KR1

grown on n-octane; (grey bars) strain S1B1 grown on TBA and; (white bars) strains KR1 and

S1B1 grown in co-culture on n-octane plus MTBE.
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FIGURE 6. Model for the commensal biodegradation of MTBE by a co-culture of

strains P. mendocina KR1 and Aquincola S1B1 grown in the presence of n-octane plus

MTBE.

Aquincola S1B1
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ABSTRACT

tertiary butyl alcohol (TBA) is an intermediate in the biodegradation of the gasoline

oxygenate, methyl tertiary butyl ether (MTBE). To date, few organisms have been isolated

that can grow on TBA but not MTBE as a sole source of carbon and energy.  The aerobic

pathways of TBA and MTBE oxidation are thought to be similar, but this remains

speculative due to the limited accumulation of intermediates during culture growth. In this

study we examined the pathway, enzymes and activities associated with TBA oxidation by

two recently described aerobic TBA-utilizing strains; Aquincola S1B1 and Hydrogenophaga

G2B2. The initial steps in TBA oxidation were investigated using 19F-NMR spectroscopy

and a fluorinated analog of TBA, 2-trifluoromethyl-2-propanol (TFMP). With strain S1B1,

fluorinated analogs of both 2-methyl-1,2-propanediol (2M12PD) and 2-hydroxyisobutyric

acid (2HIBA) were generated from TFMP by TBA-grown cells.  Different TFMP-derived

product patterns were observed with strain G2B2. We were unable to PCR amplify the mpd

genes in either strain. These genes encode enzymes responsible for oxidizing 2M12PD to

2HIBA in some MTBE-degrading strains. Cells of strain S1B1 grown on TBA oxidized both

TBA and 2M12PD at similar initial rates while cells grown on 2HIBA did not oxidize either

compound. However, TBA-oxidizing activity was induced in 2HIBA-grown cells in longer-

term incubations. Protein profiles of TBA- and 2HIBA-grown cells of strain S1B1 were

analyzed by 2D PAGE. Five major polypeptides induced after growth on TBA were analyzed

by in-gel tryptic digestion and mass spectrometry. These polypeptides were all identified as

products of genes found on the megaplasmid of the MTBE-metabolizing strain M .

petroleiphilum PM1.
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INTRODUCTION

Over the past 25 years methyl tertiary butyl ether (MTBE) has been widely used in gasoline

both to reduce automobile emissions of CO and enhance the fuel octane rating. Although use

of MTBE has now effectively ceased in the United States, this compound was previously

used at concentrations as high as 15 wt. %  and was present in ~30% of all gasoline sold

nationwide (12, 13, 25). Previous widespread use, and large numbers of leaking underground

storage tanks have contributed to the frequent detection of MTBE as a ground water

contaminant.  The U.S. Environmental Protection Agency has set a drinking water advisory

for MTBE of 20 to 40 parts per billion (30).

tertiary butyl alcohol (TBA) is closely associated with MTBE and the presence of

this compound in ground water is now also drawing increased regulatory scrutiny.  There are

several potential sources for TBA at gasoline-impacted sites. These include TBA generated

through both aerobic and anaerobic biodegradation processes. Other sources include TBA

added to gasoline as an independent oxygenate or TBA present as a minor product of the

synthesis of fuel grade MTBE (12). Questions remain about the potential higher mammalian

toxicity of TBA compared to MTBE. Partly based on these concerns, some states have set

drinking water standards for TBA as low as 12 µg/l (12, 22).

A limited number of aerobic microorganisms have been reported that can use TBA as

a sole source of carbon and energy for growth.  Several of these organisms are also MTBE-

utilizing strains and include, among others, Methylibium petroleiphilum PM1 (9),

Hydrogenophaga flava ENV735 (10, 27), and Ideonella/Aquincola tertiaricarbonis strain

L108 (19, 21). Two Mycobacterium austroafricanum strains (IFP 2012 and 2015) are also
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reported to grow on MTBE (6, 17). However, these organisms require culturing for 25 d or

more to complete the oxidation of modest amounts of MTBE (~100 mg l-1). The small

changes in culture density attributed to growth occur against a large background of large

initial inoculum (initial OD600 ≥ 0.1).  Notably, a closely related strain, M. vaccae JOB5,

does not grow on MTBE under similar conditions. However, this organism cometabolically

oxidizes both MTBE and TBA after growth on n-alkanes (24, 26). Other organisms that can

utilize TBA, but not MTBE, as a growth-supporting substrate include A. tertiaricarbonis

L10, a derivative of strain L108 (21), and Burkholderia cepacia CIP I-2052 (20). Strains

L108, L10 and CIP I-2052 have recently been suggested to all be members of the genus

Aquincola (19). We have also recently described two aerobic strains that can grow on TBA

but not MTBE. These strains include another Aquincola strain, strain S1B1, and a

Hydrogenophaga strain, strain G2B2 (7).

The pathway and enzymology of aerobic TBA biodegradation in TBA-metabolizing

strains has not been extensively investigated. As intermediates are infrequently detected in

the culture medium during growth, the pathway has been assumed rather than confirmed to

follow the pathway proposed for MTBE cometabolism by propane-oxidizing bacteria such as

M. vaccae JOB5 (24, 26). The upper sections of the pathway are thought to involve an initial

monooxygenase-catalyzed oxidation of TBA to 2M12PD, which is then further oxidized to

2HIBA. Studies with M. austroafricanum IFP 2012 suggest hydroxyisobutyraldehyde is an

additional intermediate following 2M12PD (16). The genes that encode the enzymes

responsible for oxidizing 2M12PD to 2HIBA in strain M. austroafricanum IFP 2012 have

been identified (16). These mpd genes encode both an alcohol (MpdB) and an aldehyde

(MpdC) dehydrogenase. Low concentrations of acetone (~0.5 mg l-1) have also been shown
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to accumulate during the oxidation TBA and 2HIBA (~300 mg l-1) (17). Acetone has been

proposed as one of several potential intermediates in the pathway of MTBE oxidation by

propane-oxidizing bacteria. However, acetone production during MTBE or TBA oxidation

has not been observed with any other MTBE- and TBA-oxidizing organisms. In some strains

such as Aquincola L108, 2HIBA is converted to 3-hydroxybutyrate (3HB) by a cobalamin-

dependent isobutyryl-CoA mutase (ICM) (21). The genes encoding ICM (icmA and icmB)

are located on a ~600 kb megaplasmid in M. petroleiphilum PM1. Plasmid-curing

experiments have implicated this plasmid in the MTBE-oxidizing activity of this organism

(15). Both icmA and icmB have been detected by PCR amplification in Aquincola S1B1, but

they are not detected in Hydrogenophaga strain G2B2 (7). The mpd genes described above

are not present in the genome of strain PM1 and have not been reported in any other MTBE-

or TBA-oxidizing organisms to date.

In this study, we have used 19F-NMR and a fluorinated TBA analog to investigate the

pathway of TBA oxidation by Aquincola strain S1B1 and Hydrogenophaga strain G2B2.

These analyses reveal clear differences between these organisms and confirm previous

evidence to suggest that the pathways of TBA oxidation are different in these strains. Further

studies with strain S1B1 demonstrate that TBA-oxidizing activity is inducible in cells grown

on 2HIBA and induction of this activity correlates well with high levels of expression of

several major polypeptides. Further molecular analyses demonstrate that each of these

polypeptides is also encoded by genes found in the megaplasmid of M. petroleiphilum PM1.

Our results are discussed in terms of their impact on our understanding of the pathway and

enzymology of aerobic TBA metabolism.
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MATERIALS AND METHODS

Materials. Hydrogenophaga G2B2 and Aquincola S1B1 were isolated from biological

granular activated carbon (Bio-GAC) reactor, as previously described (7). M. petroleiphilum

PM1 was obtained from the Belgian Co-ordinated Collections of Microorganisms (BCCM)

(Brussels, Belgium). Chloramphenicol, hexafluoroacteone trihydrate (98% purity),

rifampicin, tertiary amyl alcohol [TAA] (99% purity), 2-hydroxyisobutyric acid (2HIBA)

(99% purity), and 2-methyl-2-propanol [tertiary butyl alcohol (TBA)] (99.3% purity) were

obtained from Sigma Aldrich Chemical Co. (Milwaukee, WI). 2-Trifluoromethyl-2-propanol

(TFMP) (98% purity) was obtained from Lancaster Synthesis Inc. (Pelham, NH). Absolute

ethanol was obtained from Aaper Alcohol and Chemical Co., (Shelbyville, KY). 2-Methyl-1,

2-propanediol (2M12PD) was a gift from Lyondell Chemical Co. (Houston, Tex.).

Compressed gases used for gas chromatography (GC) (H2, N2, and air) were obtained from

local industrial vendors.

Cell growth. In experiments requiring concentrated cell suspensions, batch cultures were

grown in glass serum bottles (600 ml) sealed with screw caps fitted with butyl rubber septa

(Wheaton Scientific, Millville, N.J). The cells were grown under carbon-limited conditions

using TBA, TAA, or ethanol (0.05% vol./vol.) as sole source of carbon and energy.  For

growth substrates 2M12PD and 2HIBA, either compound was added initially at 100 µmoles

followed by increasing additions (100 µmoles) over a 2-week period to achieve a final

concentration of 500 µmoles (4-5mM). Cells of strain G2B2 were grown in Knallgas mineral

salts medium (100 ml) (1). Cells of strain S1B1 were grown in the same medium containing

a vitamin solution, as described previously (7).  The bottles were inoculated with a
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suspension of cells obtained from cultures either previously grown on LB agar plates (strain

G2B2) or agar plates containing vitamin-amended Knallgas mineral salt medium with TBA

(1% v/v) as the sole carbon and energy source (S1B1).  The inoculated bottles were

incubated at 30°  C in the dark in an Innova 4900 (New Brunswick Scientific Co., Inc.,

Edison, N.J.) environmental shaker operated at 150 rpm. After growth for 7 d, the cells were

harvested by centrifugation (10, 000 x g, 10 min), and the resulting cell pellet was

resuspended in sodium phosphate buffer (50 mM, pH 7.0).  The washed cells were

sedimented again by centrifugation (as above), and the resulting cell pellet was finally

resuspended with buffer (0.5 ml) to a final protein concentration of between 10 and 60 mg

total cell protein ml-1.  The harvested and washed cells were kept on ice and were used within

4 h.  Cells were also grown on LB medium (Fisher Scientific, Fair Law, N.J.) using the same

methods described above except the cultures were harvested after growth for 2 d.

Cell protein concentrations were determined with the Biuret protein assay (8) after

solubilization of cell material for 30 min at 65º C in 3M NaOH and sedimentation of

insoluble material by centrifugation (14,000 x g, 5 min) using an Eppendorf model 5415C

microcentrifuge.  Bovine serum albumin was used as a standard.

TFMP degradation. In experiments examining the degradation of TFMP, cells of strains

S1B1 and G2B2 were grown in Knallgas mineral salts media with TBA (0.05% vol./vol.) as

the sole source of carbon and energy. Cells of either strain S1B1 or G2B2 were harvested and

resuspended in sodium phosphate buffer (1.6 ml), as described previously, to a final protein

concentration of between 20 to 30 mg total protein ml-1.
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TFMP degradation was examined in reactions conducted in glass serum vials (25 ml)

containing sodium phosphate buffer (4.6 or 5.7 ml) and sealed with butyl rubber stoppers and

aluminum crimp seals.  TFMP (30 µmoles) was added directly to the sealed vials using a

microsyringe. The vials were incubated in a shaking water bath (30ºC, 150 rpm) for 1 min to

allow equilibration of the reactants between the gas and liquid phases. Aliquots of a

concentrated cell suspension (1.1 ml) were added to the vials to initiate the reactions and to

obtain a final aqueous reaction volume of 6 ml and an initial dissolved concentration of

TFMP of 5 mM. The reaction vials were returned to the shaker and were samples (2 µl) were

analyzed by gas chromatography (GC) (see below) at the times indicated in each experiment.

Additional samples (600 µl) were removed at selected times for subsequent analysis by 19F-

NMR spectroscopy (see below) These samples were removed from the reaction vials using

sterile syringes (1 ml) and were added to plastic microfuge tubes (1.5 ml). The tubes were

centrifuged (10, 000 x g, 6 min) to remove cell material.  The supernatant was collected and

placed into a clean microfuge tube and stored .at –20º C until they were analyzed.

NMR spectroscopy. Samples were prepared for analysis by NMR spectroscopy, as follows.

