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Executive Summary

The lesser chlorinated ethenes, cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC),
are produced by anaerobic reductive dechlorination at subsurface sites contaminated by
tetrachloroethene (PCE) and trichloroethene (TCE). Accumulation of VC and ¢cDCE under
anaerobic conditions limits the application of natural attenuation and enhanced reductive
anaerobic biological in-situ treatment technologies (RABITT). Aerobic degradation of lesser-
chlorinated ethenes has been demonstrated, suggesting that sequential anaerobic/aerobic
conditions may result in complete mineralization of PCE/TCE. However, our present
understanding of the aerobic transformation potentials of cDCE and VC is limited, thus limiting
the reliability of — and confidence in — natural and enhanced biological alternatives for site
remediation.

The objective of our project was to determine the prevalence and metabolic capabilities
of microorganisms able to derive energy from aerobic oxidation of cDCE and/or VC in
subsurface environments. The results help delineate the role of growth-coupled (vs. cometabolic)
aerobic oxidation in the natural attenuation of lesser-chlorinated ethenes. Results provide the
basis for improved site assessment, improved remedial-action decision-making, and more
reliable bioremediation technologies.

Our findings indicate that aerobic bacteria (Mycobacterium and Nocardioides strains)
capable of growth-linked VC oxidation are widespread in the environment, and commonly found
at chlorinated-ethene-contaminated sites. Aerobic assimilation of VC as a carbon source is
therefore an ecologically significant phenomenon of equal or greater importance than
cometabolic VC degradation. Based on their distribution, growth rates and kinetic parameters,
we believe that Mycobacterium strains are most likely to be responsible for the aerobic natural
attenuation of VC that has been observed at many sites. The data suggest that biostimulation (e.g.
addition of O, and/or inorganic nutrients) would be an appropriate strategy for accelerating VC
attenuation at contaminated sites, because the appropriate microbial populations are likely to be
already present in many cases.

Our discovery of a bacterium (Polaromonas strain JS666) able to grow on cDCE shows
that aerobic biodegradation of cDCE in the absence of other carbon substrates is possible. From
our results with enrichment cultures, these bacteria appear to be rare, and may presently exist
only in highly selective ‘artificial’ environments such as the activated carbon filter that was the
source of strain JS666. Our data suggest that it is unlikely that natural attenuation or
biostimulation alone will be capable of remediation of cDCE contamination at most sites.
Bioaugmentation with our isolate JS666 would be an appropriate strategy, and could lead to a
self-sustaining, low-cost bioremediation method at sites where cDCE is a problem contaminant.
Further investigation of JS666 is recommended — to delineate metabolic pathways; to determine
the suite of substrates it can co-transform; to optimize culture conditions for field-
bioaugmentation; to develop a molecular probe for field-monitoring after bioaugmentation; and,
finally, to field-test the use of JS666 as bioaugmentation agent.

We have conclusively identified the enzyme (EaCoMT) responsible for bacterial
epoxyethane metabolism, and obtained strong circumstantial evidence that the same enzyme is
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also involved in chlorooxirane metabolism. In addition, we have cloned and sequenced genes
involved in VC, ETH, epoxyethane and chlorooxirane metabolism. The results indicate that the
EaCoMT and monooxygenase enzymes encoded by a single operon (etnEABCD) in
Mycobacterium JS60 and Nocardioides JS614 catalyze the initial reactions in both the VC and
ETH assimilation pathways. EaCoMT activity and genes were found in all the alkene-oxidizing
strains that we examined, including strains isolated on VC and ethene. The EaCoMT-specific
gene primers we have developed could be used for culture-independent monitoring of microbial
populations during the natural attenuation or bioremediation of chlorinated ethenes. Such
methods are particularly relevant for mycobacteria, which are slow-growing and sometimes
difficult to isolate.

Based on our data, there was no DNA sequence (either 16S rDNA or EaCoMT gene) that
distinguished VC- from ETH-degraders. However, the EaCoMT activity in cell extracts of the
VC-degraders tended to be higher. This is particularly apparent when strains JS619 (VC) and
JS625 (ETH) are compared — these strains had almost identical EaCoMT gene sequences, but the
EaCoMT activity in cell extracts was 5-fold higher in JS619. Sequencing of complete EaCoMT
genes and flanking DNA, and analysis of the activity of other catabolic enzymes may help to
shed light on the factors that distinguish ethene- and VC-assimilating bacteria, and yield insights
into the possible evolution of the latter group from the former.

The EaCoMT gene appears to be carried on large linear plasmids in the VC-degrading
strains. Based on the gene organization in Mycobacterium strain JS60, it is likely that the alkene
monooxygenase genes are also present on the same linear plasmids, which is apparently the case
with Nocardiodes strain JS614. The present study is the first to our knowledge to associate a
specific metabolic function with plasmids in Mycobacterium strains. Plasmid-borne genes for
ethene- and VC- biodegradation could potentially be transferred among bacteria in the
environment, and thus, further investigation of the such elements is warranted in light of the
potential importance of the alkene-degrading phenotype to bioremediation and natural
attenuation processes.

We note that Nocardioides JS614 may hold promise as a bioaugmentation agent at sites
where other VC-oxidizers are absent. JS614 has very high growth and VC-utilization rates. It is
also of a genus that, unlike mycobacteria, has no pathogenic brethren — a factor in gaining
regulatory acceptance. The one, known drawback of JS614 is its peculiarly severe response to
starvation. However, in studies reported herein, we were able to show that the starvation
response can be virtually eliminated if small amounts of a readily degradable substrate (e.g.,
acetate) is administered along with VC following VC-starvation.

Finally, we note that two organisms isolated and identified from this research study —
Nocardioides JS614 and Polaromonas strain JS666 — have been selected by DOE for genomic
draft sequencing. We present this as evidence that the scientific community in general is
enthusiastic about the outcome of our SERDP-sponsored research.
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Background

The lesser chlorinated ethenes, cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC),
are produced by anaerobic reductive dechlorination at subsurface sites contaminated by
tetrachloroethene (PCE) and trichloroethene (TCE). Accumulation of VC and ¢cDCE under
anaerobic conditions limits the application of natural attenuation and enhanced reductive
anaerobic biological in-situ treatment technologies (RABITT). Aerobic degradation of lesser-
chlorinated ethenes has been demonstrated, suggesting that sequential anaerobic/aerobic
conditions may result in complete mineralization of PCE/TCE. However, our present
understanding of the transformation potentials of cDCE and VC is limited, thus limiting the
reliability of — and confidence in — natural and enhanced biological alternatives for site
remediation.

Previous laboratory studies have revealed the existence of bacteria able to couple growth
to acrobic oxidation of VC (Hartmans and deBont, 1992; Hartmans et al., 1985; Verce et al.,
2000; Verce et al., 2001). Several field and microcosm studies (Bradley and Chapelle, 2000;
Bradley and Chapelle, 1998; Klier et al., 1999) previously suggested that aerobic oxidation of
cDCE occurs in the absence of cometabolic substrates (e.g., methane, ethene, or toluene).
Questions remain concerning the environmental prevalence (and hence relevance) of growth-
coupled, aerobic VC- and cDCE-oxidizing bacteria; pathways and biochemistry involved; the
relationship between VC- and ethene (ETH)-degraders (i.e., do the former derive from the
latter?); and the in situ activity and distribution of aerobic VC- and cDCE-oxidizing bacteria.

Objectives

The objective of our project was to determine the prevalence and metabolic capabilities
of microorganisms able to derive energy from aerobic oxidation of cDCE and/or VC in
subsurface environments. The results help delineate the role of growth-coupled (vs. cometabolic)
aerobic oxidation in the natural attenuation of lesser-chlorinated ethenes. The findings shed
much-needed light on the aerobic transformations of lesser-chlorinated ethenes — compounds
currently limiting the efficacy of natural attenuation and enhanced bioremediation of candidate
sites. Results provide the basis for improved site assessment, improved remedial-action decision-
making, and more reliable bioremediation technologies.

By isolating bacteria capable of growth on chloroethenes and determining the
biochemical differences between these strains and those that grow on ethene, we hoped to
develop molecular methods of detecting such microbes at contaminated sites. In conjunction
with an activity-based assay using microcosms, this strategy would provide the ability to both
predict biodegradation and to monitor ongoing processes during natural attenuation or
bioremediation. A better understanding of these oxidative pathways should expand the number
of sites judged suitable for bioremediation alternatives (natural and enhanced), with potential
savings to DoD in the millions of dollars.

The following questions were addressed through this research effort:



1. What is the prevalence of aerobic bacteria able to grow on cDCE and/or VC? 1t is clear that
they are not ubiquitous. Are they present at contaminated sites? If so can their presence be
taken as evidence of aerobic cDCE and/or VC degradation and consequent hazard reduction?

2. What are the requirements and capabilities of aerobic bacteria able to grow on cDCE and/or
VC? What metabolic pathways are employed? Do such pathways differ from those
employed by ethene (ETH) degraders? What other substrates can be transformed by ¢cDCE-
and/or VC-oxiders? What are the kinetic parameters (rate constants, thresholds) with respect
to both the chlorinated-ethene substrates and oxygen? These are practical concerns that
relate to the environmental niches occupied by the organisms.

3. How closely related are chloroethene degraders and ethene degraders? The previous studies
suggest that chloroethene-degrading strains are derived from ETH-degrading strains by
changes in the regulation of the pathway. The hypothesis would be simple to test if
chloroethene-degrading strains and ETH-degrading strains could be isolated from the same
ecosystem. The answer to the questions should provide the ability to predict chloroethene
degradation when site conditions are known. In other words, can cDCE and/or VC degraders
be expected to either be present or arise from indigenous ethene degraders when the
conditions are appropriate?

Results and Accomplishments

Four papers arising from this SERDP-sponsored research project have been published in
the refereed, scientific literature. In addition, two manuscripts have been submitted and are in-
review. In the sections that follow, we provide only summaries of our work, where published
papers or submitted manuscripts are available. For those readers desiring full details, the full
papers/manuscripts can be found in Appendices A through F.

Phylogenetic and Kinetic Diversity of Aerobic Vinyl-Chloride-Assimilating Bacteria from
Contaminated Sites
[See full paper in Appendix A]

Aerobic bacteria that grow on vinyl chloride (VC) have been isolated previously, but
their diversity and distribution are largely unknown. It is also unclear whether such bacteria
contribute to the natural attenuation of VC at chlorinated-ethene-contaminated sites. We detected
aerobic VC biodegradation in 23 of 37 microcosms and enrichments inoculated with samples
from various sites (Coleman et al., 2002b). Twelve different bacteria (11 Mycobacterium strains
and 1 Nocardioides strain) capable of growth on VC as the sole carbon source were isolated, and
5 representative strains were examined further. All the isolates grew on ethene in addition to VC
and contained VC-inducible ethene-monooxygenase activity. The Mycobacterium strains (JS60,
JS61, JS616, and JS617) all had similar growth yields (5.4 to 6.6 g of protein/mol), maximum
specific growth rates (0.17 to 0.23 day '), and maximum specific substrate utilization rates (9 to
16 nmol/min/mg of protein) with VC. The Nocardioides strain (JS614) had a higher growth yield
(10.3 g of protein/mol), growth rate (0.71 day '), and substrate utilization rate (43 nmol/min/mg
of protein) with VC but was much more sensitive to VC starvation. Half-velocity constant (Kj)
values for VC were between 0.5 and 3.2 pM, while K; values for oxygen ranged from 0.03 to 0.3



mg/liter. Oxygen threshold values (the concentration of oxygen below which it cannot be used)
during VC oxidation were measurable, but very low — 0.02 to 0.1 mg/liter. The low oxygen
half-velocity constants and thresholds suggest that VC oxidation can proceed in very low-oxygen
environments. However, the VC-oxidizers we isolated are not microaerophiles — all tolerated
even pure oxygen.

Since VC-oxidation rates are relatively rapid, VC may become depleted before it
migrates very far into aerobic portion of the plume. It is quite possible, then, that growth-
coupled-VC-oxidizers may operate principally within the low-oxygen boundary between
anaerobic and aerobic zones in VC-contaminated aquifers.

Using soil samples with no history of chlorinated ethene contamination, we also isolated
four ETH-assimilating bacteria (JS622, JS623, JS624 and JS625) that cannot grow on VC
(Figure 1). Strains JS622 and JS623 were from sandy garden soil (Panama City, FL), strain
JS624 was from grass rhizosphere soil (Central Park, New York City, NY), and strain JS625 was
from decomposing tree bark (National Mall, Washington, D.C.). A remarkable conclusion of our
study is that aerobic enrichments on both VC and ETH almost always yielded Mycobacterium
strains, regardless of the sample type or geographical location.

Our isolation results indicate that VC- assimilating bacteria are present at a great many
contaminated sites, and suggest that aerobic natural attenuation of VC via growth-coupled
oxidation may be a widespread phenomenon. The implications for enhanced bioremediation are
that a biostimulation strategy (e.g. addition of oxygen and inorganic nutrients) may be sufficient
at some sites to enhance in situ VC oxidation.
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Figure 1. 16S rDNA sequence analysis of VC-, ETH-, and cDCE-degrading strains
based on 459-bp ClustalX alignment. Bold font: Isolates from the present study, with isolation
substrate. Italic font: Reference bacteria from GenBank.




Isolation and Characterization of a cDCE-Degrading Bacterium
[See full paper in Appendix B]

From 30 aerobic microcosms set up with cDCE as sole carbon source, two yielded
cDCE-degrading activity that could be transferred repeatedly in minimal medium, indicating that
microorganisms capable of growth on cDCE were present. A pure culture of cDCE-assimilating
bacteria was successfully isolated (Coleman et al., 2002a) from one of the enrichments, which
was inoculated with activated carbon from a pump-and-treat plant (Dortmund, Germany)
processing chloroethene-contaminated groundwater.

