ABSTRACT
KOTTEGODA, W. G. SAMANTHI SUBASHI. Alkene and Alkane Oxidation by the
2-Methylpropene-Metabolizing Strain Mycobacterium sp. ELW 1. (Under the direction of
Dr. Michael R. Hyman).

Microbial degradation of short chain aliphatic alkenes such as ethene and propene has
been studied extensively during the last decades. But little is known about the metabolism of
other straight chain alkenes and no reports are available on the metabolism of branched chain
alkanes and alkenes, especially the simplest ones. The main purpose of this study was to
investigate the microbial degradation of the simplest branched-alkene, 2-methylpropene
(isobutylene). No organisms have previously been isolated on 2-methylpropene.

Our first study describes the isolation and physiological characterization of a novel
alkene-oxidizing bacterium, Mycobacterium sp. strain ELW1 that is capable of utilizing 2-
methylpropene as a sole source of carbon and energy. The growth of strain ELW1 was
largely restricted to 2-methylpropene, and 2-butene was the only other alkene it grew on. We
demonstrated that 1,2-epoxy-2-methylpropane, 2-methyl-1,2-propanediol (MPD) and 2-
hydroxyisobutyric acid (HIBA) are sequential intermediates in the pathway of 2-
methylpropene metabolism suggesting that oxidation of 2-methylpropene, like many other
alkenes, proceeds by an epoxidation reaction catalyzed by an alkene monooxygenase. Our
results also indicate that the growth of strain ELW 1 on 2-methylpropene is cobalt-dependent,
a physiological trait found in methyl fertiary butyl ether (MTBE)- and fertiary butyl alcohol
(TBA)-metabolizing organisms as well. These observations are in agreement with our

hypothesis about the possible overlap that exists between 2-methylpropene, MTBE and TBA

metabolism in terms of enzymes and likely intermediates.



In the second study, we characterized the metabolism of cis- and trans-2-butene by
strain ELWI1. We demonstrated that both 2-butene isomers were metabolized by strain
ELW1 via an initial epoxidation reaction and followed a similar pathway to 2-methylpropene
metabolism. Our results also suggest that the same alkene-monooxygenase and epoxide
hydrolase enzymes catalyze the initial reactions of metabolism of all three alkenes while the
later steps of 2-butene metabolism involve different enzymes than those involved in 2-
methylpropene metabolism. The only reported study on trans-2-butene metabolism by
Nocardia sp. strain TB1 has shown that frans-2-butene is metabolized via an initial
hydroxylation at the C; position rather than via an initial epoxidation reaction.

Finally, we examined the alkane-oxidizing activity of strain ELW1 and the well-
characterized alkene-oxidizing bacterium Xanthobacter sp. strain Py2 that have not been
previously reported to oxidize alkanes. Our results demonstrated that both organisms can
slowly oxidize 2-methylpropane (isobutane), the simplest branch alkane, while generating
tertiary butyl alcohol (TBA) as a substoichiometric product. Both strains also oxidized other
n-alkanes, albeit slowly. Our results suggest that both strains might use the same alkene-

monooxygenase to initiate the oxidation of alkenes as well as alkanes.
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CHAPTER 1

Literature Review



1) Alkenes
1.1 Background and Significance

Alkenes (olefins) are unsaturated hydrocarbons containing carbon-carbon double bonds
that make them more reactive than their alkane counterparts. The lower alkenes, ethene,
propene, and butene, are colorless gases at room temperature, while alkenes with 5 — 16
carbons are liquids and alkenes with more than 16 carbons are waxy solids. All alkenes with 4
or more carbon atoms show structural isomerism and the presence of double bonds give rise
to geometric isomerism (e.g.; cis- and trans-2-butene). Alkenes are relatively nonpolar and
therefore are virtually insoluble in water.

Large quantities of gaseous alkenes are produced annually from biogenic and
anthropogenic processes (122, 124, 126). The most predominant of these compounds are the
gaseous plant hormone ethene (116), the foliage volatile isoprene (117, 125) and various
monoterpenes that are present in plant oils. Many unsaturated hydrocarbons, especially the
lower gaseous alkenes ethene, propene, 1, 3-butadiene and butenes are also produced
chemically on a large scale and inevitably these compounds are partly released into the
environment. The increased atmospheric concentrations of these compounds not only impart
a serious risk to human health but also threaten to destabilize ecosystems through a variety of
mechanisms. The toxicity of aliphatic alkenes arises from their ability to readily serve as
substrates for broad specificity oxygenases such as cytochrome P450 enzymes resulting in
the formation of epoxides. It is these epoxides which pose a bigger problem than the alkenes
due to their high reactivity. Epoxides, being electrophiles, can react abiotically with cellular

nucleophiles such as proteins and DNA and form covalent adducts thereby leading to



mutations and cancer formation (93). Interestingly, some microorganisms are able to grow on
aliphatic alkenes and are thought to play an important role in the remineralization of this
carbon source (42, 70, 126) (Fig. 1.1).

Organisms use two basic strategies to undermine the potentially toxic effects of
epoxides within the cell, 1) transformation of epoxides to less toxic products using
detoxification enzymes or 2) productive metabolism of the epoxides formed allowing them to

be utilized as a primary carbon and energy source.

detoxification products

Glutathione-5-transferases
epoxide hydrolases

R“H. ___.--’Ra 0, HEU R, /O\ P RS proteins/DMA
- S
=0 S~ T SC—C —covalent adducts
R, R, monooxygenase R
epoxide 4

arbon and energy source

growth (certain bacteria)

Figure 1-1: Fates of epoxides formed from short chain alkanes.
(Reference: Ensign, S. A.; Microbial Metabolism of Aliphatic Alkenes, Biochemistry,
2001. 40, 5845-53)



Most organisms are not capable of using alkenes or the corresponding epoxides as
primary energy sources and instead possess detoxification enzymes that allow the conversion
of epoxides to less toxic products, specifically glutathione-S-transferases (GSTs) (114) and
epoxide hydrolases (144) that use glutathione or water respectively as nucleophiles to attack
and open the oxirane ring (Fig. 1.2a & 1.2b).

Bacteria that are capable of metabolizing epoxides, employ both conventional
(hydration or glutathione conjugation) and nonconventional strategies (i.e. isomerization) to

convert epoxides to central metabolites. For example, bacteria that grow on epoxypropane or

co; H* o o
(e) HHA/H A HaC— C— CHz—C—0
aC H

Figure 1-2: Enzymatic transformations of aliphatic and aromatic epoxides: (a) glutathione
conjugation (b) hydration (c) isomerization to an aldehyde (d) isomerization to a ketone and
(e) carboxylation to a B-keto acid.

(Reference: Ensign, S. A. and Allen, J. R.; Aliphatic Epoxide Carboxylation, Annu. Rev.
Biochem, 2003. 72, 55-76)



epichlorohydrin (3-chloroepoxypropane) use epoxide hydrolases to oxidize epoxides to the
corresponding dihydrodiols (37, 86) while bacteria that grow on styrene (phenylethene)
metabolize the epoxidation product (phenylepoxyethane) via an isomerization reaction which
yields an aldehyde (phenylacetaldehyde) (72, 155) (Fig. 1.2¢). It has also been shown that in
the absence of CO,, ketones are formed as products of epoxide degradation in whole-cell
suspensions (128) as well as in cell extracts of Xanthobacter strain Py2 (161) (Fig. 1.2d).
The most unconventional of these methods involves carboxylation of the epoxide to a B-keto
acid as for example in Xanthobacter strain Py2 (Fig. 1.2e).

Despite the detrimental effects exerted by aliphatic alkenes and epoxides, several
bacteria have been identified that are able not only to detoxify these compounds, but are able
to convert them to non-reactive central metabolites while fixing a molecule of CO; in the
process (42). They are capable of growth under aerobic conditions utilizing short-chain
aliphatic alkenes (C,-C¢), ethene, propylene, 1-butene, butadiene, isoprene, vinyl chloride,
etc. as the sole source of carbon (42, 70). The majority of the isolates are Gram-positive
bacteria belonging to the actinomycete genera Corynebacterium, Mycobacterium, Nocardia
and Rhodococcus (the CMNR group) or strains of the Gram-negative genera Xanthobacter,
Pseudomonas and Alcaligenes. Some alkene oxidizing bacteria are restricted to growth on a
single alkene, while others exhibit less selectivity for the growth substrates. For example, in
1976 both Heyer (74) and de Bont (33) reported the isolation of several Mycobacterium
strains capable of growth on ethene as sole carbon and energy source. Using propene or 1-
butene as the carbon source in enrichment cultures, van Ginkel and coworkers (151, 152) in

most cases isolated Xanthobacter strains. These Xanthobacter strains along with Nocardia



HS that was isolated with 1-hexene as a carbon source were all capable of growth on ethene
as well. Growth of microorganisms on propene was first reported by Cerniglia et al. (21) and
later by de Bont et al. (36). Enrichment cultures with trans-2-butene as the carbon source
resulted in three bacterial isolates, two strains of the genus Nocardia and one strain of
Mycobacterium (152). Utilization of butadiene has been reported by Watkinson and
Somerville who isolated a Nocardia sp. strain from enrichments with butadiene as the sole
carbon and energy source (160). van Ginkel et al. showed that pure cultures of several
Nocardia sp. strains were able to use both 1,3-butadiene and isoprene (2-methylbutadiene) as
a sole source of carbon and energy (152, 153). Another isoprene-utilizing bacterium,
Rhodococcus ADA45, was isolated from a freshwater- sediment by van Hylckama-Vlieg and
coworkers (155). In addition to that, Cleveland and Yavitt have provided strong evidence for
a biological sink for atmospheric isoprene in soil (24, 25). Moreover, an early study has
shown that vinyl chloride (chloroethene), the simplest chlorinated ethylenic compound, was
aerobically utilized by Mycobacterium L1 as a sole carbon and energy source (71). It also
grew on ethene. More recently, strains of Mycobacterium (27, 69), Nocardioides (27) and
Pseudomonas (157, 158) that are capable of growth on both ethene and vinyl chloride have
been discovered.

The two best characterized alkene-oxidizing bacteria, Gram-negative Xanthobacter
autotrophicus strain Py2 (149) and Gram-positive Rhodococcus rhodochrous (formerly
Nocardia corallina) strain B-276 (60), which have been isolated with propene as the source
of carbon and energy, are two nutritionally versatile organisms capable of growing with a

variety of carbon sources (42). For example, strain Py2 can also utilize ethene, 1-butene, 2-



butene, 1-pentene and 1-hexene (151, 152) as well as several other carbon sources including

alcohols, ketones, aldehydes, diols, sugars, organic acids and H; plus CO, (149).

1.2 Microbial Oxidation of Alkenes

All alkene-oxidizing microorganisms isolated to date are aerobic and initiate alkene
oxidation by a monoxygenase reaction. This is the first reaction where the alkene is
converted to an epoxide and is carried out by O;- and reductant-dependent monoxygenases

called alkene monoxygenases (AMO).

1.2a Epoxidation of Alkenes

Oxygenases: Oxygenases are ubiquitous in nature and play an important role in the
metabolism of a broad range of compounds (19, 145). There are two types of oxygenases
namely, monooxygenases and dioxygenases. Monooxygenases catalyze the incorporation of
one atom of molecular oxygen (O;) into the substrate while the other atom is reduced to
water. These enzymes generally use NADH or NADPH cofactors to provide reducing
potential for the supply of electrons to the substrate and can be metal-, haem- or flavin-
dependent (18, 19, 145). In dioxygenase-reactions both atoms from a single molecule of O,
are incorporated into the organic substrate (13, 16, 19, 145). Dioxygenases include two major
classes: haem-dependent iron sulphur dioxygenases and Rieske iron-sulphur non-haem

dioxygenases, the majority of which are NADH dependent (19, 159).



1.2b Alkene Monooxygenases (AMQ): Alkene monooxygenases (AMO) catalyze the
conversion of alkenes to their corresponding epoxides as the initial step of oxidation. The
most characterized AMOs are from two propene-oxidizing bacteria: Rhodococcus
rhodochrous strain B276 (102) and Xanthobacter autotrophicus strain Py2 (129). These
enzymes are multi-component enzymes that catalyze epoxidation of alkenes in an NADH-

dependent fashion as shown in Figure 1.3.

propylene /l\\

NADH +H" + 0,

alkene
monooxygenase
NAD"+ H,0
95% H sy
{R)-epoxypropane (S)-epoxypropane

Figure 1-3: NADH-dependent epoxidation of propene by alkene monoxygenase.

(Reference: Ensign, S. A. and Allen, J. R.; Aliphatic Epoxide Carboxylation, Annu.
Rev. Biochem, 2003. 72, 55-76)



AMO from R. rhodochrous strain B-276 is a three-component enzyme consisting of an
epoxygenase, a NADH-reductase and a coupling protein. The 95 kDa epoxygenase is
composed of two subunits of 53- and 35-kDa (arranged in an a8 quaternary structure), and
contains approximately 2 mol non-haem iron per mol protein. It is considered to be the
catalytic component of this enzyme. The reductase is an iron-sulfur flavoprotein of 40 kDa
which is responsible for the transfer of reducing equivalents from NADH to the epoxygenase.
The coupling protein is a single-subunit protein of 14 kDa not containing any prosthetic
groups and appears to function as a regulator of activity (102) (Fig.1.4A). In contrast, AMO
from Xanthobacter Py2 is composed of four, rather than three components as follows; an
epoxygenase, a NADH-reductase, a Rieske-type ferredoxin and an effector protein. The 212
kDa epoxygenase consists of four atoms of non-haem iron and three subunits of 38, 58 and
10 kDa, respectively arranged in a a,fB,y, quaternary structure, which contains the catalytic
center for alkene epoxidation. The 35.5 kDa monomeric reductase is an iron-sulfur
flavoprotein (containing FAD and a 2Fe-2S cluster) which provides the reductant for O,
activation. The 13 kDa homodimeric ferredoxin (containing two Rieske-type 2Fe-2S
clusters) is thought to be an intermediate electron carrier between the reductase and terminal
catalytic component of the system. And the 11 kDa small protein has no known function
(129) (Fig. 1.4B).

The evidence from biochemical and spectroscopic studies show some fundamental
differences between these two enzyme systems. For instance, AMO of strain B-276 does not
contain an electron-transferring ferredoxin as in AMO of strain Py2. Also, the subunit

stoichiometry and quaternary structure of the oxygenase components are very different (two



subunits in R. rhodochrous B-276 AMO versus three subunits in Xanthobacter Py2 AMO).
Although the quaternary structures are different, they both contain diiron catalytic centers.
They have therefore been classified into the class of diiron oxygensases (61, 102, 129). The
best characterized enzyme of this family is the soluble methane monoxygenase (MMO)
which also contains a binuclear iron center in its hydroxylase component (120). The
epoxidation reaction of AMO and the hydroxylation reaction of MMO are carried out at the
diiron center, where the binding of oxygen and the activation of the organic substrate occurs.
Available evidence on other alkene monoxygenases suggests that they share some
similar features with those of Xanthobacter strain Py2 and R. rhodochrous strain B-276. For
example, genetic analysis of isoprene-utilizing Rhodococcus sp. strain AD45 shows that it
contains a six genes-encoding four-component AMO with predicted high similarity to the
four-component AMO of strain Py2 (156) rather than to the three-component AMO of strain
B-276 (102). Also, a strong similarity has been observed between the AMOs of vinyl
chloride- and ethene-utilizing strain Mycobacterium JS60 and strain B-276 in terms of gene

sequence and gene organization (29).
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Figure 1-4: Comparison of alkene monooxygenases from (A) R .rhodochrous B-276 and (B)
Xanthobacter sp. strain Py2.

(Reference: Ensign, S. A.; Microbial Metabolism of Aliphatic Alkenes, Biochemistry, 2001.
40, 5845-53)

Xanthobacter Py2 AMO has a broad substrate range for aliphatic alkenes, catalyzing
the epoxidation of terminal and internal alkenes varying in chain length from C,-Cs (152).
Propene-grown Xanthobacter cells (strain Py2) also degrade several chlorinated alkenes of
environmental concern including trichloroethylene, cis- and trans-1,2-dichloroethylene, vinyl

chloride, 1-chloropropylene, 1,3-dichloropropylene, and 2,3-dichloropropylene (44). AMO
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of strain Py2 is an inducible enzyme that is repressed during growth with conventional
carbon sources (i.e. glucose) and induced upon exposure of cells to a range of aliphatic and
chlorinated alkenes and epoxides (41). As opposed to broad-range oxygenases which are not
stereoselective, AMOs exhibit a high degree of stereoselectivity for alkene epoxidation; e.g.
purified AMOs from Xanthobacter strain Py2 and R. rhodochrous strain B-276 catalyze the
oxidation of propene with 95 and 92% yields, respectively, of R-epoxypropane (7, 61). These
various features make the alkene/epoxide metabolizing system of Xanthobacter strain Py2 an

attractive one for studying the pathway of aliphatic alkene and epoxide metabolism.

1.2¢ Metabolism of Epoxides

In contrast to the production of epoxides (epoxyalkanes), little is known about the
microbial metabolism of epoxides. As discussed above, an epoxide can be degraded in
several different ways such as hydrolysis by an epoxide hydrolase yielding a vicinal diol
(47), isomerization into an aldehyde or ketone (in the absence of CO,) (127, 128) or,
alternatively in the presence of CO,, carboxylating the epoxide leading to the formation of a
B-keto acid (3).

Epoxide hydrolase activity has been reported in a few bacteria and according to
Ospiran and coworkers, this activity seems to be more associated within the genera
Rhodococcus, Nocardia, Mycobacterium and Arthrobacter, whereas epoxide-isomerization is
associated with the Pseudomonas family (109). For example, Nocardia sp strain A60 grew
on 1, 2-epoxypropane with 1, 2-propanediol as an intermediate (37) while a strain of

Pseudomonas putida catalyzed the hydrolysis of 2-3-epoxysuccinate (8). In studies with
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ethene-grown Mycobacterium E20 and Mycobacterium E44, it was proposed that
epoxyethane was converted directly into acetyl-CoA in the presence of NAD*, CoA and an
unknown cofactor (35, 163). But, ethylene glycol was not detected as an intermediate in
ethene metabolism.

In general, epoxyalkanes accumulate only when non-growth alkanes are oxidized
(152), because the majority of alkene-utilizing bacteria also contain epoxide-degrading
enzymes that hydrolyse the product at a much faster rate than the epoxidation step, thus
preventing any significant accumulation of epoxyalkanes (65, 149, 151, 152). Meanwhile,
epoxide carboxylation appears to be the general strategy for epoxide metabolism in bacteria

that grow using aliphatic alkenes as carbon and energy sources.

1.2d Aliphatic Epoxide Carboxylation

One of the most common mechanisms that bacteria employ to metabolize epoxides is
carboxylation by utilizing carboxylases (45). Although carboxylases are diverse in terms of
their structure, substrate specificity, and cofactor usage, they all have a common feature with
regard to their ability to generate a stabilized carbanion for attack on electrophilic CO, or
activated CO, species (91). Different carboxylases use different chemistry to catalyze the
carboxylation reaction; e.g. Ribulose-1,5-diphosphate carboxylase (RuBisCO) uses general
acid-base chemistry along with metal ion catalysis to form the cis- enediolate intermediate
(23). Metal ion catalysis is also used in the well known enzyme of the glycolysis pathway
phosphoenol pyruvate (PEP) carboxylase where the reaction is catalyzed by the formation of

the enolate tautamer of pyruvate carbanion when bicarbonate attacks and removes the
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phosphate group of PEP (87). Another example of acid-base catalysis is seen in the vitamin
K-dependent carboxylases where oxygenation of vitamin K facilitates the formation of a
strong base which in turn abstracts a proton from the y-carbon of glutamate (40). In all these
cases it is interesting to note that the substrate itself is a potential nucleophile and the proton
abstraction is carried out by the enzyme to generate the carbanion. Contrary to this general
scheme, there are carboxylases with unique molecular properties and cofactor requirements
which convert aliphatic epoxides to B-keto acids (44, 128, 130).

Alkene metabolism in X. autotrophicus strain Py2 and R. rhodochrous strain B-276
have been extensively studied with regard to propene metabolism (2, 3, 4, 5, 6, 7, 128). In
both organisms, propene metabolism is initiated by the insertion of a single oxygen atom into
the olefin bond of propene forming epoxypropane in a stereospecific manner by an alkene
monooxygenase (129). The epoxypropane enantiomers are subsequently metabolized by a
three-step linear pathway (epoxide-carboxylation) that uses four enzymes and an unusual
cofactor, coenzyme M (CoM)/ 2-mercaptoethanesulfonic acid, in the presence of NAD™,
NADPH, and CO; to catalyze the net carboxylation of epoxypropane to form the central
metabolic acetoacetate (2, 3, 5, 6). This pathway has two interesting features: an
unprecedented metabolic conversion of an epoxide to B-ketoacid and the involvement of
CoM as a cofactor in the reaction (2). CoM acts as the nucleophile for the epoxide ring
opening and as the carrier of hydroxyalkyl- and ketoalkyl-CoM intermediates. Recent studies
of ethene- and vinyl chloride-utilizing bacteria have shown that CoM serves as the cofactor
for the utilization of these short-chain alkenes as well (28, 29, 99). For these strains,

epoxyalkane:CoM transferase (EaCoMT) forms hydroxyethylthioether conjugates which are
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believed to undergo subsequent dehydrogenation and conversion to acetyl-CoA rather than
carboxylation (29). Other than its role in propene, ethene and vinyl chloride metabolism,
CoM was only known previously for its role in methanogenic archaea, where it serves as the
methyl group carrier in the terminal reactions in methanogenesis (142, 143, 166).

In contrast to the AMOs of Xanthobacter Py2 and R.rhodochrous B-276 which differ
significantly in composition (Fig. 1.4), the four protein components of epoxide carboxylase,
designated I, II, IIT and IV, are virtually indistinguishable from a biochemical standpoint (i.e.
subunit composition, molecular weights, cofactors, specific activities, substrate range) in
these two bacteria (5, 7).

As shown in Fig.1.5, the first step of epoxide-carboxylation pathway is the transfer of
CoM to form a 2-hydroxypropylthioether conjugate. This step is catalyzed by the enzyme
epoxypropane: CoM transferase (EaCoMT) (component 1) which can use either R- or S-
epoxypropane as a substrate forming the corresponding R- or S-hydroxypropylthioether
(hydroxypropyl-CoM) (2). In the next step, two stereospecific dehydrogenases, R- and S-
hydroxypropyl-CoM dehydrogenases (R-HPCDH and S-HPCDH) (components III & IV
respectively) catalyze the NAD"-dependant dehydrogenation of R- and S-hydroxypropyl-
CoM (R- or S-HPC) to a common achiral product, 2-ketopropyl-CoM (2-KPC) (7). R-
HPCDH and S-HPCDH are highly specific for their respective substrates, exhibiting only 0.5
to 1.0% activity with the opposing enantiomer (2). In the final step, 2-ketopropyl
carboxylase/reductase (2-KPCC) (component II) catalyzes the NADPH-dependent reduction,
cleavage and carboxylation of 2-KPC, forming acetoacetate and CoM. CoM is thus

unchanged and recycled for the next round of reactions (22).
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Whereas reductive cleavage and carboxylation of the substrate is the primary
physiologically relevant reaction catalyzed, in the absence of CO;, an isomerization of the
epoxide occurs resulting in the corresponding ketone. However, these ketones are not further
metabolized, suggesting that they are not the physiological products of epoxide conversion.
(127,128). The epoxide-converting enzyme is thus both epoxide isomerase and carboxylase,
the nature of the reaction depending on the availability of the cosubstrate CO,.

The biochemical properties and amino acid sequences of the four epoxide
carboxylase components (designated components I-IV), together with initial mechanistic
studies, have suggested possible roles for the individual components in catalysis and allowed
the formulation of a plausible catalytic cycle for the overall reaction. Component I is a
homohexameric (42 kDa subunit) zinc-containing protein that is believed to contain the
epoxide binding and activation site(s). Component II is a homodimeric (57 kDa subunit)
flavoprotein with NADPH: disulfide oxidoreductase activity that is believed to reduce a
disulfide on component I, generating a reduced thiol serving as a nucleophile for attacking
and opening the epoxide ring. Components III and IV are small (26 and 25.4 kDa subunits,
respectively) homodimeric proteins with no detectable organic or inorganic cofactors. The
sequences of components III and IV are homologous to NAD*-dependent dehydrogenases,
suggesting that they may be involved in NAD" reduction and hydride abstraction from the

epoxide substrate (4, 5).
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Figure 1-5: Pathway and enzymes of CoM-dependent epoxypropane carboxylation.

(Reference: Ensign, S. A. and Allen, J. R.; Aliphatic Epoxide Carboxylation, Annu. Rev.

Biochem, 2003. 72, 55-76)
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The involvement of stereospecific dehydrogenases in aliphatic epoxide metabolism
was first demonstrated by Allen and Ensign (7). They reported that components I and II are
required for the utilization of both enantiomers of epoxypropane, while component III and IV
confer specificity for utilization of the R- and S-enantiomers, respectively. On the basis of
these observations, and sequence analyses of components III and IV, these components are
proposed to belong to the family of short-chain dehydrogenases and to impart specificity for
abstraction of C2 hydrides from chiral secondary alcohol intermediates formed in the

reaction cycle.

1.2¢ Inhibition of Epoxide-Carboxylase Activity

In an attempt to identify a specific inactivator of the epoxide-carboxylase system for
Xanthobacter strain Py2, Allen and Ensign (4) recognized 1,2-epoxy-2-methylpropane
(isobutylene oxide) as an excellent candidate for such an inactivator. It was used to identify
and characterize the active-site-containing component of the system. 1,2-Epoxy-2-
methylpropane, which differs from epoxypropane in containing a methyl rather than a
hydrogen substituent on the C2 carbon atom, was characterized as a time-dependent,
irreversible inactivator of epoxide carboxylase activity in both Xanthobacter Py2 (4) and
R.rhodochrous B-276 (6) strains. It acts as a mechanism-based inactivator of component I
(EaCoMT). A catalytic mechanism proposed for epoxide isomerization by Weijers and
coworkers, involves a nucleophilic attack of a sulfhydryl on the C1 carbon atom of a terminal
epoxide, leading to ring opening and the formation of a B-hydroxythioether, followed by

abstraction of a hydride from the C2 carbon, yielding a B-ketothioether intermediate (Fig.
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1.6A) (161). In contrast, reaction of 1,2-epoxy-2-methylpropane in a similar fashion would
lead to the formation of a methyl-substituted B-hydroxythioether that could not react further
due to the presence of the methyl group on the C2 carbon (Fig. 1.6B) (4).

In 2006, Boyd and coworkers have reported that 2-bromoethanesulfonate (BES) was
able to inhibit bacterial growth on and metabolism of propene by both Xanthobacter strain
Py2 and R. rhodochrous strain B-276 (15). BES is a structural analog of CoM and a potent
inhibitor of methanogenic growth and methanogenesis (11, 12, 64, 135), the only other
previously recognized CoM-dependent process. The site of action of BES has recently been
shown to be the 2-KPCC component (component II) of the epoxide carboxylase complex

from strain Py?2 (14).
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Figure 1-6: Proposed mechanisms for epoxide carboxylase-catalyzed epoxide conversions;
(A) epoxypropane, (B) 1,2-epoxy-2-methylpropane

(Reference: Allen J. R and Ensign, S. A.; Characterization of Three Protein Components

Required for Functional Reconstitution of the Epoxide Carboxylase Multienzyme Complex
from Xanthobacter Strain Py2, Journal of Bacteriology, 1997a. 179, 3110-3115)
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1.3 Microbial Oxidation of Alkanes and Alkenes

A major difference between alkane- and alkene- metabolizing bacteria is the substrate
specificity towards hydrocarbons of the monooxygenases responsible for their initial
oxygenation. In general, resting cells of alkane-grown bacteria are able to hydroxylate
alkanes and to epoxidize as well as hydroxylate alkenes (75, 77, 78, 80, 112) whereas the
cells of alkene-grown bacteria are only able to epoxidate alkenes (34, 65, 151). In both cases,
the oxidation is initiated by the incorporation of one atom from molecular oxygen into the
hydrocarbon molecule, a reaction catalyzed by a monooxygenase enzyme. Alkanes are
oxidized to the corresponding primary or secondary alcohols while alkenes are oxidized to

the corresponding epoxyalkanes/epoxides.

Alkene-grown bacteria
/O\
CH;- (CH,),-CH=CH,— H,C- (CH,),,-CH-CH,

Alkane-grown bacteria (I)H
H,C-(CH,)-CH=CH,
CH,- (CH,),- CH = c|-|2< o,
H,C- (CH,),- CH-CH,

Figure 1-7: General modes of oxidative attack of alkenes by alkene- and alkane-grown
bacteria.

(Reference: Hartmans, S., de Bont, J. A. M., Harder, W.; Microbial Metabolism of short-
chain unsaturated hydrocarbons, FEMS Microbiology Reviews, 1989. 63, 235-264)
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Alkane monooxygenases have broad substrate ranges and can fortuitously catalyze
the epoxidation of aliphatic alkenes in an identical manner to the reaction shown for alkene
monooxygenase (Fig.1.7) (26, 38, 167). In contrast, alkene monooxygenases have more
restricted substrate specificity and are generally incapable of catalyzing the hydroxylation of
saturated hydrocarbon substrates and in this respect alkene-utilizing bacteria are exceptional

(34).

1.3a Oxidation of Alkenes by Alkane-Utilizers

Alkene oxidation by either alkane- or alkene-grown cells very often resulted in the
formation and excretion of epoxides. Epoxide formation by alkane-utilizers is due to the non-
specific action of an alkane-hydroxylase that is able to form alcohols from alkanes and
epoxides from alkenes. Examples for such organisms are the resting cells of methane- and
other alkane-grown bacteria that form epoxides from alkenes as a consequence of either the
inability of these bacteria to degrade epoxides (78) or of a negligible oxidation rate of
epoxides (112). The epoxidation of 1-alkenes by alkane-grown bacteria was first
demonstrated by van der Linden (148) who detected the formation of 1, 2-epoxyoctane from
I-octene by heptane-grown Pseudomonas aeruginosa. Several other authors have confirmed
this later on by using liquid n-alkane-utilizing bacteria. For instance, Cardini and Jurtshuk
(20) found that a cell extract of Corynebacterium sp. (strain 7E1C) oxidized 1-octene to 1, 2-
epoxyoctane in addition to hydroxylating 1-octane to 1-octanol. The epoxidation of 1-octene
by whole cells and a purified monooxygenase system of Pseudomonas oleovorans grown on

n-octane have also been reported (1, 100). But, none of these epoxidation systems were
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found to be active on gaseous alkenes. Resting cells of bacteria grown on gaseous alkanes
(C,-Cy), however, were able to catalyze the epoxidation of ethene, propene, 1-butene, 1, 3-
butadiene and 1-pentene, and epoxide-formation by such bacteria has been observed
frequently (80, 112). Methane-utilizing bacteria also catalyzed the epoxidation of gaseous

alkenes (75, 76, 77, 139).