After thawing (if needed) the reaction supernatant (550 µl) was transferred to an NMR tube

(5 mm o.d.). Hexafluoroacetone (5 µL of a 0.2% (vol./vol.) solution) was added as an

internal standard and reference (δ = -84.0 relative to fluorotrichloromethane). The

spectrometer was locked on 2H2O (comprising 10% (vol./vol.) of the sample). 19F-NMR

spectra were collected with a Varian Mercury 300 spectrometer operated at 282 MHz with a

spectral width of 51 kHz, a pulse width of 5 µs (corresponding to a flip angle of 20 º), and a 1

s delay between pulses. A total of 128 scans were collected.
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Degradation Experiments. The rates of biodegradation of TBA, 2M12PD, TAA and ethanol

were determined in small-scale reactions conducted in glass serum (15 ml) sealed with butyl

rubber stoppers and aluminum crimp seals (Wheaton Scientific, Millville, N.J.). The vials

contained sodium phosphate buffer (0.9 ml) and substrates were added directly to the sealed

vials from aqueous stock solutions by using microsyringes. The vials were placed in a

shaking water bath (30º C, 150 rpm) for 1 min to allow equilibration of the reactants between

the gas and liquid phases.  Aliquots of concentrated cell suspension (100 µl; total cell protein

content ~ 1.0 to 6.0 mg) were added to the vials to initiate the reactions. The final aqueous

volume of the reactions was 1 ml with an initial test substrate concentration of 1 mM. The

reaction vials were then returned to the shaking water bath and were sampled for GC analysis

at the times indicated in each experiment.

Induction of TBA-oxidizing activity.  Cells of strain S1B1 were grown on 2HIBA in glass

serum bottles (600 ml) containing Knallgas mineral salts media (100 ml) amended with a

vitamin solution, as described previously. Following growth, cells were harvested and

concentrated, as described above. Incubations following the time course of induction of

TBA-oxidizing activity were conducted in glass serum vials (25 ml) containing Knallgas

mineral salts media (9.65 ml). The vials contained TBA (10 µmoles) and were sealed with

butyl rubber stoppers and aluminum crimp seals (Wheaton Scientific, Millville, N.J.).

Chloramphenicol and rifampicin were also added to the media (100 µg ml-1 each) as needed.

The reactions were initiated by the addition of aliquots of concentrated suspensions of

2HIBA-grown cells (250 µl; 1.4 mg total protein). The final reaction volume was 10 ml and

the initial TBA concentration was 1 mM. The vials were incubated in the dark in an
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environmental shaker (30o C; 150 rpm) during the experiment.  At the indicated times

samples (2 µl) were analyzed by gas chromatography (GC) (see below) to determine the

residual TBA concentration. At selected times larger samples (2 ml) were also removed using

sterile plastic syringes (1 ml). These samples were placed into sterile plastic microfuge tubes

(1.5 ml) and centrifuged (10,000 x g for 2 min).  The supernatant was removed and the cell

pellet was stored at -20o C for subsequent analysis by SDS-PAGE and 2D-PAGE (see

below).

Analytical Methods.  Concentrations of all reactants and products were determined by GC.

In all cases, aqueous samples (2 µl) of reaction media or calibration standards were directly

injected into a gas chromatograph (Shimadzu model GC-8A) (Kyoto, Japan) fitted with a

flame ionization detector.  A stainless steel column (0.3 by 183 cm) filled with Porapak Q

(60/80 mesh) (Waters Associates, Framingham, Mass.) was used at a temperature of 120º C.

The injection and detector temperatures were 200o and 220ºC respectively. Nitrogen was

used as carrier gas at a flow rate of 15 ml min-1. The gas chromatograph was interfaced to a

Hewlett-Packard HP3395 (Palo-Alto, Ca) integrator for data collection.

SDS-PAGE and 2D-PAGE.  Cells grown on either TAA, TBA, 2M12PD, 2HIBA, LB, or

ethanol were then suspended in 2X SDS-PAGE sample buffer containing 10 % (vol./vol.) β-

mercaptoethanol. The solution was diluted with an equal volume of ddH20 and vortexed for 2

min. Unsolubilized material was removed by centrifugation (14,000 x g for 5 min) and

samples (75 µg total protein) of the supernatant were loaded into the sample wells of 10%

discontinuous polyacrylamide slab gels (0.15 x 14 x 16 cm). The samples were
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electrophoresed at 6o C in a Bio-Rad Protean II xi Cell system (Bio-Rad, Hercules, CA)

operated at 32 mA constant current for 30 min, followed by 48 mA for 4.5h.  The gels were

stained with Coomassie Blue R-250 (ICN Biomedicals Inc., Aurora, OH) in

water/methanol/acetic acid (40:50:10 vol./vol.) and destained in the same solution without

dye.

For analysis of total cell proteins by 2-dimensional (2D) PAGE, the Bio-Rad ReadyPrep 2-D

Starter Kit and ReadyStrip IPG strips (pH 3-10; 17cm) (Bio-Rad, Hercules, CA) were used

according to the manufacturer’s instructions. Samples for 2D-PAGE analysis were prepared

from previously concentrated cell cultures grown on either TBA or 2HIBA.  All samples

were lysed by 5 cycles of freezing (-80o C) and thawing (23o C).  An aliquot (1 µl) of an

aqueous solution of DNase I (4 units µl-1) in was then added to the cell suspensions and

incubated at room temperature for 30 min.  Following DNase treatment, an aliquot (800 µg

total protein) of the cell suspension was removed and placed in the Bio-Rad

rehydration/sample buffer. Samples were centrifuged (10,000 x g for 6 min) to remove cell

debris.  Isoelectric focusing of the loaded IPG strips was conducted according to the

manufacturer’s instructions (0-10,000V, 40-60,000 V-hr, rapid ramp, 20°C) and the focused

strips were subsequently stored at –80º C. Further analysis of the samples by SDS-PAGE was

conducted using 12% polyacrylamide gels. The gels were electrophoresed, stained and

destained as described above for 1D gels. Separate 2D-PAGE analyses were run using 2-D

SDS-PAGE standards (Bio-Rad, Hercules, CA) to determine peptide isoelectric points and

mass. Image acquisition of all gels was performed with an Epson Perfection 4870 scanner

using the Adobe Photoshop CS program.  The scan resolution was 600 dpi with 16-bit depth.

A histogram stretch was then used and the file converted to 8-bit depth (600 dpi).
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The 2D-PAGE gels were aligned and quantitatively analyzed using the Progenesis

SameSpots software package (Nonlinear USA Inc, Durham, NC). A total of 5 replicate gels

were analyzed for both TBA- and 2HIBA-grown cells. These included 3 biological replicates

and two technical replicates of two of the same samples.

For protein identification, spots from 2D-PAGE gels were digested and analyzed by

the Protein Resource Center at Rockefeller University (New York, NY). In summary the gel

spots were washed with 50 mM NH4HCO3/50% acetonitrile (vol/vol) (200µl) and then

dehydrated in acetonitrile (100 µL). Air dried gel pieces were covered with 30 µl freshly

prepared aqueous solution of dithitheritol (10 mM) and then incubated with an aqueous

solution of iodoacetamide (55 mM).  The gel pieces were then washed with 50 mM

NH4HCO3 and then dehydrated using acetonitrile. The gel pieces were then rehydrated in

trypsin solution (~10 µl), overlayed with 50 mM NH4HCO3 and digested at 37o C for 12 h.

The digestion was halted by addition of trifluoroacetic acid (TFA) (0.1% wt./vol., 5 µl).  The

supernatant was transferred to a clean centrifuge tube (0.5 ml) and stored at 4o C. The gel

pieces were re-extracted twice with (60 % acetonitrile, 1 % TFA) (50 µl) and all supernatants

were pooled. The pooled extracts were evaporated to near dryness and then resuspended on

0.1% wt/vol. TFA (15 µl). The samples were then analyzed by LC-MS/MS using nano HPLC

interfaced to a ThermoFinnigan LTQ electrospray ionization ion trap mass spectrometer

(Thermo Fisher Scientific, Waltham. Mass). Peptide mass fingerprints were compared to the

NCBInr database using the Mascot software package.  The database comparison was

conducted using a peptide mass tolerance of ±3Da, a fragment mass tolerance of ±1.5 Da and

a maximum missed cleavage value of 1.
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Polymerase Chain Reactions.  The presence of the mpd genes encoding alcohol and

aldehyde dehydrogenases implicated in the oxidation of 21M12PD in M. austroafricanum

IFP 2012 were also investigated using PCR (16). Total genomic DNA was extracted and

purified from strains S1B1, G2B2 and M. petroleiphilum PM1 using the Qiagen Dneasy kit

(Qiagen, Valencia, CA). The published primers for the mpdB gene  (MadF1, 5’-

GGNTGGGCNTAYGAYCC-3’ and MadR1, 5’-GCRTCRTTYTCRTCSTAST-3’) and

primers for the mpdC gene (MF1, 5’-TTCACCTTGTTGGAACCGCTGGG-3’, and MR1, 5’-

TCATTACCGAGCCGACCTGC-3’) were used. PCR reactions were performed under the

following conditions: 94º C for 3 min, 10 cycles of (94º C for 1 min., 65-55º C (1º/cycle), 72º

C for 3 min.), 25 cycles of (94º C for 1 min., 55º C for 1 min., 72º C for 3 min.), 72º C for 5

min., 4º C hold.

RESULTS

Biodegradation of 2-trifluoromethyl-2-propanol (TFMP).  In previous studies, we have

shown Aquincola S1B1 and Hydrogenophaga G2B2 rapidly oxidize and grow on TBA, but

no intermediates were observed to accumulate in the culture medium. As an alternative

approach to characterizing the initial steps of the TBA-degradation pathway in these isolates

we used 2-trifluoromethyl-2-propanol (TFMP), as a reactive analog of TBA. Our rationale

was that a fluorinated analog would undergo identical biotransformation processes as the

non-fluorinated parent compound.
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However, the oxidation of the fluorinated compound would be truncated and result in the

production of dead end fluorinated metabolites.  To detect these metabolites we utilized 19F-

nuclear magnetic resonance (19F-NMR) spectroscopy as a detection methodology.

The results of an 19F-NMR analysis of the time course of TFMP degradation by TBA

grown-cells of strain S1B1 and G2B2 are shown in Fig. 1.  In both cases TFMP degradation

was observed and the decrease in TFMP concentration over time was the same whether

measured by 19F-NMR or GC. In both cases two fluorinated products were detected during

the time course of TFMP degradation. Through NMR spectral analysis and additional

GC/MS analyses (House and Hyman unpublished results) these products were identified as

2-trifluoromethyl-1,2-propanediol and 2-trifluoromethyl-2-hydroxypropionic acid (Fig.1).

In the case of strain S1B1, the time course of TFMP consumption was biphasic and

involved an initial rapid consumption of TFMP over the first 4 h, followed by a slower but

nearly constant rate of degradation over the following 70 h. In both phases we observed a

concurrent production of both 2-trifluoromethyl-1,2-propanediol and 2-trifluoromethyl-2-

hydroxypropionic acid and both species represented ~35% each of the total 19F signal after

90 h. Throughout the reaction time course the internal standard (hexafluoroacetone) remained

close to constant and represented ~25% of the total 19F signal. The remaining undegraded

TFMP represented the remainder of the 19F signal. In the case of strain G2B2 a more rapid

consumption of TFMP was observed and the analog was completely consumed within 5 h.

Consumption of TFMP led to the close to stoichiometric production of 2-trifluoromethyl-1,2-

propanediol (~75% of total 19F signal after 10 h) and again, the hexafluoroacetone signal

remained close to constant (~25% of the total 19F signal) throughout the reaction time course.

Trace amounts of 2-trifluoromethyl-2-hydroxypropionic acid (~5% of total 19F signal) were
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observed after 10 h, but no further changes in either fluorinated product was observed after

that time.

The results of this analysis indicate that both strains generated 2-trifluoromethyl-1,2-

propanediol from TFMP and this suggests that both strains are likely to generate the non-

fluorinated diol (2M12PD) from the initial oxidation of TBA. Our results also suggest that 2-

trifluoromethyl-1,2-propanediol can be readily converted to 2-trifluoromethyl-2-

hydroxypropionic by strain S1B1 but not by strain G2B2. This suggests that 2HIBA may

well be a relevant intermediate in TBA oxidation by strain S1B1, but may have a more

questionable role in this activity in strain G2B2. As part of this study we also examined

whether the mpd genes implicated in 2M12PD degradation to 2HIBA by M. austroafricanum

IFP 2012 were present in both strain S1B1 and G2B2 (16). No amplification products were

obtained for either strain using the published primers (MadF1, MadR1, MF1, and MR1) for

these genes (16) and using the amplification conditions described in the Methods section.