The 16S ribosomal DNA sequence of the isolate (strain JS666) had 97.9% identity to the
sequence from Polaromonas vacuolata, indicating that the isolate was a [3-proteobacterium. At
20°C, strain JS666 grew on cDCE with a minimum doubling time of 73 = 7 h and a growth yield
of 6.1 g of protein/mol of cDCE. Chloride analysis indicated that complete dechlorination of
cDCE occurred during growth (1.94 mol of Cl produced/mol of cDCE degraded). There was no
detectable growth in JS666 cultures without cDCE, and there was no significant disappearance of
cDCE in flasks inoculated with autoclaved cells. The pH optimum for growth of strain JS666 on
cDCE was 7.2. Growth on cDCE was optimal at temperatures between 20 and 25°C and was not
detectable at 30°C. The half-velocity constant (K;) for cDCE transformation was 1.6 + 0.2 uM,
and the maximum specific substrate utilization rate (k) ranged from 12.6 to 16.8 nmol/min/mg of
protein.

Cells grown on ¢cDCE could transform (but not grow on) ethene, vinyl chloride, trans-
dichloroethene, trichloroethene, and 1,2-dichloroethane. Epoxyethane was produced from
ethene by cDCE-grown cells, suggesting that an epoxidation reaction is the first step in cDCE
degradation.

The ability of cDCE-grown JS666 cells to transform other chloroethenes may prove to be
very useful at contaminated sites, where mixtures of pollutants may be encountered. It is
surprising that strain JS666 did not grow on ethene, which seems to be the most likely natural
substrate of the cDCE-degrading enzymes, particularly considering the fact that the VC-
assimilating bacteria isolated to date also use ethene as a carbon source (Coleman et al., 2002b)
and at least in one case appear to have evolved directly from ethene-degrading bacteria (Verce et
al., 2001).

The relatively low measured Ks value, considered in conjunction with the relatively high &
value, is significant considering the possible participation of this organism in natural attenuation
of cDCE. If JS666 were present and active at a cDCE-contaminated site, the cDCE utilization
rate would be one-half the maximum rate at a cDCE concentration of 160 pg/liter. The
Environmental Protection Agency-mandated maximum contaminant level for cDCE in drinking
water is 70 pg/liter (http://www.epa.gov). Therefore, under appropriate conditions in the field,
JS666 should easily be able to oxidize cDCE to obtain levels below drinking water standard
levels. Perhaps more relevant is the observation that in the experiments described here, cDCE
was degraded routinely to concentrations below 0.03 pg/liter. The discovery of a bacterium able
to grow on cDCE shows that aerobic biodegradation of cDCE in the absence of other carbon
substrates is possible. Our results with enrichment cultures indicate that such bacteria appear to



be rare and may exist only in highly selective artificial environments, such as the activated-
carbon filter that was the source of strain JS666. The existence of cDCE-assimilating bacteria
suggests that there is potential for bioaugmentation, which could lead to a self-sustaining, low-
cost bioremediation strategy at sites where cDCE is a problem contaminant. Our results indicate
that growth on cDCE as a carbon source could be a previously unrecognized factor in
determining the environmental fate of this compound. Further characterization of JS666 should
facilitate the search for similar strains and allow evaluation of the role of such strains in the
natural attenuation of cDCE and other chlorinated ethenes.

Characterization of VC and ETH Oxidation in Mycobacterium strain JS60
[See full paper in Appendix C]

Growth conditions for Mycobacterium strain JS60 were optimized by increasing the
temperature to 30°C and decreasing the pH to 6.5 (Figure 2). The modifications resulted in
increases in the growth rates on ethene and VC of 3.3-fold and 1.9-fold respectively, compared
to the rates at 20°C, pH 7.0 (Coleman et al., 2002b). Ethene was clearly a better substrate than
VC, in terms of both growth rate and growth yield. The substrate utilization rates of whole cells
at 30°C calculated from the growth rates (Fig. 2) and growth yields (Coleman et al., 2002b) were
118 nmol/min/mg protein (ethene) and 44 nmol/min/mg protein (VC).
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Figure 2. Growth of Mycobacterium strain JS60 on VC (A) or ETH (B) as the sole
carbon and energy sources at 30°C, pH 6.5. Growth rates (0.080 h' with ethene, 0.017 h™*

with VC) were calculated by plotting an exponential curve through a subset of the ODggo
data (not shown).



Initial characterization of strain JS60 focused on the alkene monooxygenase activity of
cell suspensions grown on VC or ETH. Similar to the early findings of de Bont and co-workers
(de Bont and Harder, 1978; Hartmans and de Bont, 1992), we observed that ETH- or VC-grown
resting cells of JS60 transiently accumulated epoxyethane and chlorooxirane from ETH and VC,
respectively, and that addition of the TCA-cycle inhibitor fluoroacetate caused prolonged
accumulation of the epoxides (Figure 3). The data suggest that acetyl-CoA is a key
intermendiate in the VC and ethene assimilation pathways.
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Figure 3. Metabolism of ETH and VC by JS60 cell suspensions. A. ETH-grown cells, no
inhibitor; B. ETH-grown cells +20 mM fluoroacetate; C. VC-grown cells, no inhibitor;
D. VC-grown cells +20 mM fluoroacetate. Cells were suspended in phosphate buffer at a
density (ODggo) of 5 (A, B) or 30 (C, D).

We investigated epoxyethane metabolism in Mycobacterium strain JS60 and discovered a
coenzyme M (CoM)-dependent enzyme activity in extracts from VC and ethene-grown cells
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(Coleman and Spain, 2003a). PCR amplifications using primers targeted at epoxyalkane:CoM
transferase (EaCoMT) genes yielded part of the JS60 EaCoMT gene, which was used to clone an
8.4-kb genomic DNA fragment. The complete EaCoMT gene (etnE) was recovered, along with
genes (etnABCD) encoding a four-component monooxygenase and two genes possibly involved
in acyl-CoA ester metabolism (Fig. 4).

_orf1 orf2 etnE etnA etnB etnC etnD

) B SRS o BN ¢ B EE— m—

Nhel 1 kb Nhel

Figure 4. Schematic diagram of genes encoded on the 8364 bp Nhel restriction fragment
cloned from Mycobacterium strain JS60. orf1 and orf2 are likely to be involved in acyl-
CoA ester metabolism, efnE encodes an EaCoMT, and the etnABCD genes encode a
putative 4-component alkene monooxygenase.

Reverse transcription-PCR indicated that the enE and etn4 genes were co-transcribed
and inducible by ethene and VC. Heterologous expression of the etnE gene in Mycobacterium
smegmatis mc>155 using the pMV261 vector gave a recombinant strain capable of transforming
epoxyethane, epoxypropane, and chlorooxirane. A metabolite identified by mass spectrometry as
2-hydroxyethyl-CoM was produced from epoxyethane.

The results indicate that the EaCoMT and monooxygenase enzymes encoded by a single
operon (etnEABCD) catalyze the initial reactions in both the VC and ethene assimilation
pathways. CoM-mediated reactions appear to be more widespread in bacteria than was
previously believed.

Distribution of the Coenzyme M Pathway of Epoxide Metabolism among Ethene- and
Vinyl Chloride-Degrading Mycobacterium Strains
[See full paper in Appendix D]

An epoxyalkane:coenzyme M (CoM) transferase (EaCoMT) enzyme was found to be
active in the aerobic vinyl chloride (VC) and ethene assimilation pathways of Mycobacterium
strain JS60. EaCoMT activity and genes were next investigated in 10 different mycobacteria
isolated on VC or ethene from diverse environmental samples. In all cases, epoxyethane
metabolism in cell extracts was dependent on CoM, with average specific activities of EaCoMT
between 380 and 2,910 nmol/min/mg of protein. PCR with primers based on conserved regions
of EaCoMT genes from Mycobacterium strain JS60 and the propene oxidizers Xanthobacter
strain Py2 and Rhodococcus strain B-276 yielded fragments (834 bp) of EaCoMT genes from all
of the VC- and ethene-assimilating isolates. The Mycobacterium EaCoMT genes form a distinct
cluster and are more closely related to the EaCoMT of Rhodococcus strain B-276 than that of
Xanthobacter strain Py2. The incongruence of the EaCoMT and 16S rRNA gene trees and the
fact that isolates from geographically distant locations possessed almost identical EaCoMT genes



suggest that lateral transfer of EaCoMT among the Mycobacterium strains has occurred. Pulsed-
field gel electrophoresis revealed large linear plasmids (110 to 330 kb) in all of the VC-
degrading strains. In Southern blotting experiments, the strain JS60 EaCoMT gene hybridized to
many of the plasmids. The CoM-mediated pathway of epoxide metabolism appears to be
universal in alkene-assimilating mycobacteria, possibly because of plasmid-mediated lateral gene
transfer.

Our study with Mycobacterium strain JS60 is the first to indicate a role for coenzyme M
in VC-oxidizing bacteria and also the first to obtain sequences of bacterial genes involved in
growth-linked VC/ETH oxidation. These insights will be invaluable in further elucidating the
pathways of aerobic VC- and ETH- biodegradation, and will also act as a foundation for the
design of DNA-based tools for the detection of VC- and ETH-oxidizing bacteria in the
environment.

We found EaCoMT activity and genes in all of the alkene-oxidizing mycobacteria that
we examined, including strains isolated on both VC and ethene. EaCoMT genes were not found
in BLAST database searches of Mycobacterium genomes (or any other genomes) that have been
completed to date, indicating that EaCoMT is specific to the alkene-assimilation pathway. It
remains to be determined whether EaCoMT is involved in the VC and ethene assimilation
pathways of Pseudomonas (Verce et al., 2000; Verce et al., 2001) and Nocardioides (Coleman
et al., 2002b) strains. The EaCoMT gene primers we have developed could be used to address
this question. In addition, such primers will be very useful for culture-independent monitoring of
microbial populations during the natural attenuation or bioremediation of chlorinated ethenes.
Such methods are particularly relevant for mycobacteria, which are slow growing and sometimes
difficult to isolate in pure culture.

The 10 VC and ethene degraders we studied were scattered throughout the genus
Mpycobacterium, with no apparent correspondence seen between phylogeny and alkene growth
substrate. Although EaCoMT activities tended to be higher in the VC degraders than in the
ethene degraders, it is difficult to compare these results because of the use of different growth
substrates in experiments with each group of strains. Sequencing of EaCoMT genes did not
reveal any signature regions that discriminated between the VC- and ethene-assimilating strains,
and indeed, in the case of strains JS619 (VC) and JS625 (ethene), only a single nucleotide
difference separated the EaCoMT PCR products. An important question arising from our work
therefore concerns the distinction between bacteria that can grow on both VC and ethene and
those that grow on ethene alone.

The EaCoMT gene appears to be carried on large linear plasmids in VC-degrading
strains. On the basis of the gene organization in Mycobacterium strain JS60 (Coleman and Spain,
2003a), it is likely that the alkene monooxygenase genes are also present on the same plasmids.
Cryptic linear plasmids have previously been identified in various pathogenic Mycobacterium
strains (Le Dantec et al., 2001; Picardeau and Vincent, 1997, 1998) and in ethene-oxidizing
Mpycobacterium strain E-1-57 (Saeki et al, 1999). Only one previous study (Waterhouse et al.,
1991) has associated a specific catabolic function (morpholine biodegradation) with plasmids in
mycobacteria. Our results indicate that catabolic plasmids are more widespread in this genus
than was previously believed. Plasmid-borne genes for ethene and VC biodegradation could
potentially



be transferred among bacteria in the environment, and thus, further investigation of such
elements is warranted in light of the potential importance of the alkene-degrading phenotype to
bioremediation and natural attenuation processes (Coleman et al., 2002b).

A Linear Plasmid Carries Vinyl Chloride Biodegradation Genes in Nocardioides JS614
[See full paper in Appendix E]

Nocardioides strain JS614 grows on vinyl chloride (VC) and ethene (ETH) as carbon and
energy sources. Bacteria such as JS614 could be influential in natural attenuation and
biogeochemical ETH cycling, and useful for bioremediation, biocatalysis and metabolic
engineering, but a lack of knowledge of the genetic basis of VC and ETH assimilation has
limited these applications.

JS614 VC/ETH catabolic genes and flanking DNA (34.8 kb) were retrieved from a
fosmid clone. Alkene monooxygenase (AkMO) and epoxyalkane:Coenzyme M transferase
(EaCoMT) genes were found in a putative operon that also included CoA transferase, acyl-CoA
synthetase, dehydrogenase and reductase genes. Adjacent to this gene cluster was a divergently
transcribed gene cluster that encoded possible coenzyme M biosynthesis enzymes.

Reverse transcription (RT-) PCR demonstrated the VC- and ETH-inducible nature of
several genes. Genes encoding possible plasmid conjugation, integration, and partitioning
functions were also discovered on the fosmid clone. Pulsed field gel electrophoresis (PFGE)
revealed a 290 kb linear plasmid (pNoc614) in JS614. Curing experiments and PCR indicated
that pNoc614 encodes VC/ETH degradation genes, and that pNoc614 was the source of the
sequenced fosmid clone. The results provide rigorous evidence that linear plasmids encode
VC/ETH biodegradation genes, and greatly expand the database of useful genes for future in situ
molecular studies of VC-degrading bacteria.