1.3b Oxidation of Alkenes by Alkene-Utilizers

The formation of 1, 2-epoxyalkanes has also been studied with alkene-utilizing
bacteria. For example, Furuhashi et al. found that Nocardia corallina B-276 (Rhodococcus
rhodochrous B-276) accumulated 1, 2-epoxypropane during growth on propene (60) while
Habets-Criitzen et al. reported the formation of 1,2-epoxyalkanes from ethene, propene and
I-butene by several strains of genera Mycobacteria and Nocardia. According to this study,
the resting cells of organisms isolated on propene and butene, when grown on these
substrates converted ethene quantitatively to epoxyethane. Some, but not all ethene-utilizing
strains accumulated 1, 2-epoxypropane or 1, 2-epoxybutane when propene or butene was
supplied, although not quantitatively because the epoxides produced were partially further
metabolized (65). In contrast, a special situation existed for Mycobacterium E20, which
grows on both unsaturated and saturated gaseous hydrocarbons. Ethene-grown E20 cells did
not yield 1, 2-epoxypropane from propene because the epoxide was further metabolized.
Butane-grown E20 cells, however, accumulated the appropriate epoxyalkanes almost

quantitatively from ethene and propene, confirming that this organism is not being able to
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further metabolize the epoxides, resembling methane-utilizing bacteria and other alkane-
utilizers. (65).

Moreover, van Ginkel et al. (152) reported that all 11 strains of alkene-grown bacteria
tested (belonging to the genera Mycobacterium, Nocardia, and Xanthobacter) were able to
oxidize the whole range of alkenes (C,-C¢) used and were also able to accumulate
epoxyalkanes from one or more of the alkenes. Eight of these strains oxidized the alkenes at
rates of 10-80 nmol/min/mg of protein and the highest rates were found with the alkene on
which the bacterium was grown. However, no significant excretion of epoxyalkanes was
detected from those alkanes on which the bacteria were grown. Epoxyalkanes also did not
accumulate from alkenes, which are potential growth substrates of the bacteria. For instance,
I-hexene utilizing Nocardia strain H8 which was able to grow on all tested 1-alkenes (C,-Co)
(and oxidized them all at the same rate), did not form any 1, 2-epoxyalkane. Nevertheless,
few epoxide-accumulations were detected in stoichiometric amounts from the corresponding
alkenes, because in most cases epoxides formed were further converted to other compounds
like alkanediols. For an example, 1, 2-epoxypropane was hydrolyzed to 1, 2-propanediol by
ethene-grown Mycobacterium sp. strain E3.

Reports on the production of subterminal epoxides appear to be less prevalent. This
may be due to moving the double bond away from the terminal methyl group which has
somehow rendered it less susceptible to attack by the oxygenases. For instance, ethene-grown
Micrococcus sp. MI0C was reported to epoxidate cis- and trans-butenes at significantly
lower rates than terminal gaseous alkenes (97). In terms of reactivity, cis-2-butene is thought

to be more reactive than the frans isomer due to its sterically less hindered double bond and
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the rotated (and tilted) methyl group which results in more strained structure (9). However,
epoxidation of frans-2-butene was 2-fold faster than the cis-isomer suggesting that the trans
configuration may be sterically favored for oxidation (97). Moreover, van Ginkel et al (152)
demonstrated that frans-2-butene-utilizing strain Nocardia TB1 grew more abundantly on
saturated than on unsaturated gaseous hydrocarbons as well as it oxidized all alkanes tested.
Therefore it is thought that these cells contain an alkane-type monooxygenase with broad
substrate specificity, and not an alkene-type monooxygenase. In a separate study van Ginkel
et al. (153) have shown that Nocardia TB1 metabolizes trans-2-butene via crotyl alcohol, in
which the alkene is metabolized via an initial hydroxylation at the C; position rather than

going through an initial epoxidation reaction (Fig.1.8).

1.3c Oxidation of Alkanes by Alkene-Utilizers

Only a very limited number of gaseous-alkene utilizing bacteria can grow on alkanes;
e.g. Nocardia corallina (R. rhodochrous) starin B-276 (60), Mycobacterium strain E20 (36),
and other Mycobacterium spp. (55). These observations have been confirmed by van Ginkel
et al. (152), where only 3 out of 11 strains of alkene-utilizing bacteria tested were able to
grow and oxidize the n-alkanes (C;-Cg). Isoprene-grown Nocardia strain IP1 oxidized
butane, pentane and hexane at rates up to 2 nmol/min/mg of protein. 1-Hexene-grown
Pseudomonas strain H1 oxidized pentane and hexane at rates of 4-6 nmol/min/mg of protein,
whereas the gaseous alkanes were oxidized at negligible rates. Trans-2-butene-grown
Nocardia strain TB1 oxidized all alkanes tested (C;-C¢) except for methane at rates up to ~2

nmol/min/mg of protein for pentane and hexane and ~4 nmol/min/mg of protein for butane.
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Both strains H1 and TB1 grew more abundantly on alkanes than on alkenes and hence can be

better described as alkane utilizers (152).
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Figure 1-8: Proposed pathway of trans-2-butene biodegradation in Nocardia TBI1.
(Reference: van Ginkel C. G., Welten H. G. J., Hartmans S, de Bont J. A. M. Metabolism of
trans-2-butene and butane in Nocardia TB1. J. Gen. Microbiol., 1987a, 133:1713-1720).

2) 2-Methylpropene (Isobutylene)
2.1 Background and significance

2-Methylpropene (isobutylene), the simplest branched-alkene, is a hydrocarbon of
industrial significance. It is one of the four isomers of butenes (C4Hs), namely 1-butene, cis-
2-butene, trans-2-butene and 2-methylpropene. At standard temperature and pressure, it is a

colorless, flammable gas and becomes a liquid at extreme low temperatures. It is insoluble in
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water (263 mg/L at 25°C) and sorbs well to organic matter rather than water (Log Koy = 2.34)

(146) (Table 1-1).

CH,
H,C

CH,

Chemical structure of 2-methylpropene. (From http://www.wikipedia.org)

2-Methylpropene is a component of natural gas and crude oil and is used as a
feedstock in the production of a variety of products. It is reacted with methanol and ethanol
in the manufacture of gasoline oxygenates methyl-tert-butyl ether (MTBE) and ethyl-zert-
butyl ether (ETBE) respectively. Alkylation with butane or dimerization followed by
hydrogenation of 2-methylpropene produces isooctane (2, 4, 4-trimethyl-1-pentane), another
fuel additive which has an octane number of 100. 2-Methylpropene is also used in the
production of methacrolein (isobutenal) as well as the antioxidants, butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA). Polymerization of isobutylene
produces butyl rubber (polyisobutylene) (164).

Although 2-methylpropene has been identified in natural environments, this has
traditionally been associated with losses from petrogenic sources resulting from offgassing or
venting. Anthropogenic sources of 2-methylpropene can result from combustion of fossil

fuels and losses from gas plants and refineries. Even though permitted levels of 2-
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methylpropene should not cause adverse health effects, it has been classified as a hazardous

material by the U.S. Department of Transportation.

Table 1-1: Physical properties of 2-methylpropene; Taken from a publication prepared for 2-
methylpropene by the UNEP (146).

Property Value Reference or Comment

Physical state Gaseous (colorless)

Molecular weight 56.11 g/ mol

Boiling point -6.9°C Lide et al., 1997
Melting point -140.3 °C Lide et al., 1997
Density 0.5879 g/cm3 (at 25°C) O'Neil et al., 2001
Partition coefficient

n-octanol/water (log Koy, 2.34 Hansch et al., 1995
value)

Water solubility 263 mg/L (at 25 °C)

) HLC calculated using 263
Henry’s Law 63,400 Pa-m3/mole (at mg/L water solubility, 2,973
constant (HLC) 25°C) hPa vapor pressure, and

56.11 molecular weight.
2,973 hPa (2.934 at t
Vapor pressure ) 590 ) 2 (2.934 atm) (a EPIWIN, 1999

Why are we interested? Until now a very limited number of gaseous alkenes have been
investigated for their degradability and only a few species of bacteria are known as alkene-
oxdizers. No studies have been reported on the microbial degradation of branched-chain
alkenes besides 2-methyl-1, 3-butadiene (isoprene) degradation. Several bacterial strains that
are capable of growing on 2-methyl-1,3-butadiene have been isolated (46, 150, 155) and

genes associated with its catabolism by Rhodococcus AD45 have also been identified (156).
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The pathway of 2-methyl-1,3-butadiene oxidation in strain AD45, initiates by a
multicomponent monooxygenase to yield an epoxide (1, 2-epoxy-2-methyl-3-butene) which
is then conjugated with glutathione (154, 155). The resulting hydroxylated conjugate is
subsequently oxidized to a carboxylic acid by dehydrogenases (156). However, little is
known about the microbial degradation and enzymes associated with the oxidation of the
simplest branched-alkene, 2-methylpropene.

No organisms have previously been isolated on 2-methylpropene although several
alkene-oxidizing strains could co-oxidize this compound. In an early study, Furuhashi and
coworkers have examined 2-methylpropene as a potential growth-supporting substrate for R.
rhodochrous B-276 that grows well on ethene, propene, 1-butene, n-butane and 1,3-
butadiene. But it did not grow on 2-methylpropene (60). However, many microorganisms
have been identified that can generate this gas under aerobic conditions. In the first instance,
Fukuda and coworkers have reported the production of 2-methylpropene by 18 strains of
Rhodotorula yeast (especially R. minuta var. texensis IFO 1102 at a rate of 16.4 nl/ml/hr)
followed by Fujii and coworkers who have confirmed their result (56, 57, 58). Furthermore,
the betaproteobacterial strains Aquincola tertiaricarbonis 1108, Methylibium petroleiphilum
PM1, and Methylibium sp. strain R8, have also been reported to form 2-methylpropene
exclusively from MTBE, ETBE, and TBA (123). It can also be produced by several enzymes
including cytochrome P450rm (54, 59) diphosphomevalonate decarboxylase (63) and oleate
hydratase (98). In contrast to these microbial and enzymatic production routes, little is known

about the microbial degradation of this gas.
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There are few prior studies of microbial degradation of 2-methylpropene by
methanotrophs, propanotrophs and alkene-oxidizers (79, 80, 111). For instance, Hou et al.
(79) have reported the epoxidation of 2-methylpropene to 1,2-epoxy-2-methylpropane by
resting cell-suspensions of two methanotrophic strains, Methylococcus capsulatus CRL MI
and Methylosinus trichosporium OB3b. The specific activities of these oxidations were 0.46
umol/h/mg cells and 0.32 pmol/h/mg cells respectively while no further oxidation of the
epoxide was observed (79). Moreover, the epoxidation was inhibited by metal-binding and
metal-chelating agents and the pattern and magnitude of the inhibition resembled those
obtained for methane monooxygenase (77). Neither strain CRL MI nor strain OB3b utilized
2-methylpropene as a growth supporting substrate. In a similar study, Patel and coworkers
have demonstrated the oxidation of 2-methylpropene to 1,2-epoxy-2-methylpropane by a
soluble-fraction of Methylobacterium sp. strain CRL-26 (111). In a separate study, Hou and
coworkers showed that propane-grown Brevibacterium sp. strain CRL-56 oxidizes 2-
methylpropene to 1,2-epoxy-2-methylpropane at the rate of 0.46 umol/10 min per mg of
protein (80).

In the case of Xanthobacter strain Py2, propene-grown cells oxidized 2-
methylpropene at the rate of 19.4 nmoles/min/mg total protein compared to 22.6 — 26.6
nmoles/min/mg total protein, the rates observed with the oxidation of growth-supporting 1-
alkenes, ethene, propene and 1-butene. Moreover, both 2-methylpropene and 1,2-epoxy-2-
methylpropane induced alkene oxidizing activity (both alkene monooxygenase and epoxidase
activities) in glucose-grown Py2 cells. Interestingly, 1,2-epoxy-2-methylpropane was not

degraded by propene-grown Py2 cells to any detectable level (41). Also, 1,2-epoxy-2-
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methylpropane has been characterized as a time-dependent, irreversible inactivator of
epoxide carboxylase activity in both Xanthobacter Py2 (4) and R. rhodochrous B-276 (6).

It has also been shown that ethene-grown Nocardioides sp. strain JS614 converts 2-
methylpropene to 1,2-epoxy-2-methylpropane at the rate ~18.5 nmol/min/mg protein and it
was the slowest of all four butenes that were tested (110). Takami et al, (141) reported that 2-
methylpropene is converted to 1,2-epoxy-2-methylpropane and 2-methylallyl alcohol by
heterologously expressed dimethyl sulfide (DMS) monooxygenase and cumene dioxygenase
respectively (degradation rates are not known). The mode of oxidation by the DMS
monooxygenase is considered to be similar to the monooxygenation of propene and 1-butene
to the corresponding epoxides by Methylosinus trichosporium and Methylococcus capulatus
(140). Furthermore, the oxidation by the cumene dioxygenase is thought to be similar to the
monooxygenation of chlorinated propenes to the corresponding chlorinated allyl alcohols by
the toluene dioxygenase (TDO) from Pseudomonas putida F1 (94). A recent study has
demonstrated the catalysis of the epoxidation of 2-methylpropene by an unspecific
peroxygenase secreted by the fungus Agrocybe aegerita, in which the gas has exclusively
been converted to the epoxide (113).

Also we were interested to know to what extent microorganisms that metabolize 2-
methylpropene may be evolutionary precursors for organisms that can now metabolize
methyl zertiary butyl ether (MTBE) and its primary metabolite, fertiary butyl alcohol (TBA),

frequently encountered gasoline-derived ground water pollutants.
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2.2 2-Methylpropene-MTBE pathway overlap
2.2a Background and Biodegradation of MTBE:

MTBE (methyl tert-butyl ether) is the most widely used oxygenate in the United
States (US) and was originally introduced in late 1970s as an octane-enhancing replacement
for lead additives in gasoline (147). Oxygenates are high oxygen containing substances used
as blending components in the production of gasoline in order to increase fuel combustion
efficiency and decrease exhaust emission. In the 1990s, MTBE use increased in response to
the requirements of the Clean Air Act Amendments (1990) for oxygenated fuels. In 1993,
production of MTBE exceeded 24 billion gallons, making it the second most manufactured
organic chemical in the US (118), and in 1997 its use was greater than 10.5 million gallons
per day (89). While there are many different gasoline oxygenates, MTBE was chosen as the
preferred oxygenate by gasoline manufacturers based on a few important qualities such as
being inexpensive to make (made from two readily available refinery waste products, 2-
methylpropene and methanol), blending easily with fuels, and ease of transportation through
existing pipelines.

Despite its potential benefits to air quality, MTBE has some properties that can cause
serious environmental problems. Its high solubility in water (51 g/L), low adsorption to soil
and organic matter (Logoy = 1.2), and underground tank leakage or accidental spills have
shown MTBE to be the most commonly detected contaminant in groundwater in the US and
Europe. All ether oxygenates were subsequently removed from US gasoline in the mid
2000s. The USEPA has declared it as a potential carcinogen and has issued a drinking-water

advisory of 20 - 40 pug/L on the basis of taste and odor thresholds. The environmental fate of
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MTBE in gasoline-contaminated ground water is also impacted by its slow rate of
biodegradation under both aerobic and anaerobic conditions (49).

TBA is a consistent intermediate of all pathways of aerobic biodegradation of MTBE
(82), and it has drawn increased attention as an important ground water contaminant. TBA is
fully miscible in water and also does not sorb well to organic matter (Log Kow = 0.35) (85).
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 data is available on human health risks in association with TBA
in drinking water, it is thought that TBA may pose a greater environmental risk than MTBE.

MTBE was thought to be non-degradable in soil and groundwater (88) due to high
dissociation energy (~ 360 kJ/mol) (162) of the ether bond and the presence of a tertiary
carbon atom, which make biodegradation enzymatically unfavorable. However, many
microorganisms have been isolated that can degrade MTBE as a sole source of carbon and
energy. In 1994, Salanitro reported the isolation of an aerobic mixed bacterial culture (BC-1)
that was capable of degrading MTBE (121). In 1997, Mo and coworkers reported the
isolation of three pure bacterial cultures of genera Methylobacterium, Rhodococcus, and
Arthrobacter that were able to grow, albeit slowly, on MTBE under aerobic conditions (103).
Additional studies have been reported recently and MTBE biodegradation under both
aerobic and anaerobic conditions became evident. Anaerobic biodegradation of MTBE has
been observed under methanogenic (165, 169), sulfate-reducing (134), iron-reducing (52)
and nitrate-reducing conditions (17). However, studies have shown (104, 108, 168) that

MTBE biodegradation occurs slowly under anaerobic conditions while it is significantly
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greater under aerobic conditions. Therefore many studies have been conducted focusing on

aerobic biodegradation.

2.2b Aerobic Biodegradation of MTBE:

There are two different metabolic processes that can achieve aerobic biodegradation
of MTBE; metabolism and cometabolism. Metabolism involves the utilization of a substrate
as a sole source of carbon and energy while cometabolism involves the degradation of a
compound that does not support growth. In cometabolism, enzymes induced by a primary
growth-supporting substrate catalyze the transformation of the second compound (49).

However, strains using MTBE as the sole source of carbon and energy are rarely
found. Bacterial isolates capable of aerobic growth on MTBE include the B-proteobacterial
strains Methylibium petroleiphilum PM1 (39, 67, 105) and Hydrogenophaga flava ENV 735
(73, 136), as well as the gram-positive Mycobacterium austroafricanum IFP 2012 (53).
These three isolates are also capable of metabolizing TBA, the primary metabolite of MTBE
oxidation, as a sole carbon and energy source

In contrast, a variety of aerobic microorganisms can degrade MTBE cometabolically
after growth on certain hydrocarbons and many of them are also major gasoline components
including normal alkanes (62, 95), branched-alkanes (84), aromatics (83, 92) and alicyclic
(30) compounds. These organisms include several bacterial genera i.e. Pseudomonas (62,
131, 133), Mycobacteria (132) and other actinomycetes (95) as well as the filamentous
fungus Graphium sp (68). The MTBE-oxidizing activity of these organisms has often been

attributed to the lack of substrate specificity of monooxygenase enzymes otherwise
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responsible for initiating alkane oxidation (68, 131, 132, 137). The cometabolic oxidation of
MTBE by these organisms does not follow the same pathway and they differ from each other
in numerous ways. For instance, some alkane hydroxylase-expressing organisms such as
Pseudomonas putida strain GPol generate TBA as a dead end product (131) while propane-
oxidizing organisms such as Mycobacterium austroafricanum JOBS5 can further oxidize TBA
to 2-methyl-1,2-propanediol (89) and 2-hydroxyisobutyrate and potentially other products

(137).

Pathway for Aerobic Biodegradation of MTBE and TBA: Although the pathway of
aerobic MTBE degradation has not been fully elucidated, there is agreement on the first steps
of oxidation (49, 132, 137) and it is generally thought to proceed according to the diagram
shown in Fig. 1.9. Initially, the methoxy carbon of MTBE is hydroxylated by a
monooxygenase resulting in an unstable hemiacetal, fert-butoxymethanol (68).
Monooxygenases involved in this reaction include several forms of alkane hydroxylases
(non-haem iron oxygenases) and cytochrome P450s (haem-containing oxygenases). For
example, in M. austroafricanum JOBS, the initiation of MTBE (and TBA) oxidation is
believed to be catalyzed by the alkane-oxidizing monooxygenase, which has not been
identified yet. In the case of Pseudomonas mendocina KR1 and Pseudomonas putida GPol,
several reports suggest that an AlkB-like alkane hydroxylase is responsible for MTBE-
oxidation (131, 133, 137). In other studies with Pseudomonas putida (ATCC 17453)
Nocardia sp. ENVA425, and Graphium sp. results suggested the involvement of a P450-

monoxygenase in initiating MTBE oxidation (68, 137).
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The unstable hemiacetal can spontaneously decompose to tert-butyl alcohol (TBA)
and formaldehyde. In Mycobacteria and some other strains, this hemiacetal can be
enzymatically oxidized to fert-butyl formate (TBF) which is thought to be catalyzed by an
alcohol dehydrogenase (ADH) (68). It has been shown that TBF is further hydrolyzed to
TBA and formate (132). MTBE-oxidizing bacteria can further oxidize TBA to 2-methyl-1, 2-
propanediol (MPD) by a reaction catalyzed by a monooxygenase enzyme. In Mycobacterium
strains that oxidize MTBE cometabolically (e.g. M. austroafricanum JOBS, M.
austroafricanum IFP 2012 and 2015), this reaction is thought to be catalyzed by the same
monooxygenase enzyme that is responsible to initiate MTBE (and alkane) oxidation (53,
132). In contrast, in organisms that can metabolize MTBE and TBA (e.g. strains PM1 and
L108), this reaction is catalyzed by a separate non-haem iron oxygenase (MpdJ) and its
associated reductase (MpdK) (81).

The next step of MTBE oxidation is the conversion of MPD to 2-hydroxyisobutyrate
(HIBA). In the case of M. austroafricanum IFP 2012, it has been proposed that MPD is
oxidized to HIBA through 2-hydroxyisobutyraldehyde (HIBAL), which has never been
detected as an intermediate (50). This four-electron oxidation is thought to be catalyzed by an
alcohol dehydrogenase (MpdB) and an aldehyde dehydrogenase (MpdC) respectively. MpdB

is closely related to choline oxidase, a member of the glucose-methanol-choline
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oxidoreductase family of enzymes that catalyzes the four-electron oxidation of choline to
glycine betaine through an enzyme-bound betaine aldehyde intermediate (48). Several
studies have shown that HIBA is further oxidized to 3-hydroxybutyrate (3HB) in the
presence of cobalt or cobalamin. For instance, Burkholderia cepacia IFP 2003, a strain that is
capable of growing on TBA, but not on MTBE, required cobalt ions for growth on TBA
(115). Francois et al (53) has shown that M. austroafricanum 1IFP 2012 also required cobalt
for growth on TBA. In another study, Rohwerder and coworkers have reported about three
closely related B-proteobacterial strains L.108, L10 and CIP 1-2052 showed an exceptional
nutritional demand for cobalt (or cobalamin) during growth on substrates possessing the fert-
butyl moiety including HIBA. Also they were able to identify a cobalt-dependent enzyme,
isobutyryl-CoA mutase that was shown to convert HIBA to 3HB, which is then further

metabolized through central metabolic pathways (119).

The research in this dissertation has focused on the microbial oxidation of alkenes
and alkanes by a novel 2-methylpropene-metabolizing strain, Mycobacterium sp. ELW 1. The
first study describes the isolation and physiological characterization of the bacterium and
determination of the pathway and enzymes involved in 2-methylpropene oxidation. We
hypothesized that the proposed pathway for the oxidation of 2-methylpropene by this new
isolate overlaps with the previously established pathway of aerobic degradation of MTBE
and TBA. In the second study, a novel pathway for the oxidation of cis- and frans-2-butene
(isomers of 2-butene) was elucidated. This study is of great importance as 2-butene is the

only other alkene that the strain ELW1 grows on. Also, the first bacterium isolated on trans-
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2-butene, Nocardia TB1, metabolizes trans-2-butene via an initial hydroxylation at the C;
position rather than via an initial epoxidation reaction similar to what we have proposed for
strain ELWI1. The third study focuses on the co-oxidation of alkanes by this new isolate
although it does not metabolize short-chain alkanes (C;-C¢) as growth substrates. This feature

makes it different from other alkene-utilizers, which generally do not hydroxylate alkanes.
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ABSTRACT
We have isolated and characterized an aerobic bacterium (Mycobacterium sp. ELW1) that is
capable of utilizing 2-methylpropene as a sole source of carbon and energy. It grew well on
2-methylpropene (p = 0.05 h™) but did not grow on any other C,-Cs straight chain, branched
or chlorinated alkenes tested except 2-butene. It grew on both isomers (cis and trans) of 2-
butene, albeit slowly. It did not grow on short-chain alkanes (C;-Cs) either. But grew well on
n-heptane and all other longer chain alkanes tested (C;¢-C;g). Following a similar trend, no
growth was observed with smaller branched alkanes (C4-Cg) but grew well on isoheptane
(C7). It also grew well on all the postulated pathway intermediates of 2-methylpropene-, cis-
2-butene-, and frans-2-butene-oxidation. Resting cells grown on 2-methylpropene consumed
ethene, propene and 1-butene without a lag phase and epoxyethane was detected as the only
product of ethene oxidation. Both alkene consumption and epoxyethane production were
fully inhibited in cells exposed to 1-octyne suggesting that alkene oxidation is initiated by an
alkyne-sensitive, epoxide-generating monooxygenase. Kinetic analyses suggest 1,2-epoxy-2-
methylpropane is rapidly consumed during 2-methylpropene-degradation while 2-methyl-2-
propen-1-ol is not a significant metabolite of 2-methylpropene catabolism. Time course
studies demonstrated further metabolism of 1,2-epoxy-2-methylpropane generates 2-methyl-
1,2-propanediol and 2-hydroxyisobutyrate, two sequential metabolites previously identified
in the microbial metabolism of methyl fertiary butyl ether (MTBE) and tertiary butyl alcohol
(TBA). Growth of strain ELW1 on 2-methylpropene, 1,2-epoxy-2-methylpropane, 2-methyl-
1,2-propanediol, and 2-hydroxyisobutyrate (HIBA) was fully inhibited when cobalt ions were

excluded from the growth medium while growth on 3-hydroxybutyrate (3HB) and other
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substrates was unaffected by the absence of added cobalt ions. These results suggest that, like
MTBE- and TBA-metabolizing bacteria, strain ELW1 utilizes a cobalamin-dependent mutase
to convert HIBA to 3HB. Our results have been interpreted in terms of their impact on our

understanding of the microbial metabolism of alkenes and ether oxygenates.
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INTRODUCTION

2-Methylpropene (isobutylene) is one of the four butene (C4Hg) isomers and is the
simplest branched alkene. 2-Methylpropene is produced from cracking of petroleum and
worldwide, in excess of 10 million tons of this gas is produced annually (1). 2-
Methylpropene is mainly used as feedstock for several important petrochemical products
including ether fuel oxygenates such as methyl fertiary butyl ether (MTBE), high-octane
gasoline blending components such as isooctane (2,2,4-trimethylpentane) and butyl rubber
(2). The importance of 2-methylpropene as a feedstock has stimulated interest in its
biological production as an alternative to non-renewable petroleum sources. Many
microorganisms have been identified that can generate this gas (3, 4), including MTBE-
metabolizing bacteria (5). It can also be produced by several enzymes including cytochrome
P450rm (6, 7), diphosphomevalonate decarboxylase (8) and oleate hydratase (9). In contrast
to these microbial and enzymatic production routes, little is known about the microbial
degradation of 2-methylpropene.

From their outset, studies of aerobic microbial alkene metabolism have focused
primarily on gaseous short chain linear alkenes such as ethene (10), propene (11-13), 1-
butene (14) and 1,3-butadiene (15). With the exception of 2-methyl-1,3-butadiene (isoprene),
the microbial metabolism of branched alkenes has been largely ignored. 2-Methyl-1,3-
butadiene is a volatile terpenoid that is produced in large quantities by both plants (16) and
microorganisms (17). Several bacteria have been isolated that grow on this compound (18-
20) and genes associated with its catabolism by Rhodococcus AD45 have been identified

(21). In strain AD45, 2-methyl-1,3-butadiene is first oxidized to an epoxide (1,2-epoxy-2-
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methyl-3-butene) by a multicomponent monooxygenase. The epoxide is then conjugated with
glutathione (19, 22) and dehydrogenases subsequently oxidize the resulting hydroxylated
conjugate to a carboxylic acid (21).

All gaseous alkene-metabolizing bacteria isolated to date are aerobes and include
many Mycobacterium, Rhodococcus, and Nocardia strains (23). Despite the preponderance
of actinobacterial isolates, the best-characterized gaseous alkene-metabolizing strain is a
Gram-negative bacterium, Xanthobacter autotrophicus Py2 (13). Like all other well-
characterized alkene-metabolizing bacteria, this strain initiates oxidation of alkenes using an
alkene-inducible monooxygenase (alkene monooxygenase [AMO]) (24, 25). With propene,
its best-characterized substrate, AMO generates exclusively epoxypropane as the immediate
oxidation product (24, 26). In contrast to the glutathione conjugate involved in isoprene
metabolism by Rhodococcus ADA45, further catabolism of 1,2-epoxypropane and other
epoxides by strain Py2 involves their initial conjugation with coenzyme-M (CoM) (27, 28).
The epoxyalkane:CoM conjugate is subsequently oxidized and then reductively carboxylated
to form readily metabolizable B-ketoacids (29, 30). Collectively, these reactions are catalyzed
by an epoxide carboxylase enzyme complex (31) consisting of an epoxyalkane:coenzymeM
transferase  (EaCoMT) (28), two enantiomer specific 2-hydroxylpropyl-Co-M
dehydrogenases (R- and S-HPCDH) (32-34) and NADPH:2-ketopropyl-CoM
oxidoreductase/carboxylase (2-KPCC) (35). Like methanogenesis, the only other previously
recognized CoM-dependent process, epoxide carboxylation in strain Py2 is irreversibly

inactivated by 2-bromoethanesulfonate (BES) (36). The site of action of BES has recently

57



been shown to be the 2-KPCC component of the epoxide carboxylase complex from strain
Py2 (37).

As indicated above, there are few prior studies of microbial degradation of 2-
methylpropene. This gas is cometabolically oxidized to 1,2-epoxy-2-methylpropane by
methanotrophs (38, 39) and propanotrophs (40). Heterologously expressed dimethylsulfide
monooxygenase and cumene dioxygenase oxidize 2-methylpropene to 1,2-epoxy-2-
methylpropane and 2-methyl-2-propen-1-ol, respectively (41) while a highly non-specific
peroxygenase excreted by the fungus Agrocybe aegerita exclusively generates 1,2-epoxy-2-
methylpropane from 2-methylpropene (42). Several alkene-metabolizing bacteria have also
been reported to oxidize 2-methylpropene (43, 44) but these studies have not reported growth
of these bacteria on this gas. With ethene-grown Nocardiodes JS614, 2-methylpropene is
oxidized at between 42% and 54% of the rate of other butene isomers and 1,2-epoxy-2-
methylpropane is the predominant, if not sole product (43). In the case of strain Py2,
propene-grown cells oxidize 2-methylpropene at between 73% and 86% of the rate observed
with growth-supporting alkenes such as ethene, propene and 1-butene (44). The products of
2-methylpropene oxidation were not characterized in this study although both 2-
methylpropene and 1,2-epoxy-2-methylpropane were shown to be potent inducers of both
AMO and epoxide carboxylase activities in glucose-grown cells of strain Py2 (44). However,
1,2-epoxy-2-methylpropane is not consumed by propene-grown cells of strain Py2 as this
epoxide acts as a potent, time-dependent, irreversible inactivator of EaCoMT activity (31).
This effect is also observed in another well-characterized gaseous alkene-metabolizing strain,

Rhodococcus rhodochrous (Nocardia corallina) B-276 that also utilizes CoM conjugation in
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epoxide catabolism (45). Since the discovery of the unexpected role for CoM in bacterial
epoxide metabolism, several studies have demonstrated that EaCoMT is widely distributed in
aerobic alkene-metabolizing bacteria indicating that CoM conjugation is an important, if not
predominant, bacterial mechanism for epoxide metabolism (46-50).

Our interest in microbial 2-methylpropene metabolism was prompted by earlier
studies of the aerobic microbial degradation of the gasoline oxygenate, MTBE. Tertiary butyl
alcohol (TBA) is a consistent intermediate in all pathways of aerobic MTBE biodegradation
(51). In organisms that can grow on TBA, this alcohol is first oxidized by a monooxygenase
to 2-methyl-1,2-propanediol (MPD) which is then oxidized to 2-hydroxyisobutyric acid
(HIBA) (51). The final reaction in this pathway before the generation of a readily
metabolizable intermediate involves 2-hydroxyisobutyryl CoA mutase (HCM) (52), a
cobalamin-dependent enzyme that converts HIBA to 3-hydoxybutyrate (3HB) (53) and
expression of this enzyme confers a requirement for cobalt ions or cobalamin in the growth
medium of MTBE- and TBA-metabolizing organisms (52, 54).