Degradation of tertiary alcohols and intermediates.  The results obtained from our

investigation of TFMP degradation suggest that, unlike strain G2B2, the pathway of TBA

oxidation in strain S1B1 includes both 2M12PD and 2HIBA oxidation and is therefore

comparable to the pathway proposed for organisms such as A. tertiaricarbonis L10 and M.

petroleiphilum PM1.  To further investigate this we examined the specific rates of oxidation

of potential intermediates in short-term assays (1h) using cells of strain S1B1 grown on a

variety of substrates including TBA and TAA.

Cells of strain S1B1 grown on TBA rapidly oxidized TBA and 2M12PD at similar

rates (19.5 and 23 nmol min-1 mg of total protein-1, respectively) while these cells exhibited
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~10-fold lower rates of TAA and ethanol oxidation (Table 1). Cells grown on 2M12PD also

oxidized TBA and 2M12PD although these rates were ~8-fold and ~3-fold lower than the

respective rates observed with TBA-grown cells. Similar decreases in specific rates of TAA

and ethanol oxidation were also observed for 2M12PD-grown cells. In contrast to TBA-or

2M12PD-grown cells, cells grown on 2HIBA were unreactive towards TBA, 2M12PD, and

TAA in these short-term assays. In all cases the specific rates of substrate consumption were

< 0.5 nmol min-1 mg of total protein-1 and were ≥ 100-fold lower than the corresponding rates

observed with TBA-grown cells. Similarly low rates of TBA, 2M12PD and TAA oxidation

were observed in cells grown on ethanol and LB. In the case of TAA-grown cells the highest

specific rate of substrate oxidation was observed with TAA while substantial rates of TBA

and 2M12PD oxidation were also observed. These results support our previous observation

(7) that the TBA- and TAA-oxidizing activities in strain S1B1 are not identical and may

involve differences in substrate specificity of enzymes involved in their degradation.

Protein profiles of strain S1B1.  The combined results of Figures 1 and Table 1 suggest that

the pathway of TBA oxidation in strain S1B1 involves 2M12PD and 2HIBA as intermediates

and that cells grown on 2HIBA do not have the enzyme activities required for the oxidation

of either TBA or 2M12PD. We were therefore interested to examine the protein profiles of

cells of strain S1B1 grown on these different substrates to determine whether specific

polypeptides were observed in cells that exhibited TBA- and 2M12PD-oxidizing activities.

Cells were grown in mineral salts media with individual substrates added at concentrations of

0.05% (vol./vol.), as described in the Methods section. Following cell harvesting, total cell

proteins were separated by SDS-PAGE (Fig. 2).
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We identified 5 main polypeptides (58, 48, 43, 18, and 17 kDa) that appeared at high levels

in TBA- and 2M12PD-grown cells (Lanes 2 and 3, respectively) but were absent (or under-

expressed) in cells grown on 2HIBA (lane 4), ethanol (lane 5) or LB (lane 6). These 5

polypeptides were also observed in TAA-grown cells.

As our results (Table 1) suggested TBA oxidation was an inducible activity in strain

S1B1, we also examined whether the same polypeptides identified in Fig. 2 were synthesized

when cells grown on 2HIBA were then exposed to TBA. Cells previously grown on 2HIBA

were concentrated, washed with fresh mineral salts media and then incubated with TBA (1

mM) for 24 hours. Throughout the incubation, samples were taken for GC analysis to

determine residual TBA and for analysis of total cell proteins using SDS-PAGE. Initially (0

to 3 h) no TBA-oxidizing activity was observed in 2HIBA-grown cells (Fig. 3A). However,

after this time the concentration of TBA slowly decreased and ~50% of the TBA had been

consumed after 11.5 h. After 24 h all of the TBA had been consumed in incubations

containing cells alone whereas ≥ 90% of the initial TBA remained in cultures containing cells

plus either rifampicin or chloramphenicol. In another incubation, 2HIBA-grown cells were

also incubated with TFMP (1 mM). No consumption of this compound was observed over

the entire 24 h incubation. Samples removed for SDS-PAGE analysis during the time course

of TBA oxidation show that the same 5 polypeptides identified in Fig. 2 were synthesized as

TBA-oxidizing activity became apparent in the cultures (Fig. 3B).  The synthesis of these

polypeptides was also inhibited by the presence of chloramphenicol and rifampicin.

2D-PAGE Analysis.  The total cellular protein profiles of strain S1B1 after growth on TBA

and 2HIBA was compared using 2D-PAGE analysis (Fig. 4).  Five polypeptides were
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identified by quantitative comparison of TBA- and 2HIBA-grown cells , as described in the

Methods section. The individual polypeptides were subject to in-gel digestion using trypsin

and the resulting peptide fragments were analyzed by LC/MS/MS. The resulting peptide

mass fingerprints were compared to the NCBInr database, as described in the Methods

section.  The results of this analysis are summarized in Table 2.

In each case the Mascot analysis indicated the highest degree of similarity for each

polypeptide was for proteins encoded by genes present in the genome of M. petroleiphilum

PM1. These included three hypothetical proteins (YP_001023538.1, YP_001023539.1, and

YP_001023540.1) that are proposed to encode proteins with 153, 149 and 190 amino acids,

respectively. All three of these genes are present on the plasmid of strain PM1 and occur in

sequence as part of a putative 4-gene operon. The two other proteins included

YP_001023561.1, a 365-amino acid protein similar to L-sulfolactate dehydrogenase, and

YP_001023564.1, a 297-amino-acid protein similar to 3-hydroxyisobutyrate dehydrogenase.

The gene sequences for these two larger proteins were also located on the PM1 megaplasmid

and downstream from the other three proteins discussed above.

DISCUSSION

In this study we have examined the initial steps of the pathway of TBA biodegradation by

two TBA-utilizing isolates, Aquincola S1B1 and Hydrogenophaga G2B2.  Our results with a

fluorinated analog of TBA suggest both strains generate 2M12PD as an initial product of

TBA oxidation. However, only strain S1B1 appears to generate 2HIBA from this diol. Our

results with strain S1B1 also suggest that cells grown on 2HIBA lack the enzyme activities to
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oxidize both 2M12PD and TBA and that expression of these enzymes is induced by TBA,

2M12PD, and TAA. Several proteins associated with TBA biodegradation in strain S1B1

were identified and found to be closely related to proteins encoded by genes in the MTBE-

utilizing strain M. petroleiphilum PM1. The evidence for these conclusions and their

significance is discussed below.

TBA biodegradation pathway.  As indicated in the Introduction, previous studies with

MTBE-utilizing strains have either not observed or not examined accumulation of

intermediates during growth of Gram-negative organisms on MTBE or TBA. A lack of

intermediate accumulation likely reflects tightly coordinated enzyme activities that allow

metabolites to be consumed as fast as they are generated. While not unusual, tightly

coordinated enzymes activities may be an absolute necessity for growth on MTBE, which is

generally regarded as a energetically poor growth substrate. In contrast, Gram-positive

MTBE-oxidizing organisms such as M. austroafricanum IFP 2012 and 2015 excrete high

concentrations of metabolites including tertiary butyl formate (TBF), TBA and 2HIBA (6,11,

17). The kinetics of metabolite excretion and consumption are suggestive of a series of

separately induced enzyme activities that may not normally be coordinately expressed in the

form of a conventional enzymatic pathway.  Notably, the same intermediates implicated in

growth of strains IFP 2012 and 2015 are also generated during oxidation of MTBE and TBA

by M. vaccae (austroafricanum) JOB5 and other propane-oxidizing bacteria (24, 26). This

organism cometabolically oxidizes MTBE and TBA after growth on n-alkanes but does not

grow on these compounds even though both MTBE and TBA induce the expression of some

of the enzymes required for the oxidation of these compounds (14). Despite the issues noted
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above, the intermediates generated by MTBE-oxidizing mycobacteria are widely used as a

model for the aerobic pathway of MTBE and TBA oxidation.

Although MTBE-grown cells of M. petroleiphilum PM1 are simultaneously adapted

to oxidize several proposed MTBE oxidation intermediates (4,5), the use of a fluorinated

analog of TBA (Fig. 1) provides the clearest evidence yet for specific metabolites generated

during the initial steps in TBA oxidation by any Gram negative MTBE- or TBA-utilizing

organism. In our experiments equivalent concentrations of 2-trifluoromethyl-1,2-propanediol

and 2-trifluoromethyl-2-hydroxypropionic acid were generated during TFMP oxidation by

strain S1B1 (Fig. 1A). We interpret these results to indicate this strain normally generates

both 2M12PD and 2HIBA, the parent compounds for the two fluorinated compounds, during

TBA oxidation. Although the two fluorinated products appear to accumulate concurrently, a

model involving a rate-limiting oxidation of TFMP to 2-trifluoromethyl-1,2-propanediol

followed by a further rapid oxidation of this diol to 2-trifluoromethyl-2-hydroxypropionic

acid  as a terminal product is compatible with our present kinetic and product analyses as

well as existing pathways for MTBE and TBA oxidation.

In the case of strain G2B2, TFMP was consumed more rapidly than with strain S1B1

and 2-trifluoromethyl-1,2-propanediol was generated in almost stoichiometric amounts from

TFMP. However, unlike strain S1B1, only trace amounts of 2-trifluoromethyl-2-

hydroxypropionic acid were generated and there was no evidence for consumption of either

the fluorinated diol or acid over an extended period of time. Again, these results are

consistent with an initial conversion of TBA to 2M12PD but it appears that 2HIBA is a

minor and potentially insignificant product of TBA oxidation by this strain. Although it is not

clear why no further oxidation of 2-trifluoromethyl-1,2-propanediol was observed, a limited
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role for 2HIBA is consistent with our previous observations that strain G2B2 does not grow

on 2HIBA and also does not contain genes encoding ICM. In contrast, strain S1B1 grows on

2HIBA and contains both icmA and icmB genes (7).

The use of fluorinated substrate analogs (28, 29) in conjunction with 19F-NMR (2,3)

is a powerful approach for investigating unknown microbial biodegradation pathways.

Fluorine is 100% detectable by NMR and this enhances the sensitivity of this approach

compared to other less abundant NMR-detectable isotopes such as 13C (2).  Sample

preparation for NMR analyses is simple and the approach itself imposes no selectivity on the

detection of analytes. Together these features suggest all of the fluorinated metabolites of

TFMP are likely to have been detected in our experiments. With this point in mind it should

be noted hydroxyisobutyraldehyde has also been proposed as an intermediate between

2M12PD and 2HIBA in M. austroafricanum IFP 2012 (16). This intermediate is thought to

be generated through the oxidation of 2M12PD by MpdB, an alcohol dehydrogenase-like

protein. Hydroxyisobutyraldehyde is also proposed to be further oxidized to 2HIBA by

MpdC, an aldehyde-dehydrogenase-like protein. While the mpd genes clearly encode

enzymes with the ability to oxidize 2M12PD to 2HIBA, the role of hydroxyisobutyraldehyde

remains speculative as this compound has not been detected, even during heterologous

expression studies of the cloned mpd genes. In the present study we did not detect a

fluorinated analog of hydroxyisobutyraldehyde using 19F-NMR. However, rapid oxidation

may have prevented accumulation of this compound with strain S1B1 and it may not even be

relevant for strain G2B2 or was not generated by this strain due to the lack of consumption of

2-trifluoromethyl-1,2-propanediol. We were also unable to amplify the mpd genes using

genomic DNA from either strain S1B1 or G2B2 as a template. A model indicating a possible
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pathway for TFMP oxidation in strain S1B1 and the series of intermediates thought to be

generated and oxidized proposed the mpd gene products of M. austroafricanum IFP 2012 is

shown in Fig. 5.

Polypeptides associated with TBA-oxidizing activity. Further verification of the role of

2M12PD as an intermediate in the pathway of TBA oxidation was provided by our analysis

of the simultaneous adaptation of TBA- and 2M12PD-grown cells to the oxidation of both

TBA and 2M12PD (Table 1). These results not only indicate strain S1B1 can grow on

2M12PD, they also demonstrate that both TBA- and 2M12PD-oxidizing activities were

absent from cells grown on 2HIBA, the next detectable intermediate in the proposed pathway

of TBA oxidation.