This is the first study to use a sequence-based approach to conclusively demonstrate that
VC/ETH degradation genes are plasmid-borne, a finding which suggests horizontal transfer of
VC biodegradation genes in the environment is possible. This is also the first study to obtain
significant amounts of sequence data from an alkene catabolic plasmid. The gene cluster
encoding VC and ETH biodegradation was found immediately adjacent to the putative CoM
biosynthesis genes, and both gene clusters appeared to be under the control of sigma-54
promoters in a central non-coding region, suggesting that both gene clusters are coordinately
regulated.

Hypothetical pathways of VC and ETH assimilation were generated based on the
predicted functions of ORF7-15 (Fig.5). The pathways are based on analogy with
Mycobacterium strains JS60 (Coleman and Spain, 2003a) and E20 (de Bont and Harder, 1978),
as well as analogy with propene-oxidizing strains (Ensign, 2001) and similarity to sequences in
GenBank. Despite the lack of biochemical evidence thus far, we believe it is useful to provide
our best guess at the pathway so that hypotheses are available for future experimentation. An
increased understanding of the biochemical pathway of VC and ETH oxidation is not only
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important with respect to natural attenuation of VC, but might also facilitate a better
understanding of biogeochemical cycling of ETH, a plant hormone and greenhouse gas.

Although the sequence data thus far suggest that the alkene degradation pathways are
identical in Nocardioides strain JS614 and Mycobacterium strain JS60, the question of why the
growth yield and growth rate on VC and ETH are higher in JS614 remains unanswered. Our
discovery of a second EaCoMT allele in strain JS614 might be relevant to the question. If the
JS614 etnE1 gene encoded a functional enzyme, expression of this enzyme would lead to
increased EaCoMT activity, and more efficient capture of reactive epoxides as CoM conjugates
before they are lost to cell-damaging and non-growth supporting side-reactions.

The sequencing of a large fragment of genomic DNA from JS614 has greatly increased
the database of genes from aerobic VC-assimilating bacteria, thus facilitating future in situ
molecular studies of these bacteria. AkMO and other catabolic genes from JS614 could also be
used in biocatalysis or metabolic engineering applications where expression of a highly active
alkene monooxygenase or the design of novel biochemical pathways is desired. Our data
provide many novel targets for PCR- or probe-based detection of VC/ETH-degraders. For
example, the plasmid-associated genes such as TraA reported in this study could be used
indicators of the presence of pNoc614-type plasmids, thus complementing data obtained from
the use of traditional catabolic gene probes/primers.

Our results suggest that the genes encoding VC and ETH degradation are highly
conserved, even between different genera, thus validating the use of such genes as indicators of
the presence of VC/ETH degraders in sifu. Unfortunately, our data do not allow us to distinguish
between VC and ETH degraders on the basis of DNA sequence, which would be a prerequisite
for determining whether growth-linked or cometabolic processes are responsible for VC
degradation in the field. A detailed molecular analysis of ETH-degraders that cannot grow on
VC is required to address this issue, and to shed light on the mechanism of evolution of VC-
degraders from ETH-degraders.
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Figure 5. Hypothetical pathway of VC and ETH assimilation in Nocardioides JS614.
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Characterization of the Vinyl Chloride and Ethene Starvation Response in Nocardioides
Strain JS614
[See full paper in Appendix F]

Nocardioides strain JS614 exhibits an extended lag period for resumption of aerobic
growth on VC or ETH after these substrates are withheld from the culture for longer than one
day. This lag could affect application of JS614 in bioaugmentation and biocatalysis strategies
and raises fundamental questions concerning mechanisms controlling the lag. Initial growth
experiments indicate the lag is not due to cell death and is limited to starvation recovery on or
adaptation to VC or ETH as growth substrates.

Assays of alkene monooxygenase (AkMO) and epoxyalkane:Coenzyme M transferase
(EaCoMT) activities indicate rapid AkKMO inactivation during starvation. Switching ETH-grown
JS614 cultures to acetate for 24 h revealed elevated AkKMO activities in comparison to starvation.

SDS-PAGE and MALDI-TOF MS experiments demonstrated that AkKMO subunits were
induced by VC and ETH, and were not degraded during starvation. Upon resumption of ETH
degradation, SDS-PAGE results suggested that AkMO subunits were synthesized. Addition of
acetate along with VC or ETH reduced the lag associated with VC or ETH starvation.

We conclude that AKMO inactivation, along with additional undefined mechanisms
control the lag period associated with starvation recovery on VC or ETH. Our data suggest that
depletion of reducing power contributes to the lag, but that toxic epoxide accumulation or rapid
turnover of AKMO subunits are unlikely contributors.

It is of important, practical significance to note that the extended lag period is reduced or
eliminated by addition of small amounts of a readily degradable substrate (e.g. acetate) along
with VC or ETH. Based on the data presented in this paper (Appendix F), acetate is likely
oxidized to regenerate the reducing equivalent pool, which allows existing AkKMO to resume
functioning, but could also be utilized for repair of damaged AkMO and/or for energy to
synthesize new AKMO. Except for the observation that AkMO subunits are not degraded during
starvation, the data presented in this paper do not conclusively implicate or rule out other
possible mechanisms that might control the lag period, and therefore further work is required in
this regard. Extended lag periods for adaptation to growth on alkene substrates appear to be
controlled by a different mechanism than the lag period associated with alkene starvation, an
observation that also warrants further investigation.
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Site-Specific Study — Distribution and Activity of VC-Degraders at Moody AFB.

During the initial site survey, groundwater enrichments from different monitoring wells
at Landfill 04 (LF04) at Moody AFB (Valdosta, GA) yielded four Mycobacterium isolates —
strain JS621 (see Fig. 1) and three other apparently identical strains. The JS621-like strains were
isolated from monitoring wells covering the length of the VC plume, suggesting a single VC-
degrading strain dominates this site. On the basis of these observations, we chose the Moody
AFB LF04 site for more detailed analysis.

A microcosm study was conducted using groundwater and soil from LF04. A diagram of
the VC plume can be seen in Figure 6. The purpose of this study was to delineate the pattern of
distribution of ETH and VC degraders inside and outside the plume and to isolate ETH- and VC-
degraders and to ascertain via 16S RNA sequencing if the latter came from the former. The
presence of cDCE and VC at this site indicated that microbial reductive dechlorination of PCE
and TCE was (or had been) occurring. The break in the VC plume (see Figure 6) and the
presence of oxygen in the area of the plume where no VC was present, as well as in other parts
of the plume, suggested that oxidative degradation of vinyl chloride was possibly occurring. The
variety of conditions at this site (reducing conditions in some regions and oxidative conditions in
others) were the main reasons this site was chosen for study. Samples of groundwater and soil
were taken from 11 locations (labeled AF1 through AF11 in Figure 6) within and beyond the
edges of a VC plume located 30 feet below ground surface (bgs). Microcosms were prepared
for samples from 10 of the 11 locations (none were prepared for AFS5), and for each location, 8
microcosms were constructed, giving a total of 80 microcosms. Half of the microcosms were fed
ETH and half were fed VC. VC and ETH were measured using headspace samples on a gas
chromatograph.

Site Description. The contaminant plume at Moody AFB is the result of a landfill
(Landfill 04) from which chlorinated ethenes (principally PCE) leached into the aquifer. The
following site information comes from an unpublished study conducted in 1997. The subsurface
geology of the site area is complex and consists primarily of interconnected zones of clayey silts,
silty sands, and sandy clays. At 30-40 feet bgs, there is a continuous layer of sand/silty sand of
approximately 9 feet. This sand/silty-sand layer has a much higher hydraulic conductivity than
the surrounding silt, clayey-silt, and silty-clay layers. This differential in hydraulic
conductivities causes preferential flow within this sand/silty-sand region in the aquifer.
Laboratory analyses of groundwater that were conducted in 1997 (unpublished data) indicated
that the primary zone of chlorinated-ethene contamination occurs at 30-40 feet bgs. TCE,
cDCE, and VC are the primary contaminants detected at the site (with the latter two presumably
the result of in sifu reductive dechlorination of TCE) , and the plumes associated with these
contaminants extend approximately 1,400 feet down-gradient from the landfill and have a width
of approximately 600 feet transverse to the direction of groundwater flow. Results from
sampling in 1997 showed that the highest concentrations of TCE, cDCE, and VC were 340, 615,
and 3,100 pg/L, respectively.
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Figure 6. Map of vinyl chloride contaminant plume at Moody AFB LF04 site. Sample
locations (AF1-AF11) are circled.

Electron-acceptor data were also collected in 1997 in order to further characterize the site
and to interpret the changes that occurred in chlorinated-ethene concentrations over time and
assess if other biodegradative pathways (such as oxidation of VC) were possible at the site.
Average DO concentrations ranged from 2.9 mg/L up-gradient from the plume, 0.9 mg/L within
the plume, 1.4 mg/L at the lateral edge of the plume, and 1.9 mg/L down-gradient from the
plume, suggesting the presence of biological activity (depleting dissolved oxygen) within the
plume. Average nitrate and sulfate concentrations were very low (<1.0 mg/L) throughout the
site, suggesting that both nitrate and sulfate are not significant electron acceptors at the site.
Differences in average concentrations of ferrous iron, resulting from ferric-iron reduction, were
5.4 mg/L up-gradient from the plume, 31.1 mg/L within the plume, 15.8 mg/L at the lateral edge
of the plume, and 7.6 mg/L down-gradient from the plume. Average methane concentrations
within the plume were 2.7 mg/L, indicating highly reducing conditions there.

Field Sampling. Ten groundwater and soil samples were extracted from 30 feet bgs
using Geoprobel] direct-push technology. The locations were named (and samples labeled) AF1
... AF11. Sampling was conducted under aseptic conditions as much as possible (described
below) in order to prevent cross-contamination. Each sample was extracted into an individual
plastic core with a length of approximately 3 feet and diameter of 1.5 inches. Geoprobell parts

that came into contact with the soil samples were sanitized with an Alconox[] washing in-
between sampling points. Samples were extruded into unused plastic bags, ziplocked, and
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kneaded in order to create a homogenous soil sample. Each soil sample was then divided into
two portions — one for Cornell laboratory studies and one for Tyndall Air Force Base.

Groundwater samples were collected using a peristaltic pump attached to semi-rigid
polyethylene tubing that ran through the Geoprobell tubing to 30 feet bgs. The water samples
were taken by overflow into sampling containers to avoid air pockets and ensure that each water
sample was representative of its location. Both the polyethylene tubing and the flexible tubing in
the peristaltic pump were changed between sampling locations to prevent cross contamination.
Groundwater samples were taken for two purposes: (1) to construct microcosms; and (2) for
VOC samples conducted by an independent lab. Water samples used for microcosm
construction were stored in sterile 1-L Nalgene containers, and samples used for VOC analysis
were stored in EPA-approved VOC vials.

The following parameters were field-measured at the time of sampling: dissolved oxygen
(DO), temperature, ferrous iron, and total iron. DO and temperature were measured with a
Yellow Springs Instrument Co. Inc. (YSI) Model 58 dissolved-oxygen meter and a YSI Model
5739 DO probe. For DO measurement, water samples were taken by overflow into a 250-mL
erlenmeyer flask with marbles lying on the bottom. The probe was fitted fairly tightly into the
opening of the flask with an O-ring that was placed around the probe; this prevented reaeration
during DO measurement. The flask was swirled by hand, causing the marbles to roll around the
bottom of the flask, creating mixing pattern not unlike that of a magnetic stir-bar; agitation
below the probe membrane is a requirement for accurate DO measurement. The DO probe was
calibrated using a one-point calibration in water-vapor-saturated air (i.e., the probe was inserted
into the headspace of a sealed flask above a layer of water).

Ferrous iron was measured with Hach[J chemical test # 26672 which uses a 1,10-
phenanthroline indicator that reacts with ferrous iron to form an orange color proportional to the
ferrous-iron concentration. Total iron were measured with Hach chemical test kit #1464,
which uses a reducing agent that converts all but the most resistant forms of iron to ferrous iron
and then uses a 1,10-phenanthroline indicator to measure ferrous iron. pH measurement was
attempted in the field, but two pH meter systems did not work properly. pH was then necessarily
measured in the laboratory at Cornell three days after sampling; a Denver Instrument Model PO-
10 pH meter was used.

Microcosm Preparation. Microcosms were prepared using sterile, 160-mL serum
bottles and sterilized utensils, with a separate set of utensils used to prepare the eight microcosms
from each sampling point and the bottles were sealed with a sterile Teflon-faced stopper and an
aluminum crimp-cap. Each microcosm was constructed from 50 grams (dry weight) soil and 50
grams of adjacent groundwater. The actual amount of indigenous soil used was determined by
measuring the moisture content of soil samples from each of the 10 locations (no microcosm
were constructed for AF 5), and calculating the amount of wet soil needed to equal 50 grams of
dry soil. For example, the soil sample from sampling site AF1 had a moisture content of 0.18
(w/w), and the microcosms were constructed from 61 (i.e., 50/0.82) grams of soil and 39 grams
of groundwater. Soil moisture content is the mass of water found in a soil sample divided by the
mass of the original soil sample. The mass of water was determined by weighing a soil sample
prior to and after drying the soil and subtracting the mass of the dried soil sample from the mass
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of the indigenous soil sample. Soil samples were dried in an oven set at 103-105° C for 12 hours
and were placed in a desiccator for 3 hours after they were taken out of the oven.