In view of the facts that (a) alkene-metabolizing bacteria frequently initiate alkene
metabolism using monooxygenase enzymes to generate epoxides and (b) 1,2-epoxy-2-
methylpropane, the corresponding epoxide for 2-methylpropene, inactivates EaCoMT, it
seems likely that a putative 2-methylpropene-metabolizing bacterium would either entirely
avoid production of an epoxide intermediate or utilize an EaCoMT-independent pathway of
epoxide metabolism. In addition to gluthathione- or CoM-conjugation, isomerization and
hydrolysis are two other microbial mechanisms used to overcome the inherent reactivity of

epoxides (55). Hydrolysis of 1,2-epoxy-2-methylpropane to MPD occurs in mammalian
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systems where epoxide hydrolases are common (56-59). Based on these observations, we
hypothesized that bacterial 2-methylpropene metabolism via an epoxide intermediate might
involve hydrolytic production of MPD from 1,2-epoxy-2-methylpropane and that the
pathway and enzymes involved in latter stages of 2-methylpropene catabolism might
therefore be similar to those involved in the aerobic bacterial metabolism of MTBE and TBA
(Fig. 2.7). The results presented in this study describe the isolation and characterization of a
novel 2-methylpropene-utilizing bacterium and studies aimed at elucidating the major

enzymatic steps involved in 2-methylpropene catabolism.
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MATERIALS AND METHODS

MATERIALS

Bacterial strain and media: Mycobacterium strain ELW1 was isolated, as described in
Methods section. The organism was maintained on mineral salt medium (MSM) agar plates
in a glass desiccator containing 2-methylpropene (10% vol/vol, gas phase). The MSM
contained (per L of water) 2.0 g NH4Cl, 0.075 g MgCl,-6H,0, 0.1 g (NH4),SO, and 2 ml of
trace element solution (x 1000 stock). The trace element solution contained (per L of water)
50 g Na-EDTA, 22 g ZnSO4-7H,0, 5.54 g CaCl,, 5.06 g MnCl,.4H,0, 4.99 g FeS04.SO4,
1.1 g (NH4)sM07024-4H,0, 1.57 g CuSO4-5H,0, and 1.61 g CoCl,-6H,0. The medium was
buffered (pH 7.0) by the addition of a solution of containing (per L) 1.55 g K;HPO, and 0.85
g NaH,PO,. In some experiments the effect of cobalt ions was investigated on the growth of
strain ELW1 on 2-methylpropene and other substrates. In these experiments, cells were
grown on MSM from which CoCl,.6H,O was omitted from the trace element solution. In all

other respects this nominally cobalt-free medium (MSM-Co) was identical to MSM.

Chemicals: Acetaldehyde (99% purity), tertiary amyl butyl ether (97% purity), benzene
(>99.9% purity), 1,3-butadiene (>99% purity), n-butane (99% purity), 1,2-butanediol (99%
purity), 1,3-butanediol (>99% purity), 1,4-butanediol (>99% purity), meso-2,3-butanediol
(99 % purity), S,S-2,3-butanediol (97% purity), R,R-2,3-butanediol (97% purity), 1-butanol
(99% purity), 2-butanol (99.5% purity), 2-butanone (>99% purity), 1-butene (>99% purity),
2-butene-1-ol; mixture of cis & trans (96% purity), 3-butene-1-ol (>98% purity), 2-butene;

undefined mixture of cis & trans forms (>99% purity), cis-2-butene (>99% purity), trans-2-
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butene (>99% purity), calcium carbide (~80% purity; for ethyne generation), n-decane
(>99% purity), 1,1-dichloroethene (99% purity), cis-1,2-dichloroethene (97% purity), trans-
1,2-dichloroethene (98% purity), diisopropyl ether (99% purity), epichlorohydrin (99%
purity), 1,2-epoxybutane (>99% purity), cis-2,3-epoxybutane (97% purity), 3,4-epoxy-1-
butene (98% purity), epoxyethane (>99.5% purity), epoxypropane (99% purity), ethene
(>99.5% purity), ethylbenzene (99.8% purity), ethyl tertiary butyl ether (99% purity),
fructose (>99% purity), galactose (99% purity), glucose (>99.5% purity), n-heptane (>99%
purity), n-hexadecane (99% purity), n-hexane (>99% purity), 1-hexyne (98% purity),
hydroxyacetone (90% purity), 3-hydroxybutanone (>98% purity), 3-hydroxybutyric acid
(95% purity), 2-hydroxyisobutyric acid (99% purity), 2-hydroxy-2-methyl-butyric acid (98%
purity), 2-methyl-1,3-butadiene (99% purity), 2-methylbutane (>99% purity), 2-methyl-1-
butanol (98% purity), 2-methyl-2-butanol (>99% purity), 3-methyl-1-butanol (98% purity),
3-methyl-2-butanol (98% purity), 2-methyl-1-butene (96% purity), 2-methyl-2-butene (>99%
purity), 3-methyl-1-butene (95% purity), 2-methylbutyric acid (98% purity), 3-methylbutyric
acid (99% purity), 2-methylhexane (99% purity), 2-methylpentane (>99% purity), 2-methyl-
1,3-propanediol (99% purity), 2-methylprop-2-enal (95% purity), 2-methyl-1-propanol
(99.5% purity), 2-methyl-2-propanol (99.5% purity), 2-methylpropene (99% purity), 2-
methylpropenoic  acid (99%  purity), 2-methyl-2-propen-1-ol (98% purity), 2-
methylpropionaldehyde (>99% purity), 2-methylpropionic acid (>99% purity), methyl
tertiary butyl ether (99.8% purity), n-octadecane (99% purity), n-octane (>99% purity), 1-
octyne (97% purity), 1-pentanol (>99% purity), 1,2-propanediol (99.5% purity), 1,3-

propanediol (98% purity), 1-propanol (99.9% purity), 2-propanol (99.5% purity), 2-propen-1-
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ol (99% purity), propyne (98% purity), pyruvic acid (>99% purity), sodium propionate (99%
purity), succinic acid (>99% purity), n-tetradecane (99% purity), toluene (99.8% purity),
trichloroethylene (>99.5% purity), m-xylene (>99% purity), o-xylene (98% purity), and p-
xylene (>99% purity) were obtained from Sigma-Aldrich Chemical Co. (Milwaukee, WI).
Acetone (99.5% purity), methanol (99% purity), n-pentane (99.5% purity), and sodium
acetate (99.5% purity) was obtained from Fisher Scientific (Pittsburgh, PA). 1,2-Ethanediol
was obtained from BDH Chemicals (VWR International). trans-2,3-Epoxybutane (97%
purity) was obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX). Absolute ethanol
was obtained from Aaper Alcohol and Chemical Co., (Shelbyville, KY). 1-Butyne (98%
purity) was obtained from GFS Chemicals (Columbus, OH). Tetrachloroethylene (98%
purity) was obtained from Eastman Kodak Company (Rochester, NY). 1,2-Epoxy-2-
methylpropane was obtained from Alfa Aesar (Ward Hill, MA). 2-Methyl-1,2-propanediol
[MPD] was a gift from Lyondell Chemical Co. (Houston, TX). Ethane (99% purity) and
chloroethene (>99% purity) were supplied by Scott Specialty Gases (Plumsteadville, PA).
Methane (CP grade), 2-methylpropane (CP grade), propane (CP grade), propene (CP grade)
and compressed gases (H,, N,, and air) used for gas chromatography were obtained from

local industrial vendors. All other chemicals were of reagent grade or better.

METHODS
Isolation of strain ELWI1: Strain ELW1 was isolated by enrichment culture using 2-
methylpropene as the sole source of carbon and energy. Enrichment cultures were conducted

in glass serum vials (160 ml) sealed with butyl rubber stoppers and aluminum crimp seals
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(Wheaton Scientific, Millville, NJ). The enrichment cultures contained MSM (25 ml), 2-
methylpropene (~4% vol/vol gas phase) and were seeded with sediment (~1 g) obtained from
a stream on the campus of North Carolina State University. The enrichment cultures were
incubated at 30 C in the dark in an Innova 4900 environmental shaker (New Brunswick
Scientific Co., Inc., Edison, NJ) operated at 150 rpm. After incubation for 14 d, a sample (1
ml) from the culture was transferred to a fresh culture vial that contained MSM (25 ml) and
2-methylpropene (~4% vol/vol gas phase). This procedure was repeated 3 more times every
14 d. A sample (1 ml) of the final enrichment culture was serially diluted in MSM. Aliquots
(100 pl) of 10, 10° and 107 dilutions of these cultures were plated on MSM plates and
incubated in a desiccator containing 2-methylpropene (10 % vol/vol, gas phase). Colonies
that grew on these plates were picked and restreaked onto MSM plates and incubated with 2-
methylpropene in a dessicator until pure cultures were obtained, as determined by visual
inspection of colony characteristics and by brightfield optical microscopy and Gram staining.
One rapidly growing isolate obtained from these enrichments, strain ELW1 was selected for

further study.

Cultivation of strain ELWI1: Unless otherwise stated, cultures of strain ELW1 were
routinely grown on 2-methylpropene in batch culture in glass media bottles (700 ml)
(Wheaton Scientific, Millville, NJ). The bottles contained MSM (100 ml) and were
inoculated (initial ODggp ~0.02) with a suspension of cells previously grown on MSM plates
incubated with 2-methylpropene in a dessicator. The bottles were sealed with open-top caps

fitted with butyl rubber septa. 2-Methylpropene (10% vol/vol gas phase) was then added
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using sterile plastic syringes fitted with 0.1 um disposable filters (Millipore Co., Bedford,
MA). The bottles were incubated for 4-6 d at 30 C in the dark using a shaker operated at 150
rpm. The final culture density was typically between 0.8 and 1.0 ODggo, as determined
spectrophotometrically at 600 nm using a Shimadzu 1601 UV/Vis spectrophotometer (Kyoto,
Japan). To confirm culture purity after growth, a sample of the culture (50 pl) was routinely
streaked onto casein-yeast extract-dextrose (CYD) agar plates (Difco Plate Count Agar;
Becton, Dickinson and Co., Sparks, MD).

To determine the range of growth-supporting substrates for strain ELW1, cultures
were grown in glass serum vials (160 ml) (Wheaton Scientific, Millville, NJ) sealed with
Teflon-lined Mininert valves (Alltech Associates Inc., Deerfield, IL). The vials contained
MSM (25 ml) and were inoculated (initial ODgpp ~ 0.02) using a suspension of cells obtained
from cultures previously grown on MSM plates incubated with 2-methylpropene in a
dessicator. All solid potential growth substrates were added to the cultures from filter-
sterilized aqueous stock solutions (0.1 M) using sterile disposable pipettes. All liquid
potential growth substrates were added as neat compounds using glass syringes (Hamilton
Company, Reno, NV). All gaseous potential growth substrates were added using sterile plastic
disposable syringes fitted with 0.1 um disposable filters. The culture vials were incubated in
the dark at 30°C for up to 56 d in an environmental shaker operated at 150 rpm. The culture
densities were determined spectrophotometrically at 600 nm (ODggg). For all cultures
exhibiting growth, a sample (50 ul) was streaked onto casein-yeast extract-dextrose (CYD)

agar plates (Difco Plate Count Agar) to subsequently confirm the purity of the culture.
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To examine the effect of cobalt ions on growth of strain ELW1 on various substrates,
cultures were grown in glass serum vials (160 ml) containing either 25 ml MSM or MSM-
Co. Prior to use the culture vials were soaked overnight in an aqueous solution (10% vol/vol)
of Dekasol™ (ICN Biomedicals Inc.; Aurora, OH). The vials were then rinsed three times
with deionized water before use. The cultures were inoculated (initial ODggy ~ 0.02) with a
suspension of cells obtained from cultures previously grown on MSM plates incubated with
2-methylpropene in a dessicator. In these cultures fructose, HIBA, 3HB, or sodium acetate
were added from filter-sterilized aqueous stock solutions (0.5 M) using sterile disposable
pipettes. Prior to filter-sterilization, the pH of HIBA and 3HB stock solutions was adjusted to
7.0. 1,2-Epoxy-2-methylpropane, MPD, and 2,3-butanediol were added as neat compounds
using glass micro syringes. 2-Methylpropene (10% vol/vol gas phase) was added using a
sterile plastic syringe fitted with disposable 0.1 um filter. The culture densities were
determined spectrophotometrically at 600 nm (ODgp). For all cultures exhibiting growth, a
sample (50 pl) was streaked onto casein-yeast extract-dextrose (CYD) agar plates (Difco

Plate Count Agar) to subsequently confirm the purity of the culture.

Use of resting cells in small-scale incubations: Cells used for resting cell experiments were
grown on individual substrates, as described above. The cells were harvested from the culture
medium by centrifugation (10,000 x g for 5 min at 4°C) and the resulting cell pellet was
resuspended in 20 ml of phosphate buffer (50 mM NaH,PO4; pH 7.0). The cells were then
centrifuged again and the cell pellet was resuspended in phosphate buffer to concentrations

ranging from ~2 to 25 mg/ml of total cell protein ml™'. The washed cell suspension was
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stored at 4°C and used within 4 h. Unless otherwise stated, all kinetic studies following the
consumption of substrates and accumulation of oxidation products were conducted in glass
serum vials (10 ml) containing ~900 ul phosphate buffer. The vials were sealed with butyl
rubber stoppers and aluminum crimp seals. Substrates or inhibitors were then added from
aqueous stock solutions, as neat liquids or as gases using micro syringes. The reaction vials
were prepared immediately before use and then incubated at 30° C for 10 min in a shaking
water bath (150 rpm) to allow reactants to equilibrate between gas and liquid phases. The
reactions were initiated by the addition of an aliquot (up to 100 ul) of concentrated cell
suspension to give a final reaction volume of 1 ml and a protein concentration of between
~0.2 to 2.5 mg total cell protein ml". The reaction vials were then returned to the shaking

water bath and were sampled at the times indicated in each experiment.

Alkyne inactivators of 2-methylpropene oxidation: In all experiments involving the use of
alkynes, harvested, 2-methylpropene-grown cells of strain ELW1 were pre-treated with
individual alkynes in glass serum vials (25 ml) containing ~7 ml of phosphate buffer. The
vials were sealed with butyl rubber stoppers and individual alkynes (90 pmoles) were added
either as gases (ethyne and propyne) or as neat liquids. The reactions were initiated by the
addition of concentrated washed cells (1 ml) and the reaction vials were incubated at 30°C in
a shaking water bath operated at 150 rpm. After incubation for 1 h, the cells were sedimented
by centrifugation (10,000 x g, 5 min) and the resulting cell pellet was resuspended in
phosphate buffer (20 ml). The cells were sedimented again and the resulting cell pellet was

resuspended in phosphate buffer (1 ml) to a final concentration of 10 to 15 mg total cell
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protein ml". The alkyne-pretreated cells were stored on ice at 4° C and were used in resting
cell assays within 1 h. In all experiments involving alkyne-pretreated cells, untreated control
cells were also incubated, washed and resuspended as described above except without

exposure to alkynes.

Analytical methods: The concentrations of reactants and products in all experiments were
quantified by gas chromatography (GC). For most aqueous phase analytes, samples (2 pl)
were taken directly from reaction vials and were immediately injected into a Shimadzu
model GC-14A (Kyoto, Japan) gas chromatograph fitted with a flame ionization detector and
a stainless steel column (0.3 x 61 cm) filled with Porapak Q (80/100 mesh) (Waters
Associates, Framingham, MA). The injection and detector temperatures were 200°C and
220°C, respectively and nitrogen was used as carrier gas at a flow rate of 15 ml min". A
column temperature of 100° C was used for the quantification of 1-propanol while the
epoxides (1,2-epoxy-2-methylpropane, epoxypropane and 1,2-epoxybutane) were quantified
at 120°C. The column temperature was increased to 160° C for the analysis of MPD and
HIBA. To quantify the aqueous phase accumulation of epoxyethane, samples (2 ul) were
analyzed using a Shimadzu GC-8A gas chromatograph fitted with a flame ionization detector
and a stainless steel column (0.3 x 183 cm) filled with Porapak Q (80/100 mesh; Waters
Associates, Framingham, MA). The GC was operated with an injector port temperature of
200°C and a detector temperature of 220°C. Nitrogen was used as the carrier gas at a flow
rate of 5 ml min". In experiments that followed the time courses of gaseous alkene

consumption, gas-phase samples (10 pl) were removed directly from reaction vials using gas-
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tight micro syringes. The samples were immediately injected into a Shimadzu GC-14A gas
chromatograph fitted with a flame ionization detector and a DB-MTBE capillary column [30
m x 0.45 mm (i.d.), 2.55-um film; J & W Scientific, Folsom, CA). The analysis was
conducted by using a column temperature of 35°C, an injection port temperature of 200°C,
and a detector temperature of 220°C. Nitrogen was used as the carrier gas at a flow rate of 5
ml min™"

All gas chromatographs were interfaced to Hewlett-Packard HP3395 (Palo Alto, CA)
integrators for data collection. Products of 1,2-epoxy-2-methylpropane oxidation (MPD and
HIBA) and epoxyethane were identified by co-elution with authentic standards. These
compounds were quantified using calibration plots generated by adding known amounts of
each compound to reaction vials that containing phosphate buffer (1 ml) but no cells. Each
calibration plot contained at least 5 different concentrations of each compound, including at
least one concentration above the maximal concentration detected in our experiments. All

calibration plots were fitted by linear regression and had final R* values of > 0.98.

PCR and Sequencing: Total genomic DNA was extracted from strain ELW1 using the
Ultraclean™ Microbial DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA)
according to manufacturer’s instructions. The quality of extracted DNA was then checked by
gel electrophoresis (1% agarose gels stained with ethidium bromide). Polymerase chain
reaction (PCR) was performed using purified DNA (3 to 5 ng), primers; 8F (5’-
AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’)

(0.4 uM each), molecular grade PCR water, and an Illustra PuReTaq Ready-To-Go™ PCR
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Bead (GE Healthcare Life Sciences) in a final volume of 25 pl. PCR amplification was
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
product was purified using the QIAquick PCR Purification Kit (Qiagen, Germantown, MD)
and was checked for correct product size and purity by gel electrophoresis. Sterile water (no
DNA) was used as a negative control for the reaction. The 16S rRNA amplification product
was commercially sequenced in both directions (Eton Bioscience, Inc., San Diego, CA). The
resulting nucleotide sequences were compared with the NCBI nucleotide sequence database

using the BLASTN sequence alignment tool.

Constants: The saturated aqueous solubilites of ethene, propene, 1-butene and 2-
methylpropene were taken as 4.7, 4.8, 3.9 and 4.7 mM, respectively (60). Cell protein
concentrations were determined with the Biuret assay (61) after solubilization of cell material
for 1 h at 65°C in 3M NaOH and sedimentation of insoluble material by centrifugation
(10,000 rpm, 5 min). Bovine serum albumin was used as a standard. Kinetic constants (V yax

and K) for degradation reactions were derived by computer fitting of the data by nonlinear

regression to a single substrate-binding model [Y = V. © X / (Ki+ X)] using GraphPad

Prism version 5.0 for Windows (GraphPad Software, San Diego, CA).
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RESULTS
Preliminary characterization: An aerobic 2-methylpropene-utilizing bacterium designated
strain ELW1 was isolated from shallow fresh water stream sediment by enrichment culture,
as described in the Methods section. The strain grew rapidly (3-5 d at 25° C) on both PCA
media plates and MSM agar plates incubated in the presence of 2-methylpropene. The
organism formed small (0.5-1.0 mm) yellow circular convex colonies on both plate types.
The organism was characterized as urease and catalase positive, non-motile, acid-fast rod
(~1-2 pm long and ~1 pm in diameter). PCR amplification and sequencing of the 16S rRNA
gene of strain ELW1 was performed as described in the Methods section and the resulting
nucleotide sequence was compared with the NCBI nucleotide sequence database. Strain
ELW1 was most closely related (>99% sequence similarity) to several other hydrocarbon-
utilizing Mycobacterium strains including M. petroleophilum ATCC 21497 (accession
number AF480587.1), Mycobacterium sp. TA27 (accession number AB028482) and

Mycobacterium sp. ATCC 21498 (accession number FJ172312).

Growth on 2-methylpropene and other substrates: The time course of growth of strain
ELWI1 on 2-methylpropene under carbon-limited conditions was characterized. Changes in
culture density (ODs0o) closely followed 2-methylpropene depletion from the gas phase and
no further increases in culture density occurred after depletion of 2-methylpropene (Fig. 2-1).
Under the GC conditions used, no intermediates derived from 2-methylpropene oxidation

were detected in either the aqueous or gas phases during growth on 2-methylpropene. The
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specific growth rate of strain ELW1 on 2-methylpropene from the results described in Fig. 2-
1 was estimated at 0.051 h™".

In addition to 2-methylpropene, we also examined the potential for strain ELW1 to
grow on a range of other substrates (Table 2-1). Apart from 2-methylpropene, strain ELW1
did not grow on any of the C,-Cs chlorinated, terminal straight chain or branched alkenes
tested. However, strain ELW1 did grow slowly on both cis- and trans-2-butene and an
undefined commercial mixture of these two isomers. Strain ELW1 also grew well on 1,2-
epoxy-2-methylpropane and both cis- and trans-2.3-epoxybutane but not on any other
epoxides tested. As abiotic hydrolysis may have occurred during the extended culture
incubations, we also examined whether the predicted hydrolytic diol products of several
epoxides could support growth of strain ELW1. Little or no growth was observed with 1,2-
ethanediol, 1,2-propanediol or 1,3-butanediol, the respective products expected from the
hydrolysis of epoxyethane, epoxypropane and 1,2-epoxybutane. In contrast, 2-methyl-1,2-
propanediol (MPD) and 2,3-butanediol, the respective diols expected from hydrolysis of 1,2-
epoxy-2-methylpropane and 2,3-epoxybutane respectively, both supported strong growth.
Among the allyl alcohols tested only 2-methyl-2-propen-1-ol, the corresponding allyl alcohol
of 2-methylpropene, only supported slow and limited growth. Niether 2-propen-1-ol nor 3-
buten-1-ol, the respective allyl alcohols derived from propene and 1-butene respectively,
supported growth.

None of the tested aromatic compounds, ether oxygenates or C;-Cg¢ n-alkanes
supported growth while 1-heptane and longer chain n-alkanes (Cg to C;g) were effective

growth substrates. Following a similar trend, no growth was observed with smaller branched
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alkanes such as 2-methylpropane (isobutane) and 2-methylbutane while 2-methylhexane was
utilized as a growth substrate. With the exception of methanol, strain ELW1 grew well on all
of the normal and branched 1° alcohols tested but not on any tested 2° or 3° alcohols. Neither
acetone nor acetaldehyde supported growth while rapid growth was supported by 3-
hydroxybutanone (acetoin) and slower growth was supported by 2-methylpropionaldehyde
(isobutyraldehyde). Among the organic acids tested, this strain grew well on succinate,
pyruvate, acetate, propionate and 3-hydroxybutyrate but growth on a range of branched acids
was generally limited. The notable exception to this trend was the rapid growth of this strain

on HIBA.

Alkyne inactivators of 2-methylpropene oxidation: Alkynes are well-known mechanism-
based inactivators of a number of oxygenase enzymes, including alkene monooxygenase
(24). To further characterize the pathway and enzymes involved in 2-methylpropene
metabolism, we examined the potential for a range of terminal alkynes to irreversibly
inactivate 2-methylpropene-oxidizing activity in strain ELWI1. Resting 2-methylpropene-
grown cells were incubated individually for 1 h with equivalent amounts (90 pmoles) of five
terminal alkynes (ethyne, propyne, 1-butyne, 1-hexyne and 1-octyne) in the absence of 2-
methylpropene. Washed, alkyne-pretreated cells were then added to small-scale incubations
and subsequent consumption of 2-methylpropene was monitored by analyzing the reaction
gas phase by GC. Compared to untreated cells, consumption of 2-methylpropene was largely
unaffected by pretreating cells with either ethyne or 1-hexyne (Fig. 2-2). Both propyne- and

I-butyne-pretreated cells were initially strongly inhibited in these assays but this inhibitory
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effect decreased with time. In contrast, 1-octyne-treated cells showed no detectable 2-

methylpropene-consuming activity over the full time course of the incubation (90 min).

Oxidation of other alkenes and their epoxides: Although strain ELW1 did not grow on any
n-alkenes tested (Table 2-1), resting 2-methylpropene-grown cells consumed ethene, propene
and 1-butene without a lag phase (Fig. 2-3A). When cells were incubated with an equivalent
dissolved concentration of each alkene (53 uM), the initial rates of propene and 1-butene
oxidation (~48 and ~47 nmoles min"' mg total protein™, respectively) were comparable to the
rate observed with 2-methylpropene (~53 nmoles min” mg total protein™) while ethene was
consumed more slowly (~21 nmoles min" mg total protein™). The oxidation of all of the
alkenes tested was fully inhibited in cells pretreated with 1-octyne.

No products were detected in either the aqueous or gas phases for the incubations
containing 2-methylpropene, propene or 1-butene. A single product was detected in reactions
containing ethene (not shown) that was identified as epoxyethane by co-elution with an
authentic standard. In a separate experiment, we examined the kinetics and stoichiometry of
concurrent ethene consumption and epoxyethane production by 2-methylpropene-grown
cells, as well as the effects of 1-octyne on these processes. The rate of ethene consumption
(19.2 nmoles min" mg total protein™') remained near constant throughout the reaction time
course and was accompanied by similar rate of epoxyethane accumulation (12.8 nmoles
min” mg total protein™) (Fig. 2-3B). Like ethene consumption, production of epoxyethane
was fully inhibited in cells pretreated with 1-octyne and there was no substantial abiotic

degradation of epoxyethane in reactions conducted with heat-killed cells. We also examined
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the ability of 2-methylpropene-grown cells to consume epoxides in the absence of alkenes
(Table 2-2). Resting 2-methylpropene-grown cells degraded all of the tested epoxides
without a lag phase and epoxyethane, epoxypropane and 1,2-epoxybutane were consumed at
rates that were ~7%, ~24% and ~33% of the rate of 1,2-epoxy-2-methylpropane degradation,
respectively. Rates of epoxyalkane degradation were unaffected by pretreating cells with 1-
octyne and abiotic losses of epoxides were minimal (< 3 nmoles min-1 mg total protein-1) in
control incubations conducted with heat-killed cells. As alkene oxidation could potentially
result in alcohol production, we also examined whether 2-methylpropane-grown cells could
oxidize 2-propen-1-ol, 3-buten-1-ol and 2-methylprop-2-en-1-ol. All three allyl alcohols
were oxidized at similar rates that were <15% of the rate of 1,2-epoxy-2-methylpropane
degradation. Unlike epoxyalkanes, oxidation of all three allyl alcohols was inhibited

substantially (>60%) in cells pretreated with 1-octyne.

Kinetics of 2-methylpropene and 1,2-epoxy-2-methylpropane degradation and
metabolite production: The results shown in Fig. 2-3 suggest that, like other alkene-
oxidizing bacteria, the enzyme responsible for initiating 2-methylpropene catabolism in
strain ELW1 is an epoxide-generating monooxygenase. The results in Table 2-2 also suggest
1,2-epoxy-2-methylpropane can be rapidly consumed and is therefore unlikely to accumulate
to detectable levels during 2-methylpropene oxidation by resting cells. A more detailed
kinetic analysis of 2-methylpropene and 1,2-epoxy-2-methylpropane consumption by 2-
methylpropene-grown cells was conducted to investigate this possibility. Estimates the K

and V.« values for 2-methylpropene oxidation of 11 (SE=1.4) uM and 116 (SE=3.4) nmoles
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min" mg total protein” were obtained from initial rates measurements (Fig. 2-4A). The
corresponding values for 1,2-epoxy-2-methylpropane were 57 (SE=11.8) uM and 244
(SE=9.7) nmoles min™' mg total protein'1 respectively (Fig. 2-4B).

To further investigate the pathway of 2-methylpropene metabolism, 2-methylpropene
-grown cells of strain ELW1 were incubated with 1,2-epoxy-2-methylpropane (5 mM). The
time course of epoxide consumption and metabolite accumulation were determined using GC
analysis of the reaction medium and detected metabolites were identified based on coelution
with authentic samples. Resting cells rapidly consumed the epoxide within 30 min and
stoichiometric amounts of MPD accumulated in the reaction medium (Fig. 2-5). Further
oxidation of MPD led to the accumulation and subsequent slower consumption of HIBA
during the remainder of the reaction time course. A nearly identical time course of substrate
and product conversions was observed using cells pretreated with 1-octyne. No additional
metabolites were detected in either reaction type using the GC conditions employed in this

experiment.

Effects of cobalt ions on growth on 2-methylpropene: As outlined in the Introduction, the
microbial metabolism of HIBA has been characterized in MTBE- and TBA-metabolizing
strains in which HIBA is converted to 3-hydroxybutyrate (3HB) by a cobalamin-dependent
mutase. We therefore examined the growth of strain ELW1 in cobalt supplemented (MSM)
and cobalt-deficient (MSM-Co) media. Absence of cobalt ions completely prevented growth
on 2-methylpropene (Fig. 2-6A) but had no discernable effect on its growth on 1-propanol

(Fig. 2-6B). We also investigated the effects of cobalt ions on a range of growth supporting
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substrates including potential metabolites in the pathway of 2-methylpropene metabolism.
Growth of strain ELW1 on 3HB and other substrates such as acetate, fructose, 2,3-
butanediol, and 2-methyl-1-propanol was largely unaffected when the cells were grown in
cobalt-deficient medium (MSM-Co) compared with cobalt-supplemented medium (MSM)
(Table 2-3). In contrast, absence of cobalt ions severely inhibited growth on 2-

methylpropene, 1,2-epoxy-2-methylpropane, MPD and HIBA.
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DISCUSSION

In this study we have described the isolation and physiological characterization of a
novel alkene-oxidizing bacterium that grows on 2-methylpropene as a sole source of carbon
and energy. This strain utilizes a monooxygenase to initiate 2-methylpropene catabolism and
hydrolytically cleaves of the resulting epoxide. The subsequent steps in 2-methylpropene
oxidation show overlap with the previously established pathway of bacterial MTBE and TBA
catabolism and appear to involve a cobalt-dependent transformation of HIBA. A proposed
pathway for 2-methylpropene catabolism is summarized in Fig. 2-7 and the evidence
supporting these main conclusions and this pathway are discussed in more detail in the

following sections.

Mycobacterium ELW1 as a novel isolate: As far as we are aware, Mycobacterium strain
ELW1 is the first example of a 2-methylpropene-metabolizing bacterium obtained in pure
culture. Although some alkene-metabolizing bacteria can oxidize 2-methylpropene at
substantial rates (43, 44), none of these strains have been reported to grow on this gas. The
only report we are aware of that examined 2-methylpropene as a potential growth-supporting
substrate concerned R. rhodochrous B-276 (62) This strain was reported as growing on
ethene, propene, 1-butene, n-butane and 1,3-butadiene, but not on methane, ethane or 2-
methylpropene.

Like many other alkene-oxidizing bacteria, strain ELW1 is a Mycobacterium strain.
The highest levels of 16S rRNA gene similarity (>99% nucleotide sequence homology)

obtained from database searches were with several other hydrocarbon-utilizing mycobacteria
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including M. petroleophilum ATCC 21497, Mycobacterium sp. ATCC 21498, and
Mycobacterium sp. TA27. The two ATCC strains are physiologically similar n-alkane-
metabolizing bacteria isolated from samples taken from an oil drilling well. They were both
patented for production of single cell protein (63). Strain TA27 is an ethane-metabolizing
strain isolated from soil contaminated with tetrachloroethylene (64). This strain can
cometabolically oxidize 1,1,1-trichloroethane, trichloroethene, and MTBE (65, 66). While
strain ELW1 grows well on some n-alkanes (Table 2-1), we are not aware of any reports that
any of the three strains phylogenetically closely related to strain ELW1 have alkene-
metabolizing capabilities.