The apparent independent regulation of TBA- and 2M12PD-oxidizing activity

relative to 2HIBA-oxidizing activity provided approaches to identify proteins directly

associated with the oxidation of TBA to 2HIBA.  Our initial 1D SDS-PAGE analysis

identified several polypeptides with molecular masses of 58, 48, 43, 18, and 17 kDa that

were specifically present in cells with TBA- and 2M12PD-oxidizing activity (Fig. 2). The

synthesis of these polypeptides was also shown to coincide with the chloramphenicol- and

rifampicin-sensitive development of TBA-oxidizing activity in 2HIBA-grown cells (Fig. 3).

However, the lack of resolution of 1D gel analyses of complex protein mixtures and the

possibility of co-migrating polypeptides limits the use of these gels for further molecular

analyses.  Our subsequent 2D-PAGE analysis of TBA- and 2HIBA-grown cells also led to

the identification of 5 novel polypeptides that were present in TBA-grown cells but were

absent from cells grown on 2HIBA (Fig. 4).
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As expected, the quantitative analysis of the 2D gels revealed a more complex

response of 2HIBA-grown cells to TBA than revealed by the 1D SDS-PAGE analysis. This

response involved the synthesis and disappearance of numerous polypeptides when a

minimum 2-fold change in expression levels was imposed in the data analysis.  In view of

this we only further analyzed polypeptides that were newly expressed at high levels (>5 fold

increase over background) and could be unambiguously excised from gels without the

possibility of cross contamination. Based on the deduced molecular masses of the five

polypeptides we selected (Table 2), only two or three of the five polypeptides originally

identified in our 1D SDS-PAGE analysis (Figs. 2 and 3) were subsequently subjected to in-

gel digestion and mass spectrometric analysis. These polypeptides include spot 1 (17,996

Da), spot 2 (15,799 Da) and potentially spot 4 (38,541 Da) (Fig. 4 and Table 2). These spots

match the polypeptides with estimated masses of 18, 17 and 43 kDa identified in Figs 2 and

3. These results suggest our molecular analysis (Fig. 4 and Table 2) did not consider the two

large polypeptides (58 and 48 kDa) identified by 1D SDS-PAGE (Figs 2 and 3).  However,

our 2D-PAGE analysis did identify two other smaller polypeptides (spots 3 and 5) with

molecular masses of 21,288 Da and 30,929 Da, respectively (Fig. 4 and Table 2) which were

not identified in our 1D SDS-PAGE analysis of protein expression.

Despite a lack of complete overlap between our 1D and 2D analyses, the results of

our molecular analysis (Fig. 4 and Table 2) provided several interesting insights into the

genes and enzymes likely to be involved in TBA oxidation. One significant observation is

that all of the polypeptides we characterized were most closely related to predicted proteins

produced by M. petroleiphilum PM1. Furthermore, in strain PM1 all of the corresponding
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genes for these proteins are also closely located on the ~600kb megaplasmid that has been

implicated in MTBE-oxidizing activity of this bacterium (15).

In strain PM1the corresponding genes for polypeptides 1, 2 and 3 (Fig. 4, Table 2) are

clustered in what appears to be an operon of 4 genes (Mpe B0532 to B0535). While none of

the hypothetical proteins encoded by these genes have clear function, one gene (Mpe B0534)

shows some homology to phosphenolpyruvate phosphotransferase. In strain PM1 the first

gene in this apparent operon (Mpe B0532) encodes a 415 amino acid polypeptide. This

polypeptide would be close to the estimated mass of the 48 kDa polypeptide we identified in

our 1D SDS-PAGE analysis of protein expression in strain S1B1.

In strain PM1 the genes icmA (MpE B0541) and icmB (Mpe B0538) lie almost

immediately down stream from the cluster of genes discussed above (15, 21). The enzyme

encoded by these genes converts 2HIBA to 3-hydroxybutyrate and both icm genes are

present in strain S1B1 although the organization of these genes remains unknown.  In strain

PM1 the genes encoding the other polypeptides we have characterized in strain S1B1 (spots 4

and 5; Fig. 4 and Table 2) also lie further down stream but still in close proximity to the icm

genes discussed above. For example, spot 4 is encoded by gene Mpe B0558 while spot 5 is

encoded by Mpe B0561 and both genes appear to occur as part of a larger operon (Mpe

B0558 to B0562). The presence of both genes within the same operon and the structural

similarities with 3-hydroxybutyrate dehydrogenase suggest the enzyme(s) encoded by these

genes may be responsible for the oxidation of alcohols such as 3-hydroxybutyrate or

2M12PD.
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The proteins and enzymes we have identified in this study all appear to be part of a

metabolic island associated with TBA oxidation within the genome of strain PM1. However,

our molecular analysis does not appear to have identified components of the monooxygenase

enzyme believed to be responsible for the oxidation of TBA to 2M12PD. A recent study has

suggested that an alkane hydroxylase-like monooxygenase is responsible for TBA oxidation

in a number of M. austroafricanum strains (18). In the case of strains S1B1 and G2B2 the

involvement of this type of enzyme in TBA oxidation is unlikely as neither strain grows on

n-alkanes (7) and currently identified alkane hydroxylases that oxidize MTBE have low

affinities for this compound (~20 mM) and do not oxidize TBA at measureable rates (24).

However, an alkB-like gene (Mpe B0600) is also present on the megaplasmid in strain PM1

and other genes potentially encoding additional proteins required for hydroxylase activity

such as a rubredoxin (Mpe B0602) and a reductase (Mpe B0597) are also closely located

(15). A number of other oxygenase enzymes are also present on the PM1 megaplasmid in the

vicinity of the genes discussed above. These include two cyclohexanone monooxygenases

(Mpe B0597 and B0607) as well as a steroid monooxygenase (Mpe B0610).  In PM1 the

oxygenase-encoding genes that are most closely located to the genes we have identified are

for a phthalate/phenoxybenzoate dioxygenase (Mpe B0555) and a corresponding reductase

(Mpe B0554) (15).  Our current efforts at identifying components of the putative TBA

monooxygenase are directed at further characterization of the larger 48 and 58 kDa

polypeptides that were identified in our 1D SDS-PAGE analysis but were not characterized

in our subsequent 2D-PAGE analysis polypeptides. Additional efforts are being directed at

further characterization the degree of similarity between the structure and organization of the

genes associated with TBA-oxidizing activity in both strains PM1 and S1B1.
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a Cultures of Aquincola S1B1 were grown on TBA, TAA and ethanol for 7 d.  Cells were grown on
2M12PD and 2HIBA for 14 d. Cells were grown on LB for 2 d.
b The values in parentheses indicate the range around the means for four replicate cultures
c Values indicate the mean and range for duplicate cultures.

            Rate of test substrate oxidation (nmoles/min/mg total protein)b

Growth substratea
TBA 2M12PD TAA Ethanol

TBA 19.5 (1.1) 23.3 (0.0) 1.9 (0.1) 2.8 (1.3)
2M12PDc 2.3 (0.0) 6.2 (0.0) 0.3 (0.0) 0.3 (0.0)
2-HIBA ≤0.1 (0.1) ≤0.1 (0.0) ≤0.1 (0.0) 0.3 (0.1)

TAA 10.7 (2.2) 7.7 (1.0) 13.5 (0.6) 1.2 (0.0)
Ethanol 0.3 (0.1) 0.8 (0.1) ≤0.1 (0.0) 43.7 (5.4)

LB 0.2 (0.1) ≤0.1 (0.0) ≤0.1 (0.1) 11.0 (5.4)

TABLE 1. Specific rates of substrate oxidation by Aquincola S1B1.
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TABLE 2.  Homologous proteins and their corresponding genes from M. petroleiphilum
PM1 identified from peptide mass fingerprints of polypeptides differentially expressed by

cells of Aquincola S1B1 grown on TBA versus 2HIBA.

Protein 
Amino 
Acids

Molecular 
Mass (Da)

Protein 
accession No.

Gene 
identificati

on No.

Gene 
annotation 

No. 
Predicted function Reference

1 153 17996 YP_001023538 124263068 Mpe B0533 hypothetical protein This work

2 149 15799 YP_001023539 124263069 Mpe B0534 hypothetical protein This work

3 190 21288 YP_001023540 124263070 Mpe B0535 hypothetical protein This work

IcmB 136 14394 YP_001023543 124263073 Mpe B0538 isobutyryl-coenzyme 
A (CoA) mutase

Rohwerder 
et al.

IcmA 562 63256 YP_001023546 124263076 Mpe B0541 isobutyryl-coenzyme 
A (CoA) mutase

Rohwerder 
et al.

4 365 38541 YP_001023561 124263091 Mpe B0558 L-sulfolactate 
dehydrogenase

This work

5 297 30929 YP_001023564 124263094 Mpe B0561 3-hydroxyisobutyrate 
dehydrogenase

This work
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Figure 1A. Degradation of TFMP by TBA-utilizing strain Aquincola S1B1.   Cells of

Aquincola S1B1 were incubated with TFMP and the reaction products were analyzed by 19F-

NMR spectroscopy, as described in the Methods section. The Figure shows a plot of the

changes in the percentages of the total detected 19F-NMR signal attributed to; () TFMP,

() 2-trifluoromethyl-1,2-propanediol, () 2-trifluoromethyl-2-hydroxypropionic acid and

() hexafluoroacetone (internal standard). The open circular symbol (Ο) indicates the

amount of residual TFMP in the reaction, as determined by GC analysis.
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Figure 1B. Degradation of TFMP by TBA-utilizing strain Hydrogenophaga G2B2.   

Cells of Hydrogenophaga G2B2 were incubated with TFMP and the reaction products were

analyzed by 19F-NMR spectroscopy, as described in the Methods section. The Figure shows a

plot of the changes in the percentages of the total detected 19F-NMR signal attributed to; ()

TFMP,  () 2-trifluoromethyl-1,2-propanediol, () 2-trifluoromethyl-2-hydroxypropionic

acid and () hexafluoroacetone (internal standard). The open circular symbol (Ο) indicates

the amount of residual TFMP in the reaction, as determined by GC analysis.
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Figure 2. 1D SDS-PAGE analysis of total cellular proteins from Aquincola S1B1 after

growth on selected substrates. Cells of Aquincola S1B1 were grown on selected substrates

and total cell proteins from the cells were analyzed by SDS-PAGE, as described in the

Methods section. The Figure shows a Coomassie blue-stain gel for cells grown on the

following substrates   Lane 1, TAA; Lane 2, TBA; Lane 3, 2M12PD; Lane 4, 2HIBA; Lane 5

LB; and Lane 6, ethanol. The migration of molecular mass (kDa) markers is shown to the left

of Lane 1. The arrows indicate 5 polypeptides expressed in TAA-, TBA- and 2M12PD-

grown cells as compared to 2HIBA-grown cells.
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Figure 3A. Induction of TBA-oxidizing activity by 2HIBA-grown cells of Aquincola

S1B1. Cells of Aquincola S1B1 were grown, harvested, and incubated with TBA, as

described in the Methods section. The Figure shows the time course of substrate consumption

for cells incubated with () TBA, () TBA + chloramphenicol, () TBA + rifampicin, ()

TFMP, and () TBA in uninoculated reactions.   The data are plotted as the mean and range

of two replicate incubations.
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Figure 3B. Protein profiles of the induction of TBA-oxidizing activity by 2HIBA-grown

cells of Aquincola  S1B1. Cells of Aquincola S1B1 were grown, harvested, and incubated

with TBA, as described in the Methods section. Samples of cells were removed from the

incubations described in Fig. 3 A at the indicated times (hashed vertical lines). The Figure

shows a Coomassie blue-stained SDS-PAGE gel of total cellular proteins from these samples

the lanes of the gel correspond to the following samples Lane 1, 2HIBA-grown cells at t = 0;

Lane 2, Cells incubated with TBA at t = 3 h; Lane 3, Cells incubated with TBA at t = 11.5 h;

Lane 4, Cells incubated with TBA at t = 24 h; Lane 5, Cells incubated with TBA plus

chloramphenicol at t = 24 h and; Lane 6 Cells incubated with TBA plus rifampicin at t = 24.

The migration of molecular mass markers (kDa) is shown to the left of the gel.
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Figure 4. 2-Dimensional PAGE analysis of cells of Aquincola S1B1 grown on TBA.