Once microcosms were prepared, they were placed on an orbital shaker at 160 rpm at
25°C for 24 hours to equilibrate gas, liquid, and solid phases. Microcosms were kept on the
orbital shaker for the entire experiment. Two microcosms from each sampling location (a total
of 20 microcosms) were sterilized in an autoclave for 2 hours at 121°C. The same microcosms
were sterilized in the same manner two days later. Headspace samples from one representative
microcosm for each sampling location were analyzed by gas chromatography using the method
described below for the following volatile organics: methane, ethane, ethene, propane, VC,
cDCE, TCE, PCE, benzene, toluene, ethyl benzene, and xylenes. Four microcosms from each
sampling location (one of which was sterile) were fed with 100 pmoles of VC and four
microcosms from each sampling location (one of which was sterile) were fed with 400 pmoles of
ETH.

Gas Chromatography. The total amounts of VC, ETH, and oxygen were measured
for ongoing microcosm monitoring using a GC. Headspace analysis was conducted by a single
0.1-mL headspace injection via a gas-tight locking syringe into a Perkin Elmer Autosystem GC.
The sample flowed through a column packed with 1% SP-1000 on 80/100 Carbopack B.. The
carrier gas was N, (Airgas high purity). The flow rate was approximately 30 mL/min, and the
column was kept isothermally at 90°C for the entire run. During each analytical procedure,
column effluent was routed to the TCD until the peak of oxygen had eluted (0.67 minutes); at
that point, an automatic switching valve routed the effluent to the FID for the remainder of the
analytical run, to quantify ETH (0.82 minutes) and VC (2.4 minutes).

Quantification of VC and ETH was the product of a predetermined calibration factor and
the peak-area value given by the data integrator. Calibration factors were developed by
examining dummy microcosm bottles with known amounts of VC and ETH. 2.5 mL of VC gas
was injected into each VC-standard bottle and 10 mL of ETH gas was injected into each ETH-
standard bottle. The moles of the gas delivered was determined by the ideal gas law, using the
temperature and barometric pressure of the laboratory at the time of preparation. After the
bottles were allowed to equilibrate to 25°C on an orbital shaker running at 160 rpm, 0.1-mL
headspace samples were injected to the GC. The calibration factor represented the peak area per
total moles of compound in the bottle. Three standard dummy microcosm bottles for VC and
three standard dummy microcosm bottles for ETH were prepared and analyzed, yielding
triplicate values for calibration factors, from which a mean was calculated. The coefficient of
variation (100 x standard deviation/mean) for VC was 1.9 percent. The coefficient of variation
(100 x standard deviation/mean) for ETH was 2.9 percent.

Volatile organics that were measured prior to spiking microcosms with VC and ETH (i.e.
methane, ethane, ethene, propane, VC, cDCE, TCE, PCE, benzene, toluene, ethyl benzene, and
xylenes) were analyzed with the same GC setup described previously with the following
changes. In this case only the FID detector was used, and the column was not kept isothermally
during the entire run. The column was kept isothermally at 35°C for the first 2.2 minutes of the
run; the temperature was ramped at a rate of 8 degrees/min for the next 20 minutes, and was kept
isothermally at 195°C for the remaining 41.3 minutes of the run. Headspace samples of bottles
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containing each of the mentioned VOCs were injected into the GC to verify retention times. No
significant amounts of indigenous VOCs were detected in any of these microcosms prior to
additions of VC or ETH.

Results — Site Characterization. Various water quality parameters were field-
measured at the time of sampling (or in the case of pH as soon as possible after sampling due to
equipment malfunction at the site) to characterize the site before setting up the microcosms. DO,
temperature, pH, ferrous iron, and total iron measurements are shown in Table 1.

Table 1. Site Characterization Parameters for Moody LF04.

Sample Site DO Temperature pH Ferrous Iron | Total Iron
(mg/L) §®) (mg/L) (mg/L)
AF 1 3.6 25.5 5.5 2.8 30
AF 2 0.9 23.7 5.5 5.0 30
AF 3 6.4 22.4 5.6 1.0 55
AF 4 1.6 234 6.2 1.5 24
AF 6 5.1 24.7 5.6 1.9 58
AF 7 3.7 21.1 5.5 4.0 30
AF 8 34 22.9 54 4 44
AF 9 59 23.5 5.7 2.8 25
AF 10 2.2 22.8 54 7.0 50
AF 11 0.5 22.4 59 45 270

Groundwater VOC analyses that were conducted by Severn Trent Laboratories Inc. in
Knoxville, Tennessee. These data showed that locations within or on the edge of the plume (i.e.
AF2, AF8, and AF 11) contained significant amounts ofthe following VOCs: VC (17 pg/L, 58
pg/L, and 1400 pg/L, respectively); cDCE (89 pg/L, 100 pg/L, and 980 pg/L respectively); TCE
(2.3 pg/L, 82 pg/L, and 3100 pg/L, respectively); and 1,1-dichloroethane (5.8 pg/L, 7.1 pg/L,
and 240 pg/L, respectively). AF 11, which is the sampling location found closest to the plume
source, also contained significant amounts of the following, additional VOCs: benzene (19
pg/L), chlorobenzene (40 pug/L, 1,2,4-trimethylbenzene (18 pg/L), chloroethane (37 pg/L), 1,1-
dichloroethene (73 pg/L), toluene (17 pg/L), and xylenes (52 pg/L). The other sampling
locations (AF1, AF3, AFS5, AF6, AF7, AF9, and AF10) which lie outside the plume did not
contain significant amounts of VOCs.

Results — Microcosm Studies. Microcosms were sampled for VC, ETH, and oxygen
over 140 days. They were monitored via GC every 24 hours for the first two days of the
experiment, every 48 hours until between day 2 and day 10, every 3 days until between day 10
and day 26, every 10 days between day 26 and day 46, on day 66, and once a month for the next
three months. All microcosms showed no degradation of VC, ETH, or oxygen over 140 days.
Exemplary VC and ETH measurements from an autoclaved-control microcosm and a live
microcosm constructed from soil and groundwater sampled from AF1 are depicted in Figures 7
and 8, respectively. All other microcosms from all 10 sampling locations behaved in a similar
manner and exhibited no VC, ETH, or oxygen depletions.
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Figure 7. Vinyl chloride vs. time for autoclaved-control and live microcosms from AF1.
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Figure 8. Ethene vs. time for autoclaved-control and live microcosms from AF1.
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Inoculation of Moody Microcosms with JS621 and/or Nutrients.  Since there was no

VC, ETH, or oxygen depletion in any of the microcosms, the following study was conducted to
investigate the reasons. This study was designed to determine if: (1) there was a lack of suitable
ETH- and VC-degrading organisms on site; (2) there was a lack of nutrients in the microcosms;
(3) environmental conditions in the microcosms were hostile to microorganisms; or (4) a
combination of (1) and (2) or (1) and (3). The four following treatments were set up on day 107
of the Moody microcosm studies:

1.

Four microcosms — AF 2 (VC and ETH) and AF 11 (VC and ETH) — were amended
with JS621, a VC- and ETH-degrading microorganism that was previously isolated from
a Moody well-water sample. 5 mL of microcosm liquid was removed and 5 mL of JS621
culture (OD600 0.08) was added to each of the microcosms under aseptic conditions.
Due to the nature of the microcosm slurries from AF 2 and AF 11, the serum bottles had
to be opened in order to remove microcosm liquid. Vinyl chloride and ethene levels were
restored after the JS621 inocula were added.

Four microcosms — AF 10 (VC and ETH) and AF 11(VC and ETH) — were amended
with nutrients. 5 mL of liquid was removed from each microcosm and 5 mL of a sterile
nutrient solution was added to each using aseptic technique. The nutrient solution
contained (per liter of distilled, deionized water): 6.7 g KH,POu, 6.8 g (NH4)>SO4, and 20
ml of a trace-metal solution that contained (per liter of distilled, deionized water): 60 g
MgS0O427H,0, 6.37 g EDTA (Nay(H20),), 1 g ZnSO4¢ 7H,0, 1 g CaCl,*2H,0,
FeSO4¢7H,0, 1 g NaMo00O4*2H,0, 1 g CoCl,*6H,0, MnSO4¢H,0. The pH of the sterile
nutrient solution was adjusted to 5.5 with filter-sterilized NaOH.

Four microcosms — AF 2 (VC and ETH) and AF 10 (VC and ETH) — were amended
with both JS621 and nutrients. 10 mL of liquid was removed from the microcosms and 5
mL of JS 621 culture and 5 mL of sterile nutrient solution were added to the microcosms
using sterile technique.

Two control microcosms were prepared, using 50 grams of sand and 50 grams of
distilled, deionized water. These were then autoclaved. The two then received treatment
#3, and one was administered VC; the other, ETH. These positive controls were included
to test the viability of JS621 inocula.

All microcosms and controls began with 100 pmoles of VC or 400 pmoles of ETH..

Figure 9 depicts the results. VC and ETH were degraded in the microcosms that were amended
with JS621 and those amended with both JS621 and nutrients. VC and ETH were not degraded
in the microcosms amended with nutrients only. VC and ETH were also degraded in the
JS621+nutrient-amended "positive" controls (i.e., prepared from sand and water).
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Figure 9. Results from inoculation of Moody LF04 microcosms with JS621.
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Figure 9 (continued). Results from inoculation of Moody LF04 microcosms with JS621.

Some pH data are shown in an accompanying Table 2. Though low (i.e., between pH
4.8 and 5.4), pH values were all maintained at values essentially similar to those in situ.
Furthermore, there were no trend-differences in pH that would seem to explain results. Inactive
microcosms ("initial" conditions in all microcosms, and "final" conditions of microcosms
amended only with nutrients) had pH values similar to those in active microcosms (those
amended with JS621 or JS621+ nutrients). pH does not appear to explain results.

MPN Enumeration of VC- and ETH-Degraders in Moody AFB Samples. Methods
for the detection and enumeration of VC- and ETH-degraders in the Moody AFB aquifer
sediments were developed based on the most-probable-number (MPN) principle. For these
experiments, the Moody AFB groundwater isolate Mycobacterium JS621 was used as a model
organism. Growth of strain JS621 under conditions similar to those at the site (pH 5.5, approx.
20°C) could be detected in the MPN medium via HCI production from VC, which caused a color
change in the pH indicator bromophenol green. Growth on ETH under similar conditions was
detectable by turbidity. MPN assays were set up in triplicate on VC and ETH with all 11 of the
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LF04 aquifer sediment samples used to construct the microcosm studies. However, after 5
months incubation, no growth or activity was observed in any of the MPNs. Viable counts of the
aquifer material on 1/10-trypticase soy agar yielded very few culturable bacteria (<10° cfu / g
aquifer sediment).

DNA-based methods of detection and enumeration of VC oxidizing-bacteria could
provide a rapid and sensitive alternative to microcosm studies in the assessment of the natural
attenuation potential of a contaminated site. Such molecular methods would also be invaluable
for bioaugmentation studies, in monitoring the survival and/or activity of inoculated bacteria.
These strategies have not been employed thus far for VC-oxidizing bacteria due to lack of
information about the genes of the VC pathway. Our earlier results indicated that molecular
detection of VC-degraders by PCR amplification of the EaCoMT gene is a possibility, and we
sought to detect VC-degraders in the Moody AFB sediment samples by this method. However,
these experiments were not successful, due to difficulties in extracting DNA from the aquifer
material.

Microcosm and MPN results agreed, and suggest that inactivity in Moody microcosms
was the result of a lack of suitable microorganisms, and not the result of inhospitable conditions

or lack of nutrients

Table 2. pH values for JS621 amendment experiment.

Initial pH' | Final pH’

Amended with JS621
AF2(VC) 5.1 5.4
AF11VQ)

AF2(ETH)
AF11(ETH) 4.9 4.8

Amended with nutrients
AF10(VCO) 5.6
AF11(VC) 5.2
AF10(ETH)
AF11(ETH) 4.2

Amended with JS621 and nutrients
AF2(VC)

AF10(VCO) 5.4
AF2(ETH)
AF10(ETH) 5.5

Controls
VC 5.1
ETH 5.4
'Initial pH = pH at time of amendment.
*Final pH = pH at conclusion of data period shown in preceding Figures.
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Moody AFB Well-Water Study. The JS621-amendment study with inactive
microcosms suggested that conditions on site were not inhospitable to VC or ETH degradation,
but that suitable organisms simply were not present. This is curious, given that we had
previously isolated Mycobacterium-like strain JS621 from wells MW9 and MW27 at this same
site (Coleman et al., 2002b). Were VC- and ETH-degraders — once in evidence at this site —
no longer so?

We decided to obtain fresh samples of groundwater from these same two wells (MW9
and MW27), plus another (MW19), to see if VC- or ETH-degrading activity could now be found.
In addition to the possibility that VC- and ETH-degraders were now absent, it is also possible
that our negative microcosm results (versus Coleman et al.’s positive finding of suitable
organisms) were due to sampling differences. Groundwater pumped out of wells would be more
apt to yield a sample integrated over a larger area than the point samples taken with the
Geoprobel] for the microcosm study. In other words, we might have missed finding activity
with our discrete, Geoprobel] sampling.

Geoprobel] sampling points for the microcosm study had been selected with the thought
that at least some of them would be in a zone of biological activity, but no activity was detected
in this study. VC- and ETH-degrading organisms require VC (or ETH) as well as oxygen, and
thus would be expected to be active only where both VC (or ETH) and oxygen coexist. On the
other hand, if rates of aerobic oxidation of VC (or ETH) are as significant in the field as
Coleman et al. observed in their studies, the zone where both the VC (or ETH) and oxygen
coexist may be rather narrow — essentially the boundary between the anaerobic zone in which
VC (or ETH) is formed via reductive dechlorination, and the aerobic zone into which it is
migrating. Further into the aerobic zone, the VC (or ETH) would have become nondetectable.
This would complicate the search for VC- and ETH-degraders, if discrete sampling were
employed. A further complication is caused by the much lower retardations of VC and ETH,
compared to that of microorganisms. Locations of dissolved-concentration depletion may not
coincide with locations of actual activity. The hope was that taking water samples from a well
would thus sample over a larger area of the aquifer than the point-sampling that was conducted
for the microcosm study and increase the probability of finding VC- and ETH-degrading
organisms.