Other than 2-methylpropene, the alkene growth substrate range of strain ELW1 is
limited and it did not grow on most linear, branched or alkenes tested (Table 2-1). A notable
exception to this was its ability to grow, albeit very slowly, on both cis and trans of 2-butene
(Table 2-1). Diverse n-alkane- and alkene-metabolizing (14, 43, 44, 67, 68) bacteria can
oxidize 2-butene but there are few descriptions of strains that can utilize either the cis or
trans isomers as sole sources of carbon and energy (14, 69). Nocardia TB1 can grow on both
trans-2-butene and butane and is subsequently simultaneously adapted to metabolize both
gases (70). This strain initially oxidizes a terminal methyl group of trans-2-butene to produce
but-2-en-1-ol (crotyl alcohol), but-2-enal (crotonaldehyde) and but-2-enoic acid (crotonic
acid) as sequential intermediates. These metabolites reflect a terminal n-alkane oxidation
pathway rather than one involving initial oxidation of the carbon-carbon double bond to an
epoxide. Mycobacterium vaccae JOBS5 has also been reported to grow on trans-2-butene (71)

but this capability has not been further characterized.
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2-Methylpropene oxidation: Like many other gaseous alkene-metabolizing bacteria (72),
strain ELW1 appears to initiate 2-methylpropene catabolism using a monooxygenase to
generate an epoxide. Two lines of evidence support this conclusion. First, we observed the
non-growth supporting alkenes ethene, propene, and 1-butene were all oxidized by 2-
methylpropene-grown cells (Fig. 2-3A). While we did not detect any oxidation products
during most of these reactions, epoxyethane was detected and represented a substantial
(<65%) portion of the ethene consumed (Fig. 2-3B). Epoxyethane accumulation appeared to
be due to the limited capacity of 2-methylpropene-grown cells to further degrade this
epoxide. In contrast, our kinetic studies indicate the V. for 1,2-epoxy-2-methylpropane
degradation is 2—fold higher than the V,,x for 2-methylpropene oxidation while the K values
for these compounds are both in the low micromolar range (Fig. 2-4A and B). This analysis
suggests 1,2-epoxy-2-methylpropane generated during oxidation of 2-methylpropene is
unlikely to accumulate due to rapid further degradation. This interpretation agrees with the
common observation that epoxides rarely accumulate when resting alkene-grown strains
oxidize the alkene on which they were originally grown (14, 26). The relatively high rates of
degradation observed for epoxyproane and 1,2-epoxybutane (Table 2-2) also indicates these
epoxides can also be consumed rapidly by 2-methylpropene-grown cells and likely also
explains why they were also not detected during the oxidation of their corresponding alkenes
(Fig. 2-3A). While epoxyethane production from ethene is compatible with a
monooxygenase-catalyzed activation of alkenes, it does not exclude the possibility that
alkenes are also initially oxidized to unsaturated alcohols. However, compared to 1,2-epoxy-

2-methylpropane, 2-methyl-2-propen-1-ol only supported slow and limited growth of strain
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ELW1 (Table 2-1) and was also only slowly oxidized by 2-methylpropene-grown cells
(Table 2-2). The same trends were observed with 2-propen-1-ol and 3-buten-1-ol, the
corresponding allylic alcohols of propene and 1-butene, respectively. The slow oxidation of
these alcohols may reflect its further oxidation to the corresponding aldehydes and acids by
non-specific dehydrogenases. As oxidation of these alcohols was also consistently partially
(~60%) inhibited in 1-octyne-treated cells (Table 2-2), they may also undergo further
monooxygenase-catalyzed epoxidation as well. While our results do indicate strain ELW1
can oxidize and productively metabolize 2-methyl-2-propen-1-ol, collectively these reactions
appear to be slow and cannot be considered as major components of the pathway of 2-
methylpropene-catabolism. However, these reactions may well represent a minor and useful
salvage pathway for metabolizing small amounts of 2-methyl-2-propen-1-ol generated during
the initial monooxygenase-catalyzed activation of 2-methylpropene.

The second line of evidence is that alkene-oxidizing activity was selectively
inactivated by terminal alkynes (Figs. 2-2 and 2-3). Terminal alkynes are mechanism-based
inactivators of many bacterial monooxygenases including soluble and particulate methane
monooxygenase (73) ammonia monooxygenase (68) toluene-4-monooxygenase (74), and
alkane hydroxylase (75). Propyne, is a potent mechanism-based inactivator of the two
structurally distinct AMOs in X. autotrophicus Py2 (24) and R. rhodochrous B-276 (76). As
might be expected for mechanism-based inactivators that are activated through the catalytic
activity of the target enzyme, the sensitivity of the putative 2-methylpropene-oxidizing
monooxygenase in strain ELW1 to terminal alkynes was partly reflected its reactivity

towards its alkene substrates. For example, ethyne had limited effects on 2-methylpropene
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oxidation (Fig. 2-2) and the corresponding C, alkene, ethene, was only slowly oxidized (Fig.
2-3A and B). In contrast, propyne and 1-butyne were much more potent inactivators of 2-
methylpropene oxidation (Fig. 2-2) and both propene and 1-butene were rapidly oxidized by
2-methylpropene-grown cells (Fig. 2-3A). The effects of 1-octyne, the most potent alkyne
identified in this study, enabled us to demonstrate that 2-methylpropene oxidation and both
ethene oxidation and concurrent epoxyethane production were fully inhibited in 2-
methylpropene-grown, alkyne-pretreated cells (Fig. 2-3A and B) while 1,2-epoxy-2-
methylpropane consumption was unaffected by this compound (Fig. 2-5). There are several
examples of longer chain terminal alkynes that inactivate hydrocarbon-oxidizing
monooxygenases. For instance, 1-decyne is a potent inactivator of toluene-dependent growth
of Burkholderia cepacia G4 (74) and l-octyne is a potent inactivator of ammonia

monooxygenase in the nitrifying bacterium Nitrosomonas europaea (68).

Degradation of 1,2-epoxy-2-methylpropane: In contrast to the potent effects of alkynes on
alkene oxidation, pretreatment of cells with 1-octyne had little effect on theier abilities to
degrade various epoxides (Table 2-2) or the time course of 1,2-epoxy-2-methylpropane
degradation and subsequent production and consumption of its metabolites, MPD and HIBA
(Fig. 2-5). These results suggest the effects of alkynes are specific for the initial conversion
of alkenes to epoxides in strain ELW1 and further support our conclusion that MPD and
HIBA are legitimate intermediates in the pathway of 2-methylpropene metabolism.
Production of MPD from 1,2-epoxy-2-methylpropane is compatible with a hydrolytic

cleavage of the epoxide ring. Epoxide hydrolase-catalyzed hydrolysis is a common epoxide
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detoxification mechanism in eukaryotes but has not been frequently implicated in microbial
gaseous alkene metabolism. Nocardia A60 hydrolyzes epoxypropane to 1,2-propanediol (77)
and epoxide hydrolases have been identified in Agrobacterium radiobacter (Pseudomonas)
ADI1 (78-80) and Corynebacterium N-1074 (81, 82) during growth on epichlorohydrin (1-
chloro-2,3-epoxypropane). Despite these limited examples, an early genome survey (83)
revealed epoxide hydrolases are widely distributed and putative genes encoding these
enzymes were identified in approximately 20% in the 389 sequenced prokaryote genome
sequences available at the time the study was conducted. Among all of the major groups of
prokaryotes, putative epoxide hydrolase-encoding genes were most frequently detected in
mycobacteria and other actinobacteria. Of 30 the actinobacterial genomes analyzed, 18
strains contained putative epoxide hydrolase genes with an average of 5 genes per strain.

A final observation that further supports MPD as the physiologically relevant
intermediate in 2-methylpropene catabolism 1is that the only other growth-supporting diol
identified in this study was 2,3-butanediol, the diol expected from the hydrolysis of 2,3-
epoxybutane (Table 2-1). In turn, this epoxide is the product expected from the epoxidation
of cis and trans-2-butene, the only other gaseous alkene growth substrates we identified for
strain ELW1 (Table 2-1). This raises the possibility that 2-methylpropene and the two 2-
butene isomers are degraded through the same initial reactions and that the same enzymes
may be involved in the preliminary stages of the catabolism of all three growth-supporting

alkenes.
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Overlap between 1,2-epoxy-2-methylpropane and MTBE oxidation pathways: The time
course of 1,2-epoxy-2-methylpropane degradation (Fig. 2-5) indicates HIBA was the next
detected metabolite after MPD. As indicated in the Introduction, MPD and HIBA are also
sequential metabolites found in the pathway of aerobic microbial MTBE and TBA
degradation (Fig. 2-7). Oxidation of MPD to HIBA is a four-electron oxidation. A
conventional two-electron oxidation of MPD catalyzed by a typical alcohol dehydrogenase
suggests an aldehyde intermediate, 2-hydroxyisobutyraldehyde (HIBAL), might reasonably
be expected prior to HIBA. This putative aldehyde intermediate was not observed in the
present study and also has not been observed in any studies of aerobic microbial MTBE or
TBA degradation (51). In the TBA-metabolizing strain Mycobacterium austroafricaunum
IFP 2012, several proteins are differentially expressed in the presence of TBA and genes for
two of these proteins have been identified as putative alcohol (mpdb) and aldehyde
dehydrogenases (mpdc) (84). When mpdb and mpdc are heterologously and functionally co-
expressed they confer to host cells the ability to oxidize MPD to HIBA without accumulation
of HIBAL. To account for this effect, it was suggested that MPD was first oxidized to
HIBAL by MpdA and then rapidly consumed by MpdB so that the aldehyde intermediate
does not accumulate to detectable levels. However, this was not confirmed by expressing the
genes for these enzymes independently. An alternative is that MPD undergoes a four-electron
oxidation to HIBA catalyzed by a single enzyme in a reaction similar to the oxidation of
choline to glycine betaine catalyzed by choline dehydrogenase/oxidases (85-87). In this
reaction the aldehyde intermediate, betaine aldehyde, remains enzyme-bound (88). The

putative alcohol dehydrogenase (MpdB) identified in M. austroafricanum IFP is closely
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related to the choline dehydrogenase (BetA) in E. coli (89), which is known to catalyze the
four electron-oxidation of choline to gycine betaine. Further studies will be required to
determine what enzymes and reactions are involved in MPD oxidation to HIBA in strain
ELW1 and how similar these are to those in MTBE- and TBA-metabolizing strains.

The final metabolite detected during 1,2-epoxy-2-methylpropane degradation (Fig. 2-
5) was HIBA. In organisms that grow on MTBE and TBA, HIBA is converted to 3HB by a
cobalamin-dependent mutase, 2-hydroxyisobutyryl-CoA mutase (HCM) (51). The key role of
this enzyme in MTBE and TBA oxidation places a stringent requirement for cobalt or
cobalamin on MTBE- and TBA-metabolizing organisms. Our results indicate growth of
strain ELW1 on 2-methylpropene (Fig. 2-6A) was also strictly cobalt-dependent while
growth on 1-propanol (Fig. 2-6B), a substrate that is unlikely to require use of HCM, was
unaffected by the lack of added cobalt ions. Our results presented in Table 2-3 further
suggest that if a pathway of 2-methylpropene catabolism in strain ELW1 involving 2-
methylpropene, 1,2-epoxy-2-methylpropane,, MPD, HIBA and 3HB as sequential
intermediates is correct (Fig. 2-7), the requirement for cobalt ions can be localized to the
terminal step in this pathway involving the enzyme likely responsible for converting HIBA to
3HB (Table 2-3).

HCM was first identified in the MTBE-metabolizing strain A. tertiaricarbonis 1.108
(52). It is a dimeric enzyme consisting of a large substrate-binding component (HcmA) and a
smaller Bj,-binding component (HcmB). The corresponding genes (hcmA and hcmB) are
organized in an operon containing additional genes for an acetyl-CoA synthetase and a

chaperonin. The same genes and operon organization occur in MTBE-metabolizing (M.
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petroleiphilum PM1), photosynthetic (Rhodobacter sphaeroides) and marine alkane-
metabolizing (Marinobacter algcola) bacteria (53). The same genes and similar operon
structure also occur in two well-characterized alkene-metabolizing strains; X. autotrophicus
Py2 and the ethene- and chloroethene-metabolizing strain Nocardioides JS614 (53).
Although alkene-grown cells of both of these strains oxidize 2-methylpropene, neither strain
is known to grow on 2-methylpropene and both strains activate epoxides using EACoMT,
which is inactivated by 1,2-epoxy-2-methylpropane. The role of these genes in these strains
currently remains unknown. Notably, strain L108 generates small amounts of 2-
methylpropene from a dehydration reaction catalyzed by the monooxygenase responsible for
oxidizing TBA to 2-methyl-1,2-propanediol (5). It is interesting to speculate that the MTBE-
and TBA-degrading activity of strain 1108 is connected in some way to its ability to generate

and potentially consume 2-methylpropene.
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Figure 2-1: Growth of strain ELW1 on 2-methylpropene. Strain ELW1 was grown in
batch culture under carbon-limited conditions (3.3% vol/vol 2-methylpropene in gas phase)
in sealed glass media bottles (700 ml) containing MSM (100 ml). Changes in culture density
(ODggo) and the amount of 2-methylpropene in the gas phase were determined over time, as
described in the Methods section. The Figure shows the time course for (@,0) 2-

methylpropene consumption and (M,0) culture density (ODggo) for inoculated (closed
symbols) and uninoculated (open symbols) cultures, respectively. Data presented are the
means and ranges of values obtained from three separate cultures.
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Figure 2-2: Inactivation of 2-methylpropene-oxidizing activity by alkynes. Resting 2-
methylpropene-grown cells of strain ELW1 were pretreated in the absence of 2-
methylpropene with equal amounts (90 pmoles) of alkynes or without any alkyne for 1 h, as
described in the Methods section. Washed, pretreated cells (1.3 mg total protein) were then
incubated in buffer in sealed reaction vials (10 ml) with 2-methylpropene (4.5 pmoles). The
Figure shows the time course of 2-methylpropene consumption for (®) an abiotic control
reaction conducted without cells or reactions containing either (W) cells pretreated without an
alkyne or cells pretreated with (¥) ethyne, (O) propyne, (A) 1-butyne, (<) 1-hexyne, or (V)
I-octyne. Data presented are for cells obtained from a single culture and are representative of
several similar experiments.
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Figure 2-3A: Oxidation of 2-methylpropene and non-growth supporting alkenes.
Resting, 2- methylpropene-grown cells of strain ELW1 (1.5 mg of total protein) were
incubated in buffer in reactions vials (10 ml) with varying amounts of each alkene to the gas
phase to generate an equal initial dissolved concentration (53 pM) of each alkene.
Consumption of each gas was monitored over time by GC analysis of the gas phase, as
described in the Methods section. The Figure shows the time course of (@,0) 2-
methylpropene, (¥, V) ethene, (A,A) propene, and (B,0J) 1-butene consumption by cells
pretreated either with (open symbols) or without (closed symbols) 1-octyne. The Figure also
shows the time course of (<) epoxyethane accumulation in reactions conducted with ethene.
The data are plotted as the mean values obtained for two separate cultures. The error bars
show the range of individual data points.
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Figure 2-3B: Oxidation of ethene to epoxyethane by strain ELWI1. Resting 2-
methylpropene-grown cells (2.6 mg of total protein) were incubated in buffer in sealed
reaction vials (10 ml) with ethene (9 pumoles) and both the liquid and gas-phases were
analyzed by GC at indicated times, as described in the Methods section. The Figure shows
the time course for (V,V) consumption of ethene from the gas phase, and (@,0)
accumulation of epoxyethane in the aqueous phase for cells pretreated with (open symbols)
and without (closed symbols) 1-octyne. The Figure also shows (H) the time course of
epoxyethane consumption from the aqueous phase in a control reaction that contained
epoxyethane (5 pmoles) and cells (2.6 mg total protein) that had been heat-treated at 95°C for
~15 min. The data are plotted as the mean values obtained for two separate cultures. The
error bars show the range of individual data points.
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Figure 2-4: Kinetics of 2-methylpropene and 1,2-epoxy-2-methylpropane degradation.
The Figure shows plots the effects of substrate concentration of the specific rates of (Panel
A) 2-methylpropene and (Panel B) 1,2-epoxy-2-methylpropane degradation by resting 2-
methylpropene-grown cells of strain ELW1. Panel A. Cells (0.3 mg total protein) were
incubated in buffer in sealed reactions vials (10 ml) with varying amounts of 2-
methylpropene added to the gas phase to provide the indicated estimated initial dissolved 2-
methylpropene concentrations. Consumption of 2-methylpropene was determined over time
by GC analysis of the gas phase, as described in the Methods section. The Figure shows a
plot of the initial rates of 2-methylpropene consumption (0-20 min) and a computer fit of
these data to a hyperbolic single substrate-binding model (R*=0.98). Panel B. Cells (0.06 mg
of total protein) were incubated in sealed reactions vials (10 ml) with a range of initial
dissolved 1,2-epoxy-2-methylpropane concentrations. Consumption of 1,2-epoxy-2-
methylpropane was determined over time by GC analysis of the reaction aqueous phase, as
described in the Methods section. The Figure shows a plot of the initial rates of 1,2-epoxy-2-
methylpropane consumption (0-20 min) and a computer fit of these data to a hyperbolic
single substrate-binding model (R* =0.95). In both Panels the data presented are the means
and ranges of values obtained from two separate cultures.
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Figure 2-5: Degradation of 1,2-epoxy-2-methylpropane and detection of metabolites.
Resting 2-methylpropene-grown cells of strain ELW1 (1 mg total protein) were incubated in
buffer in sealed reaction vials (10 ml) with 1,2-epoxy-2-methylpropane (5 pmoles). Changes
in amounts of the epoxide and its metabolites were determined by GC analysis of the reaction
aqueous phase, as described in the Methods section. The Figure shows the time course of
(A,A) 1,2-epoxy-2-methylpropane consumption and the subsequent production and
consumption of (M,[]) MPD and (@,0) HIBA by cells either pretreated with (open symbols)
or without (closed symbols) 1-octyne. The data presented are the means and ranges of values
obtained from two separate cultures.
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Figure 2-6: Effects of cobalt ions on growth of strain ELW1 on 2-methylpropene and 1-
propanol. Cultures of strain ELW1 were grown on (Panel A) 2-methylpropene (3.33% vol/
vol gas phase) and (Panel B) 1-propanol (8 mM) under carbon-limited conditions in either
cobalt-sufficient (MSM) or cobalt-depleted (MSM-Co) media, as described in the Methods
section. Panel A: shows the time course for changes in amount of 2-methylpropene (closed
symbols) and culture density (open symbols) for inoculated cultures grown in (@,0) MSM
medium, (A,A) MSM-Co medium and for (l,0) uninoculated MSM medium. Panel B:
shows the time course for changes in the amount of 1-propanol (closed symbols) and culture
density (open symbols) for inoculated cultures grown in (@,0) MSM medium, (A,A)
MSM-Co medium and for (M,00) uninoculated MSM medium. Data presented are the means
and ranges of values obtained from three separate cultures.
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- Proposed pathway of 2-methylpropene catabolism by Mycobacterium sp. ELW1.

Figure 2-7: Proposed pathway of 2-methylpropene catabolism: The Figure shows a
proposed pathway for 2-methylpropene catabolism in Mycobacterium sp. ELW1 based on the
reactions and metabolites identified in this study. The Figure also shows metabolites
previously identified in studies of the aerobic degradation of MTBE (51) and the potential
overlap between the pathways of MTBE and 2-methylpropene catabolism. Panel A: The
panel shows the major intermediates with proposed enzymes in the degradation of MTBE to
TBA by aerobic MTBE-oxidizing bacteria. Panel B: The panel shows the proposed
conversion of 2-methylpropene to 1,2-epoxy-2-methylpropane by Mycobacterium sp. ELW1
and the down stream metabolites of 1,2-epoxy-2-methylpropane which are common to both
the pathway of MTBE and 2-methylpropene catabolism. The proposed enzymes responsible
for each reaction in the two pathways are also indicated.
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Table 2-1: Growth substrate range of Mycobacterium sp. ELW1.

a Culture density (ODgg) b
Substrate After 7d After 14 d After 28 d
Alkenes

ethene <0.01 (0.00) <0.01 (0.00) 0.02 (0.01)
propene <0.01 (0.00) <0.01 (0.00) 0.01 (0.00)
1-butene 0.01 (0.00) <0.01 (0.00) 0.01 (0.00)
2-butene (mixture of cis & trans) 0.02 (0.00) 0.05 (0.00) 0.53 (0.11)
cis-2-butene 0.02 (0.00) 0.04 (0.00) 0.52 (0.10)
trans-2-butene 0.01 (0.00) 0.03 (0.00) 0.15 (0.06)
2-methylpropene 1.56 (0.00) 1.48 (0.00) 1.09 (0.12)
2-methyl-1-butene 0.01 (0.01) 0.01 (0.14) 0.01 (0.00)
2-methyl-2-butene 0.03 (0.00) 0.01 (0.00) 0.03 (0.00)
3-methyl-1-butene <0.01 (0.01) <0.01 (0.00) 0.01 (0.01)
1,3-butadiene <0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
2-methyl-1,3-butadiene 0.03 (0.00) 0.02 (0.00) 0.04 (0.00)
chloroethene 0.01 (0.02) 0.01 (0.01) 0.01 (0.00)
1,1-dichloroethene 0.01 (0.01) 0.01 (0.00) 0.01 (0.00)
cis-1,2-dichloroethene 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
trans-1,2-dichloroethene 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
trichloroethene 0.01 (0.00) 0.01 (0.00) <0.01 (0.00)
tetrachloroethene 0.01 (0.00) 0.01 (0.00) <0.01 (0.00)

Epoxides
epoxyethane <0.01 (0.00) <0.01 (0.00) <0.01 (0.00)
epoxypropane <0.01 (0.00) <0.01 (0.00) <0.01 (0.00)
1,2-epoxybutane <0.01 (0.00) <0.01 (0.00) <0.01 (0.00)
3,4-epoxy-1-butene 0.01 (0.00) <0.01 (0.00) 0.01 (0.00)
1,2-epoxy-2-methylpropane 0.02 (0.00) 0.79 (0.09) 0.57 (0.08)
cis-2,3-epoxybutane 0.21 (0.13) 0.37 (0.07) 0.51 (0.03)
trans-2,3-epoxybutane 0.13 (0.00) 0.42 (0.01) 0.32 (0.02)
epichlorohydrin <0.01 (0.00) <0.01 (0.00) <0.01 (0.00)

Diols

1,2-ethanediol 0.01 (0.01) 0.01 (0.00) 0.01 (0.00)
1,2-propanediol 0.01 (0.00) 0.02 (0.00) 0.08 (0.02)
1,2-butanediol 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
1,3-propanediol 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
1,3-butanediol 0.01 (0.01) 0.02 (0.01) 0.05 (0.00)
1,4-butanediol 0.01 (0.00) 0.02 (0.00) 0.01 (0.01)
meso-2,3-butanediol 0.48 (0.19) 0.63 (0.12) 0.47 (0.13)
S,S-2,3-butanediol 1.06 (0.09) 0.76 (0.09) 0.58 (0.09)
R,R-2,3-butanediol 0.05 (0.01) 1.01 (0.01) 0.83 (0.00)
2-methyl-1,2-propanediol 0.15 (0.13) 1.13 (0.23) 1.28 (0.00)
2-methyl-1,3-propanediol 0.01 (0.00) 0.04 (0.00) 0.04 (0.02)




Table 2-1: Continued

Substrate ¢

Culture density (ODy) ”

After 7d After 14 d After 28 d
Aromatics
benzene <0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
toluene <0.01 (0.00) 0.01 (0.00) <0.01 (0.00)
ethylbenzene 0.01 (0.00) 0.01 (0.00) 0.00 (0.00)
o-xylene 0.02 (0.00) 0.01 (0.00) 0.01 (0.00)
m-xylene <0.01 (0.00) 0.01 (0.00) <0.01 (0.00)
p—xylene 0.01 (0.01) 0.01 (0.00) <0.01 (0.00)
Alkanes ¢
methane <0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
ethane <0.01 (0.00) 0.01 (0.00) 0.02 (0.00)
propane <0.01 (0.00) 0.01 (0.00) 0.05 (0.02)
n-butane <0.01 (0.00) 0.01 (0.00) 0.03 (0.02)
n-pentane <0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
n-hexane 0.01 (0.01) 0.01 (0.00) <0.01 (0.00)
n-heptane 0.08 (0.06) 1.33 (0.08) 1.26 (0.03)
n-octane 0.13 (0.01) 0.13 (0.00) 0.17 (0.00)
n-decane 0.30 (0.11) 0.28 (0.11) 0.42 (0.13)
n-tetradecane 1.00 (0.10) 0.95 (0.13) 1.07 (0.08)
n-hexadecane 0.73 (0.01) 0.76 (0.09) 1.07 (0.23)
n-octadecane 0.08 (0.02) 0.95 (0.03) 0.72 (0.02)
2-methylpropane <0.01 (0.00) 0.01 (0.00) 0.01 (0.01)
2-methylbutane <0.01 (0.00) 0.01 (0.00) 0.05 (0.00)
2-methylpentane ND 0.01 (0.00) 0.00 (0.00)
2-methylhexane ND 0.01 (0.00) 0.58 (0.12)
1° Alcohols
methanol 0.02 (0.00) 0.01 (0.00) ND
ethanol 0.39 (0.02) 0.22 (0.08) ND
1-propanol 0.82 (0.04) 0.72 (0.06) ND
1-butanol 1.45 (0.14) 1.31 (0.13) ND
1-pentanol 1.80 (0.12) 1.62 (0.15) ND
2-methyl-1-propanol 0.11 (0.00) 1.23 (0.04) ND
2-methyl-1-butanol 0.42 (0.00) 1.03 (0.19) 0.88 (0.16)
3-methyl-1-butanol 0.06 (0.00) 1.16 (0.13) 0.97 (0.10)
2-propen-1-ol <0.01 (0.00) <0.01 (0.00) 0.00 (0.00)
2-buten-1-ol 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
3-buten-1-ol <0.01 (0.00) <0.01 (0.00) 0.02 (0.00)
2-methyl-2-propen-1-ol 0.10 (0.00) 0.36 (0.00) 0.50 (0.02)
2° Alcohols

2-propanol 0.01 (0.00) 0.03 (0.02) 0.01 (0.00)
2-butanol <0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
3-methyl-2-butanol 0.01 (0.00) 0.03 (0.01) 0.01 (0.01)
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Table 2-1: Continued

a Culture density (ODgg) b

Substrate After 7d After 14 After 28 d

3° Alcohols
2-methyl-2-propanol <0.01 (0.00) 0.01 (0.00) <0.01 (0.00)
2-methyl-2-butanol 0.01 (0.00) <0.01 (0.00) <0.01 (0.00)

Aldehydes and Ketones
acetaldehyde <0.01 (0.00) 0.01 (0.00) <0.01 (0.00)
2-methylpropionaldehyde 0.03 (0.01) 0.78 (0.07) 0.67 (0.11)
2-methylprop-2-enal 0.01 (0.00) 0.01 (0.00) 0.02 (0.00)
acetone 0.01 (0.00) 0.01 (0.00) 0.01 (0.01)
hydroxyacetone 0.04 (0.00) 0.10 (0.01) 0.12 (0.01)
2-butanone <0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
3-hydroxybutanone 0.87 (0.04) 0.81 (0.11) 0.50 (0.04)
Acids
acetate 0.34 (0.01) 0.29 (0.01) 0.23 (0.01)
propionate 0.77 (0.02) 0.65 (0.01) 0.51 (0.03)
3-hydroxybutyrate 0.51 (0.09) 0.56 (0.09) ND
2-methylpropionate 0.01 (0.00) 0.53 (0.26) 0.77 (0.07)
2-methyl-2-propenoate 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
2-methylbutyrate 0.01 (0.00) 0.00 (0.00) <0.01 (0.00)
3-methylbutyric acid 0.01 (0.00) 0.01 (0.01) 0.02 (0.01)
2-hydroxyisobutyrate 0.99 (0.01) 0.73 (0.04) ND
2-hydroxy-2-methyl-butyrate 0.00 (0.00) 0.01 (0.01) 0.01 (0.00)
succinate 0.23 (0.00) 0.18 (0.00) ND
pyruvate 0.12 (0.00) 0.62 (0.00) ND
Ether oxygenates
methyl tertiary butyl ether 0.01 (0.01) 0.01 (0.00) 0.02 (0.00)
ethyl fertiary butyl ether 0.03 (0.01) 0.01 (0.00) 0.01 (0.00)
tertiary amyl methyl ether 0.00 (0.00) 0.00 (0.00) 0.01 (0.00)
diisopropyl ether 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Sugars

fructose 1.59 (0.00) 1.26 (0.00) ND
glucose 0.08 (0.00) 1.78 (0.00) ND
galactose 0.01 (0.00) <0.01 (0.00) ND

Growth of strain ELW1 was examined on a range of substrates using glass serum vials (160
ml) containing 25 ml MSM and sealed with Teflon-lined mininert valves as described in the
Methods section. Cultures were incubated for 14-28 d and culture densities (ODggo) were
determined after 7, 14 and 28 d of incubation .Data represent the mean and SEM (in
parentheses) of two separate cultures.

“10 mM liquid/ solid substrates or 10% (v/v) gaseous substrates were used in cultures.

(Filter-sterilized aqueous stock solutions (0.1 M) were used for all solid substrates)
? Initial culture ODggo < 0.02
“ Abiotic controls for Cyg 12,14, 16, 18 alkanes maintained an ODggo < 0.06 (data not shown).
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Table 2-2: Specific rates of degradation of epoxides and allyl alcohols by Mycobacterium
sp. ELW1 after growth on 2-methylpropene.

Specific Activity o
(nmoles min™' mg total protein™) Rate of abiotic
Substrate degradation
without 1-octyne | with 1-octyne (nmoles min™)
pretreatment pretreatment
epoxyethane 16.1 (5.9) 20.7 (2.6) 2.2(0.4)
epoxypropane 61.4 (6.8) 59.6 (0.3) 1.1 (0.9)
1,2-epoxybutane 81.2 (10.6) 100.0 (4.8) 3.1(0.3)
1,2-epoxy-2-methylpropane 246.5 (31.6) 246. 1 (1.6) 2.3 (0.1)
2-propen-1-ol 29.1 (3.1) 9.7 (2.6) 0.6 (0.2)
3-buten-1-ol 30.0 (2.5) 10.8 (0.3) 0.5(0.3)
2-methyl-2-propen-1-ol 32.3 (0.6) 9.8 (0.7) 0.5 (0.1)

Resting 2-methylpropene-grown cells of strain ELW1 pretreated with or without 1-octyne
were incubated in buffer in sealed reaction vials (10 ml) with 2 mM epoxides (0.2 mg total
protein) or 2 mM allyl alcohols (0.9 mg total protein), as described in the Methods section.
Control incubations were also conducted with heat-killed cells. Consumption of each
substrate was monitored over time by GC analysis of the reaction aqueous phase and the
specific rates of degradation were calculated. Data represent the mean and SEM (in
parentheses) of two separate cultures.
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Table 2-3: Effects of cobalt ions on growth of Mycobacterium sp. ELW1 on 2-
methylpropene and other substrates.