Samples of cells grown on 2HIBA and TBA were analyzed by quantitative 2D-PAGE, as

described in the Methods section. The Figure shows Coomassie-blue-stained 2D-PAGE gel

of cell total cell proteins obtained from TBA-grown cells. The arrows indicate the five

polypeptides that were identified as new proteins expressed in cells grown on TBA as

compared to cells grown on 2HIBA. As discussed in the text, these polypeptides were

excised and further analyzed by LC/MS/MS after in gel digestion with trypsin.
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Figure 5. Proposed pathways for initial steps in the oxidation of TBA and TFMP by

TBA-oxidizing bacteria. The upper section of the Figure shows the proposed pathway for

TBA oxidation to 2HIBA, including the as yet undetected intermediate

hydroxyisobutyraldehyde. The lower section shows the analogous intermediates for the

oxidation of TFMP. Both sections of the Figure show detected products in boldface and

undetected products in normal type.
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ABSTRACT

Methylibium petroleiphilum PM1 can grow on the gasoline oxygenate, methyl tertiary butyl

ether (MTBE), as a sole source of carbon and energy.  In this study we have examined the

growth of this strain on various hydrocarbons, oxygenates and their metabolites.  Strain PM1

grew on 1° alcohols (C2-C10), and many of the postulated intermediates in the MTBE

oxidation pathway including TBA, 2-methyl-1-2-propanediol (2M12PD), 2-

hydroxyisobutyric acid (2HIBA), 2-propanol, acetone, acetol, and methacrylate. No growth

of this strain was observed with n-alkanes (C1-C10), several branched alkanes and alcohols,

ethyl tertiary butyl ether (ETBE), diisopropyl ether (DIPE), tertiary amyl methyl ether

(TAME) and its main metabolite, tertiary amyl alcohol (TAA).  However, MTBE-grown

cells cometabolically oxidized TAME but not ETBE.  Both MTBE-and TBA-grown cells

oxidized a fluorinated TBA analog, 2-trifluoromethyl-2-propanol (TFMP) to fluorinated

analogs of 2M12PD and 2HIBA.  Simultaneous adaptation and substrate induction studies

indicated MTBE and TBA are oxidized by separate enzymes in this strain. The proteome of

cells of strain PM-1 grown on MTBE was compared with cells grown on TBA using 1D and

2D-PAGE. This analysis indicated that MTBE-grown cells increased expression of two low

molecular weight polypeptides in the presence of MTBE.  These polypeptides were

characterized by in-gel digestion and mass spectrometric analysis of the resulting peptide

fragments. The polypeptides were identified as a formaldehyde-activating enzyme and a

peroxiredoxin of the AhpC/TSA-family proteins.  The results of this study are discussed in

terms of their impact on our understanding of the pathway and enzymology of MTBE

oxidation by strain PM1.
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INTRODUCTION

Methyl tertiary butyl ether (MTBE) has been widely used in gasoline in the United States

and has served as both an octane enhancer and as an oxygenating compound.  In the early

1980’s MTBE was added to gasoline at relatively low concentrations (~3% vol/vol) to

replace the octane lost by removing tetraethyl lead. Following the 1990 Clean Air Act

Amendments MTBE was added to gasoline as an oxygenating compound in areas of the

country with seasonal or chronic air quality problems. The concentration of MTBE was often

increased to up to ~15% (vol/vol) to meet mandated fuel oxygen levels. (29, 31). The

widespread use of MTBE, including leaking gasoline storage tanks and spills, has led to its

frequent detection in ground water (29).   Concern over possible health affects associated

with MTBE-contaminated drinking water resulted in the U.S. Environmental Protection

Agency setting a drinking water advisory for MTBE of 20 to 40 ppb (32).

Aerobic biodegradation has been reported for organisms that can either cometabolize

MTBE after growth on various hydrocarbons (4, 7, 12, 13, 17, 26-28, 30) and for organisms

that can use MTBE as a sole source of carbon and energy for growth (6, 8, 21, 23).

Methylibium petroleiphilum PM1 (formerly Rubrivivax gelatinosus) is the best characterized

of the more limited number of microorganisms that can unequivocally grow on MTBE (6).

This strain and closely related strains have been detected in several gasoline-impacted

environments and may contribute to the natural attenuation of MTBE in these areas (10, 11,

15).  Despite a growing understanding of the distribution of MTBE-metabolizing organisms

in the environment, our understanding of the pathway and enzymes involved in MTBE-

oxidation by strain PM1 is still limited.
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The pathway of MTBE biodegradation has been most thoroughly investigated in organisms

that cometabolize MTBE and excrete high concentrations of oxidation intermediates (17, 27,

30). The most frequently detected intermediates are, in sequence, tertiary butyl alcohol

(TBA), 2-methyl-1,2-propanediol (2M12PD) and  2-hydroxisobutyric acid (2HIBA). Some

strains also generate tertiary butyl formate (TBF) (17, 27) prior to TBA. In all cases the

methoxy component of MTBE is released as either formaldehyde or formate and can be

oxidized to CO2 through the activities of well-established enzymes and pathways. Low

concentrations of acetone have also been observed in one study (19). Acetone is a postulated

intermediate in a pathway of 2HIBA degradation involving 2-propanol and acetol (30).

Another postulated pathway includes the dehydration of 2HIBA to methacrylate (30).  In

addition to growth on MTBE, this organism has been shown to grow on methanol and several

aromatics including toluene, benzene, ethylbenzene and several dihydroxybenzoate isomers

(22). It has also been reported that this strain grows on n-octane although no data have been

presented to support this (16).

While genes encoding enzymes associated with methylotrophy and aromatics

oxidation have been identified in the recently completed genome analysis of strain PM1 (16),

little is currently known about the enzymes directly associated with the oxidation of MTBE.

Several different monooxygenases have been implicated in the cometabolic MTBE oxidation

and these include alkane-oxidizing monooxygenases such as alkane hydroxylases (20) and

cytochrome P450s  and genes encoding these types of enzyme, have been identified in the

PM1 genome (16). For example, an alkane hydroxylase-like enzyme with accompanying

reductase and rubredoxin is encoded on the ~600 kb megaplasmid that has been implicated in

the MTBE-oxidizing activity of this bacterium.
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Another enzyme, isobutyryl CoA mutase (ICM) has been identified in both strain PM1 and

Aquincola tertiarcarbonis L108, another MTBE-degrading organism (24).  This enzyme

converts 2HIBA to 3-hydroxybutyrate and therefore provides another possible degradation

pathway for 2HIBA. In organisms such as Mycobacterium vaccae JOB5, MTBE and TBA

are oxidized by the same alkane-inducible monooxygenase enzyme (27). In contrast, studies

with strain PM1 (2) and Hydrogenophaga flava ENV 735 (8) have indicated MTBE and

TBA are oxidized by separate enzymes. With H. flava ENV 735 MTBE-oxidizing activity is

constitutively expressed while TBA-oxidizing activity is inducible. With strain PM1,

simultaneous adaptation studies using qualitative oxygen uptake measurements suggest both

MTBE- and TBA-oxidizing activities are independently inducible (2). Another study (1)

examining simultaneous adaptation indicates MTBE-grown cells of strain PM1 oxidize a

wide range of other oxygenates and potential intermediates including TBA, TBF,

isopropanol, acetone, acetaldehyde, DIPE, TAME, ETBE and TAA although growth on these

substrates was not reported.

In this study we have characterized the growth of strain PM1 on a number of

important potential growth substrates including oxygenates, alkanes, and their respective

metabolites. We have examined the pathway of oxygenate oxidation using a fluorinated

analog  of TBA. We have also examined the ability of this strain to oxidize other oxygenates

and their metabolites and shown this strain is apparently restricted to the oxidation of methyl

alkyl ethers. Our results provide further evidence that MTBE and TBA are oxidized by

separate enzymes. Lastly, we have identified two proteins that are strongly expressed in

MTBE-grown cells. Our results are discussed in terms of their impact on our understanding

of the pathway and enzymology of oxygenate degradation by strain PM1
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MATERIALS AND METHODS

Materials.  Methylibium petroleiphilum PM1 was obtained from Dr. Rula Deeb (University

of California, Berkley). Acetol (90% purity), benzene (99% purity), n-butane (99% purity),

1-butanol (99% purity), 2-butanol (99.5% purity), 2-butanone (99% purity), butyl methyl

ether (99% purity), calcium carbide (~80% purity), carbon monoxide (CO) (~80% purity, for

acetylene generation), chloramphenicol, n-decane (99% purity), 1-decanol (99% purity),

diethylether (99.9% purity), 3,3 dimethyl-1-butanol (99% purity), n-dodecane (99% purity),

1-dodecanol (99% purity), ethyl tertiary butyl ether [ETBE] (99% purity), formaldehyde

(37% aqueous solution), formate (99% purity), n-heptane (99% purity), 1-heptanol (98%

purity), 2-heptanol (98% purity), hexafluoroacteone trihydrate (98% purity), n-hexane (99+%

purity), 1-hexanol (99+% purity), 2-hexanol (99% purity), 2-hydroxyisobutyric acid [2HIBA]

(99% purity), isobutane (99% purity), isobutylene (99% purity), methacrylic acid (99%

purity), 2-methyl-1-propanol (99.5% purity), 2-methyl-2-propanol [tertiary butyl alcohol

(TBA)] (99.3% purity), methyl tertiary butyl ether [MTBE] (99.8% purity), neopentyl

alcohol (99% purity), nitrous oxide (N2O) (99% purity), n-nonane (99% purity), 1-nonanol

(98% purity), n-octane (99% purity), 2-octanol (97% purity), 1-pentanol (99% purity), 2-

pentanol (98% purity), 2-pentanone (99.5% purity), 1-propanol (99.9% purity), 2-propanol

(99.5% purity), rifampicin, sec-butyl methyl ether (99.9% purity), tertiary amyl alcohol

[TAA] (99% purity), tertiary amyl methyl ether [TAME] (97% purity), n-undecane (99+%

purity), and were obtained from Sigma Aldrich Chemical Co. (Milwaukee, WI).  Acetone

(99.5% purity), isopropyl ether (99% purity), methanol (99% purity), and n-pentane (99.5%

purity) were obtained from Fisher Scientific (Pittsburgh, PA).
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2-Trifluoromethyl-2-propanol (TFMP) (98% purity) was obtained from Lancaster Synthesis

Inc. (Pelham, NH). Absolute ethanol was obtained from Aaper Alcohol and Chemical Co.,

(Shelbyville, KY). 1-octanol (99% purity) was obtained from Lancaster Synthesis Inc.,

(Windham, NH). Ethane and methane (CP grade) were supplied by National Specialty

Products, (Durham, NC). Propane (Instrument grade) was supplied by Air Products and

Chemicals Inc., (Allentown, PA). 2-Methyl-1,2-propanediol (2M12PD) was a gift from

Lyondell Chemical Co. (Houston, Tex.). 2-Methyl-1,3-propanediol (98% purity) was

obtained from TCI America (Portland, OR).  Compressed gases used for gas chromatography

(GC) (H2, N2, and air) were obtained from local industrial vendors.

Growth Substrate Range. For experiments examining substrate ranges, cells of strain PM1

were grown in batch culture glass serum bottles (160 ml) sealed with Teflon-lined Mininert

valves (Alltech Associates Inc., Deerfield, Ill.). The bottles contained G4 mineral salt

medium (25 ml) (33) and were inoculated with a suspension of cells (100 µl) obtained from

axenic cultures of M. petroleiphilum PM1 previously grown in mineral salts media

containing MTBE (0.05% vol/vol).  Unless stated otherwise, all liquid potential growth

substrates were added to the sealed tubes as pure compounds (12.5 µl, 0.05% vol/vol). All

gaseous potential growth substrates were added to the sealed tubes using sterile plastic

disposable syringes fitted with Acrodisc disposable filters (0.1 µm) (Millipore Corporation,

Bedford, MA).  All other substrates were added at an initial concentration of 4-5 mM from

filter sterilized aqueous stock solutions. In experiments examining growth on 2° alcohols

growth was initiated in a 2-stage process using low substrate concentrations (0.004%

vol/vol), followed by higher substrate concentrations (0.02% vol/vol).
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In all cases serum bottles were incubated in the dark at 30°C for 7 d in an Innova 4230 (New

Brunswick Scientific Co., Inc., Edison, N.J.) environmental shaker operated at 200 rpm.

Culture growth was determined by using a Shimadzu 1601 UV/Vis spectrophotometer

(OD600) (Kyoto, Japan). All potential growth substrates were only tested at a single initial

concentration and potential toxicity of substrates that did not support growth of either strain

was not tested. For all cultures exhibiting growth, a sample (50 µl) was streaked onto Plate

Count Agar (PCA) plates to confirm the purity of the culture.