Six well-water microcosms from each sampling location (MW9, MW 19, and MW27)
were prepared in a manner similar to that of the earlier microcosms, except for the lack of soil in
this later study. 100 mL of well water was placed in each sterile, 160-mL serum bottle, and the
bottles were sealed with a sterile teflon-faced stopper and an aluminum crimp-cap. Two bottles
from each sampling location were sterilized in an autoclave at 121°C for one hour. Three serum
bottles from each sampling location (one of which was sterile) were fed with 100 pmoles of VC
and three serum bottles from each sampling location (one of which was sterile) were fed with
400 pmoles of ETH. The serum bottles were kept under the same conditions as the earlier
microcosms (i.e. on an orbital shaker running at 160 rpm at 25°C).
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Figure 10. Vinyl chloride vs. time for autoclaved-control and live microcosm bottles
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Figure 11. Ethene vs. time for autoclaved-control and live microcosm bottles from
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The well-water microcosms were monitored for VC, ETH, and oxygen over a period of
100 days They were sampled every 24 hours for the first 3 days of the study, every 48 hours
until day 9, every 4 days between day 9 and day 21, every week between day 21 and day 45, and
every 20 days between day 45 and day. None showed depletion of VC, ETH, or oxygen over
100 days. VC and ETH measurements from an autoclaved-control well-water microcosm and a
live well-water microcosm constructed from MW9-samples are depicted in Figures 10 and 11,
respectively. All other well-water microcosms from MW 19 and MW27 behaved in a similar
manner and exhibited no VC, ETH, or oxygen depletion.

Moody AFB Discussion. It is difficult to reconcile our failure to detect VC or ETH
degraders in aquifer sediments at Moody AFB with our previously successful enrichments and
isolations from groundwater samples taken at the same site. Addition of the VC-degrading strain
JS621 to inactive microcosms yielded good VC- and ETH degradation, indicating that the lack of
activity was not due to insufficient nutrients or the presence of inhibitory substances, but rather
to the lack of degradative bacteria. In this case, the origin of JS621 and the JS621-like strains
previously isolated from Moody AFB groundwater are brought into question. However, the 16s
rDNA fingerprint of JS621 does not match that of any of the other isolates used in our labs,
which seems to rule out “laboratory contamination” as an explanation.

These results are curious and point to the difficulty in finding biological activity at contaminated
sites where there is evidence that such activity is occurring. VC and ETH degrading organisms
require both VC (or ETH) and oxygen, but the zone where both the VC (or ETH) and oxygen
coexist may be rather narrow and difficult to locate. In any case the results of this study suggest
that the microorganisms we were looking for were not present at the locations sampled — at
least at the time sampled.
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Final Summary and Conclusions

Our findings indicate that aerobic bacteria (Mycobacterium and Nocardioides strains)
capable of growth-linked VC oxidation are widespread in the environment, and commonly found
at chlorinated-ethene-contaminated sites. Aerobic assimilation of VC as a carbon source is
therefore an ecologically significant phenomenon of equal or greater importance than
cometabolic VC degradation. Based on their distribution, growth rates and kinetic parameters,
we believe that Mycobacterium strains are most likely to be responsible for the aerobic natural
attenuation of VC that has been observed at many sites. The data suggest that biostimulation (e.g.
addition of O, and/or inorganic nutrients) would be an appropriate strategy for accelerating VC
attenuation at contaminated sites, because the appropriate microbial populations are likely to be
already present in many cases.

Our discovery of a bacterium (Polaromonas strain JS666) able to grow on cDCE shows
that aerobic biodegradation of cDCE in the absence of other carbon substrates is possible. From
our results with enrichment cultures, these bacteria appear to be rare, and may presently exist
only in highly selective ‘artificial’ environments such as the activated carbon filter that was the
source of strain JS666. Our data suggest that it is unlikely that natural attenuation or
biostimulation alone will be capable of remediation of cDCE contamination at most sites.
Bioaugmentation with our isolate JS666 would be an appropriate strategy, and could lead to a
self-sustaining, low-cost bioremediation method at sites where cDCE is a problem contaminant.
Further investigation of JS666 is recommended — to delineate metabolic pathways; to determine
the suite of substrates it can co-transform; to optimize culture conditions for field-
bioaugmentation; to develop a molecular probe for field-monitoring after bioaugmentation; and,
finally, to field-test the use of JS666 as bioaugmentation agent.

We have conclusively identified the enzyme (EaCoMT) responsible for bacterial
epoxyethane metabolism, and obtained strong circumstantial evidence that the same enzyme is
also involved in chlorooxirane metabolism. In addition, we have cloned and sequenced genes
involved in VC, ETH, epoxyethane and chlorooxirane metabolism. The results indicate that the
EaCoMT and monooxygenase enzymes encoded by a single operon (etnEABCD) in
Mycobacterium JS60 and Nocardioides JS614 catalyze the initial reactions in both the VC and
ETH assimilation pathways. EaCoMT activity and genes were found in all the alkene-oxidizing
strains that we examined, including strains isolated on VC and ethene. The EaCoMT-specific
gene primers we have developed could be used for culture-independent monitoring of microbial
populations during the natural attenuation or bioremediation of chlorinated ethenes. Such
methods are particularly relevant for mycobacteria, which are slow-growing and sometimes
difficult to isolate.

There is good evidence in the literature in at least one case that VC-degraders evolved
directly from ETH-degraders (Verce et al., 2001). The transition from ETH to VC assimilation
could be due to recruitment of an additional catabolic enzyme, changes in enzyme specificity, or
alteration of enzyme expression levels. Based on our data, there was no DNA sequence (either
16S rDNA or EaCoMT gene) that distinguished VC- from ETH-degraders. However, the
EaCoMT activity in cell extracts of the VC-degraders tended to be higher. This is particularly
apparent when strains JS619 (VC) and JS625 (ETH) are compared — these strains had almost
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identical EaCoMT gene sequences, but the EaCoMT activity in cell extracts was 5-fold higher in
JS619. Sequencing of complete EaCoMT genes and flanking DNA, and analysis of the activity
of other catabolic enzymes may help to shed light on the factors that distinguish ethene- and VC-
assimilating bacteria, and yield insights into the possible evolution of the latter group from the
former.

The EaCoMT gene appears to be carried on large linear plasmids in the VC-degrading
strains. Based on the gene organization in Mycobacterium strain JS60, it is likely that the alkene
monooxygenase genes are also present on the same linear plasmids, which is apparently the case
with Nocardiodes strain JS614. The present study is the first to our knowledge to associate a
specific metabolic function with plasmids in Mycobacterium strains. Cryptic linear plasmids
have previously been identified in various pathogenic mycobacteria (Le Dantec et al., 2001;
Picardeau and Vincent, 1997, 1998), and linear plasmids were detected in the ethene-oxidizing
Mycobacterium strain E-1-57 (Saeki et al, 1999), but in that case, no evidence for the plasmids’
role in ethene metabolism was obtained. Plasmid-borne genes for ethene- and VC-
biodegradation could potentially be transferred among bacteria in the environment, and thus,
further investigation of the such elements is warranted in light of the potential importance of the
alkene-degrading phenotype to bioremediation and natural attenuation processes.

We note that Nocardioides JS614 may hold promise as a bioaugmentation agent at sites
where other VC-oxidizers are absent. JS614 has very high growth and VC-utilization rates. It is
also of a genus that, unlike mycobacteria, has no pathogenic brethren — a factor in gaining
regulatory acceptance. The one, known drawback of JS614 is its peculiarly severe response to
starvation. However, in studies reported herein, we were able to show that the starvation
response can be virtually eliminated if small amounts of a readily degradable substrate (e.g.,
acetate) is administered along with VC following VC-starvation.

Finally, we note that two organisms isolated and identified from this research study —
Nocardioides JS614 and Polaromonas strain JS666 — have been selected by DOE for genomic
draft sequencing. The notification from Dr. Daniel Drell stated as follows: "Your nomination of
the beta-proteobacterium strain JS666 and Nocardioides strain JS614 were highly recommended
for draft sequencing at the Joint Genome Institute (JGI), and, in light of that recommendation,
has been selected for sequencing. The reviewer comments reflect the panel's enthusiasm for your
microbe/community." We present this as evidence that the scientific community in general is
enthusiastic about the outcome of our SERDP-sponsored research.
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Aerobic bacteria that grow on vinyl chloride (VC) have been isolated previously, but their diversity and
distribution are largely unknown. It is also unclear whether such bacteria contribute to the natural attenuation
of VC at chlorinated-ethene-contaminated sites. We detected aerobic VC biodegradation in 23 of 37 microcosms
and enrichments inoculated with samples from various sites. Twelve different bacteria (11 Mycobacterium
strains and 1 Nocardioides strain) capable of growth on VC as the sole carbon source were isolated, and 5
representative strains were examined further. All the isolates grew on ethene in addition to VC and contained
VC-inducible ethene monooxygenase activity. The Mycobacterium strains (JS60, JS61, JS616, and JS617) all
had similar growth yields (5.4 to 6.6 g of protein/mol), maximum specific growth rates (0.17 to 0.23 day™"), and
maximum specific substrate utilization rates (9 to 16 nmol/min/mg of protein) with VC. The Nocardioides strain
(JS614) had a higher growth yield (10.3 g of protein/mol), growth rate (0.71 day™"), and substrate utilization
rate (43 nmol/min/mg of protein) with VC but was much more sensitive to VC starvation. Half-velocity constant
(K,) values for VC were between 0.5 and 3.2 nM, while K, values for oxygen ranged from 0.03 to 0.3 mg/liter.
Our results indicate that aerobic VC-degrading microorganisms (predominantly Mycobacterium strains) are
widely distributed at sites contaminated with chlorinated solvents and are likely to be responsible for the

natural attenuation of VC.

Vinyl chloride (VC) is a common groundwater contaminant
(49) which is of concern due to its carcinogenicity (7). Al-
though VC can be produced naturally at very low levels in
some soils (32), the industrial synthesis of polyvinyl chloride
plastics (27 million tons per year globally [33]) and the bacte-
rial metabolism of chlorinated solvents (36, 41) are the most
problematic sources of VC contamination. Many anaerobic
bacteria can reductively dechlorinate the widely used solvents
tetrachloroethene (PCE) and trichloroethene (TCE), produc-
ing cis-dichloroethene (cDCE), VC, or ethene (ETH) (19, 30,
35, 40, 59). However, microbes capable of reducing VC to
ETH are often absent or inactive in subsurface ecosystems, and
thus, VC commonly accumulates as an end product of anaer-
obic dechlorination (17, 37, 39).

VC can be oxidized to CO, under anaerobic conditions in
the presence of Fe(III) or humic acids (4, 5), but the microbi-
ology and biochemistry of such anaerobic oxidations have not
been investigated. Aerobic bacteria can catalyze the cometa-
bolic oxidation of VC in the presence of monooxygenase in-
ducers such as methane (18), ethane (20), ETH (34), propane
(38), propene (15), isoprene (16), toluene (48), and ammonia
(56). Bioremediation strategies based on aerobic cometabo-
lism have been examined for VC and other chlorinated ethenes
(36, 47), but there are several problems with cometabolic sys-
tems—electron donors are required (2), the growth-supporting
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substrate and the pollutant compete for the same enzymes
(15), and reactive toxic metabolites may accumulate and in-
hibit biodegradation (43, 61).

A few strains of Mycobacterium (25, 26) and Pseudomonas
(57, 58) that can grow aerobically on VC as the sole carbon and
energy source have been isolated from soil, river water, and
activated sludge. Such bacteria are not subject to cometabolic
limitations and may play a role in the natural attenuation of
VC if they occur in the subsurface at contaminated sites. The
origin of VC-assimilating bacteria is unclear, although evolu-
tion from strains that grow on ETH seems likely (58). ETH is
produced via biosynthesis in plants and soil microorganisms,
and aerobic ETH-assimilating bacteria appear to be fairly
widespread and easily isolated (10, 23). The VC- and ETH-
assimilation pathways in bacteria are not well understood, but
there is evidence for an initial monooxygenase attack and the
production of VC epoxide (chlorooxirane) (25) and ep-
oxyethane (ethylene oxide) (11), respectively.

While several recent studies (17, 28, 29) have examined the
distribution and diversity of anaerobic PCE-TCE-dechlorinat-
ing bacteria, similar studies on aerobic VC-assimilating bacte-
ria are lacking, and it is not known whether such bacteria might
contribute to the natural attenuation of VC. Evidence from the
field (14) suggests that VC can disappear in the aerobic down-
gradient portions of chlorinated ethene plumes, but whether
VC-assimilating bacteria are responsible for the effect is un-
known. There is great variation in the kinetic parameters of the
few aerobic VC degraders examined thus far, making it difficult
to predict the rate and extent of in situ VC oxidation. To
address the above issues, we investigated aerobic VC biodeg-
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radation in samples from chlorinated-ethene-contaminated
sites and examined the phylogeny and kinetic parameters of
VC-assimilating strains isolated from the site samples.