Culture density (OD6oo)b

Culture density (ODggp)

Growth Substrate after 7d after 14 d
MSM MSM-Co MSM MSM-Co
2-methylpropene 1.62 (0.11) 0.03 (0.01) 1.38 (0.11) 0.06 (0.01)
1,2-epoxy-2-methypropane | 0.11 (0.01) 0.03 (0.00) 1.02 (0.08) 0.05 (0.00)
2-methyl-1,2-propanediol 0.42 (0.00) 0.03 (0.00) 1.15 (0.00) 0.08 (0.00)
2-hydroxyisobutyrate 0.68 (0.07) | <0.01 (0.00) 1.21 (0.04) 0.02 (0.00)
3-hydroxybutyrate 0.91 (0.02) 0.87 (0.01) 0.87 (0.05) 0.66 (0.03)
2-methyl-1-propanol 0.28 (0.06) 0.26 (0.01) 1.01 (0.03) 0.98 (0.08)
2,3-butanediol 0.21 (0.02) 0.22 (0.01) 1.15 (0.05) 1.05 (0.02)
fructose 1.54 (0.03) 1.57 (0.01) 1. 38 (0.01) 1.36 (0.05)
acetate 0.38 (0.02) 0.38 (0.01) 0.28 (0.01) 0.29 (0.01)

Cultures of strain ELW1 were grown on a range of growth-supporting substrates including
potential metabolites in the pathway of 2-methylpropene metabolism, in sealed glass serum
vials (160 ml) containing 25 ml of either cobalt-sufficient (MSM) or cobalt-deficient (MSM-
Co) media, as described in the Methods section. Changes in culture density (ODggo) were
determined after 7 and 14 d of incubation. Data represent the mean and SEM (in parentheses)

of duplicate cultures.

“10 mM liquid /solid substrates or 10% (v/v) gaseous substrates were used in cultures.
(Filter-sterilized aqueous stock solutions (0.1 M) were used for all solid substrates)

b nitial culture ODggo < 0.02
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ABSTRACT
We have characterized the metabolism of 2-butene by a newly described 2-methylpropene-
metabolizing bacterium Mycobacterium sp. ELW1. The maximal growth rate on both cis-
(C2B) and trans- (T2B) 2-butene isomers (0.008 h'l) was much slower than growth on 2-
methylpropene (0.05 h™). Growth studies and reactions with resting cells suggest cells grown
on C2B and T2B initially oxidize the 2-butene isomers to their corresponding 2,3-
epoxyalkanes and that these epoxides are then hydrolyzed to their corresponding diols. These
initial reactions are substantially different to the terminal oxidation pathway of 2-butene-
metabolism proposed for Nocardia TBI1, the only previously characterized 2-butene-
metabolizing bacterium. Physiological and kinetic evidence is presented that suggests cells of
strain ELW1 grown on both 2-butene isomers sequentially use the same alkene-oxidizing
monoooxygenase and epoxide hydrolase previously implicated in the initial steps in 2-
methylpropene metabolism by this strain. The slow rate of epoxide hydrolysis is proposed as
the enzymatic step that dictates the slow rate of growth of strain ELW1 on 2-butene. The
degradation of trans-2,3-epoxybutane was also strongly enantioselective towards the (2S-
3S)-enantiomer. Our results also suggest the later steps in 2-butene metabolism involve
different enzymes than those involved in 2-methylpropene metabolism. The 2,3-butanediols
generated from epoxide hydrolysis appear to be first oxidized to 3-hydroxy-2-butanone
(acetoin), which is then further oxidized to acetaldehyde and acetyl-CoA by an acetoin
dehydrogenase-like activity. Our results have been interpreted in terms of their impact on our
understanding of the bacterial metabolism of 2-alkenes and the role of enantioselective

epoxide hydrolysis in bacterial alkene metabolism.
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INTRODUCTION

2-Butene is the simplest alkene exhibiting geometric isomerism and consists of two
stereoisomers, cis- (C2B) and frans-2-butene (T2B). Industrially, 2-butene is produced by
catalytic cracking of crude oil and it is used for the production of butadiene, sec-butanol,
butanone and gasoline alkylates such as 2,2,4-trimethylpentane. In 2001, production of 2-
butene in the United States was approximately 9 million tonnes. Although some bacteria and
fungi produce small amounts of both 2-butene isomers (1), the low levels of this gas found in
the environment are thought to be mainly associated with industrial processes, natural gas
seeps and automobile exhaust (2).

A variety of aerobic bacteria can oxidize 2-butene and these organisms can be
separated based on their abilities to either cometabolically oxidize alkenes or to fully
metabolize alkenes as sole sources of carbon and energy for growth. Among the former
microorganisms, the ammonia-oxidizing bacterium Nitrosomonas europaea oxidizes both
C2B and T2B through the activity of ammonia monooxygenase (AMO) (3). 2-Buten-1-ol
represents >80% of the detected products while cis- and trans 2,3-epoxybutane are the other
minor products. Both 2-butene isomers are also oxidized by methane-oxidizing bacteria
through the activity of methane monooxygenase (MMO) (4-6). The soluble form of MMO
(sMMO) from Methylococcus capsulatus (Bath) oxidizes C2B to nearly equivalent amounts
of 2-buten-1-ol and cis-2,3-epoxybutane, while 2-buten-1-ol is the predominant (>70%)
product of T2B oxidation (7, 8). Solubilized particulate MMO (pMMO) from M. capsulatus
(Bath) oxidizes C2B exclusively to cis 2,3-epoxybutane while T2B is oxidized

predominantly (~60%) to 2-buten-1-ol (9). Oxidation of 2-butene by microorganisms
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expressing other alkene-oxidizing enzymes such as toluene-2- and toluene-4-monooxygenase
(10), a soluble form of propane monoooxygenase (11), and a fungal peroxygenase (12), all
suggest 2-butene is oxidized exclusively to 2,3-epoxybutanes and not a mixtures of epoxides
and alcohols.

The ability to oxidize 2-butene has also been reported for many gaseous alkene-
metabolizing bacteria including ethene-, propene-, 1-butene- and 1,3-butadiene-metabolizing
isolates (13-15). In most cases these organisms were originally isolated based on their ability
to metabolize 1-alkenes. Unlike many of the alkane-oxidizing enzymes and organisms
described earlier, alkene-metabolizing organisms appear to only generate 2,3-epoxybutanes
from the initial oxidation of 2-butene. In the case of Xanthobacter autotrophicus Py2, one of
the best characterized alkene-metabolizing bacteria, propene-grown cells oxidized propene at
~80 nmoles min. mg total protein'1 and C2B and T2B were oxidized at 84 and 76% of this
rate, respectively. The rate of accumulation of the cis- and frans-2,3-epoxybutane was 24%
and 68% of the rate of C2B and T2B consumption, respectively (16).

In addition to demonstrating C2B- and T2B-oxidizing activity in 1-alkene-
metabolizing isolates, van Ginkel et al. (13) also described three strains that grew slowly on
T2B. One of these strains, Nocardia TB1, was shown to also grow on Csz-Cg n-alkanes. A
subsequent and more detailed study of strain TB1 demonstrated that this strain also grows
slowly on C2B and that cells grown on T2B and n-butane have the same abilities to oxidize
n-alkanes, 1-alkenes, 2-alkenes and alcohols (17). A pathway of T2B oxidation was proposed
in which T2B is initially terminally oxidized to 2-buten-1-ol and it was suggested that T2B

metabolism in strain TB1 is a manifestation of its terminal n-butane oxidation pathway rather
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than an epoxide-generating route found in all other well characterized gaseous alkene-
metabolizing strains (17). The versatile alkane-metabolizing strain Mycobacterium vaccae
JOBS has also been reported to grow on T2B (18) although the pathway of T2B oxidation by
this strain has not been determined. Similarly, little is known about alkene metabolism by
strains H-131 and M-141, the only other 2-butene-metabolizing strains we are aware of that
have been described in the literature (19).

In this study we have characterized the 2-butene-metabolizing activity of the recently
described 2-methylpropene-utilizing strain, Mycobacterium sp. ELW1. This strain does not
grow on l-alkenes and, apart from 2-methylpropene, C2B and T2B are the only other
gaseous alkenes that support growth of this strain (20). Our previous study suggested that,
like all other well-characterized alkene-metabolizing strains, 2-methylpropene is initially
oxidized by a monooxygenase. The resulting epoxide, 1,2-epoxy-2-methylpropane, is then
rapidly hydrolyzed to 2-methyl-1,2-propanediol by an epoxide hydrolase. A later metabolite,
2-hydroxyisobutyrate, is then converted to 3-hydroxybutyrate through the activity of a
cobalt-dependent mutase. Our previous study also demonstrated that strain ELW1 can grow
on both 1,2-epoxy-2-methylpropane, cis and trans 2,3-epoxybutane and both 2-methyl-1,2-
propanediol and 2,3-butanediol, but not on other epoxides and diols. These observations
suggested that a similar pathway and potentially the same enzymes are involved in the initial
steps in the metabolism of 2-methylpropene and both C2B and T2B. In this study we have
characterized the various reactions and intermediates involved in C2B and T2B metabolism
by strain ELW1 and have investigated the enantioselectivity associated with some of these

reactions.
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MATERIALS AND METHODS
Materials: Mycobacterium strain ELW1 was isolated and maintained as previously
described (20). Xanthobacter autotrophicus strain Py2 (ATCC BAA-1158) was obtained
from the American Type Culture Collection (Manassas, VA.) and maintained on casein-yeast
extract-dextrose (CYD) agar plates (Difco Plate Count Agar; Becton, Dickinson and Co.,
Sparks, MD). Acetaldehyde (99% purity), (2S,35)-2,3-butanediol (97% purity), (2R,3R)-2,3-
butanediol (97% purity), meso-2,3-butanediol (99 % purity), cis-2-butene (>99% purity),
trans-2-butene (>99% purity), cis-2,3-epoxybutane (97% purity), fructose (>99% purity), 3-
hydroxy-2-butanone (>98% purity), 2-hydroxyisobutyric acid (99% purity), 2-hydroxy-3-
pentanone (95% purity), 2-methylpropene (99% purity), and 1-octyne (97% purity) were
obtained from Sigma-Aldrich Chemical Co. (Milwaukee, WI). Acetone (99.5% purity) and
sodium acetate (99.5% purity) were obtained from Fisher Scientific (Pittsburgh, PA).
Racemic trans-2,3-epoxybutane (97% purity) was obtained from Santa Cruz Biotechnology,
Inc. (Dallas, TX). Absolute ethanol was obtained from Aaper Alcohol and Chemical Co.,
(Shelbyville, KY). 1,2-Epoxy-2-methylpropane (>99% purity) was obtained from Alfa Aesar
(Ward Hill, MA). Propene (CP grade) and compressed gases (H,, N», and air) used for gas

chromatography were obtained from local industrial vendors.

Cell growth: Mycobacterium strain ELW1 was grown in batch culture using either 2-
methylpropene, C2B or T2B as the sole source of carbon and energy. Cultures were grown in
glass media bottles (700 ml; Wheaton Scientific, Millville, NJ) containing mineral salt

medium (MSM; 100 ml) (20). The medium was inoculated (initial ODgyy ~0.02) with cells
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grown on MSM agar plates that had been incubated in air containing ~5% (v/v gas phase) 2-
methylpropene. The inoculated bottles were sealed with screw caps fitted with butyl rubber
septa and gaseous alkene (60 ml) was added using plastic syringes fitted with Millex sterile
disposable filters (0.1 um; Millipore Co., Bedford, MA). Cultures were incubated at 30°C in
the dark in an Innova 4900 environmental shaker (New Brunswick Scientific Co., Inc.,
Edison, NJ) operated at 150 rpm. Culture purity after growth was confirmed by streaking a
culture sample (20 ul) onto PCA plates. Cells of X. autotrophicus Py2 were grown on
propene using the same procedure described above except that the cultures were inoculated
with cells previously grown on plate count agar (PCA) plates and propene (60 ml) was used
as the sole source of carbon and energy.

Growth of strain ELW1 on C2B and T2B was also examined in cobalt-deficient
medium. These cultures were grown in glass serum vials (160 ml) containing MSM (25 ml)
from which CoCl,.6H,O had been omitted from the trace elements. Prior to use, the culture
serum vials were soaked overnight in an aqueous solution (10% v/v) of Dekasol™ (ICN
Biomedicals Inc.; Aurora, OH) to remove cobalt adventitiously bound to the glassware. The
vials were then rinsed three times with deionized water before cobalt-deficient MSM (MSM-
Co) was added. The cultures were inoculated (initial ODggp ~ 0.02) with a suspension of cells
obtained from cultures previously grown on MSM plates incubated in the presence of 2-
methylpropene. The vials were then sealed with butyl rubber stoppers and aluminum crimps
seals (Wheaton Scientific, Millville, NJ) and C2B or T2B (20% v/v gas phase) were added

using a sterile plastic syringe fitted with sterile disposable 0.1 um filters. A sample (50 ul) of
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the fully grown cultures was streaked onto casein-yeast extract-dextrose (CYD) agar plates
(Difco Plate Count Agar) to confirm the purity of the culture.

The effect of gas concentration on the growth of strain ELW1 on 2-methylpropene,
C2B and T2B was examined in glass serum vials (160 ml; Wheaton Scientific, Millville, NJ)
that contained MSM (25 ml). Vials were inoculated (initial ODgpp ~ 0.02) with a liquid
suspension of cells previously grown on MSM agar plates incubated in the presence of 2-
methylpropene. The vials were then sealed with butyl rubber stoppers and aluminum crimp
seals and varying amounts of 2-methylpropene, C2B or T2B equivalent to 1.25, 2.5, 5, 10
and 20% [v/v] of the initial gas phase (135 ml) were added to sealed vials using plastic
syringes fitted with Millex disposable filters (0.1 pm; Millipore Co., Bedford, MA). The
cultures were incubated in the dark at 30°C in an Innova 4900 environmental shaker operated
at 150 rpm. Samples (600 ul) were aseptically withdrawn from sealed vials throughout the
experiment to monitor cell growth. Growth was determined by measurements of the changes
in absorbance at 600 nm (ODgy) using a Shimadzu 1601 UV/Vis spectrophotometer
(Shimadzu, Kyoto, Japan). Growth of strain ELW 1 on the isomers of 2,3-butanediol was also
determined in cultures grown in glass serum vials (160 ml) and MSM (25 ml). The cultures
were prepared as described above except the vials were sealed with Teflon-lined Mininert
valves (Alltech Associates Inc., Deerfield, IL) and 2,3-butanediol (10 mM initial
concentration) was added to the vials from aqueous stock solutions using sterile

microsyringes.
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Initial rate and time course studies with resting cells: Cells were harvested from the
culture medium (final ODgyy ~ 0.8) by centrifugation (10,000 x g for 5 min at 4°C). The
resulting cell pellet was washed in phosphate buffer (20 ml; 50 mM sodium phosphate; pH
7.0) and centrifuged again. After repeating the washing step, the sedimented cells were
resuspended in phosphate buffer (~1.0 ml) to a final concentration of ~10 mg of total cell
protein ml™". The cell suspension was stored at 4°C and used within 4 hrs.

All experiments involving initial rate determinations or reaction time courses using
resting cells were conducted in glass serum vials (10 ml). The reaction vials contained
sodium phosphate buffer (50 mM, pH 7.0) (~900 ul) and were sealed with butyl rubber
stoppers and aluminum crimp seals. Substrates were added directly to the sealed vials either
as gases or from aqueous stock solutions using microsyringes. The vials were placed in a
shaking water bath (30°C, 150 rpm) for ~10 min to allow equilibration of the reactants
between the gas and liquid phases. The reactions were initiated by the addition of the
appropriate resting cell suspension (100 ul; ~0.5 to 2.0 mg of total protein) to give a final
aqueous reaction volume of 1 ml. The reaction vials were then returned to the shaking water
bath and were sampled at the times indicated in each experiment.

In some experiments cells were pretreated with 1-octyne to inactivate alkene-
oxidizing activity. In these experiments cells were harvested from a single culture and the
resulting resting cell suspension was divided in to two equal aliquots (~500 ul). Each aliquot
was added to phosphate buffer (6.5 ml) in glass serum vials (25 ml) sealed with butyl rubber
stoppers and aluminum crimp seals. 1-octyne (90 pmoles) was then added as a neat

compound to one vial and both vials were incubated in a shaking water bath operated at 30°
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C and 150 rpm. After 1 h, cells from both incubations were sedimented by centrifugation
(10,000 x g for 5 min at 4°C). The resulting cell pellets were washed in phosphate buffer (20
ml) and centrifuged again. After repeating the washing step, the sedimented cells were finally
resuspended in phosphate buffer (500 pl) to a final concentration of ~10 mg total cell protein
ml". The cell suspensions were stored at 4°C and used within 4 hrs. The 1-octyne-pretreated
cells generated from this procedure were used in all experiments that describe the use of this
inactivator. In these experiments, all other cells used were the cells pre-incubated without 1-
octyne.

In one experiment we also made use of propene-grown cells of X. autotrophicus Py2
that had been either heat-treated or exposed to methylepoxypropane to inactivate their
epoxide-metabolizing activity. These cells were prepared as follows. A culture of strain Py2
was grown on propene, as described above. The cells were harvested by centrifugation
(10,000 x g for 5 min at 4°C). The resulting cell pellet was washed in phosphate buffer (20
ml; 50 mM sodium phosphate; pH 7.0) and centrifuged again. After repeating the washing
step, the sedimented cells were resuspended in phosphate buffer (1.5 ml) to a final
concentration of ~30 mg of total cell protein ml". This cell suspension was then divided into
three equal aliquots (500 ul each). One aliquot was heat-inactivated by sealing the cells in a
microfuge tube which was then placed for 15 min in a heating block operated at 95° C. The
two remaining aliquots were then added to two separate glass serum vials (25 ml) that
contained phosphate buffer (6.5 ml). The serum vials were sealed with butyl rubber stoppers
and aluminum crimp seals. 1,2-Epoxy-2-methylpropane (70 pmoles) was added to one of the

vials and both vials were incubated in a shaking water bath operated at 30° C and 150 rpm.
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After 1 h incubation, the cells from both incubations and the heat-treated cells were
separately harvested by centrifugation (10,000 x g for 5 min at 4°C). The resulting cell pellets
were washed in phosphate buffer (20 ml) and centrifuged again. After repeating the washing
step, the sedimented cells were finally resuspended in phosphate buffer (0.5 ml) to a final
concentration of ~30 mg of total cell protein ml™. The cell suspensions were stored at 4°C

and used within 4 hrs.

Analytical methods: In all experiments substrate consumption and product formation were
determined by gas chromatography (GC). The analyses for all compounds other than gaseous
substrates (2-methylpropene, C2B and T2B) involved aqueous phase samples and two
Shimadzu GC-14A chromatographs (Kyoto, Japan), each equipped with a flame ionization
detector and stainless steel columns (0.3 x 61 cm or 0.3 x 183 cm) filled with Porapak Q
(80/100 mesh) (Water Associates, Framingham, MA). The gas chromatographs were both
operated with an injection temperature of 200°C, detector temperature of 220° C and column
temperatures of 110-140° C. Nitrogen was used as a carrier gas at a flow rate of 15 ml/min.
In all cases, the aqueous phase samples (2 ul) were taken from the various reaction vials and
were injected directly into the gas chromatographs without any additional sample
preparation.

The analyses for gaseous substrates (2-methylpropene, C2B and T2B) involved gas
phase samples and a Shimadzu GC-14A gas chromatograph fitted with a flame ionization
detector and a DB-MTBE capillary column [30 m x 0.45 mm (internal diameter), 2.55-um

film; J & W Scientific, Folsom, CA). The analyses were conducted using a column
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temperature of 35°C, an injection port temperature of 200°C, and a detector temperature of
220°C. Nitrogen was used as the carrier gas at a flow rate of 5 ml/min. In all cases, the gas
phase samples (10 ul) were taken from the various reaction vials and were injected directly
into the gas chromatograph without any additional sample preparation.

All gas chromatographs were interfaced to Hewlett-Packard HP3395 (Palo Alto, CA)
integrators for data collection. All reaction products were identified by co-elution to
authentic standards. These compounds were quantified using calibration plots generated by
adding known amounts of each compound to reactions vials that containing phosphate buffer
(1 ml) but no cells. Each calibration plot contained at least 5 different concentrations of each
compound, including at least one concentration above the maximal concentration detected in
our experiments. All calibration plots were fitted to a straight line by linear regression with a
final R* value of > 0.98.

Cell protein concentrations were determined with the Biuret protein assay (21) after
solubilization of cell material for 1 h at 65°C in 3 N NaOH and sedimentation of insoluble
material by centrifugation (10,000 rpm, 5 min). Bovine serum albumin was used as a
standard. The saturated aqueous phase solubility of C2B and T2B at 25° C was taken as 6.2
mM (2) Kinetic constants (Ve and K) were derived by computer fitting of the data by
nonlinear regression to a single substrate-binding model [Y = Vi - X / (K¢+ X)] using

GraphPad Prism version 5.0 for Windows (GraphPad Software, San Diego,CA).
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RESULTS

Growth on 2-butene isomers: Our initial report describing slow growth of strain ELW1 on
both C2B and T2B only examined a single culture condition (10%, v/v gas phase) (20). In
this present study, we first examined whether the growth rate on 2-butene was impacted by 2-
butene concentration. Cells were grown in batch cultures containing a range of
concentrations (0-20%, v/v gas phase) of C2B, T2B, or 2-methylpropene (Fig. 3-1). There
was no discernable effect of substrate concentration for cultures grown on 2-methypropene
(Fig. 3-1A), irrespective of whether they were nominally carbon- (1.25% and 2.5% v/v gas
phase) or oxygen-limited (10% and 20% v/v gas phase) conditions. The growth rate on 2-
methylpropane was consistently estimated at 0.053 h' (Fig. 3-1D). With C2B, growth was
initiated within 5 d (Fig. 3-1B) while with T2B there was a lag phase of ~15 d before growth
was detected (Fig. 3-1C). Once growth was initiated, there was a distinct and similar effect of
substrate concentration on growth rate for both 2-butene isomers. The growth rates increased
from ~0.003 h”' to ~0.008 h™' with increases in 2-butene concentration from 1.25 to 20% v/v
gas phase (Fig. 3-1D).

While growth of strain ELW1 was always consistent on 2-methylpropene, some
variability was observed in the slow growth on 2-butene isomers, especially when T2B-
grown cells were transferred directly to new T2B-containing medium. To investigate possible
causes of this effect, cultures containing C2B or T2B (20% v/v gas phase) were inoculated
with 2-methylpropene-grown cells and accumulation of alkene-derived metabolites during
growth was determined by GC analysis of the culture medium. During growth on C2B, low

levels of cis-2,3-epoxybutane were detected after 30 d (Fig. 3-S1). The maximum amount of
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epoxide (~30 umoles) accumulated after 40 d, the point at which growth on C2B was
complete and the culture entered stationary phase. Trans-2,3-epoxybutane was also detected
in the medium of T2B-grown cells but the accumulation pattern was substantially different to
cis-2,3-epoxybutane. For example, trans-2,3-epoxybutane was detected earlier in the culture
period than cis-2,3-epoxybutane (15 d). The maximum amount of trans-2,3-epoxybutane
(<180 pmoles) was as much as 6-fold higher than the maximum amount of cis-2,3-
epoxybutane detected in C2B-grown cultures. Lastly, the amount of trans-2,3-epoxybutane
decreased rapidly after the culture growth ceased while the lower amount of cis-2,3-
epoxybutane detected remained essentially constant after growth on C2B ceased. Other than
cis and trans-2,3-epoxybutane, no other potential metabolites of C2B and T2B were detected

in the culture medium in these cultures.

Oxidation of C2B and T2B by resting cells: Both 2-butene isomers were oxidized without
a lag phase by 2-methylpropane-grown cells and initial rates were used to estimate the kinetic
constants for C2B and T2B oxidation. The constants for both isomers were comparable with
Vinax Values ranging from 29 to 51 nmoles min" mg total protein'1 and K values ranging
from 13 to 19 uM (Fig. 3-S2). The V.x values were 2 to 3-fold lower than our previous
estimate for 2-methylpropene, while the K values for both 2-butene isomers were
comparable to our previous estimate of 11 uM for 2-methylpropene (20).

We also compared the metabolites generated from C2B oxidation by resting cells
previously grown on 2-methylpropene, C2B and T2B. Cells grown on C2B oxidized C2B

without a lag phase (Fig. 3-2A) and cis-2,3-epoxybutane accumulated and was also
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consumed during the reaction. The maximal amount of the epoxide (1.6 pmoles) was
observed after 3 h when ~90% of the initial C2B (9 pmoles) had been consumed. No other
metabolites were detected. Cells pretreated with 1-octyne oxidized C2B at less than 5% of
rate of untreated cells and the losses of C2B from abiotic incubations without cells were
minimal over the reaction time course. With 2-methylpropene-grown cells, C2B was also
oxidized without a lag phase. cis-2,3-epoxybutane accumulated in the reaction medium and
was also consumed (Fig. 3-2B). The maximum amount of the epoxide (1.6 umoles) was
detected after 1.5 h when ~6.5 pmoles of the initial C2B had been consumed. Two additional
metabolites, 2,3-butanediol and 3-hydroxy-2-butanone, were also detected at lower
concentrations. These metabolites initially accumulated at a near constant rate over the first 5
h of the reaction although the rate of 3-hydroxy-2-butanone accumulation was ~5-fold slower
than 2,3-butanediol. The maximal concentration of both metabolites was observed at the
same time (5 h) when all of the produced cis-2,3-epoxybutane had been consumed. After
this, both 2,3-butanediol and 3-hydroxy-2-butanone were slowly consumed during the
remainder of the reaction. 2-Methylpropene-grown cells pretreated with 1-octyne only slowly
oxidized C2B and cis-2,3-epoxybutane, 2,3-butanediol and 3-hydroxy-2-butanone did not
accumulate in the reaction medium.

Qualitatively similar results were obtained when we compared T2B oxidation by
T2B- and 2-methylpropene-grown cells (Fig. 3-3). Resting T2B-grown cells oxidized T2B
and trans-2,3-epoxybutane accumulated in the reaction medium (Fig. 3-3A). The maximal
amount of trans-2,3-epoxybutane (~2 pmoles) was detected once all T2B had been

consumed. However, unlike cis-2,3-epoxybutane (Fig, 3-2A), the accumulated trans-2,3-
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epoxybutane was only very slowly degraded. A similar effect was also observed during T2B
oxidation by 2-methypropene-grown cells (Fig. 3-3B). In this case, T2B was initially
oxidized without a lag phase and trans-2,3-epoxybutane, 2,3-butanediol and 3-hydroxy-2-
butanone all accumulated in the reaction medium. The maximal amounts of 2,3-butanediol
(400 nmoles) and 3-hydroxy-2-butanone (175 nmoles) (Fig. 3-3B) were ~3-fold lower than
those observed during C2B oxidation (Fig. 3-2B) and both metabolites were fully consumed
during the reaction time course. Conversely, the maximal amount of trans-2,3-epoxybutane
(~4 pmoles) detected during T2B oxidation (Fig. 3-3B) was ~3-fold greater than the amount
of cis-2,3-epoxybutane detected during C2B oxidation (Fig. 3-2B). The levels of trans-2,3-
epoxybutane also remained effectively constant after T2B had been fully consumed.

Initial rates of alkene and epoxide consumption were also determined for resting cells
previously grown on 2-methylpropene, C2B and T2B. Cells grown on each alkene behaved
very similarly towards these substrates (Table 3-1). Cells grown on each alkene oxidized 2-
methylpropene at substantial rates (24-56 nmoles min™' mg total protein™) and in all cases
this rate was strongly inhibited in cells pretreated with 1-octyne. The initial rates of C2B (26-
50 nmoles min’' mg total protein'l) and T2B (31-57 nmoles min™ mg total protein™)
oxidation were also comparable for all cell types and were similarly strongly inhibited in 1-
octyne-pretreated cells. All cell types also rapidly oxidized methylepoxypropane while cis-
and frans-2-3-epoxybutane were consistently consumed at much lower rates (<10 nmoles
min” mg total protein). There was little or no effect of 1-octyne pretreatment on any of the

rates of epoxide oxidation.
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To investigate the possible role of 2-buten-1-ol in 2-butene metabolism, rates of
oxidation for this alcohol were also determined for resting cells previously grown on 2-
methylpropene, C2B, or T2B (Fig. 3-S3). 2-Butene-1-ol was oxidized by each cell type at
similar low rates (9-14 nmoles min™' mg total protein™) that were comparable to the initial

rates of 2,3-epoxybutane oxidation measured for each cell type (Table 3-1).

Epoxide degradation reactions: The results in Figs. 3-2 & 3-3 suggested cis-2,3-
epoxybutane was more readily degraded than the frans form of this epoxide. While cis-2,3-
epoxybutane is achiral, trans-2,3-epoxybutane has two enantiomers. Commercial sources of
this compound are racemic and contain equal amounts of the (2S,3S)- and (2R,3R)-
enantiomers. Resting T2B-grown cells consumed racemic trans-2,3-epoxybutane without a
lag phase but this reaction abruptly slowed once ~50% of the initial epoxide had been
degraded (Fig. 3-4A). No additional oxidation products were detected in the reaction
medium. 2-Methylpropene-grown cells also rapidly consumed racemeic trans-2,3-
epoxybutane until ~50% of the initial epoxide remained (Fig. 3-4B). Both 2,3-butanediol and
3-hydroxy-2-butanone were also generated. The maximal amount of the diol was observed at
the time when the initial rapid phase of epoxide consumption was completed. When
comparable incubations were conducted C2B-grown cells and commercially supplied cis-2-
3-epoxybutane (Fig. 3-S4A), the epoxide was rapidly and completely consumed and no
metabolites were detected in the reaction medium. 2-Methylpropane-grown cells also rapidly

and completely oxidized cis-2-3-epoxybutane at comparable rates to C2B-grown cells. Low
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levels of 2,3-butanediol and 3-hydroxy-2-butanone also accumulated and were subsequently
consumed during this reaction time course (Fig. 3-S4B).

The biphasic degradation of trans-2,3-epoxybutane (Fig. 3-4) suggested that both 2-
methylpropene- and T2B-grown cells catalyze an enantioselective degradation of trans-2-3-
epoxybutane with one enantiomer being degraded much faster than the other. To estimate the
relative rates for these two reactions, varying amounts of T2B- or 2-methylpropene-grown
cells were incubated with a fixed initial concentration of racemeic trans-2-3-epoxybutane.
The rates of both phases of the epoxide degradation reaction were estimated from the linear
portions of each reaction time course. With T2B-grown cells, the two rates of epoxide
consumption were both directly proportional to the amount of cells added to the reaction
(Fig. 3-5A). The same effect was also observed with 2-methylpropane-grown cells. A plot of
the initial and secondary rate of epoxide consumption for both cell types suggested these
reactions were indistinguishable (Fig. 3-5B) and that the initial rate of epoxide consumption
was ~25-fold faster than the secondary rate.