In experiments requiring concentrated cell suspensions, batch cultures were grown on either

MTBE (84 µmoles) or TBA (84 µmoles) in glass serum bottles (600 ml) sealed with screw

caps fitted with butyl rubber septa (Wheaton Scientific, Millville, N.J).  The bottles contained

G4 mineral salts media (100 ml) and were inoculated with a PM1 cell suspension (1-2 ml).

The inoculated bottles were incubated at 30o C in the dark in a shaker operated at 200 rpm.

After growth for 7 d, the cells were harvested by centrifugation (10, 000 x g for 14 min), and

the resulting cell pellet was resuspended in sodium phosphate buffer (50 mM, pH 7).  The

washed cells were sedimented again by centrifugation (as above), and the resulting cell pellet

was finally resuspended with buffer (0.5 ml) to a final protein concentration of 2 to 7 mg of

total cell protein ml-1.  The harvested and washed cells were kept on ice and were used within

4 h.

TFMP degradation. In experiments examining the degradation of TFMP, PM1 cells were

grown in G4 mineral salts media with TBA (84 µmoles) added as the sole source of carbon

and energy, as described above.
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Cells of strain PM1 were harvested and resuspended in G4 media (2.5ml), as described

previously, to a final protein concentration of between 8 to 11 mg of total protein ml-1.

TFMP degradation was conducted in glass serum vials (25ml) containing G4 media (4.6 to

5.7ml) and sealed with butyl rubber stoppers and aluminum crimp seals. TFMP (30 umoles)

was added directly to the sealed vials using a microsyringe to give a final concentration of 5

mM. The vials were incubated in a shaker (30ºC, 150 rpm) for 1-2 min to allow equilibration

of the reactants between the gas and liquid phases. Concentrated cell suspensions (1.1 ml)

were added to the vials to initiate the reactions and obtain a final aqueous reaction volume of

6 ml. The reaction vials were returned to the shaker and were sampled for G.C. analysis at

the times indicated in each experiment.  Additionally, samples (600ul) for NMR analysis

were taken from the reaction vials using a 1ml sterile syringe and were centrifuged (10,000 x

g, 6 min) to remove cell material.  The supernatant was collected and placed into a clean

1.5ml eppendorf tube and stored at –20ºC until NMR analysis.

NMR spectroscopy. Samples were prepared for analysis by NMR spectroscopy, as follows.

After thawing (if needed) the reaction supernatant (550 µl) was transferred to a NMR tube (5

mm o.d.). Hexafluoroacetone (5 µL of a 0.2% (vol./vol.) solution) was added as an internal

standard and reference (δ = -84.0 relative to fluorotrichloromethane). The spectrometer was

locked on 2H2O (comprising 10% (vol./vol.) of the sample). 19F-NMR spectra were collected

with a Varian Mercury 300 spectrometer operated at 282 MHz with a spectral width of 51

kHz, a pulse width of 5 µs (corresponding to a flip angle of 20 º), and a 1 s delay between

pulses. A total of 128 scans were collected.
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Degradation Experiments. Specific rates of biodegradation of ETBE, MTBE, TAME, TAA,

and TBA were determined in small-scale reactions conducted in glass serum (15 ml) sealed

with butyl rubber stoppers and aluminum crimp seals (Wheaton Scientific, Millville, N.J.).

The vials contained sodium phosphate buffer (0.9 to 1.0 ml) and substrates were added

directly to the sealed vials from aqueous stock solutions by using microsyringes.  The vials

were placed in a shaking water bath (30º C, 150 rpm) for 1-2 min to allow equilibration of

the reactants between the gas and liquid phases.  Concentrated cell suspensions (100 µl) were

added to the vials to initiate the reactions and obtain a final aqueous reaction volume of 1 ml,

and initial substrate concentration of 1 mM and a total cell protein content of ~ 0.2 to 0.7 mg.

The reaction vials were then returned to the shaking water bath and samples (2 µl) were

removed for analysis by GC at the times indicated in each experiment. For some

experiments, gaseous inhibitors (CO, acetylene, N2O) (20% vol./vol., gas phase) were also

added to the sealed reaction vials.

In experiments examining the induction of MTBE oxidizing activity, cells were grown in

mineral salts media with TBA (84 µmoles) and were concentrated as described above.

Harvested cells were resuspended to a 1.5 ml volume with a concentration of 7.5 mg total

cell protein ml-1. Reactions were carried out using glass serum vials (25 ml) containing G4

mineral salts media (9.65 to 9.75 ml) sealed with butyl rubber stoppers and aluminum crimp

seals. As required, chloramphenicol or rifampicin (100 µg/ml-1) was added to the media.

Substrates, TBA (10 µmoles) or MTBE (10 µmoles), were added directly to sealed vials

using microsyringes and the vials were incubated for 5 min in a shaking water bath (30º C,

150 rpm) to allow equilibration of the substrate between gas and liquid phases.
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The reactions were initiated by the addition of samples of concentrated cells (250 µl) to give

a final reaction volume of 10 ml. The reaction vials were returned to shaking water bath and

samples (2 µl) were removed for analysis by GC at the times indicated in each experiment.

Additional samples (2 ml) were removed from the reaction vials using sterile 1ml syringes

and were placed into sterile 1.5ml Eppendorf tubes. The cells were sedimented by

centrifugation (10,000 x g for 2 min) and the supernatant was removed. The cell pellets were

stored at a –20ºC for subsequent analysis by SDS-PAGE.

Analytical Methods. The concentrations of all reactants and products were determined by

gas chromatography (GC).  In all cases, aqueous samples (2 µl) of reaction media or

calibration standards were directly injected into a gas chromatograph (Shimadzu model GC-

8A) (Kyoto, Japan) fitted with a flame ionization detector.  A stainless steel column (0.3 by

183 cm) filled with Porapak Q (60/80 mesh) (Waters Associates, Framingham, Mass.) was

used at a temperature of 120º C for liquid samples, for the quantification of all substrates.

The injection and detector temperatures were 200 and 220ºC respectively, and nitrogen was

used as carrier gas at a flow rate of 15 ml/min. The gas chromatograph was interfaced to a

Hewlett-Packard HP3395 (Palto-Alto, Ca) integrator for data collection. Cell protein

concentrations were determined with the Biuret protein assay (5) after solubilization of cell

material for 30 min at 65ºC in 3M NaOH and sedimentation of insoluble material by

centrifugation (14,000 x g, 5 min) using an Eppendorf model 5415C microcentrifuge.

Bovine serum albumin was used as a standard.

SDS-PAGE.  Cell samples were resuspended in 2X SDS-PAGE sample buffer containing 10

% (vol./vol.) β-mercaptoethanol.
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The solution was diluted with an equal volume of ddH20 and vortexed for 2 min.

Unsolublized material was removed by centrifugation (14,000 x g for 5 min) and samples (75

µg total protein) of the supernatant were loaded into the wells of 10% polyacrylamide

discontinuous slab gels (0.15 x 14 x 16 cm). The samples were electrophoresed at 6o C in a

Bio-Rad Protean II xi Cell system (Bio-Rad, Hercules, CA) operated at 32 mA constant

current for 30min, followed by 48 mA for 4.5h.  The gels were stained with Coomassie Blue

R-250 (ICN Biomedicals Inc., Aurora, OH) in water/methanol/acetic acid (40:50:10 vol) and

destained in the same solution without dye.

For 2-dimensional PAGE, the Bio-Rad ReadyPrep 2-D Starter Kit and ReadyStrip

IPG strips pH 3-10, 17cm (Bio-Rad, Hercules, CA) were used for the analysis.  Samples

were prepared from previously concentrated cell cultures grown on either MTBE or TBA.

All samples were lysed using 5 cycles of freezing (-80º C) and thawing (23o C). An aliquot (1

µl) of an aqueous solution of DNase 1 (4 units µl-1) was then added to the cell suspensions

and incubated at room temperature for 30 min.  Following DNase treatment, an aliquot (800

µg total protein) of the cell suspension was removed and placed in the Bio-Rad

rehydration/sample buffer. Samples were centrifuged (10,000 x g for 6 min) to remove cell

debris.  The Bio-Rad protocol was followed directly for isoelectric focusing (IEF) (focusing

conditions: 0-10,000V, 40-60,000 V-hr, rapid ramp, 20° C) and strips were then stored at -80º

C. The focused strips were then analyzed in the 2nd dimension using 12% polyacrylamide

gels and were electrophoresed as described above. The gels were stained with Coomassie

blue R-250 as described previously.  Additionally, 2D-PAGE standards (Bio-Rad, Hercules,

CA) were used to determine peptide sizes in the gels.
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Standards were also prepared using the ReadyPrep protocol and electrophoresed on 12%

polyacrylamide gels under the same conditions.  Image acquisition of all gels was performed

with an Epson Perfection 4870 scanner using the Adobe Photoshop CS program.  The scan

resolution was 600 dpi with 16-bit depth.  A histogram stretch was then used and the file

converted to 8-bit depth (600 dpi).

For protein identification, spots from 2D-PAGE gels were digested and analyzed by

the Protein Resource Center at Rockefeller University (New York, NY). In summary, the gel

spots were washed with 50 mM NH4HCO3/50% acetonitrile (vol/vol) (200µl) and then

dehydrated in acetonitrile (100 µL). Air-dried gel pieces were covered with 30 µl freshly

prepared aqueous solution of dithitheritol (10 mM) and then incubated with an aqueous

solution of iodoacetamide (55 mM).  The gel pieces were then washed with 50 mM

NH4HCO3 and then dehydrated using acetonitrile. The gel pieces were then rehydrated in

trypsin solution (~10 µl), overlayed with 50 mM NH4HCO3 and digested at 37o C for 12 h.

The digestion was halted by addition of trifluoroacetic acid (TFA) (0.1% wt./vol., 5 µl).  The

supernatant was transferred to a clean centrifuge tube (0.5 ml) and stored at 4o C. The gel

pieces were re-extracted twice with (60 % acetonitrile, 1 % TFA) (50 µl) and all supernatants

were pooled. The pooled extracts were evaporated to near dryness and then resuspended on

0.1% wt/vol. TFA (15 µl). The samples were then analyzed by LC/MS/MS using nano HPLC

interfaced to a ThermoFinnigan LTQ electrospray ionization ion trap mass spectrometer

(Thermo Fisher Scientific, Waltham. Mass). Peptide mass fingerprints were compared to the

NCBInr database using the Mascot software package.  The database comparison was

conducted using a peptide mass tolerance of ±3Da, a fragment mass tolerance of ±1.5 Da and

a maximum missed cleavage value of 1.
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RESULTS

Growth Substrate Range. In this study, we examined a range of potential growth substrates

for strain PM1, including alkanes, ethers, and proposed MTBE biodegradation pathway

intermediates. Strain PM1 grew on MTBE, TBA, 2M12PD, 2HIBA, 2-propanol, acetone,

acetol, and methacrylate, but did not grow on any of the ether oxygenates tested (ETBE,

TAME, and DIPE) (Table 1). Strain PM1 also grew on 1o alcohols (C2-C6, C12) (average

OD600 = 0.63) (data not shown), However, we did not observe growth of strain PM1 on any

of the n-alkanes tested (C1 to C12). We confirmed the previous observation of growth on

benzene, but limited growth was observed with C1 compounds (methanol, formaldehyde or

formate).  With the exception of butyl methyl ether, no growth was observed with other alkyl

ethers such as diethylether or sec-butyl methyl ether. No growth was observed with

isobutane, isobutylene, 2o alcohols (C4-C8) other than 2-propanol, ketones (C4 and C5) or

other branched alcohols (3,3-dimethyl-1-butanol, neopentyl alcohol or 2-methyl-1,3-

propanediol) (data not shown).  This strain did grow autotrophically (average OD600 = 0.14)

in the absence of organic carbon in vials containing an H2 (5%): CO2 (10%): N2 (75%): O2

(5%) gas phase.

Oxidation of 2-trifluoromethyl-2-propanol.  Previous studies with MTBE-cometabolizing

organisms have suggested 2M12PD and 2HIBA are key intermediates in the pathway of

MTBE oxidation. The growth of strain PM1 on these compounds (Table 1) further supports

the potential role of these compounds in the pathway of MTBE oxidation. As an alternative

approach to confirm this we examined the oxidation of a fluorinated analog of TBA,
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2-trifluoromethyl-2-propanol by cells of strain PM1 grown on MTBE and TBA.  The

accumulation of fluorinated intermediates in the reaction medium was monitored by 19F

NMR spectroscopy.