MATERIALS AND METHODS

Chemicals, media, and incubation conditions. The VC (99.5%) was from
Fluka, and the ETH (99.5%) was from Scott. All other chemicals were reagent
grade. A minimal salts medium (MSM) (24), modified as described previously
(9), was used for both enrichments and pure cultures. One-tenth-strength Tryp-
ticase soy agar (1/10-TSA; pH 7.0) and 1/10-strength Trypticase soy broth (1/10-
TSB; pH 7.0) were used as nonselective media and contained TSB (3 g/liter;
Difco) and Bacto agar (20 g/liter; Difco) where required. In some cases, glucose
(10 g/liter) and/or bovine serum albumin (Fraction V; 5 g/liter; Sigma) was added
to 1/10-TSA and 1/10-TSB. All cultures were incubated aerobically. Broths were
shaken at 150 to 165 rpm. Incubation temperatures ranged from 20 to 30°C, as
listed specifically below.

Analytical methods. VC, ETH, and epoxyethane were analyzed in headspace
samples by gas chromatography with flame-ionization detection as described
previously (9). For analysis of kinetic data, aqueous concentrations of VC were
calculated from total amounts, using a dimensionless Henry’s constant of 0.9079
at 20°C (22). For ETH, a Henry’s constant of 7.24 at 20°C was estimated by using
the technique of Gossett (22). A Hewlett Packard HP 5890 Series II gas chro-
matograph equipped with a thermal conductivity detector and a 1/8-in.-diameter
stainless steel column packed with a 60/80-mesh 5A molecular sieve (Supelco)
was used to analyze oxygen in headspace samples (0.5 ml from 160-ml serum
bottles). Protein concentrations were routinely measured by a UV absorbance
assay based on previously described methods (31, 42). Samples of culture fluid
(0.45 ml) were mixed with NaOH (0.15 ml, 10 M) and heated (90°C, 10 min). The
samples were cooled, an HCI solution was added (400 wl; 10 M HCI and MSM
in a 3:5 ratio), and the tubes were centrifuged (16,000 X g) for 5 min. The
absorbance of the supernatants was measured at 230 and 260 nm, and the protein
content was calculated in micrograms per milliliter as (183 X A,39) — (75.8 X
Ayep). Protein in neutralized lysates was also determined on occasion by using the
MicroBCA assay kit (Pierce) as described previously (9). Dry-weight growth
yields were determined with 700-ml cultures grown on 100 ml (4,167 pmol) of
VC or ETH. Cells were washed in deionized water and then dried at 105°C to a
constant weight. The optical density at 600 nm (ODj) was also used to monitor
growth in some cases.

Microcosms and enrichment cultures. Samples of groundwater (50% [vol/
vol]), soil (5% [wt/vol]), sediment (5% [wt/vol]), or activated carbon (5% [wt/
vol]) were mixed with MSM in 160-ml serum bottles (50-ml or 72-ml [liquid
phase]) sealed with Teflon-faced rubber stoppers and aluminum crimp caps. In
cases where samples contained solids and groundwater, initial microcosms were
set up without the addition of medium. VC was added at 20 to 40 pmol/bottle
(0.13 to 0.26 mM aqueous concentration) in the initial microcosms and at 100 to
400 pmol/bottle in later transfers (0.66 to 2.64 mM). The microcosms and
enrichments were incubated with the bottles in an inverted position and with
shaking at the ambient temperature (20 to 24°C), and active cultures (5%
[vol/vol]) were transferred to fresh MSM at intervals. Sterile controls (autoclaved
samples in MSM) were set up in accompaniment to the initial microcosms for the
monitoring of abiotic losses.

Isolation and identification of VC degraders. Pure cultures were isolated from
the enrichments by spreading dilutions on MSM plates and incubating in desic-
cators in a 1% (vol/vol) VC-air atmosphere. After incubation at ambient tem-
perature for 1 to 3 months, representative colonies were restreaked on two MSM
plates, one of which was reincubated with 1% VC and the other of which was
reincubated in air alone. Isolates showing significantly more growth in the pres-
ence of VC were investigated further. In some cases, isolations were also done on
1/10-TSA plates both with and without added bovine serum albumin. Utilization
of VC was confirmed by reinoculation of isolates into MSM-VC broths and the
monitoring of VC consumption (gas chromatography [GC] analysis) and cell
growth (ODyq, or protein assay). Identification of strains was done by partial
sequencing of amplified 16S rDNA (MIDI Labs, Newark, Del.). Phylogenetic
analysis was done with ClustalX and TreeView software (see Fig. 1; see legend
for details).

DNA extraction and repetitive extragenic palindromic (REP)-PCR analysis.
Cultures were inoculated into 50 ml of 1/10-TSB-glucose (1%)—glycine (0.6%) at
an ODg of approximately 0.5 and grown for 16 to 24 h at 30°C to an ODg, of
approximately 1.0 to 1.5. Cells were washed in STE buffer (as described previ-
ously (45), but with EDTA at 50 mM), treated with acetone (27), and incubated
at 37°C overnight in lysozyme (5 mg in 1 ml of STE buffer). Cells were lysed with
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proteinase K (0.5 mg/ml), sodium dodecyl sulfate (1%), and heat (55°C, 2 to
16 h), and the DNA was purified via phenol-chloroform extraction, isopropanol
precipitation, RNase treatment, and ethanol precipitation (45). Typical yields
were 0.5 to 1.5 pg of genomic DNA/ml of culture. DNA was diluted to 50 ng/ul
in water and used as the template for PCR with the REP1R-1 and REP2-I
primers as described by de Bruijn (13), except dNTPs were added at 0.2 mM.

Determination of growth rates and growth yields. VC-grown cells were washed
with MSM and inoculated into 50 ml of MSM (ODg, = 0.05, protein = 7 to 11
png/ml). VC was added at 150 pmol/bottle (1 mM), and the cultures were incu-
bated at 20°C with sampling at intervals for determination of VC and protein
concentrations. VC (150 pmol) was added as required. Another set of cultures
inoculated with ETH-grown cells was similarly treated, except ETH was provided
as the substrate (one addition of 600 pwmol/bottle = 0.7 mM). Growth yields were
calculated from the linear regression (milligrams of protein produced/mmol of
substrate consumed). Maximum specific growth rates were subsequently calcu-
lated by fitting an exponential curve to a plot showing protein yield versus time.
In this case, protein yield was calculated from substrate depletion data as X, +
Y AS, where X, is the initial biomass (milligrams of protein), Y'is the growth yield
(milligrams of protein/millimole of substrate), and AS is the cumulative substrate
consumed (millimoles). This method of calculating the growth rate was used due
to the availability of more substrate depletion data than protein data and because
of the relatively large scatter in the protein measurements for some cultures. The
growth yield of strain JS616 was determined by using 3-ml cultures in 10-ml
serum bottles. The whole culture was lysed by injecting NaOH (1 ml, 10 M) into
the bottle and heating (90°C, 15 min), and then the lysate was neutralized and
assayed for protein by measurement of UV absorbance.

VC-ETH utilization kinetics. VC- or ETH-grown cells were washed in MSM
and divided among three 160-ml serum bottles containing 72 ml of MSM each.
The cultures were incubated with the bottles inverted at an angle at 20°C and
with rotary shaking at 165 rpm, and the headspace gases were sampled at
intervals for GC analysis. Estimates of the maximum specific substrate utilization
rate (k) and the half-velocity constant (K;) were obtained from VC or ETH
depletion curves. The data were fitted to the Michaelis-Menten model by using
the AQUASIM software program, as described previously (9). VC kinetics was
determined with cultures pregrown on VC, while ETH kinetics was determined
with cultures pregrown on ETH. Protein concentrations were measured at the
end of each depletion experiment by lysing the entire contents of each culture
bottle, as described previously. Experiments were designed such that biomass
increases over the observed depletion curves were negligible (typically < 0.5%).

Oxygen utilization kinetics. The half-velocity constant with respect to oxygen
(K,[O,]) was determined with 72-ml cultures in triplicate as described above for
the VC-ETH kinetics study. After inoculation, the headspace was purged briefly
with nitrogen to remove excess oxygen and then 300 pumol of VC or 800 pwmol of
ETH was added to the culture. K(O,) values were estimated using AQUASIM
as described above. A zero-oxygen standard was prepared by adding excess
sodium sulfite to a 160-ml serum bottle containing 72 ml of distilled water in the
presence of cobalt catalyst. The oxygen peak area for the mixture from this
bottle, as measured by GC, was defined as corresponding to 0 mg of dissolved
oxygen/liter. Oxygen threshold levels (i.e., oxygen uptake levels too low to mea-
sure at oxygen concentrations greater than zero) were observed during the study,
which required a modification of the Michaelis-Menten model for the
AQUASIM program as follows:

Vinax (S - SI)

V= &0y + S - S)

where V is the rate of oxygen depletion, V., is the maximum rate of oxygen
depletion (—dS/dt), S is the oxygen concentration (in milligrams per liter), and
S, is the threshold oxygen concentration (in milligrams per liter). The model-
fitting parameters were thus V.., K((O,), and S,.

Epoxyethane production assay. Cells from 50-ml MSM cultures grown to
mid-exponential phase on either VC or sodium acetate (20 mM) were washed in
KP buffer (K,HPO,, 20 mM [pH 7.0]) and suspended to 0.2 ml with KP buffer
in 10-ml serum bottles. The bottles were capped and an epoxypropane solution
was added (2.5 mM in 0.8 ml of KP buffer), yielding 1-ml suspensions at an
ODy between 5 and 10 (protein = 0.7 to 2.3 mg/ml). ETH (3 wmol) was added,
and the bottles were incubated with shaking (300 rpm) at 20°C. After 10 min of
equilibration, 100-wl headspace samples were taken at intervals and analyzed by
GC to determine the epoxyethane accumulation rate. At the end of the exper-
iment, protein was assayed and monooxygenase activity was calculated as nano-
moles of epoxyethane produced per minute per milligram of protein. In the case
of strain JS616, Tween 80 (0.1% [vol/vol]) was added to cultures just before
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harvesting and was included in the washing buffer to facilitate centrifugation and
reduce clumping during the assay.

Bacterial strain accession numbers. Several of the VC-degrading strains have
been deposited with the American Type Culture Collection, with accession
numbers as follows: JS60, BAA-494; JS61, BAA-495; JS616, BAA-496; JS617,
BAA-497; JS621, BAA-498; and JS614, BAA-499.

RESULTS AND DISCUSSION

Distribution of VC assimilation activity. Aerobic biodegra-
dation of VC occurred in 23 of 37 samples from 22 sites (Table
1). Twenty of 31 chlorinated-ethene-contaminated samples
yielded positive enrichments, while 3 of 6 uncontaminated
samples were positive. The lag time before VC degradation
began was highly variable, ranging from 20 to 110 days. In most
cases, VC-degrading activity in the initial microcosms was
readily transferable in enrichment cultures with VC as the sole
carbon and energy source. It is unclear from our data whether
the presence of VC degraders correlated with site contamina-
tion. This is due to the small number of uncontaminated sam-
ples investigated and the lack of rigorous site characterization
in many cases.

One interesting trend noted with the samples from contam-
inated sites was that VC degraders were not detected in the
two samples (Phoenix groundwater and Cecil Field sediment)
that contained benzene in addition to chlorinated ethenes. It is
possible that at such sampling locations, hydrocarbons inter-
fered with the development of VC-degrading populations by
exerting toxic effects or by acting as alternative carbon sources.
Another unexpected result with the samples from Cecil Field
was that a positive enrichment was obtained from groundwater
outside the contaminant plume (sample MW16-13S), while no
activity was seen in groundwater from a highly contaminated
area of the site (MW3-13S). Active enrichments were also
obtained from uncontaminated samples in two other cases
(Moody Air Force Base [AFB] sample MW-14 groundwater
and Ithaca activated sludge).

From our survey of sites, it appears that VC-degrading mi-
croorganisms are fairly widespread and arise wherever condi-
tions are appropriate for their growth. The presence of chlo-
rinated ethenes is apparently not the sole factor that
determines whether VC degraders are present at a site. Other
site conditions, such as redox potential, pH, and the presence
of other contaminants and nutrients, would be expected to
influence the development of VC-degrading microbial popu-
lations. The most favorable niches for the growth of VC de-
graders may be in aerobic areas downgradient of chlorinated
ETH plumes, where anaerobic electron donors are depleted
and the end products of anaerobic chloroethene metabolism
(i.e., VC, ETH, and ethane) accumulate.

Isolation and characterization of bacteria. Pure cultures of
VC-assimilating bacteria were isolated from 15 of the enrich-
ments. All of the isolated strains grew on both VC and ETH as
the sole carbon source and were relatively slow growing, re-
quiring 1 to 3 weeks to form colonies on 1/10-TSA plates and
1 to 3 months to form colonies on MSM-VC plates. The op-
timum temperature and pH for the isolates was determined in
two cases (i.e., those of strains JS60 and JS61) to be 30°C and
pH 6.0 to 6.5. For the sake of consistency, however, further
growth and kinetic experiments with the isolates were per-
formed at 20°C with a pH of 7.0.
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On 1/10-TSA plates, colonies of the VC-degrading strains
were white, cream, yellow, or orange in color and ranged in
form from smooth and circular to raised and irregular. Large-
and small-colony variants were produced by pure cultures in
several cases, a trait that was particularly noticeable with strain
JS614. Strains JS61, JS617, and JS621 did not readily form
single colonies on 1/10-TSA or MSM plates, despite growing
well in broth medium. The addition of glucose and particularly
albumin (as used in mycobacterial media such as Middlebrook
7HY) greatly facilitated colony development with such strains.
In liquid culture, all of the isolates except strain JS614 showed
some degree of hydrophobic behavior-either clumping or ad-
hering to the walls of serum bottles.