Propene-grown X. autotrophicus Py2 only degrades the 2S,3S-enantiomer of trans-
2,3-epoxybutane (22). The initial step in epoxyalkane degradation in this strain involves
epoxyalkane:Coenzyme M transferase [EaCoMT]; an enzyme that is irreversibly inactivated
by exposing cells to methylepoxypropane (23). We exploited the known enantioselectivity of
strain Py2 and the sensitivity of its EaCoMT to 1,2-epoxy-2-methylpropane to determine
which enantiomer of frans-2,3-epoxybutane was preferentially degraded by strain ELW1. 2-
Methylpropene-grown cells rapidly degraded ~50% of racemic trans-2-3-epoxybutane within

1 h and only slowly further degraded the residual epoxide during the next 3 h of the reaction
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(Fig. 3-6). After 4 h, propylene-grown cells of strain Py2 were added to this reaction. No
increase in the rate of degradation of the residual epoxide was observed over the following 4
h. In a separate reaction, there was also no degradation of racemic trans-2-3-epoxybutane
over 4 h in the absence of cells of strain ELW1. However, rapid degradation of ~50% of the
epoxide occurred when cells of strain Py2 were added to this reaction after 4 h. In contrast,
no degradation of the epoxide was observed in comparable initially abiotic reactions when
either boiled or 1,2-epoxy-2-methylpropane-pretreated cells of strain Py2 were added after
the first 4 h of the reaction. These results indicate that strain ELW1, like strain Py2,

preferentially degrades the (2S,3S)- enantiomer of trans-2,3-epoxybutane.

Degradation of 2,3-butanediol and 3-hydroxy-2-butanone: We have previously reported
that strain ELW1 grows on both 2,3-butanediol and 3-hydroxy-2-butanone (20). The
enantioselective degradation of trans-2-3-epoxybutane (Fig. 3-6) suggested some degree of
enantioselectivity might also occur during the subsequent degradation of 2,3-butanediol, the
expected hydrolysis product of this epoxide. The growth rate of strain ELW1 was therefore
determined in batch cultures grown on all three 2,3-butanediol stereoisomers (Fig. 3-7). The
growth rates on the (2S,3S)-enantiomer (0.039 h'l) and meso isomer (0.038 h'l) were very
similar while the slowest growth rate (0.022 h'l) was observed with the (2R,3R)-enantiomer.
In aerobic bacteria such as Pseudomonas putida, 2,3-butanediol is initially oxidized
to 3-hydroxy-2-butanone by 2,3-butanediol dehydrogenase and 3-hydroxy-2-butanone is then
oxidatively cleaved to equimolar amounts of acetaldehyde and acetyl-CoA by acetoin

dehydrogenase (24). We determined the initial rates of oxidation of the three 2,3-butanediol
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stereoisomers and potential metabolites of 3-hydroxy-2-butanone cleavage by cells grown on
2-methylpropene, C2B and T2B (Table 3-2). While all cell types oxidized all of the 2,3-
butanediol stereoisomers at rates >10 nmoles min" mg total protein™, cells grown on T2B
consistently exhibited higher rates of diol consumption than either cells grown on C2B or 2-
methylpropene. Cells grown on the 2-butene isomers also showed as much as 10-fold higher
initial rates of oxidation of 3-hydroxy-2-butanone and acetaldehyde compared to 2-
methylpropene-grown cells. In addition to cleaving 3-hydroxy-2-butanone, acetoin
dehydrogenase can also cleave 2-hydroxy-3-pentanone to equimolar amounts of acetone and
acetyl-CoA (25). C2B- and T2B-grown cells slowly oxidized 2-hydroxy-3-pentanone while
this activity was absent in 2-methylpropane-grown cells. None of the cell types oxidized
acetone at any substantial rate (<1 nmoles min” mg total protein'l) (Table 3-2). The time
course of 2-hydroxy-3-pentanone degradation was also examined for C2B-, T2B- and 2-
methylpropene-grown cells (Fig. 3-8). 2-Hydroxy-3-pentanone was not degraded by 2-
methylpropene-grown cells but was slowly degraded by both C2B- and T2B-grown cells. In
reactions containing C2B- and T2B-grown cells, acetone accumulated in the reaction mixture
and was consistently detected at concentrations equivalent to 50% of the amount of 2-
hydroxy-3-pentanone degraded.

2-Hydroxyisobutyrate (HIBA) is a key metabolite generated during 2-methylpropene
metabolism by strain ELW1 (20). We have also previously shown that growth on 2-
methylpropene and all subsequent metabolites up to and including HIBA is strictly dependent
on the presence of cobalt in the growth medium (20). To investigate whether 2-butene

metabolism had a similar cobalt requirement, we examined growth of strain ELW1 on C2B
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and T2B in the presence and absence of cobalt under the same culture conditions previously
used to demonstrate the complete inhibition of growth on 2-methylpropene in cobalt-
deficient media. Our results (Table 3-3) show there was no effect of cobalt on the growth of

strain ELW1 on either 2-butene isomer.
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DISCUSSION

The aim of this study was to characterize the previously reported ability of the 2-
methylpropene-metabolizing Mycobacterium strain ELW1 to grow on 2-butene. Although
the 2-butene isomers were both similarly poor growth substrates, we conclude the pathway of
2-butene metabolism in strain ELW1 is substantially different to the terminal oxidation
pathway previously proposed for Nocardia strain TB1 (17). Specifically, our results suggest
that both 2-butene isomers are initially oxidized to epoxides that are then hydrolyzed to their
corresponding diols. These are the same reactions proposed for the initial steps in 2-
methylpropene metabolism and we provide physiological evidence that they are likely
catalyzed by the same enzymes in 2-butene- and 2-methylpropene-grown cells. We also
conclude that later steps in 2-butene metabolism are enzymatically distinct from 2-
methypropene metabolism and exhibit preferential degradation of S-enantiomers of trans-
2,3-epoxybutane, 2,3-butanediol and possibly 3-hydroxy-2-butanone. These main
conclusions and their supporting evidence are discussed more fully in the following sections.
The pathways we have previously proposed for 2-methylpropene metabolism and now

propose for C2B and T2B metabolism are summarized in Fig. 3-9.

Initial steps in 2-butene metabolism: With the notable exception of the 2-butene-
metabolizing strain Nocardia strain TB1 (17), all sufficiently well characterized aerobic
gaseous alkene-metabolizing bacteria use alkene monooxygenases to initiate alkene
catabolism and generate epoxides as the immediate and sole product of alkene oxidation (26).

In this study we observed that 2-methylpropene-, C2B-, and T2B-grown cells were able to
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oxidize all three of these alkenes (Table 3-1), and the first, and in some cases, the only
detected products of C2B and T2B oxidation were 2,3-epoxybutanes (Figs 3-2 & 3-3). This
suggests an alkene-oxidizing monooxygenase is also responsible for the initial step of 2-
butene metabolism in strain ELW 1. This conclusion is further supported by our observation
that oxidation of both C2B and T2B was strongly inhibited in C2B-, T2B-, and 2-
methylpropane-grown cells pretreated with 1-octyne (Figs. 3-2 & 3-3). The effects of 1-
octyne are specific for the initial monooxygenase-catalyzed step in 2-methylpropene
metabolism (20) and 1-octyne appears to act as a mechanism-based inactivator of this alkene-
oxidizing monooxygenase. Our observations that the K values for all three alkenes for 2-
methylpropene-grown cells are very similar (Fig. 3-S2) also supports our conclusion that
strain ELW1 uses the same monooxygenase to initiate the oxidation of all three alkenes.
While confirmation of this is beyond the scope of this present study and will require
identification of this enzyme at the molecular level, use of the same monooxygenase to
initiate the catabolism of several structurally related substrates is common among both
alkane- and alkene-metabolizing bacteria (26).

In Nocardia strain TB1, 2-buten-1-o0l is proposed to be the immediate oxidation
product generated from T2B by an n-butane- and 2-butene-oxidizing alkane monooxygenase
(17). Although C2B-, T2B- and 2-methylpropene grown cells could all oxidize 2-buten-1-ol
at comparable rates (Fig. 3-S3), the rates of oxidation were similar to those determined for
cis and trans-2-3-epoxybutane consumption (Table 3-1). It therefore seems unlikely that we
would have only detected accumulation of 2,3-epoxybutane during C2B and T2B oxidation if

2-buten-1-ol were a substantial portion of the initial products of 2-butene oxidation. While
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we cannot exclude limited production of this alcohol, we conclude 2-buten-1-ol is not a
significant or physiologically relevant product of C2B or T2B oxidation. This conclusion is
further supported by our earlier observations that strain ELW1 does not grow on this
compound but does grow on both cis and trans-2,3-epoxybutane (20). Our conclusion is also
supported by the general observation that while alkane-oxidizing monooxygenases are well
known to catalyze both hydroxylation and epoxidation reactions, there are few examples of
alkene monooxygenase-catalyzed hydroxylation reactions and none of these involve alkenes
(27).

Like 2-methylpropene metabolism, the subsequent step in the 2-butene metabolism
appears to involve epoxide hydrolysis. During growth of strain ELW1 on 2-methylpropene,
this alkene is first oxidized to 1,2-epoxy-2-methylpropane which is then hydrolyzed to 2-
methyl-1,2-propanediol (Fig. 3-9). This 1-octyne-insensitive hydrolysis reaction occurs
sufficiently rapidly that the epoxide is not detected during 2-methylpropene oxidation by
resting 2-methylpropene-grown cells. The substrate range of the putative epoxide hydrolase
responsible for this reaction also likely includes both 1,2-epoxypropane and 1,2-epoxybutane
as these epoxides are also not detected during rapid propene and 1-butene oxidation by 2-
methylpropene-grown cells (20). In this study, cells grown on C2B, T2B or 2-methylpropene
all exhibited similarly high specific rates of 1-octyne insensitive 1,2-epoxy-2-methylpropane
degradation and similarly low specific rates of 1-octyne insensitive 2,3-epoxybutane
degradation (Table 3-1). While this result establishes that C2B- and T2B-grown cells have a
vigorous epoxide-hydrolyzing capability, it does not explain why transient accumulation of

2,3-butanediol, the expected product of 2,3-epoxybutane hydrolysis, was only observed in
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incubations using 2-methylpropene-grown cells and not with C2B- or T2B-grown cells. A
likely explanation of this is provided by the results presented in Table 3-2. Irrespective of
the 2,3-butanediol isomers tested, the specific rates of 2,3-butanediol oxidation by 2-
methylpropene-grown cells were similar to the rates of 2,3-epoxybutane degradation
measured for these cells (Table 3-1). In contrast, the enantiomer-specific rates of 2,3-
butanediol oxidation exhibited by T2B-grown cells were all as much as 9-fold higher than
both the equivalent rates exhibited by 2-methylpropene-grown cells (Table 3-2) and
consistently more than 5-fold higher than the rates of trans-2,3-epoxybutane degradation
exhibited by T2B-grown cells (Table 3-1). This difference in activities would enable rapid
2,3-butanediol degradation by T2B-grown cells and limit accumulation of this metabolite as
it is generated from trans-2,3-epoxide hydrolysis. This effect would not be expected in 2-
methylpropene-grown cells. The differences between these various rates was not as evident
with C2B-grown cells but our results do indicate the rate of (2S,3S)-butanediol oxidation was
~2-fold higher than both the rate in 2-methylpropene-grown cells (Table 3-2) and the rate of
cis-2,3-epoxybutane degradation measured for C2B-grown cells.

Based on the points above, we conclude that it is also very likely that cells of strain
ELWI1 grown on C2B, T2B and 2-methylpropene utilize the same epoxide hydrolase to
further degrade the epoxides generated during the metabolism of these alkenes. While
confirmation of this possibility will also require further studies at the molecular level, this
would not be unique as other alkene-oxidizing bacteria such as strain Py2 utilize the same
epoxide carboxylase system to metabolize epoxides generated from ethene, propene and

longer chain 1-alkenes (26). It is important to note that if this conclusion is correct, the slow
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rate of hydrolysis of 2,3-epoxybutanes by an epoxide hydrolase (Table 3-1) may be the
principal factor determining the slow growth rate of strain ELW1 on both C2B and T2B. The
faster rates of T2B and C2B oxidation and 2,3-butanediol degradation compared to epoxide
hydrolysis, as well as the relatively fast rates of growth on 2,3-butanediol (Fig. 3-7), further

point to epoxide hydrolysis as the likely growth rate-limiting step in 2-butene metabolism.

Enantioselective epoxide degradation reactions: Another factor that may specifically
impact growth of strain ELW1 on T2B rather than C2B is the enantioselectivity associated
with the hydrolysis of frans-2,3-epoxybutane. Like X. autotrophicus strain Py2 (22), our
results (Fig. 3-6) indicate strain ELW1 preferentially degrades the (2S,3S) enantiomer. The
same enantioselectivity is also exhibited by ethene-grown Nocardiodes JS614 (14), ethene-
grown Micrococcus M90C (15), and propene-grown Nocardia H8 (28). The cause of this
enantioselectivity is not known but in strain Py2 propene metabolism involves two
enantioselective processes. Propene oxidation itself generates predominantly (>95%) (1R,2R)
—epoxypropane (29). Both 1,2-epoxypropane enantiomers are then transformed in several
steps by an epoxide carboxylase enzyme system. After conjugation with CoM by
epoxyalkane: CoM transferase (EaCoMT), the two resulting chiral conjugates, 2-(R)- and 2-
(S)-hydroxypropyl-CoM, are oxidized to achiral 2-ketopropyl-CoM by two separate
enantiospecific 2-hydroxypropyl-CoM dehydrogenases (R- and S-HPCDH). 2-ketopropyl-
CoM is then carboxylated by NADPH:2-ketopropyl-CoM oxidoreductase/carboxylase (2-
KPCC) to generate acetoacetate and regenerate free CoM. As HPCDH catalyzes the only

enantioselective reaction in the epoxide carboxylase system, the preference of strain Py2 for

133



trans-(2S,3S)-epoxybutane may result from an inability of HPCDH to oxidize the CoM
conjugate of trans-(2R-3R)-epoxybutane. The enantioselectivity of this enzyme is known to
be strongly impacted by interactions between C-terminal arginine residues and the sulfonate
group of CoM (30).

Beyond EaCoMT-utilizing bacteria, there are few reports describing the
enantioselectivity associated with either the bacterial production or degradation of trans-2-3-
epoxybutane. Methanotrophs and other alkane-metabolizing bacteria that cometabolically
oxidize propene, 1-butene and T2B generate essentially racemic mixtures of epoxide
enantiomers (18). As these organisms typically lack enzymes to specifically further degrade
epoxides, these results imply the alkane-oxidizing monooxygenases in these organisms lack
stereospecificity with alkene substrates. In contrast, alkene-metabolizing bacteria typified by
strain Py2, all preferentially generate R-enantiomers from propene, 1-butene and T2B (18).
In whole cell systems, this reflects not only the stereospecificity of the initial alkene
epoxidation reaction but also the potential enantioselective degradation of (1S,25)-
enantiomers through the activity of a CoM-dependent epoxide carboxylase system.

We can estimate the stereospecificity of an alkene-oxidizing monooxygenase in strain
ELW1 towards T2B from our short-term incubations that followed T2B oxidation by either
T2B- (Fig. 3-3A) or 2-methylpropene-grown cells (Fig. 3-3B). In these reactions we
observed complete consumption of T2B and the stable accumulation of trans-2,3-
epoxybutane. In view of the rapid rate of degradation of the S-enantiomer (Fig. 3-6), the
residual epoxide detected in these reactions was likely to be almost exclusively trans-(2R-

3R)-epoxybutane. Our results therefore imply that the initial epoxidation of T2B can generate
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as much as 45% trans-(2R-3R)-epoxybutane (Fig 3-3B). This level of R-enantiomer
production is comparable to those seen with T2B oxidation by rat and mouse liver
micrososmes (31). Although this initial estimate requires confirmation using both an epoxide
hydrolase-free source of alkene monooxygenase and more suitable analytical approaches
such as chiral GC analysis, this apparently substantial production of a slowly degradable
enantiomer likely explains why much higher amounts of frans-2,3-epoxybutane and lower
amounts of later metabolites such as 2,3-butanediol and 3-hydroxy-2-butanone were detected
during T2B oxidation (Fig. 3-3B) compared to the oxidation of C2B (Fig. 3-2B). A high level
of trans-(2R,3R)-epoxybutane production during T2B oxidation coupled with a slow rate of
degradation of this enantiomer also likely explains why much higher levels of trans-2,3-
epoxybutane accumulation occurred during growth of strain ELW1 on T2B compared to cis-
2,3-epoxybutane accumulation during growth on C2B (Fig 3-S1). The accumulation of trans-
2,3-epoxybutane during growth may also explain why variability was sometimes encountered
during growth on T2B and when T2B-grown cells were used as an inoculum for fresh T2B-
containing cultures.

In eukaryotic systems, epoxide hydrolase in rat liver microsomes preferentially
hydrolyzes the (2S-3S)-enantiomer of trans-2,3-epoxybutane (32). Selective hydrolysis of
trans-(2S,3S)-epoxybutane by the yeast Rhodotorula glutinis also results in accumulation of
(2R-3R)-enantiomer although this was the slowest reaction out of 15 epoxides tested (33).
Although many enantioselective bacterial epoxide hydrolases have been identified and
characterized (34), there are no reports we are aware of that describe the enantioselectivity of

these enzymes towards trans-2,3-epoxybutane. This may reflect a lack of research into this
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process as many alkene-metabolizing bacteria utilize a CoM-dependent process for epoxide
metabolism rather than epoxide hydrolases. However, it may also point to a scarcity of
epoxide hydrolases with this activity. For example, van Loo et al. (35) compared the
reactivity of twelve known and putative bacterial epoxide hydrolases that were cloned and
overexpressed after their identification in a genome-based survey. These enzymes were all
screened for their reactivity toward 25 aromatic, cyclic and aliphatic epoxides. None of the
eight enzymes with confirmed activity hydrolyzed racemic trans-2-3-epoxybutane and cis-
2,3-epoxybutane was also only slowly hydrolyzed by two of these enzymes.

While discussing microbial epoxide hydrolases, it is particularly noteworthy that
subsequent to the characterization of its ability to metabolize T2B (17), Nocardia strain TB1
(Rhodococcus ruber DSM 44539) has been shown to exhibit high levels of epoxide
hydrolase activity towards diverse epoxides (36-40). This activity has been characterized for
cells grown on a peptone- and glucose-containing medium and neither cis or trans-2,3-
epoxybutane have been reported as substrates for this organism. In the original report
describing T2B metabolism by strain TB1 it was observed that 2,3-epoxybutane did not
accumulate during T2B oxidation by T2B-grown cells although 1,2-epoxyalkanes were
generated during oxidation of ethene, propene and 1-butene (13). This observation was part
of the evidence used to suggest that T2B is not oxidized to an epoxide and is terminally
oxidized to 2-buten-1-ol. However, most resting alkene-metabolizing bacteria do not excrete
an epoxide when they are exposed to the alkene on which they were previously grown. In
light of more recent studies, the lack of epoxide accumulation during T2B oxidation could

have been due to rapid degradation of this metabolite by epoxide hydrolase activity. Other
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observations in this previous study also suggest that T2B metabolism by strain TB1 may
actually involve an epoxide. For example, 2,3-epoxybutane stimulated oxygen uptake in 2-
butene-grown cells of strain TB1 and trans-2,3-epoxybutane was consumed by cells grown
on both n-butane and T2B (13). In view of the high levels of non-specific epoxide hydrolase
activity this organism is now known to be capable of exhibiting, the metabolism of 2,3-
epoxybutanes by 2-butene-grown cells of strain TB1 deserves reexamination and the role of
terminal oxidation as the sole route of 2-butene metabolism in this organisms should be

reassessed.

Later steps in 2-butene metabolism: Our results shown in Figs. 3-4 and 3-S4 support our
earlier suggestion that the further metabolism of both cis- and trans-2,3-epoxybutane
involves hydrolysis to 2,3-butanediol. We did not detect 2,3-butanediol accumulation during
2,3-epoxybutane degradation by either C2B- (Fig. 3-S4A) or T2B-grown cells (Fig. 3-4A),
but accumulation and degradation of this diol was observed during both cis- and trans-2,3-
epoxybutane degradation by 2-methylpropene-grown cells (Figs. 3-S4B and 3-4B). These
different diol accumulation and degradation patterns likely represent enzymatic differences
imposed by respective growth substrates. For example, these results can be accounted for if
2-methylpropene- and 2-butene-grown cells use common enzymes to oxidize alkenes and
hydrolyse the resulting epoxides but then use different enzymes to further metabolize the
hydrolysis products. Consequently, 2-methylpropene-grown cells would be expected to
oxidize the products of cis- and trans-2,3-epoxybutane hydrolysis more slowly than C2B-

and T2B-grown cells as these cells require these later enzymes systems to be able to grow on
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2-butene. This interpretation is supported by several of our results. For example, we
demonstrated that growth on 2-butene was unaffected by depletion of cobalt from the growth
medium (Table 3-3). In contrast, growth on 2-methylpropene and all intermediates including
and preceding 2-hydroxyisobutyrate (Fig. 3-9) is fully inhibited in this strain in the absence
of cobalt (20). More specifically, we demonstrated that T2B-grown cells oxidized all three
2,3-butanediol stereoisomers much faster than 2-methylpropene grown cells (Table 3-2). The
same difference in rates was also observed for the oxidation of 3-hydroxy-2-butanone, the
anticipated and observed product of 2,3-butanediol oxidation. A large difference between
T2B- and 2-methylpropene-grown cells was also observed for the oxidation rates for
acetaldehyde and acetate, the products expected from the oxidative cleavage of 3-hydroxy-2-
butanone. We also demonstrated stable acetone accumulation during 3-hydroxy-2-pentanone
degradation by C2B- and T2B-grown cells. This strongly suggests that 3-hydroxy-2-
butanone is further oxidatively cleaved to acetaldehyde and acetyl-CoA by an acetoin
dehydrogenase (Table 3-2 & Fig 3-8).

We have not characterized the enantiomeric composition of either the 2,3-butanediol
or 3-hydroxy-2-butanone detected during C2B and T2B oxidation. However, we did observe
some degree of enantioselectivity towards the (2S,3S)-enantiomer of 2,3-butanediol both in
terms of resting cell oxidation rates exhibited by C2B- and T2B-grown cells (Table 3-2) and
growth rates on these three stereoisomers (Fig. 3-7). While these differences were less
dramatic than the strongly enantioselective degradation of trans-(2S,3S)-epoxybutane, these
two processes are potentially connected if an enantioselective degradation in one step in a

pathway leads to enantioselectivity in subsequent enzymatic steps. For example, the

138



enantioselective hydrolysis of the S-enantiomer of trans-2,3-epoxybutane might be expected
to lead to a subsequent bias towards the degradation of the S-enantiomers of 2,3-butanediol
and possibly the S-enantiomer of 3-hydroxy-2-butanone. The 2,3-butanediol- and 3-
hydroxy-2-butanone-oxidizing enzymes in 2-butene-grown cells of strain ELW1 will require

further studies to elucidate their potential enantioselectivity.
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FIGURES AND TABLES

Figure 3-1: Effect of gas concentration on the growth of strain ELWI1 on 2-
methylpropene, C2B and T2B. A series of batch cultures containing (Panel A) 2-
methylpropene, (Panel B) C2B, and (Panel C) T2B were inoculated with cells previously
grown on 2-methylpropene and incubated, as described in the Methods section. The Figure
shows the changes in culture density (ODggo) over time for cultures grown with (O) 0, (m)
1.25, (A)2.5,(¥)5.0, () 10.0, and (@) 20.0 % (vol/vol gas phase) of each alkene. Panel
D shows the effect of gas concentration on the growth rate of strain ELW1 on all three
alkenes. In all cases the plotted data show the mean and ranges of values from three separate
cultures.
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Figure 3-2: Oxidation of C2B by C2B-, and 2-methylpropene-grown cells. Panel A:
C2B- (1.6 mg total protein) or Panel B: 2-methylpropene-grown cells (4.5 mg total protein),
were incubated with C2B (200 ul) in glass serum vials (10 ml) and the consumption of C2B
and the production of metabolites was determined by GC analysis, as described in the
Methods section. When required, cells were also pretreated with 1-octyne, as described in

the Methods section. The symbols indicate (@®,0) C2B, (M,L]) cis-2,3-epoxybutane, (V¥ ,V),
2,3-butanediol, and (A,A) 3-hydroxy-2-butanone. The open symbols indicate 1-octyne-
pretreated cells and the closed symbols indicate untreated cells. The Figure also shows (<)
C2B remaining in a reaction vial incubated without cells.
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Figure 3-3: Oxidation of T2B by T2B-, and 2-methylpropene-grown cells. Panel A: T2B-
(2.2 mg total protein) or Panel B: 2-methylpropene-grown cells (3.2 mg total protein), were
incubated with T2B (200 pl) in glass serum vials (10 ml) and the consumption of T2B and
the production of metabolites was determined by GC analysis, as described in the Methods
section. When required, cells were also pretreated with 1-octyne, as described in the

Methods section. The symbols indicate (@,0) T2B, (M,L]) trans-2,3-epoxybutane, (V¥,V),
2,3-butanediol, and (A,A) 3-hydroxy-2-butanone. The open symbols indicate 1-octyne-
pretreated cells and the closed symbols indicate untreated cells. The Figure also shows (<)
T2B remaining in a reaction vial incubated without cells.

143



_ w
3 2.5 T T T T T 0.5 ‘i:
: A %
- o
3 20C 0.4 g
Q QN
c II\', 1
8 15 103 o D
=5 —t
=~
B 3 3
5 10r 10-2 S e
o 235
® 05| 401 T ®
o 3
) o
< (1]
S 0OLOF—X X X X X X X X X X-00 »
= 0 60 120 180 240 300
Time (min)

0.5

B |olpaueing-g‘g

1 I 1 0.0
0 60 120 180 240 300 360

trans-2,3-Epoxybutane (umoles )
( sajowrl) auoueinq-g-AxoipAH-¢

Time (min)

Figure 3-4: Trans-2,3-epoxybutane degradation by T2B- and 2-methylpropene-grown
cells. Panel A: T2B- (2.0 mg total protein) and Panel B: 2-methylpropene-grown cells (2.7
mg total protein) were incubated with racemic trans-2,3-epoxybutane (2 mM) and the
consumption of the epoxide and the production of metabolites was determined by GC
analysis, as described in the Methods section. The symbols indicate (m) trans-2,3-
epoxybutane, (V) 2,3-butanediol, and (A) 3-hydroxy-2-butanone. Both Panels also show
the time course of (L) trans-2,3-epoxybutane consumption in reactions conducted without
added cells.
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Figure 3-5: Effect of cell concentration on trans-2,3-epoxybutane degradation. Varying
amounts of cells of strain ELW1 grown on T2B or 2-methylpropene were incubated with
racemic trans-2,3-epoxybutane (2 umoles) in glass serum vials (10 ml) and consumption of
the epoxide was determined by GC analysis of the reaction mixture, as described in Methods
section. Panel A: The Figure shows the time course for consumption of trans-2,3-
epoxybutane by T2B-grown cells in reactions containing either (A) no cells or (@) 0.75 mg,
(O) 1.5 mg, and (M) 3 mg total protein. Panel B: The Figure shows the effect of protein
concentration on (@,0) the rapid initial and (M,[]) slower secondary rates of trans-2,3-
epoxybutane degradation by cells grown on T2B (open symbols) and 2-methylpropene
(closed symbols). In both Panels the error bars indicate the standard error of values obtained
from reactions catalyzed by cells from two separate cultures.
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Figure 3-6: Degradation of racemeic trans-2,3-epoxybutane by Mycobacterium ELW1
and X. autotrophicus Py2. Five reaction vials (10 ml) were prepared that contained racemic
trans-2,3-epoxybutane (2 umoles) in phosphate buffer, as described in the Methods section.
At the start of the reaction, resting 2-methylpropene-grown cells (1.5 mg total cell protein)
were added to one reaction. No cells were added to the remaining four reactions. All five
reactions vials then were incubated in at 30° C in a shaking water bath (150 rpm) and each
reaction was regularly sampled and analyzed by GC to determine the residual amount of
epoxide. After 4h, cells of propene-grown X. autotrophicus Py2 (1.5 mg total protein) were
added to several of the reactions. The reaction vials were returned to the shaking water bath
and continued to be regularly sampled and analyzed by GC to determine the residual amount
of trans-2,3-epoxybutane. The Figure shows the time course of degradation for racemic
trans-2,3-epoxybutane under the following reaction conditions. ([1) 2-methylpropene-grown
cells of strain ELW1 added at t = Oh and propene-grown cells of strain Py2 added at t = 4h,
(M) propene-grown cells of strain Py2 added at t = 4h, (V) heat-inactivated, propene-grown
cells of strain Py2 added at t = 4h, (A) methylepoxypropane-treated propene-grown cells of
strain Py2 added at t = 4h, and (O) no addition at either t = Oh or t = 4h. The data presented
are the means and standard errors for reactions conducted with two separate cultures of strain
ELW1 and Py2.
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Figure 3-7: Growth of strain ELW1 on 2,3-butanediol stereoisomers. The Figure shows
the time course of growth of strain ELW1 on (¥) 2-methylpropene (10% v/v gas phase), and
(@) (2S,3S)-butanediol, (m) (2R,3R)-butanediol and (A) meso-butanediol (each at 10 mM
initial concentration). The cultures were grown in sealed glass serum vials (160 ml)
containing 25 ml of MSM, as described in the Methods section. The data plotted are the
means and ranges of values obtained from two separate cultures grown on each compound.
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Figure 3-8: Oxidation of 2-hydroxy-3-pentanone by 2-methylpropene-, C2B-, and T2B-
grown cells. Reaction vials (10 ml) containing 2-hydroxy-3-pentanone (2 umoles) in
phosphate buffer were incubated with resting cells. The degradation of 2-hydroxy-3-
pentanone and the accumulation of metabolites were determined by GC analysis of the
reaction medium, as described in the Methods section. The Figure shows the time course of
2-hydroxy-3-pentanone degradation (closed symbols) and the accumulation of acetone (open

symbols) for reactions containing resting cells previously grown on (M,[J) 2-methylpropene

(1.3 mg total protein), (A,A) C2B (1.4 mg total protein) and (V,V) T2B (1.5 mg total
protein). The data presented show the means and standard error of values obtained at
reactions conducted with cells obtained from two separate cultures.
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Figure 3-9: Proposed pathways of (A) 2-methylpropene (B) cis-2-butene, and (C) trans-2-

butene in strain ELW1
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Figure 3-S1: Production of epoxides during growth of strain ELW1 on C2B or T2B.
Cells of strain ELW1 were grown in sealed glass serum vials (160 ml) containing 25ml of
MSM and 20% (v/v gas phase) of C2B or T2B gas. The cultures were incubated for over 8
weeks and the production of corresponding epoxides (cis-2,3-epoxybutane or trans-2,3-
epoxybutane) and culture density (ODgoy) were determined over time as described in the
Methods section. The Figure shows the time course for (@) cis-2,3-epoxybutane production
and (O) culture density in C2B cultures and (M) trans-2,3-epoxybutane production and (OJ)
culture density in T2B cultures. The data plotted show the averages and ranges of values
obtained from two separate cultures.
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Figure 3-S2: Kinetics of C2B and T2B oxidation by strain ELW1. The figure shows the
plots of the specific rates of (@) C2B oxidation and (l) T2B oxidation for cells (~0.4 mg
total protein) of strain ELW1 grown on 2-methylpropene. A range of dissolve concentrations
of C2B (0 to ~195 uM) and T2B (0 to ~190 uM) were incubated with 2-methylpropene-
grown ELW1 cells and the consumption of C2B or T2B determined over time as described in
the Methods section. The Figure shows the resulting curves when the results for each
reaction were computer fitted to a single substrate-binding model described in the Methods
section. The error bars represent the range of values obtained from two different cultures of
ELW1 cells grown on 2-methylpropene.
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Figure 3-S3: Oxidation of 2-buten-1-ol by 2-methylpropene-, C2B-, and T2B-grown
ELWT1 cells. Relative rates of 2-buten-1-ol (2 umoles) oxidation were determined using cells
of strain ELW1 grown on 2-methylpropene, C2B and T2B (~1.6 total cell protein in each
case). The figure shows the time course of degradation for 2-butene-1-ol consumption with
cells grown on (A) 2-methylpropene, (@) C2B, and (m) T2B. The figure also shows the time
course of an (V) abiotic reaction containing 2 upmoles of 2-buten-1-ol. Substrate
consumption in each reaction was determined over time by GC as described in the Methods
section. The error bars indicate the standard error of values obtained from two separate
cultures.
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Figure 3-S4: cis-2,3-epoxybutane degradation by C2B- and 2-methylpropene-grown
cells. Panel A: C2B- (1.3 mg total protein) and Panel B: 2-methylpropene-grown cells (1.6
mg total protein) were incubated with racemic trans-2,3-epoxybutane (2 mM) in glass serum
vials (10 ml) and the consumption of the epoxide and the production of metabolites was
determined by GC analysis, as described in the Methods section. The symbols indicate
(@,0) cis-2,3-epoxybutane, (l,[J) 2,3-butanediol, and (4,<) 3-hydroxy-2-butanone. The
closed symbols indicate the reaction with cells and the open symbols indicate the reaction
without cells.
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Table 3-1: Initial rates of alkene and epoxide consumption by 2-methylpropene-, C2B-

and T2B-grown cells.