Both MTBE- and TBA-grown cells slowly oxidized TFMP (5 mM) in reactions

extended over 100 h (Fig. 1 A and B). In both cases only two fluorinated products were

detected and these were identified by spectral analysis and further GC/MS analysis as 2-

trifluoromethyl-1,2-propanediol and 2-trifluoromethyl-1-hydroxypropionic acid (House and

Hyman, unpublished results). The rate of TFMP oxidation was more rapid with TBA-than

MTBE-grown cells but in both cases the time courses of product accumulation showed

similar features. For example, in both cases both products were initially generated at similar

rates over the first 24 h of the reaction. In later samples the concentration of 2-

trifluoromethyl-1-hydroxypropionic acid exceeded that of 2-trifluoromethyl-1,2-propanediol.

Based on these observations the pathway of TFMP oxidation involves an initial oxidation of

TFMP to 2-trifluoromethyl-1,2-propanediol followed by a further oxidation of this diol to 2-

trifluoromethyl-1-hydroxypropionic acid.

Cometabolism of other oxygenates.  A previous report (1) has reported the ability of

MTBE-grown cells of strain PM1 to oxidize a wide range of oxygenates and their principal

metabolites. However, our results (Table 1) suggest growth of this strain is effectively

limited to MTBE and TBA. Consequently, we were interested to determine whether some of

the previous results could be attributable to cometabolic activities of strain PM1 towards

other ethers.
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As it has been suggested MTBE and TBA may be oxidized by separate enzymes we were

also interested to examine if similar responses to other oxygenates were observed with TBA-

grown cells.

Resting cells of strain PM1 were assayed for their ability to oxidize MTBE, TAME,

ETBE, TBA, and TAA in short-term assays (2 h) after growth on either MTBE or TBA.

Cells grown on MTBE consumed MTBE and TAME at similar rates (~15 nmoles x min mg

protein-1), but no oxidation of ETBE was observed (Table 2).  Cells grown on MTBE also

oxidized TBA at a similar rate to MTBE. These cells  also oxidized TAA, albeit at a >2-fold

lower rate (~6 nmoles min mg total protein-1) than the rate observed with TBA. With TBA-

grown cells nearly 10-fold lower rates of MTBE and TAME oxidation were observed

compared to MTBE-grown cells and again, no ETBE-oxidizing activity was observed. The

rates of TBA- and TAA-oxidation were both high in cells grown on TBA (> 10 nmoles min

mg total protein-1) These results indicate that the ether-oxidizing activity of strain PM1

exhibits a strong preference for methyl ethers (MTBE and TAME) as opposed to ethyl ethers

(ETBE). While not absolute, these results also suggest MTBE and TBA are oxidized by two

enzymes that appear to be independently regulated.

Independence of MTBE- and TBA-oxidizing activities. The results presented in Table 2

suggest that only cells grown on MTBE have substantial methyl ether-oxidizing activity

while TBA-oxidizing activity remains relatively constant in cells grown on either MTBE or

TBA. In a previous study with strain PM1, qualitative measurements of oxygen uptake

suggested similar results (2). As oxygen uptake is an indirect measure of substrate

consumption and enzyme activity, in the present study we directly compared the rates of
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TBA and MTBE oxidation by cells using GC measurements of substrate consumption.

MTBE and TBA oxidation were examined in short-term (3 hr) incubations with cells

of strain PM1 grown on either MTBE or TBA (Fig. 2 A and B). Cells grown on MTBE

rapidly oxidize MTBE and TBA without a lag phase and at similar initial rates (~9 nmoles x

min. mg protein-1). There was no detected loss of MTBE or TBA from abiotic control

incubations (Fig. 2 A).  In contrast, with TBA-grown cells, TBA was rapidly oxidized (~14

nmoles x min mg protein-1) while only a slow rate of MTBE consumption (~1 nmoles x min

mg protein-1) was observed. This rate of MTBE consumption could not be clearly

discriminated from losses observed in abiotic control incubations. Under the conditions used

in these experiments no products were detected by GC observed during the biodegradation of

MTBE or TBA. We also examined the effects of high concentrations (20% vol/vol gas

phase) of several potential gaseous inhibitors on the MTBE- and TBA-oxidizing activities of

strain PM1 using a similar approach to that described above. Acetylene and N2O had no

effect on MTBE oxidation by MTBE-grown cells, while CO inhibited MTBE oxidation by

~25%.  Oxidation of TBA was partially inhibited (~30%) by all three gases.

Induction of MTBE-oxidizing activity. Although little or no MTBE-oxidizing activity was

observed in TBA-grown cells in the short-term assays described in Fig. 2, the possible

induction of MTBE-oxidizing activity was examined in longer-term incubations (Fig. 3). As

expected TBA-grown cells rapidly oxidized TBA without a lag phase and rifampicin had no

detectable effect on this activity. In contrast, no MTBE-oxidizing activity was observed over

the initial 5 h of the incubation. However, MTBE consumption occurred slowly after this

time and accelerated as the reaction time course progressed.



133

No increase in MTBE-oxidizing activity was observed in incubations containing MTBE plus

rifampicin. Similar experiments (not shown) confirmed that the appearance of MTBE-

oxidizing activity was also inhibited by chloramphenicol (100 µg ml-1) and that further

incubation times led to a complete consumption of MTBE (data not shown).

Comparative proteome analysis of MTBE- and TBA-grown M. petroleiphilum PM1. The

experiments described to this point suggest that while TBA and MTBE are oxidized through

the same pathway, the oxidation of these two compounds is initiated by two independently

regulated enzymes. Consequently, we were interested to determine whether analyses of the

total cell proteins of MTBE- and TBA-grown cells by SDS-PAGE and 2D-PAGE might

reveal specific polypeptides associated with the oxidation of MTBE.

Total cell proteins from MTBE and TBA-grown cells were first analyzed by SDS-

PAGE (Fig 4). With the exception of two bands (~17 and ~49 kDa) (Figure 4), we did not

observe any significant changes in the protein staining patterns and relative staining

intensities in these samples. A further 2D-PAGE analysis also revealed very similar staining

patterns (Fig. 5 A and B) for MTBE- and TBA-grown cells.   In the case of MTBE-grown

cells (Fig. 5 A) the expression of two low molecular weight polypeptides was enhanced

relative to TBA-grown cells (Fig. 5B).  These polypeptides were both subject to in gel tryptic

digestion and peptide mass fingerprint analysis using LC/MS/MS.  A search of the NCBInr

database revealed the analyzed polypeptides are the products of two chromosomally located

genes that encode a formaldehyde-activating protein (Mpe-A2612) (169 amino acids, 17.7

kDa) (Spot #1, Figure 5 A), and a peroxiredoxin-like, AhpC/TSA-family protein

(Mpe_A3433) (169 amino acids, 17.8 kDa) (Spot #2, Figure 5 A).
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DISCUSSION

In this study, we have characterized the oxidation of MTBE and TBA in the MTBE-

metabolizing strain M. petroleiphilum PM1. Our results have shown this strain grows on

many of the MTBE biodegradation pathway intermediates previously proposed from studies

of cometabolic MTBE oxidation by propane-oxidizing bacteria. Use of a fluorinated analog

of TBA provided the first evidence for the role of 2M12PD and 2HIBA in MTBE oxidation

by this bacterium. The biodegradation of MTBE and TBA was further characterized to

suggest that separate enzymes catalyze MTBE and TBA oxidation in this strain and that

MTBE oxidation is inducible in TBA-grown cells. We identified a formaldehyde-activating

protein present in MTBE-grown cells that was absent in TBA-grown cells.  The following

sections discuss our findings in further detail.

MTBE and TBA metabolism. In this study we observed growth of strain PM1 on MTBE

and the postulated intermediates; TBA, 2M12PD and 2HIBA. However, no growth was

observed with other ether oxygenates (ETBE, TAME, and DIPE) or TAA (Table1). Our

results also demonstrated that MTBE-grown cells can cometabolically oxidize TAME at

substantial rates (Table 2) and can grow on butyl methyl ether (Table 1). However, this strain

did not grow on any ethers that did not contain a methoxy group (Table 1) and also did not

cometabolically oxidize ETBE (Table 2). Together these results suggest that the enzyme

system responsible for initiating MTBE degradation is restricted to the activation of methyl

ethers and is effectively unreactive towards compounds containing ethoxy groups (e.g.

diethyl ether and ETBE).
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Although not directly addressed in this study, it would obviously be of interest to determine

the full range of methyl ethers that are oxidized and metabolized by this organism and to

determine whether similar enzymes and activities are expressed during growth on MTBE and

other growth supporting methyl ethers.

The oxidation of MTBE in strain PM1 generates two products, a C1 metabolite and

TBA. Contrary to a previous report (22) we did not observe strong growth on any of the C1

compounds we tested as potential growth substrates. The ability of this organism to oxidize

C1 compounds is in little doubt as the genes encoding enzymes involved in C1 metabolism

are present within the genome of this organism. Our own molecular analysis (Fig. 5) also

suggests the ability to metabolize formaldehyde is an important response to MTBE. Given

the toxicity of formaldehyde it seems likely that the presence or production of this compound

impacted our ability to grow this strain on C1 compounds like methanol and formaldehyde.

The evidence from this study suggests that the tertiary butyl group of MTBE is

oxidized through an initial series of intermediates including TBA, 2M12PD and 2HIBA.

Evidence supporting this conclusion comes from our ability to grow this organism on these

compounds (Table 1) and the sequential production of fluorinated analogs of 2M12PD and

2HIBA during the oxidation of the fluorinated TBA analog, TFMP (Fig. 2). It should be

noted that hydroxyisobutyraldehyde has been proposed as an intermediate in the oxidation of

2M12PD to 2HIBA by M. austroafricanum IFP 2012 (18). This intermediate was not

detected in our 19F- NMR analysis and in view of the overall low rate of oxidation of TFMP

and its products observed in this study it seems unlikely that a fluorinated analog of

hydroxyisobutyraldehyde would have been preferentially oxidized at a high rate and thus

escaped detection.
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The role of hydroxyisobutyraldehyde in MTBE oxidation by strain PM1 and other MTBE-

and TBA-utilizing organisms will require further analysis and identification of the genes

encoding the enzymes responsible for oxidizing 2M12PD to 2HIBA. The mpd genes

encoding these enzymes in M. austroafricanum IFP 2012 have not been detected in the PM1

genome (16).

The inability of strain PM1 to grow on other ether oxygenates is an interesting

observation.  In other organisms the oxidation of ETBE is known to generate TBA as a

metabolite (3). As TBA is a good growth substrate for strain PM1 (Table 1) it is likely that

the inability of this strain to grow on ETBE can be attributed to the fact that the methyl ether-

oxidizing enzyme responsible for oxidizing MTBE and TAME is seemingly unreactive

towards ethoxy compounds.  The lack of growth on TAME and TAA (Table 1) probably has

a more complex explanation. While strain PM1 clearly grows on TBA, we did not observe

growth on either TAME or TAA (Table 1), despite the ability of MTBE-grown cells to

oxidize both compounds (Table 2). As the enzymes responsible for the initial oxidation of

TBA also support TAA oxidation (Table 2) it may be that enzymes further down stream do

not accommodate TAA-derived metabolites. It may also be that despite containing an

oxidizable methoxy group, TAME is a weak inducer of the enzyme activities required for

methyl ether oxidation. In the case of DIPE, a monooxygenase-initiated degradation is

expected to generate 2-propanol and acetone as products. Further oxidation of 2-propanol

typically generates acetone and potentially acetol. The ability of strain PM1 to grow on all of

these C3 compounds (Table 1) suggests DIPE is possibly a poor inducer of ether-grading

activity or also possibly a poor substrate for these enzymes.
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Irrespective of these possibilities it should be noted that the role of 2-propanol and acetone in

the metabolism of MTBE and TBA in strain PM1 is questionable as this strain has been

shown to contain icm genes that encode enzymes responsible for the conversion of 2HIBA to

3-hydroxybutyrate. Metabolism of 3-hydroxybutyrate can occur through pathways that do

not include 2-propanol and acetone.

Separate MTBE- and TBA-oxidizing enzymes. The results in this study provide strong

evidence for our conclusion that MTBE and TBA are oxidized by separate enzymes in strain

PM1. This evidence includes the differential levels methyl ether-oxidizing and alcohol-

oxidizing activities observed in short term incubations (Table 2 and Fig. 2) as well as the

effect of protein synthesis inhibitors on the induction of MTBE-oxidizing activity in TBA-

grown cells (Fig. 3).  These results support the previous report by Deeb et al (2) based on

qualitative oxygen uptake measurements. This conclusion also agrees with results with H.

flava ENV 735 (8) and the recently described Aquincola strains L108 and L10 (24). Strain

L10 grows on TBA but not MTBE and is a derivative of strain L108 that can grow on both

compounds.