In groundwater enrichments, there was a tendency for less
hydrophobic strains (e.g., JS60, JS615, and JS620) related to
Mycobacterium rhodesiae (see below) to dominate, while with
solid sample types a diverse range of more hydrophobic strains
(e.g., JS616, JS617, and JS619) tended to be isolated. The use
of groundwater samples in many cases may have biased our
survey against the more hydrophobic, possibly surface-associ-
ated bacteria at the sampling site. Future sampling efforts
should therefore focus on samples of soil or aquifer solids to
more fully investigate the diversity of VC-assimilating bacteria.
The fact that we could not isolate pure cultures from some
enrichments despite repeated attempts also indicates that the
biodiversity of aerobic VC degraders is not fully represented by
the isolates obtained thus far.

Phylogenetic analysis. Comparison of partial 16S rDNA se-
quences from the VC-degrading isolates with sequences from
GenBank indicated that with one exception (strain JS614), all
of the isolates were Mycobacterium species (Fig. 1). Many of
the strains (i.e., TM1, JS60, JS61, JS615, JS618, JS620, and
JS621) clustered in a loose group which includes M. rhodesiae,
M. sphagni, M. aichiense, M. fortuitum, and M. mucogenicum
(44, 52). This group also includes the ETH-degrading strain K1
(34), the trichloroethane-degrading strain TA27 (60), and sev-
eral polyaromatic hydrocarbon-degrading bacteria (e.g., strains
RJGII-135 [46] and SM7.6.1 [21]). Based on analysis of some
near-full-length 16S rDNA sequences (1,420 bases), we have
tentatively assigned strains TM1, JS60, JS615, and JS620 to M.
rhodesiae and strains JS61 and JS618 to M. aichiense.

The strain JS621 partial 16S rDNA sequence (400 bp) was
most similar to that of M. mucogenicum (Fig. 1), but compar-
ison of near-full-length sequences (data not shown) revealed a
closer relationship to M. rhodesiae (98.2% sequence identity).
However, JS621 was slow growing and nonpigmented on
plates, in contrast to M. rhodesiae (52), and the other M. rho-
desiae-like VC degraders, which grew more rapidly and fea-
tured yellow pigmentation. Thus, strain JS621 may represent a
novel species of mycobacterium. Based on 16S rDNA analysis,
the mycobacterial isolates JS617 and TM2 are most likely to be
strains of M. tusciae (51), while JS616 and JS619 are probably
strains of M. gadium (8), and M. moriokaense (53), respectively.
The 16S rDNA sequence from strain JS614 was most similar to
sequences from Nocardioides strains. Analysis of near-full-
length 16S rDNA sequences (1,469 bases) indicated that the
JS614 gene was 97.4% identical to that of Nocardioides pyridi-
nolyticus, the closest-matching well-established species. Based
on these results, it is possible that strain JS614 represents a
new Nocardioides species (50).
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TABLE 1. VC biodegradation in aerobic microcosms and enrichments

. . g vC Lag time ..
Sample (location) Contaminants present at site’ oxidation (gays) Strain isolated
Groundwater (industrial site; Plaquemine, La.) VG, ¢DCE, TCE, PCE + 70 Mycobacterium sp. strain JS60
Activated sludge (Ithaca, N.Y.). None identified + 50 Mycobacterium sp. strain JS61
Soil (industrial site; Midland, Mich.) None identified - None (no activity after 4 mo)
Pond water (Tyndall AFB, Fla.) None identified - None (no activity after 4 mo)
Wastewater (Tyndall AFB, Fla.) None identified - None (no activity after 4 mo)
Soil (industrial site; Boeblingen, Germany) c¢DCE, TCE, PCE + 50 None (isolation attempts failed)
Soil (industrial site; Dusseldorf, Germany) VC, ¢cDCE + 40 Mycobacterium sp. strain JS618
Activated carbon (pump and treatment plant; VC, ¢cDCE, TCE, PCE + 30 Mycobacterium sp. strain JS617
Dortmund, Germany)
Sediment (industrial site; Carlyss, La.)” VC, ¢DCE, 1, 1-DCE, + 20 Mycobacterium sp. strain JS616
TCE
Soil (Dover AFB, Del.)? c¢DCE, TCE, TCA + 110 None (no activity after 2" transfer)
Soil (Hill AFB, Utah)? TCE, TCA + 90 None (low activity)
Groundwater (Phoenix, Ariz.) VC, ¢cDCE, TCE, TCA, - None (no activity after 4 mo)
benzene
Soil (industrial site; Carson, Calif.) VC, DCA + 20 Nocardioides sp. strain JS614
Aquifer solids (Travis AFB, Calif.)” VC, ¢cDCE, TCE + 50 Mycobacterium sp. strain JS619
Groundwater MW16-10S (Cecil Field NAS¢, Fla.) VC, ¢cDCE, TCE, DCA + 60 Mycobacterium sp. strain JS615
Groundwater (Cecil Field NAS, Fla.) MW16-13S None identified + 90 None (enrichment frozen)
Groundwater (Cecil Field NAS, Fla.) MW3-13S cDCE, TCE, DCA, TCA - None (no activity after 4 mo)
Sediment (Cecil Field NAS, Fla.) Rowell Ck. ¢DCE, DCA, chloroform, - None (no activity after 4 mo)
benzene
Groundwater (Cape Canaveral, Fla.) MW S-14 VC, ¢cDCE + 30 Mycobacterium sp. strain JS620
Groundwater (Cape Canaveral, Fla.) MW S-19 VC, cDCE + 110 None (enrichment frozen)
Groundwater (Cape Canaveral, Fla.) MW 1-11 VC, cDCE - None (no activity after 4 mo)
Groundwater (Moody AFB, Ga.) MW-14 None identified + 90 Mycobacterium sp. strain JS621
Groundwater (Moody AFB, Ga.) MW-9 VC, ¢cDCE, TCE + 40 Mycobacterium sp. (JS621 like)
Groundwater (Moody AFB, Ga.) MW-12 VC, ¢cDCE, TCE + 70 Mycobacterium sp. (JS621 like)
Groundwater (Moody AFB, Ga.) MW-19 VC, ¢cDCE, TCE + 70 None (isolations in progress)
Groundwater (Moody AFB, Ga.) MW-27 VC, ¢cDCE, TCE + 50 Mycobacterium sp. (JS621 like)
Soil-groundwater (Cape Canaveral, Fla., site 1381) VC, ¢cDCE - None (no activity after 4 mo)
Soil-groundwater (Alameda NAS, Calif., site 4) VC, ¢cDCE, TCE - None (no activity after 4 mo)
Soil-groundwater Fort Lewis (Wash.) VC, ¢cDCE, TCE + 50 Mycobacterium sp. strain TM2
Groundwater-fines (industrial site, Sydney, Chlorinated methanes, - None (no activity after 4 mo)
Australia) ethanes, and ethenes
Groundwater-fines (landfill, Voorhees, N.J.) c¢DCE + 70 Mycobacterium sp. strain TM1
Soil (Savannah River, Ga.) TCE - None (no activity after 4 mo)
Groundwater (Camp LeJeune, N.C,, site 73) MW-13  VC, ¢cDCE, TCE - None (no activity after 4 mo)
Soil-groundwater (Camp LeJeune, N.C., site 73) VC, ¢cDCE, TCE - None (no activity after 4 mo)
MW-15
Soil-groundwater (Camp LeJeune, N.C., site 73) VC, ¢cDCE, TCE - None (no activity after 4 mo)
MW-29
Soil-groundwater (Camp LeJeune, N.C., site 73) VC, ¢cDCE, TCE + 60 None (isolations in progress)
A47/3-11
Soil-groundwater (Camp LeJeune, N.C., site 73) VC, ¢cDCE, TCE + 80 None (isolations in progress)

A47/3-8

¢ Information obtained from site managers and our own GC analyses. DCA, 1,2-dichloroethane; TCA, 1,1,2-trichloroethane.
> Sample was an experimental microcosm received from another laboratory.

¢ NAS, Naval Air Station.
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In two cases, VC-degrading isolates from geographically dis-
tant sites had identical partial 16S rDNA sequences (isolates
JS60 and JS620 and isolates JS61 and JS618). On the basis of
phenotypic differences such as pigmentation and the results of
REP-PCR amplification (Fig. 2), which showed all four strains
to be distinct, we believe these strains to be independent iso-
lates. The four isolates derived from Moody AFB groundwater
(JS621 and three JS621-like strains) had identical partial 16S
rDNA sequences and the same colony morphology. Further
tests (e.g., REP-PCR assays) are required to determine the
relationship between these isolates. The JS621-like strains
were isolated from monitoring wells covering the entire length
of the VC plume, suggesting that a single VC-degrading strain
dominates this site. A similar phenomenon has been observed

at Kelly AFB (Texas), where chlorobenzene-degrading bacte-
ria isolated from different groundwater samples were all found
to carry identical 16S rDNA genes and degradation pathways
(54).

The fact that all our VC-degrading isolates were gram-pos-
itive bacteria (order Actinomycetales) seems unusual in light of
the recent isolations of VC-degrading Pseudomonas strains
(57, 58). As the media and temperatures used in our study
were similar to those of Verce et al. (57, 58), the differences in
phylogeny of isolates may be due to the sole use of VC for
selection in our work rather than of ethane (57) or ETH (58)
in initial enrichments. Differences in sample types (i.e.,
groundwater and soil versus sewage sludge) may also have
influenced the types of isolates recovered, although it should
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FIG. 1. Phylogeny of VC-assimilating isolates based on partial 16S TRNA gene sequences. Names of VC-degrading isolates from the present
study are in boxes. A total of 400 bases were used for analysis after removal of positions containing gaps or ambiguous nucleotides. Bootstrap values
from 100 neighbor-joining trees are indicated to the left of the nodes. Branch points with less than 50% bootstrap support were collapsed. The
bar represents 3 nucleotide changes per 100 nucleotides. The consensus tree was rooted by using Escherichia coli as the outgroup. GenBank
accession numbers are given below each strain.

be noted that we isolated Mycobacterium JS61 from activated
sludge. Based on the results of our isolations, it appears that
mycobacteria are more likely candidates than pseudomonads
as the agents responsible for the natural attenuation of VC in
the subsurface at contaminated sites.

Growth and kinetic parameters. Five representative strains
were selected for more detailed analysis of growth and kinetic
parameters with ETH and VC (Table 2). The growth yields
and growth rates of the four Mycobacterium strains examined
(JS60, JS61, JS616, and JS617) were similar, and all were lower
than the values obtained for the Nocardioides strain (JS614).
We considered the possibility that the apparent high yields of
strain JS614 were due to biases in the lysis or protein quanti-

tation methods used, but alternative protein assays (Micro-
BCA) and measurement of dry-weight yields confirmed the
initial data. The dry-weight growth yields with JS614 were 20.1
g/mol for VC and 29.4 g/mol for ETH compared to yields with
JS60 of 10.8 g/mol for VC and 22.0 g/mol for ETH (averages of
two experiments).

The growth yields of the Mycobacterium strains agreed fairly
well with the yields of previously isolated Mycobacterium and
Pseudomonas strains (57), assuming a value of 55% protein in
dry weight of bacteria (6) (a ratio of 56% was calculated from
the growth yields of strain JS60 in the present study). The
higher growth yields of strain JS614 may reflect a different
pathway of VC assimilation in this bacterium. For example,
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FIG. 2. Discrimination of closely related VC-degrading mycobac-
teria by REP-PCR.

carboxylation of the epoxides resulting from VC and ETH
oxidation (1) would allow the net incorporation of more car-
bon per mole of VC utilized than alternatives such as conju-
gation to coenzyme A (11) or glutathione (55). Further inves-
tigation into the biochemistry of VC assimilation in strain
JS614 and the other isolates is required to test this hypothesis.

The maximum specific growth rates on VC of our mycobac-
teria were about 5-fold lower than that for Mycobacterium sp.
strain L1 (25), 5-fold higher than that for Pseudomonas sp.
strain DL1, and 50-fold higher than that for Pseudomonas sp.
strain MF1 (58). The comparison with strain L1 may not be
entirely appropriate given the higher growth temperature used
in that study (30°C), but the comparison with the Pseudomonas
strains is appropriate. The more rapid growth of the Mycobac-
terium strains adds weight to our argument that this group is
more likely to be influential in the natural attenuation of VC.
The maximum specific growth rate of Nocardioides sp. strain
JS614 at 20°C was 15 times higher than that of strain DL1 and
150 times higher than that of strain MF1. Although Nocardio-
ides-type VC degraders appear to be rare based on the results
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of our site-screening study, they are likely to have a large
impact on the natural attenuation of VC where they occur due
to their rapid growth and high biomass yields.

In general, the substrate utilization kinetics of the four My-
cobacterium strains were more similar to each other than they
were to the Nocardioides strain (Table 2). The k values for VC
utilization ranged from 9 to 16 nmol/min/mg of protein among
the four Mycobacterium strains; however, the corresponding k
value for the Nocardioides strain was 43 nmol/min/mg of pro-
tein. The k values for ETH were greater than those for VC with
the Mycobacterium strains, but the reverse was true with the
Nocardioides strain (JS614).

The K, values of the VC-assimilating strains showed no
apparent grouping by phylogeny and were generally similar
(ca. 1 wM). The K| values agreed fairly well with data from
other bacteria that grow on VC (58) and were much lower than
the K, values reported for aerobic cometabolic chlorinated-
ethene-degrading cultures (3). K, values for ETH among the
Mycobacterium strains were higher than K, values for VC,
suggesting that the enzymes involved have a somewhat greater
affinity for VC than for ETH. No such difference in affinity
between VC and ETH was apparent for the Nocardioides strain
JS614. The low K| values for VC (and the absence of a mea-
surable VC threshold) suggests that these bacteria are capable
of degrading VC to very low levels under appropriate field
conditions and are therefore environmentally relevant strains.
In terms of kinetic parameters, it appears that it matters very
little which species of VC-degrading Mycobacterium resides at
a contaminated site but the presence of an organism like No-
cardioides JS614 would represent a significantly greater VC
oxidation potential.