Initial specific rate (nmoles min™' mg protein™)

Substrate 2-methylpropene- C2B- T2B-
grown cells grown cells grown cells
-octyne +octyne -octyne +octyne -octyne + octyne
2-methylpropene 56.4(6.7) 2.9(0.8) 248(3.2) 69(2.5) 33442 64(1.1)
. 50.4
cis-2-butene 43.1(5.0) 1.6(0.5) 10.2) 83(2.1) 260(2.1) 7.6(4.6)
trans-2-butene 30.7(1.5) 1.1(0.5) 43.6(4.9) 67(5.1) 573(@8.7) 1.003)
285.4 273.1 360.0 379.2

1,2-epoxy-2-methylpropane (19.4) 20.5) 28.7) @7.0) 259.6 (0)  189.3 (0)
cis-2,3-epoxybutane 5.5(.7) 4.1(0.5) 58(0.8) 4.6(0.3) 6617 6.0@3.6)
trans-2,3-epoxybutane 64(12) 7.10.6) 87(0.6) 7.7(.5 55(0.3) 3.7(0.3)

Resting cells of strain ELW1 grown on 2-methylpropene, C2B and T2B (0.3—1.5 mg of total
protein) were incubated in buffer in reactions vials (10 ml) with varying amounts of alkenes
(2-methylpropene, C2B, T2B) to the gas phase to generate an equal initial dissolved
concentration (53 uM) of each alkene and their corresponding epoxides (2 mM), as described
in the Methods section. Consumption of each alkene and epoxide was monitored over time
by GC analysis of the reaction gas phase and aqueous phase, respectively. Data presented are
the mean and SEM (in parentheses) of two separate cultures.
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Table 3-2: Initial rates of oxidation of 2,3-butanediol stereoisomers and their putative
metabolites by 2-methylpropene-, C2B-, and T2B-grown cells.

Initial specific rate (nmoles min' mg protein™)*

Substrate
2-methylpropene- C2B-grown cells T2B-grown cells
grown cells

S,S-2,3-butanediol 4.7 (1.5) 9.4 (0.6) 33.1(1.5)

R,R-2,3-butanediol 6.8 (1.1) 4.1(0.2) 25.4 (0.6)

meso-2,3-butanediol 3.4(0.7) 5.7(0.2) 32.7 (1.6)

3-hydroxy-2-butanone 3.9 (0.0) 48.0 (4.9) 37.6 (6.8)

2-hydroxy-3-pentanone 0.7 (0.3) 6.5(0.7) 8.0(1.2)

acetone 0.4 (0.1) 0.4 (0.1) 0.6 (0.4)
acetate 20.9 (4.6) 51.2(16.6) 71.9 (10.9)
acetaldehyde 453 (4.2) 465.8 (93.7) 273.4 (39.7)

Resting cells of strain ELW1 grown on 2-methylpropene, C2B and T2B (0.3—1.7 mg of total
protein) were incubated in buffer in reactions vials (10 ml) with 2 mM 2,3-butanediol
stereoisomers and their putative metabolites as described in the Methods section.
Consumption of each substrate was monitored over time by GC analysis of the reaction
aqueous phase. Data presented are the mean and SEM (in parentheses) of two separate
cultures.
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Table 3-3: Effects of colbalt ions on growth of strain ELW1 on C2B and T2B.

Substrate ODc¢go ODggo ODcgo ODggo
(+/- cobalt) after 21d after 28d after 35d after 40d
C2B + cobalt 0.93 (0.1) 1.08 (0.0) 0.98 (0.0) 0.94 (0.03)
C2B - cobalt 0.92 (0.0) 1.02 (0.0) 0.94 (0.0) 0.94 (0.01)
T2B + cobalt 0.18 (0.0) 0.56 (0.1) 0.88 (0.2) 0.80(0.2)
T2B - cobalt 0.38 (0.1) 1.04 (0.0) 0.88 (0.0) 0.78 (0.1)

Cells of strain ELW1 (previously grown on 2-methylpropene) were incubated with C2B or
T2B, in sealed glass serum vials (160 ml) containing either cobalt-sufficient (MSM) or
cobalt-deficient (MSM-Co) media (25 ml),
Determination of culture density (ODgg) was started after 21d of incubation and continued
up until 40d. Data represent the mean and SEM (in parentheses) of two separate cultures.

as described

in the Methods section.
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ABSTRACT
Alkane-oxidizing activities of the newly isolated 2-methylpropene metabolizing strain
Mycobacterium sp. ELW1 and a well-characterized alkene-oxidizing bacterium,
Xanthobacter sp. Py2, were investigated. Neither smaller branched alkanes (C;-Ce) nor 2-
methylpropane supported growth of strain ELW1. Resting cells of 2-methylpropene-grown
strain ELW1 consumed ethane, propane, and n-butane without a lag phase and 2-propanol
and 2-butanol were detected as the only products of propane- and n-butane-oxidation,
respectively. But it did not oxidize methane. Propane and n-butane were also degraded
rapidly by propene-grown strain Py2 and did not consume either methane or ethane. 2-
Methylpropene-grown cells of strain ELW1 also oxidized 2-methylpropane and generated
~70% tertiary butyl alcohol (TBA), the sub-terminal oxidation product of 2-methylpropene
oxidation, as detected product while 2-methyl-1-propanol (2M1P), the terminal oxidation
product, was not detected. Moreover, strain ELW1 did not oxidize TBA, but rapidly oxidized
2M1P. Oxidation of 2-methylpropane was fully inhibited by 1-octyne. We observed the same
results with propene-grown Py2 cells and the oxidation of 2-methylpropane in Py2 cells was
fully inhibited by 1-propyne. Several lines of evidence suggest that strain ELW1 possesses an
alkene monooxygenase that has a broad substrate-specificity and is responsible for initiating
both alkene- and alkane-metabolism. First, 2-methylpropene-grown cells of strain ELW1
degraded alkanes rapidly without a lag phase. Second, alkane oxidation was completely
inhibited in ELW1 cells pretreated with 1-octyne, the potent inhibitor of 2-methylpropene
oxidation. Third, 2-methylpropene acts as a competitive inhibitor of 2-methylpropane

oxidation.
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INTRODUCTION

The biological formation of epoxides from aliphatic alkenes has been studied in many
aerobic microorganisms and many of these studies involved alkane-utilizing bacteria. For
example, methane-utilizing bacteria (19, 21, 34), propane-and butane-utilizing bacteria (20,
32), heptane-utilizing Pseudomonas (35), octane-utilizing Pseudomonas oleovorans (1, 10,
11) and octane-utilizing Corynebacterium sp. (5) are all known to oxidize 1-alkenes.
Although alkane-utilizing bacteria are generally not able to metabolize and grow on alkenes,
they nevertheless are able to oxidize these compounds either by the hydroxylation of a
terminal methyl group to form an alcohol or more commonly, by the epoxidation of the
double bond to form an epoxide. The epoxidation of alkenes by these alkane-grown bacteria
is due to the activity of non-specific alkane-oxidizing monooxygenases.

The formation of epoxides has also been studied with many aerobic alkene-utilizing
bacteria including strains isolated on ethene (9, 18), propene and 1-butene (6, 8, 36), and 1,3-
butadiene (39). Alkene-utilizing bacteria also possess alkene-oxidizing monooxygenases
with broad substrate specificity, but enzymes from these organisms typically do not
hydroxylate either alkenes or alkanes and are generally thought to be restricted to alkene
epoxidation reactions (17, 38). The well characterized propene-metabolizing strain,
Xanthobacter autotrophicus Py2 can grow on several 1-alkenes (C,-Cg¢) and can
cometabolically oxidize a number of chlorinated ethenes including trichloroethene, vinyl
chloride and cis- and trans-1,2-dichloroethene. All of the initial monooxygenase-catalyzed
reactions involving these substrates are thought to involve epoxidation rather than

hydroxylation reactions. Propene-grown cells of strain Py2 can also oxidize benzene, toluene
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and phenol (40) but this strain has not been reported to oxidize alkanes. A small number of
alkene-metabolizing bacteria have also been shown to have both alkene- and alkane-
metabolizing activity. These strains include Mycobacterium E20 (8), Nocardia TB1 (37) and
Rhodococcus rhodocrous B276 (14). In strain E20 and B276 the ability of these organisms to
metabolize alkanes has been attributed to alkane-oxidizing monooxygenases that are distinct
from of the alkene-oxidizing enzymes used to initiate alkene catabolism. In the case of strain
TB1, the ability of this organism to metabolize 2-butene is attributed to the terminal
oxidation of trans-2-butene by an n-butane-oxidizing alkane monooxygenase.

In this study, we have explored the ability of the newly isolated 2-methylpropene-
metabolizing strain Mycobacterium ELW1 to oxidize alkanes. This organism does not grow
on l-alkenes (C,-C4) and only grows on 2-methylpropene and both 2-butene isomers. This
strain also does not grow on any of the short-chain n-alkanes (C,-Ce) but grew readily on 1-
heptane and all other longer-chain alkanes (Cg, Cy9, Cj2, Ci4, Cj6 and Cjs) tested (26). In this
previous study we also proposed that the metabolism of 2-methylpropene involves several
steps that are very similar to those involved in the aerobic biodegradation of methyl tertiary
butyl ether (MTBE) and its primary metabolite, zertiary butyl alcohol (TBA). The pathway of
TBA metabolism involves the initial monooxygenase-catalyzed oxidation to 2-methyl-1,2-
propanediol (MPD) and further oxidation of this diol to 2-hydroxyisobutyrate (HIBA). This
hydroxyacid is then transformed to 3-hydroxybutyrate (3HB) through the activity of a
cobalamin-dependent mutase. In the case of 2-methylpropene metabolism by strain ELW1,

the same sequence of reactions is believed to occur except that MPD is initially generated as
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a hydrolysis product derived from 1,2-epoxy-2-methylpropane, the immediate epoxide
product generated from 2-methylpropene oxidation.

In view of the enzymatic overlap between MTBE/TBA metabolism and 2-
methylpropene metabolism in strain ELW 1, we were interested to characterize the ability of
this strain to oxidize 2-methylpropane, the alkane analog of 2-methylpropene. This
investigation was prompted by the fact that several aerobic alkane-oxidizing bacteria have
been shown to oxidize 2-methylpropane to mixtures of 2M1P and TBA and the further
oxidation of TBA to MPD has also been shown to be catalyzed by several alkane-oxidizing
monooxygenases. The results of this study demonstrate that 2-methylpropene-grown cells
rapidly oxidize 2-methylpropane to mixtures of TBA and 2M1P and that this activity can be
attributed to the alkene-oxidizing monooxygenase present in alkene-grown cells. Our results
also demonstrate that this alkane-oxidizing activity extends to several n-alkanes and that both
2-methylpropane and propane-oxidizing activity can also be observed with propene-grown X.
autotrophicus Py2, a strain that has no alternative n-alkane-oxidizing enzyme encoded in its
genome. Our results have been interpreted in terms of their impact on our understanding of

the substrate ranges of alkene-oxidizing monoooxygenases.
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MATERIALS AND METHODS
Materials: Mycobacterium strain ELW1 was isolated and maintained as previously
described (26). Xanthobacter strain Py2 (ATCC BAA-1158) was obtained from the
American Type Culture Collection (Manassas, VA.) and maintained on casein-yeast extract-
dextrose (CYD) agar plates (Difco Plate Count Agar; Becton, Dickinson and Co., Sparks,

MD). n-butane (99% purity), 1-butanol (99% purity), 2-butanol (99.5% purity), cis-2-butene

(>99% purity), trans-2-butene (>99% purity), fructose (>99% purity), glucose (>99.5%
purity), 2-methylpropane (99% purity), 2-methyl-1-propanol (99.5% purity), 2-methyl-2-
propanol [tertiary butyl alcohol] (99.5% purity), 2-methylpropene (99% purity), 2-
methylpropionic acid (>99% purity), 1-octyne (97% purity), 1-propanol (99.9% purity), 2-
propanol (99.5% purity), propyne (98% purity) and sodium propionate (99% purity) were
obtained from Sigma-Aldrich Chemical Co. (Milwaukee, WI). Acetone (99.5% purity),
methanol (99% purity) and sodium acetate (99.5% purity) were obtained from Fisher
Scientific (Pittsburgh, PA). Absolute ethanol was obtained from Aaper Alcohol and
Chemical Co., (Shelbyville, KY). Ethane was supplied by Scott Specialty Gases
(Plumsteadville, PA). Methane (CP grade), propane (research grade), propene (CP grade) and
compressed gases (H, N, and air) used for gas chromatography were obtained from local

industrial vendors.

Cell growth and preparation of harvested cells for short-term experiments: Cells for all
of the short-term experiments in this study were grown in batch cultures using glass bottles

(700 ml; Wheaton Scientific, Millville, NJ) containing 100 ml of mineral salt medium
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(MSM) (26) and sealed with screw-caps fitted with butyl rubber septa. 10% (v/v) gas phase
of either 2-methylpropene (strain ELW1) or propene (strain Py2) were used as the sole
source of carbon and energy. The bottles were inoculated (initial ODgpp ~0.02) with cells
obtained from axenic cultures previously grown on MSM plates with 10% 2-methylpropene
(strain ELW1) or on casein-yeast extract-dextrose (CYD) agar plates (Difco Plate Count
Agar) (strain Py2). 2-Methylpropene or propene (60 ml) was added to the sealed bottles as an
overpressure by using plastic syringes fitted with sterile filters (0.25 um). Cultures were
incubated in the dark at 30°C for 4-6 days in an Innova 4990 environmental shaker (New

Brunswick Scientific Co., Inc., Edison, N.J.) operated at 150 rpm. After incubation, a sample
(~20 pl) of the culture was plated on CYD plates to subsequently confirm the purity. Cells

were harvested by centrifugation (10,000 x g, 5 min at 4°C) and the sedimented cells were
resuspended in buffer (50 mM sodium phosphate, pH 7.0). The cells were centrifuged again
and resuspended in buffer as described above at a final protein concentration of between 10
and 20 mg/ml. Cell suspensions were stored on ice and used within 4 h.

In experiments requiring cell-inactivation, harvested cells were split into two and one
half of cells were incubated with a potent inhibitor while the other half was incubated
without an inhibitor. 1-Octyne was used to inactivate strain ELW1 while 1-propyne was used
to inactivate strain Py2. Incubations were conducted in sealed serum vials (25 ml) containing
~6.5 ml of phosphate buffer and 90 pumoles of either 1-octyne (dissolved concentration; ~1.5
umoles) or 1-propyne (10% v/v gas phase) for 1 hr at 30°C with shaking prior to the

experiment. After incubation, the cells were harvested, washed twice and resuspended in
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phosphate buffer as described above. Cell suspensions were stored at 4°C and used within 4
h.

Growth curves: The effect of 2-methylpropane on growth of strain ELW1 on 2-
methylpropene was examined using glass serum vials (160 ml; Wheaton Scientific, Millville,
NJ) that contained 25 ml of MSM. Vials were inoculated (initial ODggo ~ 0.02) with a liquid
suspension of cells grown on MSM agar plates supplemented with 2-methylpropene and then
sealed with Teflon-lined mininert valves (Alltech Associates Inc., Deerfield, IL). The cells
were grown under limited-carbon conditions using 2.5 ml of 2-methylpropane and/or 2.5 ml
of 2-methylpropene as the sole source of carbon and energy. Gases were added to sealed
vials using plastic syringes fitted with Millex disposable filters (0.1 pm; Millipore Co.,
Bedford, MA). Four different reactions were set up in triplicates as follows (i) abiotic;
containing 2.5 ml 2-methylpropene only (ii) biotic; containing cells plus 2.5 ml 2-
methylpropene (iii) biotic; containing cells plus 2.5 ml 2-methylpropane (iv) biotic;
containing cells plus 2.5 ml of 2-methylpropene and 2.5 ml of 2-methylpropane. The
cultures were incubated in the dark at 30°C in an Innova 4900 environmental shaker (New
Brunswick Scientific Co., Inc., Edison, NJ) operated at 150 rpm. Samples (~0.6 ml) were
aseptically withdrawn from sealed vials throughout the experiment to monitor cell growth, as
determined by measurements of optical density at 600 nm (ODgpp) with a Shimadzu 1601
UV/Vis spectrophotometer (Shimadzu, Kyoto, Japan). Consumption of substrate(s) (2-
methylpropene and /or 2-methylpropane) and generation of products (TBA and 2M1P) were

determined by gas phase- and liquid phase-GC analysis respectively, as described below.
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Degradation assays: All degradation assays and kinetic constant determinations performed
in this study were carried out in glass serum vials (10 ml) containing ~900 ml buffer (50 mM
sodium phosphate, pH 7.0). The vials were sealed with butyl rubber stoppers and aluminum
crimp seals. Substrates were then added from aqueous stock solutions or gases using
microsyringes. In all experiments, the reaction vials were prepared immediately before use
and then incubated for ~10 min in a shaking water bath (30°C; 150 rpm) to allow reactants to
equilibrate between gas and liquid phases. Reactions were initiated by the addition of an
aliquot (100 pl) of the concentrated cell suspension to give a final reaction volume of 1 ml
and a protein concentration of between ~1.0 to 2.0 mg of total protein. Then the reactions
were returned to the shaking water bath and were sampled at the times indicated in each
experiment. In short-term degradation assays, substrate consumption or product formation
was determined by gas chromatography (GC) using liquid samples (2 ul) or headspace
samples (10 pl) taken directly from the reaction vials. In some experiments 1-octyne-treated
cells were used as controls to determine enzyme inactivation while in most cases an abiotic

reaction was conducted to detect abiotic loses.

O, uptake rate determination: Substrate-specific rates of O, uptake for cells grown on 2-
methylpropene were measured using a Clark -style O, electrode (Hansatech Instruments Ltd,
Norfolk, England). The elecrtrode was mounted in a glass water-jacketed reaction vessel
maintained at 30°C. In all assays, phosphate buffer (2 ml; 50 mM sodium phosphate; pH 7.0)
was added to the reaction chamber and allowed to equilibrate. Once the electrode output had

stabilized, an aliquot (50 pl) of concentrated cell-suspension was added and the endogenous
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basal rate of O, uptake was initially determined for 3-5 min in the absence of exogenous
substrates. Substrates were then added at an initial concentration of 5 mM for liquids and 300
uM of dissolved concentration for gases, into the O, electrode chamber in which the buffer
and cells had been pre-equilibrate for ~5 min. The substrate-dependent O, uptake rates were
determined by subtracting the basal rate of cellular respiration from substrate-induced

respiration rates.

Analytical methods: In all experiments, the concentrations of reactants and products were
determined by GC analysis. For the analysis of 1° and 2° alcohols, aqueous samples (2 pl) of
reaction media or calibration standards were directly injected into a gas chromatograph
(Shimadzu model GC-14A, Kyoto, Japan) fitted with a flame ionization detector and a
stainless steel column filled with Porapak Q (80/100 mesh) (Waters Associates, Framingham,
MA). Two different columns; short (0.3 x 61 cm) and long (0.3 x 183 cm), conducted at a
temperature of 90 — 140 °C, were used to analyze liquid-phase samples. The injector and
detector temperatures were set at 200°C and 220°C respectively. Nitrogen was used as carrier
gas at a flow rate of 15 ml/min. In experiments that followed the consumption of gaseous
substrates, samples (10 pl) were removed by using gas-tight syringes with dry heat-treated
needles (~1 min at 350°C). The samples were directly injected into a Shimadzu GC-14A gas
chromatograph fitted with a flame ionization detector and a DB-MTBE capillary column [30
m x 0.45 mm (internal diameter), 2.55-um film; J & W Scientific, Folsom, CA]. The analysis
was conducted by using a column temperature of 35°C, an injection port temperature of

200°C, and a detector temperature of 220°C. Nitrogen was used as the carrier gas at a flow
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rate of 5 ml/min. Substrate consumption or product formation was determined by peak area
quantification with an HP3395 integrator (Palo Alto, CA) and then by comparing them to

standard curves constructed from known amounts of the authentic compounds.

Cell protein concentrations were determined using the Biuret assay (15) after solubilization
of cell material for 1 hr at 65°C in 3M NaOH and sedimentation of insoluble material by
centrifugation (10,000 rpm, 5 min). Bovine serum albumin was used as a standard. The
aqueous solubilities of methane, ethane, propane, and n-butane at 1 atm at 30°C were taken
as 1.41, 1.81, 1.44, and 1.01 mM, respectively (28). The aqueous solubility of 2-
methylpropane and 2-methylpropene at 1 atm and 30°C were taken as 0.92 and 4.76 mM

respectively (28). Kinetic constants (Vyax and K) were derived by computer fitting of the
data by nonlinear regression to a single substrate-binding model [Y = Vi © X/ (Kt X)]

using GraphPad Prism version 5.0 for Windows (GraphPad Software, San Diego, CA).
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RESULTS

Oxidation of 2-methylpropane and its metabolites by strain ELW1: When resting, 2-
methylpropene-grown cells of strain ELWI1 were incubated with 2-methylpropane (4.5
umoles), the gas was consumed and TBA was accumulated in the reaction medium as the
only detected product (Fig. 4-1). The rates of 2-methylpropane consumption and TBA
production were essentially constant throughout the reaction and the amount of TBA
generated was equivalent to ~70% of the 2-methylpropane consumed. The oxidation of 2-
methylpropane and accumulation of TBA were both fully inhibited in cells that had been
pretreated with 1-octyne to inactivate alkene monooxygense activity. Cells incubated with
TBA alone did not consume TBA while cells incubated with 2M1P rapidly consumed this
compound. No abiotic losses of either TBA or 2M1P were observed when these compounds
were incubated in the absence of cells.

The oxidation of 2-methylpropane to TBA was also examined for resting cells grown
on a variety of other substrates (Table 4-1). The initial rate of TBA production by cells
grown 2-methylpropene was ~8 nmoles min" mg total protein™ while the cells grown on cis-
and trans-2-butene exhibited slower but similar rates (~3 nmoles min™ mg total protein™). In
contrast, low rates (< 0.5 nmoles min™ mg total protein™) were observed with cells grown on
1° alcohols (ethanol, 1-propanol and 1-butanol), and acids (acetate, propionate and 2-
methylpropionic acid). Glucose-grown cells exhibited slow 2-methylpropane oxidizing
activity (~1.9 nmoles min” mg total protein') while there was no detectable activity with
fructose-grown cells. In all cases, when 2-methylpropane-oxidation was observed, this

activity was fully inhibited when cells were pretreated with 1-octyne.
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Kinetics of 2-methylpropane oxidation by ELW1: The results present in Fig. 4-1 suggest
2-methylpropene-grown cells oxidized 2-methylpropane to predominantly TBA through the
activity of alkene monooxygenase. There was no evidence that TBA underwent further
oxidation. In contrast, the other likely hydroxylation product, 2M1P, was not detected and
our results suggest that this product could have been rapidly degraded during 2-
methylpropane oxidation. To further characterize the kinetics of this reaction we used the
stable accumulation of TBA to determine the K and V. values for or 2-methylpropane
oxidation by 2-methylpropene-grown cells. The initial rates of TBA production were
determined for a range of 2-methylpropane concentrations (0 - 250 uM). The rate of 2-
methylpropane oxidation to TBA was saturable and fitted well (R* = 0.96) to a hyperbolic
single substrate-binding model. This analysis provided an estimate for the K for 2-
methylpropane of 19.2 pM (SE = 3.5 uM) and a Vp value of 6.5 (SE = 0.32) nmoles min™'
mg of protein” for 2-methylpropane oxidation (Fig. 4-2). We also used the stability of TBA
to investigate whether 2-methylpropane and 2-methylpropene were mutually competitive
substrates. 2-methylpropene-grown cells were incubated with a fixed concentration of 2-
methylpropane and varying concentrations of 2-methylpropene. The effect of 2-
methylpropene on TBA production was then determined by GC analysis of the reaction
medium. Our results (Fig. 4-3) demonstrate that 2-methylpropene was a potent inhibitor of
TBA production. The effects of 2-methylpropene were saturable and fitted well (R* = 0.95)

to a single substrate-binding model well.

173



Effects of 2-methylpropane on growth of ELW1 on 2-methylpropene: Strain ELW1 does
not grow on either 2-methylpropane or TBA but grows readily grows readily on 2M1P (26).
As oxidation of 2-methylpropane by 2-methylpropene-grown cells potentially generates
appreciable quantities of 2M1P, we examined whether the cooxidation of 2-methylpropane
during growth of strain ELWI1 on 2-methylpropene resulted in a benefit to in terms of
increased culture growth and biomass production resulting from 2MI1P production and
consumption. Three different carbon-limited cultures were prepared that contained 2-
methylpropene alone, 2-methylpropane alone, or 2-methylpropane plus 2-methylpropene. All
three cultures were inoculated with 2-methylpropene-grown cells. A fourth uninoculated
control culture was also prepared that contained 2-methylpropene plus 2-methylpropane. All
four cultures were incubated and regularly analyzed for culture growth. The consumption of
gaseous substrates and production of TBA and 2M1P were also determined by GC analysis.
In the cultures that contained 2-methylpropane alone, there was no growth or production of
TBA or 2M1P over the entire culture period (14 d). The consumption of 2-methylpropane in
these cultures was equivalent to the losses observed in the uninoculated control culture. In
the cultures that contained 2-methylpropene alone, consumption of this gas was completed
within 6 d and was accompanied by cell growth that ceased once the alkene had been
consumed. As expected, there was no production of TBA or 2M1P over the entire culture
period. A very similar pattern of 2-methylpropene consumption and culture growth was also
observed for the cultures that contained 2-methylpropene plus 2-methylpropane. In these
cultures, 2-methylpropane consumption was only initiated once the majority of the 2-

methylpropene had been consumed. The time course of 2-methylpropane consumption was
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reflected by a similar time course of TBA accumulation. 2M1P was not detected in these
cultures and no increase in culture density was observed compared to cultures grown with 2-

methylpropene alone (Fig. 4-4).

Oxidation of r-alkanes and alcohols by strain ELW1: We also examined the ability of 2-
methylpropene-grown cells to oxidize other short-chain alkanes. In one experiment, 2-
methylpropene-grown cells were incubated with an equal dissolved concentration of
methane, ethane, propane, n-butane and 2-methylpropane. The consumption of each alkane
and the accumulation of oxidation products were determined by GC analysis. Methane
consumption was not observed in these reactions but slow consumption of ethane, propane,
n-butane and 2-methylpropane was observed. During these reactions 2-propanol, 2-butanol
and TBA were detected as products of propane, n-butane and 2-methylpropane oxidation
respectively while no product was observed in the reactions containing ethane (Fig. 4-5). We
subsequently examined the relative rates of 1° and 2° alcohol degradation by 2-
methylpropene-grown cells. With the exception of methanol and ethanol, the corresponding
1° alcohols (1-propanol and 1-butanol) were more rapidly consumed than their corresponding
2° alcohols (2-propanol and 2-butanol) (Fig. 4-S1). As reported in an earlier experiment,
2M1P was rapidly degraded while TBA was not consumed. The abiotic losses of each
alcohol were also examined and all alcohols were stable over the entire reaction time course
(data not shown). The results of these time course studies (Fig. 4-S1) were also reflected in
substrate-specific rates of O, uptake measured for 2-methylpropene-grown cells (Table 4-2).

Cells grown on 2-methylpropene, exhibited high rates of O, uptake (28 to 73 nmoles min™
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mg total protein'l) with several 1° alcohols (1-propanol, 1-butanol, and 2M1P). In contrast,
methanol, ethanol and both 2-propanol and 2-butanol had little or no effect on O, uptake
rates. None of the alkanes other than 2-methylpropane stimulated O, uptake and in all cases
but one, the rates of O, uptake measured for cells exposed to alkanes and their potential or
detected metabolites were substantially lower than the rates observed for 2-methylpropane

and its metabolites.

Oxidation of 2-methylpropane and propane by Xanthobacter Py2: The results presented
to this point suggest that alkene-grown cells of strain ELW1 can oxidize several alkanes,
albeit at slow rates. As strain ELW1 can also grow on alkanes it is possible that the low rates
of alkane oxidation we observed were due to low levels of activity of an alkane-oxidizing
monooxygenase. We therefore examined whether similar alkane-oxidizing activities could be
observed in propene-grown cells of X. autotrophicus Py2. The genome of this organism does
not encode an alkane-oxidizing monooxyganase and the organism has not been reported to
grow on any alkanes. Propene-grown cells of strain Py2 were incubated with 2-
methylpropane under the same conditions described earlier for strain ELW1 (see Fig. 4-1).
The results of this experiment (Fig. 4-6) demonstrate that 2-methylpropane was steadily
oxidized throughout the reaction time course (~3.4 nmoles min" mg total protein'l) and was
accompanied by accumulation of TBA (~2.5 nmoles min™ mg total protein™). Neither of
these processes was observed in cells that had been previously treated with 1-propyne to
inactivate alkene monooxygenase activity. Similar to strain ELW1, TBA was not consumed

by propene-grown cells of strain Py2 when it was added as a sole substrate rather than as a
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product of 2-methylpropane oxidation. Although not detected as a product, 2M1P was
rapidly oxidized by propene-grown Py?2 cells (not shown).

In a subsequent experiment we examined whether strain Py2 could also oxidize
propane, the alkane analog of propene. When propene-grown cells were incubated with
propane a slow degradation of the gas was observed but no oxidation products accumulated
in the reaction medium (Fig. 4-7A). Like 2-methylpropane oxidation, the consumption of
propane was fully inhibited in cells pretreated with propyne. To further characterize the
possible fates of 1- and 2-propanol as likely propane oxidation products we examined the
degradation of these compounds by propene-grown cells of strain Py2. Propene-grown cells
rapidly oxidized both 1- and 2-propanol (26.5 and 49.8 nmoles min" mg total protein™,
respectively). 2-Propanol was stoichiometrically converted to acetone which was not

oxidized further (Fig. 4-7B).
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DISCUSSION

In this study we examined Mycobacterium strain ELW1 and the well-characterized
alkene-oxidizing bacterium strain Py2, for their abilities to oxidize several gaseous alkanes.
Our results indicate both bacteria slowly oxidize 2-methylpropane and generate TBA as a
substoichiometric product of this reaction. Our results suggest that in both cases these
reactions are catalyzed by the alkene monoooxygenases that are normally responsible for the
epoxidation reaction used to initiate alkene metabolism. Our results also suggest that both
organisms can also slowly oxidize other n-alkanes. The major conclusions are discussed in

more detail in the following sections.