Despite the strong evidence for separate enzyme activities, our 1D and 2D protein

analyses (Figs 4 and 5) did not reveal the de novo expression of polypeptides that could be

identified as components of the enzymes responsible for initiating the oxidation of MTBE.

One possible explanation for this effect is that TBA-grown cells have a limited MTBE-

oxidizing activity and this preexisting activity is simply added upon during exposure to

MTBE. The changes in protein expression that occur during this process would be expected

to be small.
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Evidence supporting this suggestion is available in this study as we demonstrated TBA-

grown cells had measurable MTBE and TAME-oxidizing activities (Table 2). A low level of

MTBE oxidizing activity was also observed in some of the short-term incubations of TBA-

grown cells with MTBE (Fig. 2B). An alternative possibility is that TBA-grown cells already

contain the enzymes for both MTBE and TBA oxidation but the activity of the MTBE-

oxidizing enzyme is post-translationally suppressed until appropriate enzymes have been

synthesized that allow the organism to productively remove the formaldehyde that is

generated during MTBE oxidation.  Microorganisms have developed a number of different

mechanisms for addressing or circumventing the toxicity of formaldehyde and our results

presented here suggest that the expression of a formaldehyde-activating protein is an

important part of the otherwise seemingly discreet molecular responses of strain PM1 to

MTBE. The increased expression of a peroxiredoxin-like protein may also be part of a

response to formaldehyde. It should also be noted that the toxicity of formaldehyde is a

growing issue in the study of aerobic MTBE-degrading organisms. For example, Zaitsev et al

(34) recently described a mixed microbial culture that consisted of an MTBE-utilizing

bacteria  (Varivorax paradoxus CL-8) and two methylotrophic commensals that utilized the

C1 products generated by strain CL-8 during MTBE oxidation. It was suggested that one

limitation in the isolation of pure cultures of MTBE-oxidizing bacteria and the often low

biomass yields of organisms grown on MTBE could both be attributed the toxicity of

formaldehyde.

While the identification of the enzymes responsible for initiating the oxidation of

MTBE and TBA will likely require alternative techniques to these described here, it is
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interesting to note that alkane hydroxylase-like enzymes have been suggested or implicated

as likely enzymes for the oxidation of MTBE and TBA in several diverse organisms (14, 18,

26, 28). Genes encoding an alkane monooxygenase (AlkB) system have been shown to be

present in the 600 kb megaplasmid in the genome of strain PM1 and curing studies have

implicated this plasmid in the MTBE-oxidizing activity of this strain (16). In the present

study we were unable to grow strain PM1 on a wide range of alkanes, including substrates

that are readily oxidized by alkane hydroxylases in Pseudomonas strains (28).  Although our

investigations were far from comprehensive, the limited effects of several gaseous inhibitors

also such as acetylene and CO suggests acetylene-sensitive enzymes like the MTBE-

oxidizing alkane monooxygenase from M. vaccae JOB5 (27) and the acetylene- and CO-

sensitive cytochrome P450 from the MTBE-degrading organisms such as Graphium sp. (7)

are not responsible for initiating MTBE and TBA oxidation. It should also be noted that

recent studies using compound specific isotope analyses of MTBE oxidation have raised the

possibility that the initial degradation of MTBE to TBA may involve an initial hydrolysis

reaction. As far as we are aware this possibility has not been explored with strain PM1 (25).
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a Cultures of M. petroleiphilum PM1 were grown in duplicate for 7 days at an initial substrate
concentration of 0.05% vol/vol.
b The values in parentheses indicate the range of optical densities around the means for duplicate
cultures.

Growth Substrate a   OD600 after 7 days b    

DIPE 0.02 (±0.01)
ETBE 0.02 (±0.01)
MTBE 0.23 (±0.04)
TAME 0.05 (±0.00)

Butyl methyl ether 0.18 (±0.00)
TBA 0.28 (±0.06)
TAA 0.05 (±0.01)

2M12PD 0.11 (±0.00)
2HIBA 0.18 (±0.01)

2-propanol 0.43 (±0.22)
acetone 0.21 (±0.02)

hydroxyacetone 0.16 (±0.01)
methacrylate 0.28 (±0.01)

2-methyl-1-propanol 0.20 (±0.03)
benzene 0.32 (±0.01)
methanol 0.04 (±0.01)

formaldehyde 0.04 (±0.01)
formate ≤0.01  

TABLE 1. Growth of M. petroleiphilum  PM1 on oxygenates, 
postulated MTBE metabolites and selected other substrates. 
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a Cultures of M. petroleiphilum PM1 were grown in duplicate for 7 days.
b Units are nanomoles consumed per minute per milligram total protein.
c The values in parentheses indicate the range around the means for duplicate cultures.

TABLE 2. Cometabolism of ethers and alcohols after growth on MTBE or TBA.

Substrate MTBE TBA
MTBE 15.35b (1.85)c 2.00 (0.30)
TAME 13.60 (3.70) 1.60 (0.10)
ETBE ≤0.01 ≤0.01
TBA 15.15 (4.15) 10.60 (1.40)
TAA 6.30 (1.70) 12.65 (1.25)

Growth substratesa:
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A)

FIGURE 1. Time course of TFMP oxidation by M. petroleiphilum PM1. The Figure

shows the results of a 19F-NMR analysis of the time course of metabolite production during

the oxidation of TFMP by cells of strain PM1 grown on (Panel A) MTBE and (Panel B)

TBA. The cells were grown, harvested and exposed to TFMP as described in the Methods

section.  The symbols in both panels represent the fraction of the total detected 19F signal

attributed to (  )TFMP, (  ) 2-trifluoromethyl-1,2-propanediol, (  ) 2-trifluoromethyl-2-

hydroxypropionic acid and (   ) hexafluoroacetone (internal standard). The open circle

symbol indicates the sum of the fractions of the detected 19F signal at each time point.
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A)

B)

FIGURE 2. Time course of MTBE and TBA oxidation by M. petroleiphilum PM1. The

Figure shows the time course of substrate oxidation by cells of strain PM1 grown on (Panel

A)  MTBE and (Panel B) TBA. The cells were grown, harvested and exposed to MTBE and

TBA as described in the Methods section. The symbols in both Panels are as follows: MTBE

() MTBE, () TBA, () MTBE with no cells, and () TBA with no cells.  The data are

plotted as the average of two separate cultures. The error bars show the range of the

individual data points.
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FIGURE. 3.  Induction of MTBE-oxidizing activity in TBA-grown cells of M.

petroleiphilum PM1.  The Figure shows the time course of substrate consumption for TBA-

grown cells incubated with () TBA, () MTBE, (∗) TBA plus rifampicin and,  (∇) MTBE

plus rifampicin. The open symbols show the residual substrate in reactions containing no

cells and () TBA and () MTBE. The cells were grown and exposed to these substrates as

described in the Methods section.
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FIGURE 4. SDS-PAGE analysis of total cell proteins from MTBE- and TBA-grown

cells of M. petroleiphilum  PM1.  Cells were grown and total cell proteins were analyzed by

SDS-PAGE, as described in the Methods section. The Figure shows an image of a Coomassie

blue stained gel. The lanes are as follows; Lane 1, protein molecular mass markers; Lane 2,

MTBE-grown cells and; Lane 3, TBA-grown cells, The two arrows indicate the polypeptides

that were visually identified as being present at elevated levels in MTBE grown cells

compared to TBA-grown cells.
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 A)         low pH          high Mr            high pH

        
Low Mr

B)
        low pH high Mr high pH

        
low Mr

FIGURE. 5.  2-D PAGE analysis of MTBE-grown and TBA-grown cells of M .

petroleiphilum strain PM1.  The Figure shows the results of a 2D-PAGE analysis of the

total cell proteins in cells of strain PM1 grown on (Panel A) MTBE and (Panel B) TBA. The

two arrows in Panel A indicate the 2 polypeptides that were identified by subsequent in gel

trypic digestion and peptide mass fingerprint analysis by LC/MS/MS. The samples were

prepared and analyzed, as described in the Methods section.
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CONCLUSIONS

The data presented in this dissertation expands the knowledge of MTBE- and TBA-

biodegradation by pure bacterial cultures. To date, relatively few organisms have been

identified that can grow on MTBE and TBA. The research presented characterizes MTBE-

and TBA- biodegradation using bacterial strains able to grow on these compounds as sole

sources of carbon and energy. Our results also provide evidence for the MTBE- and TBA-

degradation pathways induced in these organisms and provide introductory evidence for

proteins associated with these pathways.

Our first study isolated and identified two pure bacterial cultures able to use TBA as a sole

carbon and energy source.  Our results demonstrate that both isolates, Hydrogenophaga

G2B2 and Aquincola S1B1, have rapid TBA-oxidizing abilities, but are unreactive towards

MTBE and other ethers.  We propose that different mechanisms of TBA degradation are

present between these strains, based on growth ranges and the presence of genes encoding

subunits of the ICM protein associated with 2HIBA degradation.  Additionally, our studies

report the biodegradation of MTBE using a defined co-culture combining an MTBE-

cometabolizing organism, P. mendocina KR1, with our TBA-degrading isolate strain S1B1.

This study is significant in the identification of two new bacterial strains capable of TBA-

degradation and provides introductory evidence of potentially separate TBA-degradation

pathways. Furthermore, our commensal experiment gives evidence for the role of TBA-

utilizing organisms in a microbial community based mineralization of MTBE.
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Our next study expanded on our previous work with our TBA-degrading isolates.  In this

study, we examined the TBA biodegradation pathway using 19F-NMR and TFMP, a

fluorinated analog of TBA.  Our results indicated that while the biodegradation pathways of

both strains include the intermediates, 2M12PD and 2HIBA, separate pathways of TBA

oxidation appear to be induced in these strains.  Further experiments with strain S1B1

demonstrated that TBA-oxidizing activity was inducible in 2HIBA-grown cells. These

findings suggested that separate enzyme systems were induced for TBA and 2HIBA

degradation in this strain.

Another important observation, which we did not explore fully in these studies, is the

characterization of 2M12PD-oxidizing activity. We could not detect the

hydroxyisobutyraldehyde intermediate in our TFMP-degradation assays, nor could we detect

the mpd genes implicated in encoding the alcohol and aldehyde dehydrogenases proposed to

transform 2M12PD to 2HIBA in either strain G2B2 or S1B1.  Future experiments examining

2M12PD induction and 2DPAGE analysis of 2M12PD-grown cells as compared to TBA- or

2HIBA- grown cells could shed more light onto these observations.

We also investigated the protein profiles of TBA- and 2HIBA- grown cells of strain S1B1 to

identify proteins involved in TBA metabolism.  Our results identified 5 polypeptides with the

highest similarities to Methylibium petroleiphilum PM1 proteins.  Interestingly, the genes for

all of these proteins were located on the PM1 megaplasmid and appear to be grouped as a
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metabolic island involved in TBA oxidation.  These results are noteworthy as initial evidence

of proteins associated with TBA oxidation in both strains PM1 and S1B1.  Furthermore, the

observation that many of the genes encoding these proteins are located on the PM1 plasmid

suggests that TBA (and MTBE) oxidizing activity could be disseminated horizontally

throughout environment. Future analysis of the genes associated with TBA oxidation in these

strains in addition to other known TBA-degrading bacteria may provide evidence of this gene

dispersion.  Additionally, these studies would provide an assessment of the biodegradation

potential of TBA in an environment.

Lastly, we characterized MTBE and TBA oxidation in the MTBE-metabolizing strain

M. petroleiphilum PM1. We initially examined the growth substrate range of strain PM1 and

observed growth on the postulated MTBE oxidation intermediates including, MTBE, TBA,

2M12PD, 2HIBA, 2-propanol, acetone, and acetol.  We also identified 2M12PD and 2HIBA

as degradation intermediates of TBA using 19F-NMR analysis, as done in previous studies.

In other experiments, we demonstrated the cometabolic oxidation of TAME and TAA by

MTBE-grown cells, although neither of these compounds could support growth of strain

PM1.  Our results also indicated that separate enzyme systems were induced for MTBE and

TBA oxidation and that MTBE oxidation was inducible in TBA-grown cells. Lastly, we

identified a formaldehyde-activating protein and a peroxiredoxin enzyme of the AhpC/TSA-

family proteins induced in MTBE-grown cells. Together, these results are significant in the

identification of the pathway and related enzymology involved in MTBE biodegradation by

strain PM1.