Oxidation of 2-methylpropane: In this study we have demonstrated that cells of strain
ELWI1 grown on 2-methylpropene can slowly oxidize 2-methylpropane to TBA. Several
lines of evidence suggest that this reaction involves the alkene-oxidizing monooxygenase
responsible for initiating alkene catabolism in this strain. First, 2-methylpropane oxidation
occurred without a lag phase with 2-methylpropene-grown cells (Fig. 4-1). This indicates that
the reaction was catalyzed by an existing enzyme in these cells and did not require de novo
protein synthesis in response to 2-methylpropane. Second, 2-methylpropane oxidation was
inhibited in cells pretreated with 1-octyne (Fig. 4-1). 1l-octyne is thought to act as a
mechanism-based inactivator of the alkene-oxidizing monooxygenase in strain ELW1 and
inhibits alkene oxidation but has no effect on the subsequent degradation of epoxides and
other intermediates (25, 26). Third, 2-methylpropane-oxidizing activity was competitively

inhibited by 2-methylpropene (Fig. 4-3). This suggests both 2-methylpropane and 2-
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methylpropene bind in a mutually exclusive fashion to the enzyme responsible for their
oxidation. Lastly, the highest rates of 2-methylpropane oxidation were observed with cells
grown on alkenes, 2-methylpropene and both 2-butene-isomers, while lower activities were
observed with cells grown on non-alkene substrates (Table 4-1). Substantially similar results
were also obtained with propene-grown cells of X. autotrophicus PY2. For example, the
oxidation of 2-methylpropane to TBA was occurred without a lag phase (Fig. 4-6) and was
inhibited in cells pretreated with propyne, a known mechanism-based inactivator of alkene
monooxygenase activity in this strain (13).

The facts that strain Py2 does not grow on gaseous alkanes (38) and does not have
another alkane-oxidizing monooxygenase encoded in its genome strongly supports our
conclusion that the 2-methylpropane-oxidizing activity we have described for both strains
examined in this study can be attributed to an alkene rather than an alkane monooxygenase.
Additional similarities between strain ELW1 and Py2 further support this important
conclusion. For example, both strains oxidized 2-methylpropane at similar rates. Strain
ELW1 oxidized 2-methylpropane at a rate of ~3.6 nmoles min™' mg total protein™ (Fig. 4-1)
while the rate with strain Py2 was ~2.5 nmoles min” mg total protein” under the same
experimental conditions (Fig. 4-6). Both organisms also generated substoichiometric
amounts of TBA during 2-methylpropane oxidation. In the case of strain ELW1, TBA
accounted for ~70% of the 2-methylpropane consumed (Fig. 4-1) while with strain Py2, this
value was ~53% (Fig. 4-6). Furthermore, in both strains there was also no evidence for the

further oxidation of TBA (Figs 4-1 & 4-6).
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As TBA production from 2-methylpropane involves a hydroxylation reaction and was
substoichiometric for both strains ELW1 and Py2, we also conclude that 2MI1P likely
represents the other immediate products of 2-methylpropane oxidation in both cases. We did
not detect accumulation of this alcohol in any of our experiments reported here. We also
demonstrated that 2-methylpropene-grown cells rapidly oxidize this alcohol at rates that
would likely have prevented its detection during 2-methylpropane oxidation (Fig. 4-1). In
view of this ability to rapidly oxidize 2M1P and the substantially amounts of this alcohol that
were likely generated, it was surprising that cooxidation of 2-methylpropane during growth
on 2-methylpropene-did not result in a stimulation of growth of strain ELW1 (Fig. 4-4). One
possible explanation of this is that while 2M 1P could likely be oxidized by 2-methylpropene-
grown cells, they may have lacked the enzyme systems necessary to fully mineralize this
compound and a more highly oxidized and polar metabolite may have accumulated but gone
undetected by the GC analysis used in this study.

There are a number of other reports of microbial oxidation of 2-methylpropane.
Several actinomycetes have been described that can grow on this compound (4, 27, 29, 30,
33) but accumulation of TBA has not been reported for any of these organisms. In contrast,
TBA production has been reported for both whole cells and cell-free systems of
methanothrophic bacteria. Whole cells of Methylosinus trichosporium OB3b and
Methylococcus capsulatus strain CRLM1 both slowly oxidize 2-methylpropane and the latter
generates both TBA and 2MI1P as metabolites. While 2M1P is further oxidized to 2-
methylpropionaldehyde, TBA is not further oxidized (22). The thermophilic methanotroph

strain H-2 has also been reported to have similar product profile when oxidizing 2-

180



methylpropane (24). Cell-free methane monooxygenase (MMO) preparations from
Methylobacterium strain CRL26 generate TBA and 2MI1P in approximately equimolar
concentrations (31) while purified soluble MMO from M. capsulatus (Bath) generates TBA
as 70% of the products of 2-methylpropane oxidation (16). In contrast, purified butane
monooxygenase from Pseudomonas butanovora also slowly oxidizes 2-methylpropane but
TBA only reprsents ~5% of the oxidation products (12). The oxidation of 2-methylpropane
we have characterized in this study is therefore substantially similar to previous reports
which indicate that 2-methylpropane can be both terminal oxidized to 2MIP and
subterminally oxidized to TBA. While there is some variability in the ratios of products, the
activity we have observed with alkene-oxidizing strains is very similar to the 2-
methylpropane-oxidizing activity previously reported for methanotrophs with soluble

methane monooxygenase activity.

Oxidation of n-alkanes: Our results in this study also indicate that alkene-grown cells of
strains ELW1 and Py2 can also terminally and subterminally oxidize short chain n-alkanes.
With strain ELW1 we observed the accumulation of 2-propanol and 2-butanol production
during the slow oxidation of propane and n-butane (Fig. 4-5). We also observed that 2-
methylpropene grown cells could oxidize both 1° and 2° alcohols but generally 2° alcohols
were more slowly degraded than 1° alcohols (Fig 4-S1 and Table 4-2). It is therefore possible
that the oxidation of both propane and n-butane by strain ELW1 generated mixtures of 1° and
2° alcohols but only 2° alcohols accumulated due to the faster degradation of 1° alcohols. It is

also possible that only 2° alcohols were generated. While further studies will be required to
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determine the relative ratios of 1° and 2° alcohols, the propane oxidation catalyzed by strain
Py2 appears to be significantly different. With this organism we did not observe propanol
accumulation during propane oxidation by propene-grown cells (Fig. 4-7A). While propene-
grown cells could rapidly oxidize both 1-propanol and 2-propanol, we also demonstrated 2-
propanol is quantitatively oxidized to acetone which is not further degraded during the time
course of these reactions (Fig. 4-7B). As we did not detect acetone accumulation during
propane oxidation by propene-grown cells of strain Py2 (Fig. 4-7A), we conclude that
propane oxidation by this strain exclusively generates 1-propanol as an immediate oxidation
product.

There are several pathways for the oxidation of propane by bacteria that can grow on
this alkane (2). These include the terminal oxidation pathway of Mycobacterium
austroafricanum (formerly M. vaccae) JOBS (7), both the terminal and sub-terminal
oxidation pathways of P. fluorescens NRRL-B-1244 (20), and the sub-terminal oxidation
pathway of R. rhodochrous PNKb1 (3). Many of these pathways have been proposed on the
basis of the properties of the alcohol dehydrogenases that participate in 1-or 2-propanol
oxidation. Perhaps more relevant to this study, propane can also be cometabolically oxidized
by a number of bacteria that do not grow on this compound. For example, the ammonia-
oxidizing bacterium Nitrosomonas europaea oxidizes propane to mixtures of 1-propanol
(~13%) and 2-propanol (~87%) (23). 2-propanol is also the predominant product of propane
oxidation by both soluble and particulate forms of methane monooxygenase whereas 1-
propanol is the dominant product (95%) of propane oxidation by purified butane

monooxygenase.
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Significance of alkane-oxidizing activity in alkene-oxidizing bacteria: The findings in this
study are significant for two main reasons. First, these results test the long-standing
assumption that alkene-metabolizing bacteria do not normally oxidize alkanes through the
activity of alkene monooxygenases. Propene-grown cells of strain Py2 have been previously
shown to oxidize several chlorinated alkenes but these reactions likely involve epoxidation
rather than hydroxylation reactions (40). Strain Py2 can also oxidize several aromatic
compounds including benzene, phenol and toluene but there are no previous reports of alkane
oxidation by this organism or its alkene monooxygenase. It is not clear how widely
distributed 2-methylpropane-oxidizing activity is among alkene-metabolizing bacteria but in
view of the stability of TBA and its lack of further oxidation, it is possible that the oxidation
of 2-methylpropane to TBA may be a useful assay for alkene-oxidizing monooxygenase in
whole cells where other alcohols generated from alkane oxidation or epoxides generated
from alkene oxidation may be quickly consumed.

The second reason why the results of this study are significant is that they
demonstrate that 2-methylpropane, a common and typical significant component of gasoline,
can be oxidized to TBA. The accumulation of TBA in gasoline-impacted environments is
often taken as an indication of MTBE biodegradation. The ability of organisms such as strain
ELWI1 or Py2 to oxidize another gasoline component to TBA may question the underlying
assumption that TBA accumulation is suitable evidence for underlying degradation of

MTBE.
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Figure 4-1: Oxidation of 2-methylpropane and its putative metabolites by strain ELW1.
2-Methylpropane and its potential metabolites (TBA and 2M1P) were incubated with 2-
methylpropene-grown ELW1 cells (1.9 mg of total protein) that were pre-treated with or
without 1-octyne in 10 ml glass serum vials and changes in reactant concentrations were
determined over time by GC analysis, as described in the Methods section. The Figure shows
the time course for the consumption of (@) 2-methylpropane, (ll) TBA, and () 2M1P, and
the (O) production of TBA (from 2-methylpropane oxidation), with the cells pretreated with
I-octyne. The Figure also shows the time course for the (©) consumption of 2-
methylpropane and (<) production of TBA with the cells pretreated without 1-octyne.
Abiotic reactions were also conducted for (V) 2-methylpropane, (1) TBA and (<) 2MI1P.
Each reaction contained an initial substrate concentration of 4.5 pmoles. Conversion ratio of

TBA: 2-methylpropane (-- ¥ --) for each datum point is also shown here.
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Figure 4-2: Kinetics of 2-methylpropane oxidation by strain ELWI1. Cells of strain
ELW1 grown on 2-methylpropene (1.8 mg of total protein) were incubated in buffer in
sealed reactions vials (10 ml) with varying amounts of 2-methylpropane added to the gas
phase to provide the indicated estimated initial dissolved 2-methylpropane concentrations (0
-250 uM). After 1h incubation, the accumulation of TBA in each reaction was determined.
The Figure shows a plot of the initial rates of 2-methylpropane consumption (in terms of
TBA production) and a computer fit of these data to a hyperbolic single substrate-binding
model (R?=0.96). The data presented are the means and ranges of values obtained from two
separate cultures.
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Figure 4-3: Effect of 2-methylpropene on 2-methylpropane oxidation. 2-Methylpropene-
grown cells (1.0 mg total protein) were incubated in buffer in sealed reactions vials (10 ml)
with a fixed initial concentration (133 pM) of 2-methylpropane and varying amounts of 2-
methylpropene added to the gas phase to provide the indicated estimated initial dissolved 2-
methylpropene concentrations (0-1350 pM). Consumption of 2-methylpropane was
determined over time by GC analysis of the gas phase, as described in the Methods section.
The Figure shows a plot of the initial rates of 2-methylpropene consumption (0-30 min) (in
the presence of 2-methylpropene) and a computer fit of these data to a hyperbolic single
substrate-binding model (R? =0.95). The data presented are the means and ranges of values
obtained from two separate cultures.
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Figure 4-4: Effects of 2-methylpropane on growth of strain ELW1 on 2-methylpropene.
Cells of strain ELW1 (previously grown on 2-methylpropene) were grown on limiting-C
amounts of 2-methylpropene (1.85% v/v gas phase) and/or 2-methylpropane (1.85% v/v gas
phase) in sealed glass serum vials (160 ml) containing 25 ml of MSM as described in the
Methods section. The Figure shows the time course for changes in culture density (ODggp)
(open symbols), amount of 2-methylpropene or 2-methylpropane (closed symbols), and the
production of TBA from 2-methylpropane (symbols with a centered dot). The symbols
represent; (L1,H) culture density and 2-methylpropene consumption in cultures containing
only 2-methylpropene, (V,¥) culture density and 2-methylpropene consumption in cultures
containing both 2-methylpropene and 2-methylpropane, (@,0) 2-methylpropane
consumption and TBA production in cultures containing both 2-methylpropene and 2-
methylpropane, (<, 9,$&) culture density, 2-methylpropane consumption and TBA
production in cultures containing only 2-methylpropane, (A, A) culture density and 2-
methylpropene consumption in abiotic (uninoculated) rcultures containing only 2-
methylpropene. Data presented are the means and ranges of values obtained from three
separate cultures.
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Figure 4-5: Oxidation of non growth-supporting alkanes by strain ELWI1. 2-
Methylpropene-grown cells of strain ELW1 (1.6 mg total protein) were incubated in buffer in
sealed reactions vials (10 ml) with an equal dissolved concentration of each alkane (C;-Cy4) as
described in the Methods section. The Figure shows the time course for the consumption of
(®) methane, (V) ethane, (A) propane, (@) n-butane, (M) 2-methylpropane and the
formation of corresponding alcohols; (A) 2-propanol from propane, (O) 2-butanol from n-
butane and ([1) TBA from 2-methylpropane. The symbols represent the average for two
replicate cultures, and the error bars show the range of values for both cultures combined.
Data presented are the means and ranges of values obtained from two separate cultures.
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Figure 4-6: Oxidation of 2-methylpropane and its putative metabolites by strain Py2.
Propene-grown cells of strain Py2 (2.8 mg total protein) were incubated in buffer in sealed
glass serum vials (10 ml) with 100 ul (4.5 pmoles) of 2-methylpropane and the changes in
reactant and product concentrations were determined over time by GC. Cells were pre-treated
with (open symbols) or without (closed symbols) 1-propyne, as described in the Methods
section. The Figure shows the time course for the (A,A) consumption of 2-methylpropane,
(O,®) production of TBA and (C1,M) consumption of TBA. The data presented are the
means and standard errors for reactions conducted with two separate cultures of strain Py2.
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Figure 4-7: Oxidation of propane and its putative metabolites by strain Py2. Panel A
Shows the time course for oxidation of propane (100 ul) by propene-grown Xanthobacter
Py2 cells pre-treated (OJ) with or (W) without 1-propyne. Panel B shows the time course for
the oxidation of puatative metabolites of propane oxidation; (O,®) 1-propanol, (A,A) 2-
propanol, and (<>,4) acetone in abiotic (open symbols) and biotic (closed symbols)
incubations. All reactions were conducted in 10 ml glass serum vials and the cells used in
the reactions described in panel A contained 4.0 mg total protein while cells used in reactions
described in panel B contained 2.4 and 3.7 mg total protein in 2-propanol and 1-propanol
reactions respectively. In each case, the data presented are the means and standard errors for
reactions conducted with two separate cultures of strain Py2.
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Figure 4-S1: Oxidation of alcohols by strain ELW1. 2-Methylpropene-grown cells of
strain ELW1 (2.0 mg total protein) were incubated in buffer with 2 pmoles of each alcohol
in sealed glass serum vials (10 ml) for 60 min and the changes in reactants were determined
over time by GC as described in the Methods section. The Figure shows the time course for
the consumption of () methanol, (O) ethanol, (M) 1-propanol, (A) 2-propanol, (@) 1-
butanol, () 2-butanol, (A) 2M1P and (¥) TBA. The data presented are the means and
standard errors for reactions conducted with two separate cultures.
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Table 4-1: 2-Methylpropane-oxidizing activity after growth on alkene and non-alkene
substrates.

Rate of TBA production
S| S|
Substrate (nmoles min~ mg total protein™)
without 1-octyne with 1-octyne
pretreated pretreated
2-methylpropene 7.92(0.7) 0.310 (0.07)
cis-2-butene 3.05(0.1)
trans-2-butene 3.04 (0.6)
ethanol 0.52 (0.1) 0
1-propanol 0.33 (0.0)
1-butanol 0
acetate 0.41(0.2)
propionate 0.36 (0.0)
2-methylpropionic acid 0
fructose 0
glucose 1.85(0.2) 0

Resting cells of strain ELW1 grown on a variety of substrates (1 to 2 mg of total protein)
were incubated in buffer in sealed glass serum vials (10 ml) with 1 ml (~45 umoles) of 2-
methylpropane for 60 min and the production of TBA was determined by GC analysis of the
reaction aqueous phase, as described in the Methods section. Data presented are the mean
and SEM (in parentheses) of two separate cultures of strain ELW1 grown on different
substrates as indicated.
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Table 4-2: O, uptake rates with key substrates.

Specific rate of O, uptake

Substrate (nmoles min™ mg total protein™)
Endogenous rate 16.9 (0.9)
1-propanol 449 (1.0)
2-propanol 28.7(0.2)
1-butanol 89.4 (2.8)
2-butanol 21.7 (3.8)
methanol 14.4 (0.5)
2-methyl-1-propanol 82.3 (13.0)
tert-butyl alcohol 14.0 (1.8)
propane 16.7
butane 14.6 (2.7)
methane 14.5
2-methylpropane 23.8(7.2)
Endogenous rate 20.9 (3.5)
2-methylpropene 167.3 (24.0)
1,2-epoxy-2-methylpropane 132.7 (1.8)
2-hydroxyisobutyrare 72.1(7.2)
Endogenous rate 19.2 (3.9)
fructose 25.8 (3.2)
acetate 32.6 (1.8)
ethanol 21.7 (3.5)
2-methyl-1,3-propanediol 28.4 (6.8)

Substrate-specific rates of O, uptake for cells grown on 2-methylpropene were measured
using a Clark-style O, electrode in the presence as described in the Methods section. In each
case, an aliquot (50 ul) of concentrated cell-suspension was added into the O, electrode
chamber and the endogenous basal rate of O, uptake was initially determined for 3-5 min in
the absence of exogenous substrates. Substrates were then added at an initial concentration of
5 mM for liquids and 300 uM of dissolved concentration for gases, into the O, electrode
chamber in which the buffer and cells had been pre-equilibrated for ~5 min. The substrate-
dependent O, uptake rates were determined by subtracting the basal rate of cellular
respiration from substrate-induced respiration rates. Data presented are the mean and SEM
(in parentheses) of two separate cultures.

193



10.

11.

12.

REFERENCES

. Abbott BJ, Hou CT. 1973. Oxidation of 1-alkenes to 1,2-epoxyalkanes by Pseudomonas

oleovorans. Appl. Microbiol. 26:86-91.

Ashraf W, Mihdhir A, Colin Murrell J. 1994. Bacterial oxidation of propane. FEMS
Microbiol. Lett. 122:1-6.

Ashraf W, Murrell JC. 1990. Purification and characterization of a NAD-dependent
secondary alcohol dehydrogenase from propane-grown Rhodococcus rhodochrous
PNKbI1. Arch. Microbiol. 153:163-168.

Babu JP, Brown LR. 1984. New type of oxygenase involved in the metabolism of
propane and isobutane. Appl. Environ. Microbiol. 48:260-264.

Cardini G, Jurtshuk P. 1970. The enzymatic hydroxylation of n-octane by
Corynebacterium sp. strain 7E1C. J. Biol. Chem. 245:2789-2796.

Cerniglia C, Blevins W, Perry J. 1976. Microbial oxidation and assimilation of
propylene. Appl. Environ. Microbiol. 32:764-768.

Coleman JP, Perry JJ. 1985. Purification and characterization of the secondary alcohol
dehydrogenase from propane-utilizing Mycobacterium vaccae strain JOB-5. J. Gen.
Microbiol. 131:2901-2907.

de Bont JAM, Primrose SB, Collins MD, Jones D. 1980. Chemical studies on some
bacteria which utilize gaseous unsaturated hydrocarbons. J. Gen. Microbiol. 117:97-102.

de Bont J. 1976. Oxidation of ethylene by soil bacteria. Antonie Van Leeuwenhoek.
42:59-71.

de Smet M, Kingma J, Wynberg H, Witholt B. 1983. Pseudomonas oleovorans as a
tool in bioconversions of hydrocarbons: growth, morphology and conversion
characteristics in different two-phase systems. Enzyme Microb. Technol. 5:352-360.

de Smet MJ, Wynberg H, Witholt B. 1981. Synthesis of 1,2-epoxyoctane by
Pseudomonas oleovorans during growth in a two-phase system containing high
concentrations of 1-octene. Appl. Environ. Microbiol. 42:811-816.

Dubbels BL, Sayavedra-Soto LA, Arp DJ. 2007. Butane monooxygenase of
'Pseudomonas butanovora': purification and biochemical characterization of a terminal-
alkane hydroxylating diiron monooxygenase. Microbiology. 153:1808-1816.

194



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ensign SA, Hyman MR, Arp DJ. 1992. Cometabolic degradation of chlorinated alkenes
by alkene monooxygenase in a propylene-grown Xanthobacter strain. Appl. Environ.
Microbiol. 58:3038-3046.

Furuhashi K, Taoka A, Uchida S, Karube 1, Suzuki S. 1981. Production of 1,2-
epoxyalkanes from 1-alkenes by Nocardia corallina B-276. European J Appl Microbiol
Biotechnol. 12:39-45.

Gornall AG, Bardawill CJ, David MM. 1949. Determination of serum proteins by
means of the biuret reaction. J. Biol. Chem. 177:751-766.

Green J, Dalton H. 1989. Substrate specificity of soluble methane monooxygenase.
mechanistic implications. J. Biol. Chem. 264:17698-17703.

Habets-Criitzen A, Brink L, van Ginkel CG, de Bont JAM, Tramper J. 1984.
Production of epoxides from gaseous alkenes by resting-cell suspensions and
immobilized cells of alkene-utilizing bacteria. Appl. Microbiol. Biotechnol. 20:245-250.

Heyer J. 1976. Mikrobielle Verwertung von Athylen. Zeitschrift Fiir Allgemeine
Mikrobiologie. 16:633-637.

Higgins I, Hammond R, Sariaslani F, Best D, Davies M, Tryhorn S, Taylor F. 1979.
Biotransformation of hydrocarbons and related compounds by whole organism

suspensions of methane-grown Methylosinus trichosporium OB3b. Biochem. Biophys.
Res. Commun. 89:671-677.

Hou CT, Patel R, Laskin Al, Barnabe N, Barist 1. 1983. Epoxidation of short-chain
alkenes by resting-cell suspensions of propane-grown bacteria. Applied Appl. Environ.
Microbiol. 46 (1):171-177.

Hou CT, Patel R, Laskin AI, Barnabe N. 1979. Microbial oxidation of gaseous
hydrocarbons: epoxidation of C2 to C4 n-alkenes by methylotrophic bacteria. Appl.
Environ. Microbiol. 38:127-134.

Hou CT, Patel RN, Laskin Al Barist I, Barnabe N. 1983. Thermostable NAD-linked
secondary alcohol dehydrogenase from propane-grown Pseudomonas fluorescens NRRL
B-1244. Appl. Environ. Microbiol. 46:98-105.

Hyman MR, Murton IB, Arp DJ. 1988. Interaction of ammonia monooxygenase from
Nitrosomonas europaea with alkanes, alkenes, and alkynes. Appl. Environ. Microbiol.
54:3187-3190.

Imai T, Takigawa H, Nakagawa S, Shen GJ, Kodama T, Minoda Y. 1986. Microbial
oxidation of hydrocarbons and related compounds by whole-cell suspensions of the
methane-oxidizing bacterium H-2. Appl. Environ. Microbiol. 52:1403-1406.

195



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kottegoda S, Hyman M. Metabolism of 2-butene by Mycobacterium sp. ELW1. To be
submitted for publication in Applied and Environmental Microbiology (manuscript in
preparation).

Kottegoda S, Waligora E, Hyman M. Isolation and characterization of a novel 2-
methylpropene-metabolizing strain, Mycobacterium ELWI1. To be submitted for
publication in Applied and Environmental Microbiology (manuscript in preparation).

Lukins HB. 1962. On the utilization of hydrocarbons, methyl ketones and hydrogen by
Mycobacteria. Ph.D. Dissertation, The University of Texas.

McAuliffe C. 1966. Solubility in water of paraffin, cycloparaffin, olefin, acetylene,
cycloolefin, and aromatic hydrocarbons. J. Phys. Chem. 70:1267-1275.

McLee A, Kormendy AC, Wayman M. 1972. Isolation and characterization of n-
butane-utilizing microorganisms. Can. J. Microbiol. 18:1191-1195.

O’Brien WE, Brown LR. 1968. The catabolism of isobutane and other alkanes by a
member of the genus Mycobacterium. Dev. Ind. Microbiol. 9: 389-393.

Patel RN, Hou CT, Laskin Al, Felix A. 1982. Microbial oxidation of hydrocarbons:
properties of a soluble methane monooxygenase from a facultative methane-utilizing
organism, Methylobacterium sp. strain CRL-26. Appl. Environ. Microbiol. 44:1130-
1137.

Patel R, Hou C, Laskin A, Felix A, Derelanko P. 1983. Epoxidation of n-alkenes by
organisms grown on gaseous alkanes. J. Appl. Biochem. 5:121-131.

Solano-Serena F, Marchal R, Casare’gola S, Vasnier C, Lebeault J, Vandecasteele J.
2000. A Mycobacterium strain with extended capacities for degradation of gasoline
hydrocarbons. Appl. Environ. Microbiol. 66:2392.

Stirling D, Dalton H. 1979. The fortuitous oxidation and cometabolism of various

carbon compounds by whole-cell suspensions of Methylococcus capsulatus (Bath).
FEMS Microbiol. Lett. 5:315-318.

van der Linden A. 1963. Epoxidation of a-olefins by heptane-grown Pseudomonas cells.
Biochim. Biophys. Acta. 77:157-159.

van Ginkel CG, de Bont JAM. 1986. Isolation and characterization of alkene-utilizing
Xanthobaeter spp. Arch. Microbiol. 145:403-407.

van Ginkel CG, Welten HG, de Bont JAM. 1987. Oxidation of gaseous and volatile
hydrocarbons by selected alkene-utilizing bacteria. Appl. Environ. Microbiol. 53
(12):2903-2907.

196



38. van Ginkel CG, Welten HG, de Bont JAM. 1986. Epoxidation of alkenes by alkene-
grown Xanthobacter spp. Appl. Microbiol. Biotechnol. 24:334-337.

39. Watkinson RJ, Somerville HJ. 1976. The microbial utilization of butadiene. In: Sharply
J.M., and J.A.M. Kaplan (eds) Proceedings of the 3rd International Biodeterioration
Symposium, Kingston, RI. Applied Science, 35-42

40. Zhou N, Jenkins A, Chion, Chan K. N. Chan Kwo, Leak DJ. 1999. The alkene
monooxygenase from Xanthobacter strain py2 is closely related to aromatic
monooxygenases and catalyzes aromatic monohydroxylation of benzene, toluene, and
phenol. Appl. Environ. Microbiol. 65:1589-1595.

197



CONCLUDING REMARKS

In this study, we have described the isolation and physiological characterization of a
novel aerobic alkene-oxidizing bacterium, Mycobacterium sp. ELW1, which utilizes 2-
methylpropene as a sole source of carbon and energy. No other organism has previously
been isolated on 2-methylpropene although several alkane-metabolizing strains can
cometabolize this compound. 2-Butene (both cis- and trans-isomers) is the only other alkene
it grew on. Strain ELW1 also grew well on the potential epoxide and diol products of 2-
methylpropene- and the two isomers of 2-butene-oxidation. This observation led us to
assume that 2-methylpropene and the two 2-butene isomers are metabolized through the
same initial reactions and that the same enzymes may be involved in overlapping stages of
the catabolism of all three growth supporting gases. Like many other gaseous alkene-
metabolizing bacteria, strain ELW1 appears to initiate 2-methylpropene catabolism using a
monooxygenase to generate an epoxide. Our results further suggest that 1,2-epoxy-2-
methylpropane, MPD and HIBA are sequential intermediates in the pathway of 2-
methylpropene metabolism. In organisms that grow on MTBE and TBA, HIBA is converted
to 3HB by a cobalamin-dependent mutase, which has a stringent requirement for cobalt. The
ability to metabolize 2-methylpropene in strain ELW1 also appears to be a cobalt-dependent
physiological trait and the requirement for cobalt ions is localized to the terminal step in the
pathway, the conversion of HIBA to 3HB. Based on these observations, we suggest that the
pathway and enzymes involved in latter stages of 2-methylpropene catabolism might be
similar to those involved in the aerobic bacterial metabolism of MTBE and TBA. Most

alkene-oxidizing bacteria metabolize epoxides via carboxylation reaction rather than using
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epoxide hydroylases. However, 1,2-epoxy-2-methylpropane irreversibly inactivates EaCoMT
(epoxyalkane:coenzymeM transferase), one of the enzymes that involves in carboxylation of
epoxides. This eliminates the possibility that strain ELW1 metabolizes 1,2-epoxy-2-
methylpropane via carboxylation.

We have also demonstrated that strain ELW1 metabolizes the two isomers of 2-
butene via an initial epoxidation reaction and follows a pathway similar to 2-metylpropene
metabolism. Moreover, our postulated pathway is substantially different from the pathway
described for T2B oxidation by Nocardia TB1, the only previously characterized trans-2-
butene (T2B) metabolizing bacterium. According to our results, 2,3-epoxybutane, 2,3-
butanediol and 3-hydroxy-2-butanone are the sequential intermediates of both cis- and trans-
2-butene oxidation. Degradation of trans-2,3-epoxybutane, the epoxide of T2B, by strain
ELW1 was strongly enantioselective towards the S-isomer of trans-2,3-epoxybutane.

We also demonstrated the alkane-oxidizing ability of 2-methylpropene-grown strain
ELWI1. Although not utilized as growth substrates, short-chain alkanes (C;-C¢) were
cometabolized by strain ELW1. This indicates that the alkene monooxygenase in this strain
has a broad substrate specificity in contrast to most of other alkene monooxygenases that are
not able to hydroxylate alkanes. It also oxidized 2-methylpropane and generated ~70% TBA
as the only detectable product. We also demonstrated that 2-mehylpropane acts as a
competitive inhibitor of 2-methylpropene oxidation. Moreover, the oxidation of alkanes was
fully inhibited by 1-octyne, the potent inhibitor of 2-methylpropene oxidation. These data
suggest that the same monooxygenase enzyme is involved in both alkene- and alkane-

oxidation in strain ELW1.
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The research described in this dissertation contributes to the knowledge of alkene-
biodegradation with an identification of a novel 2-methylpropene-utilizing bacterium as well
as the characterization of a potential pathway of 2-methylpropene oxidation in that strain.
Furthermore, we characterized a novel pathway for the metabolism of T2B by this novel
bacterium. Although this study has demonstrated possible pathways for the oxidation of these
three alkenes, it is also clear that some gaps remain in identifying and/or verifying the
intermediate or dead-end products. For example, 1,2-epoxy-2-methylpropane, which is very
reactive and unstable, has not been detected. Other compounds such as HIBA and 3HB
represent an analytical challenge for identifying. Identification of these intermediates has to
be confirmed by a better analytical tool such as HPLC. In the case of trans-2,3-epoxybutane
enantiomers and their downstream metabolites, it is in need of determine the enatiomeric
excess of these compounds. Also, it is of great importance to identify the alkene-oxidizing

monooxygenase and epoxide hydrolase in strain ELW1 at the molecular level.
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