All five strains examined were able to oxidize ETH to ep-
oxyethane after growth on VC but not after growth on acetate,
indicating the presence of an inducible alkene monooxygenase
(Table 2). The specific activities measured for epoxyethane
production ranged from 7 to 22 nmol/min/mg of protein. The
measured activities are lower than the true activity (k value for
ETH oxidation; Table 2), probably due to the inhibitory pres-
ence of epoxypropane in the cell suspensions. The addition of
epoxypropane was required to stop the metabolism of ep-

TABLE 2. Growth and kinetic parameters of VC-assimilating bacteria

Growth yield” (g of Maximum specific growth

k (nmol/min/mg of Epoxyethane production

Strain protein/mol of substrate) rate (day ') protein) K (bM) from ETHpEg:Z?;gmin/mg of
vC ETH vC ETH vC ETH vC ETH VC-grown Acetate-grown
Mycobacterium
JS60 6.6+0.7 11.2*+0.6 022*=0.02 058*005 97x02 254*+08 0501 09=x01 121*3.7 0
JS61 62+15 121*+1.6 021 =0.02 0.76 £0.07 9.0*02 435*+14 0802 40=x02 8028 0
JS616 54+1.1 128 1.1 0.17*=0.02 039 *=0.02 154 0.6 204 1.0 32*+03 40=05 13.9%93 0
JS617 6.0+0.6 11.1 0.5 023 =0.02 0.64 £0.05 16.0+04 306*+14 0801 15*x01 67*0.7 0
Nocardioides sp. strain 10.3 = 0.8 21.2 £ 1.8 0.71 =0.04 0.91 £0.08 43.1*+42 21516 1.2+02 1.0x02 220=*4.1 0
JS614
Mycobacterium sp. 7.6 11.9 0.96 NR¢ 100 NR 32 NR NR NR
strain L1°
Pseudomonas sp. 72+03 131 *x1.7 0.046 0.071 46+02 38x01 1.2*+02 188=*12 NR NR

strain DL1?

¢ All data from the present study are averages of three replicates; error values represent 95% confidence intervals.
® Data for strains L1 (25) and DLI1 (58) were converted to units of protein, assuming a value of 55% protein in dry weight.
°NR, not reported.
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TABLE 3. Oxygen half-velocity constants of VC-assimilating bacteria
K,(O,) (mg/liter)” O, threshold (mg/liter)
Strain
vC ETH vC ETH
Mycobacterium
JS60 0.17 = 0.06 0.18 = 0.1 0.02 = 0.01 0.00
JS61 0.03 = 0.04 025+ 0.1 0.07 = 0.01 0.00
JS616 0.30 = 0.24 1.1 =10 0.10 = 0.02 0.00
JS617 0.07 = 0.06 02=*0.1 0.06 = 0.02 0.02 = 0.01
Nocardioides sp. strain JS614 0.11 = 0.04 029 £ 0.1 0.06 = 0.01 0.12 = 0.02

“ Data are averages of three replicates; error values represent 95% confidence intervals.

oxyethane (12) to allow an accumulation rate to be measured,
but epoxypropane also partially inhibited ETH oxidation in
experiments with strain JS60 (data not shown). In further ex-
periments with JS60 (data not shown), ETH-grown cells also
readily metabolized VC, suggesting that the same monooxy-
genase enzyme is active on VC and ETH and is inducible by
both substrates. Alkene monooxygenase activity has also been
detected in Mycobacterium sp. strain L1, Pseudomonas sp.
strain MF1, and Pseudomonas sp. strain DL1 (25, 57, 58),
indicating that monooxygenase-catalyzed epoxidation is com-
mon to all VC-assimilating bacteria. The monooxygenase ac-
tivities calculated in the present study were significantly lower
than the corresponding activities reported for Mycobacterium
sp. strain L1 (25) and ETH-assimilating mycobacteria (23).
This difference is at least partly due to the use of lower incu-
bation temperatures in our experiments (20°C) and the inhib-
itory effects of epoxypropane.

Oxygen utilization kinetics. K (O,) values were determined
for five of the VC-assimilating strains (Table 3). For each
strain, the K (O,) value for VC was lower than the K (O,)
value for ETH, similar to the pattern seen with the K, values
for substrate utilization (Table 2). The very low K (O,) values
measured (0.03 to 0.30 mg/liter) during growth on VC indicate
that these five strains can effectively biodegrade VC under
conditions of low-oxygen tension similar to those commonly
encountered in the subsurface. Although the K (O,) values
were low, all the strains exhibited oxygen threshold behavior
during growth on VC, in which O, uptake ceased when the O,
concentration dropped below 0.02 to 0.1 mg/liter. The Nocar-
dioides strain (JS614) was the only strain to exhibit any signif-
icant oxygen threshold behavior during growth on ETH. It is
unlikely that the O, thresholds observed were analytical arti-
facts, as in every case elevated oxygen levels in experimental
bottles were confirmed by comparison to an identically treated
zero-oxygen standard. In addition, the cultures were not lim-
ited by lack of VC or ETH at the oxygen threshold point and
respiking of oxygen (tested with strain JS616 on VC and strain
JS614 on ETH) resulted in further O, uptake until a threshold
was again reached. Thus, cessation of oxygen uptake at the
measured threshold value was not a result of substrate deple-
tion or cell death. We cannot explain these observations at
present, but they could reflect some properties of the initial
monooxygenase in the VC-ETH pathway.

Effect of starvation on VC degradation. To determine the
response of the VC-assimilating isolates to periods of VC de-
pletion, two representative strains were examined—»Mycobac-
terium sp. strain JS60 and Nocardioides sp. strain JS614. VC

starvation affected these two strains very differently (Fig. 3).
Strain JS60 readily recovered from periods of VC starvation of
at least 1 week of duration, and the time required for degra-
dation of 150 pmol of VC increased in proportion to the length
of the preceding starvation period. In its tolerance of VC
starvation, strain JS60 resembled the pseudomonads of Verce
et al. (57, 58) more than the Mycobacterium sp. strain L1 of
Hartmans and de Bont (25), although it is difficult to directly

= 140 Mycobacternium JS60
120+

100+

VC (umol / bottl

160+
140+
120+
100+
80+
60+
40+
20+

Nocardioides JS614

VC (umol / bottle)

012345678 9102030 40
)

FIG. 3. Effect of VC starvation on VC degradation. Cultures of
JS60 and JS614 were grown on VC in 50-ml MSM broths to mid-
exponential phase (ODg, = 0.2 to 0.3; protein = 30 to 70 wg/ml) until
the VC (additions of 2 X 150 wmol) was depleted. The cultures were
then incubated for 0, 0.5, 1, or 7 days before readdition of VC (150
pmol = 1.0 mM initial aqueous concentration) and monitoring by GC
analysis. O, no starvation; ¢, 12 h of starvation; [J, 1 day of starvation;
A, 1 week of starvation. Data are averages of three replicate cultures;
error bars represent standard deviations.
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compare these starvation experiments due to differences in the
experimental conditions (e.g., cell density, temperature, and
batch versus continuous culture).

In contrast to JS60, strain JS614 did not recover from peri-
ods of VC starvation of 1 day or longer. The sensitivity of
JS614 to starvation is also illustrated by the fact that during
kinetics experiments, its maximum VC utilization rate was
reduced by approximately 50% after less than 5 min of VC
starvation (data not shown). The physiological basis of the
different responses of strains JS60 and JS614 to VC starvation
is unknown. The sensitivity of JS614 could be due to activity of
alkene monooxygenase combined with a lack of activity of the
epoxide-transforming enzymes, resulting in the accumulation
of toxic VC epoxide (25). If these experiments were to be
considered representative of the behavior of VC-assimilating
strains in the environment, Nocardioides VC degraders would
be expected to be ineffective in locations where VC is not
constantly present while Mycobacterium strains would be more
robust. It is possible that the sensitivity to VC starvation of
Nocardioides VC degraders explains the paradox of their ap-
parently limited distribution in the environment (Table 1) de-
spite their impressive growth and kinetic parameters (Table 2).

Testing of ETH degraders for growth on VC. In light of the
recent report describing an ETH-assimilating Pseudomonas
strain that could adapt to growth on VC (58), we decided to
investigate whether a similar adaptation can occur in gram-
positive bacteria. Mycobacterium sp. strain K1 and Corynebac-
terium sp. strain K3, previously isolated from a consortium
grown on ETH (34), were tested for their ability to grow on VC
(Fig. 4). Strain K3 did not grow on VC, although cells from the
same inoculum grew when ETH was used as the carbon source
(data not shown). In contrast, strain K1 readily adapted to
growth on VC as the sole carbon source, even after growth on
nonselective medium. This finding was unexpected, as the con-
sortium that was the source of strain K1 did not grow on VC
(34). It is possible that in the present study, the use of a pure
culture or the different experimental conditions permitted the
growth of strain K1 on VC. Interestingly, the partial 16S rDNA
sequence of strain K1 is similar to those of the M. rhodesiae-
like strains we isolated on VC as the sole carbon source (Fig.
1).

The rapid growth of Mycobacterium strain K1 on VC is in
contrast to the approximately 40-day lag period seen before an
ETH-degrading Pseudomonas adapted to growth on VC (58),
suggesting that in the case of strain K1, the ETH assimilation
pathway functioned equally well for VC assimilation. This find-
ing has significant implications for the natural attenuation of
VC, because ETH-assimilating bacteria are likely to be present
at chlorinated-ethene-contaminated sites, particularly when
some ETH is produced as an end product of the anaerobic
respiration of more highly chlorinated ethenes. It remains to
be determined what proportion of ETH-assimilating bacteria
can also grow on VC—our results with strain K3 and those of
a previous study (25) suggest that the ability is not ubiquitous.

Conclusion. Our findings indicate that the bacterial assimi-
lation of VC is an ecologically significant phenomenon of an
importance equal to or greater than that of cometabolic VC
degradation. Members of a diverse group of Mycobacterium
strains are capable of growth on VC, and these bacteria are
indigenous and widely distributed at chlorinated-ethene-con-
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FIG. 4. Testing of ETH-assimilating bacteria for growth on VC as
the carbon source. Mycobacterium sp. strain K1 and Corynebacterium
sp. strain K3 (34) were grown on 1/10-TSA-1% glucose plates and
inoculated into duplicate 50-ml MSM broth volumes at an initial
ODyy of 0.10 (protein = 10 to 15 pwg/ml). VC was added (150 pmol =
1.0 mM initial aqueous concentration), and the cultures were incu-
bated at 20°C and sampled at intervals to quantify VC and protein. In
the case of strain K1, VC was added again (2 X 150 wmol) after the
initial amount had been degraded. A, VC-strain K1; @, protein-strain
K1; A, VC-strain K3; O, protein-strain K3. Data are averages of two
replicate cultures.

taminated sites. Based on their distribution, growth rates, and
kinetic parameters, we believe that Mycobacterium strains are
most likely to be responsible for the aerobic natural attenua-
tion of VC that has been observed at many sites. Further
characterization of the strains we have isolated will provide a
basis for developing molecular methods for detecting VC de-
graders in the environment and assessing the natural attenua-
tion potential of individual sites. Our VC-assimilating strains
may also be useful for enhanced bioremediation by comple-
menting the activities of anaerobic bacteria and providing a
mechanism for the complete mineralization of chlorinated
ETHs.
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An aerobic bacterium capable of growth on cis-dichloroethene (cDCE) as a sole carbon and energy source
was isolated by enrichment culture. The 16S ribosomal DNA sequence of the isolate (strain JS666) had 97.9%
identity to the sequence from Polaromonas vacuolata, indicating that the isolate was a [3-proteobacterium. At
20°C, strain JS666 grew on cDCE with a minimum doubling time of 73 = 7 h and a growth yield of 6.1 g of
protein/mol of cDCE. Chloride analysis indicated that complete dechlorination of ¢cDCE occurred during
growth. The half-velocity constant for cDCE transformation was 1.6 = 0.2 uM, and the maximum specific
substrate utilization rate ranged from 12.6 to 16.8 nmol/min/mg of protein. Resting cells grown on cDCE could
transform cDCE, ethene, vinyl chloride, trans-dichloroethene, trichloroethene, and 1,2-dichloroethane. Ep-
oxyethane was produced from ethene by cDCE-grown cells, suggesting that an epoxidation reaction is the first

step in cDCE degradation.

The extensive use of chloroethenes as solvents and synthetic
feedstocks has resulted in widespread environmental contam-
ination (22), which is of concern due to the toxicity and carci-
nogenicity of such compounds. Microbial metabolism is an
important factor in determining the fate of chloroethenes in
the biosphere (14). Several anaerobic bacteria use tetrachlo-
roethene (perchloroethene) and trichloroethene (TCE) as
electron acceptors, producing cis-1,2-dichloroethene (cDCE),
vinyl chloride (VC), and ethene as end products (10, 15, 16,
17). Under aerobic conditions, ethene and VC can serve as
carbon and energy sources for bacterial growth (3, 8), but thus
far, no conclusive evidence exists for aerobic growth on any of
the dichloroethenes (cis-dichloroethene, trans-dichloroethene
[tDCE], or 1,1-dichloroethene).

Because cDCE accumulation is often a limiting factor in the
biodegradation of chloroethenes in subsurface ecosystems,
aerobic bacteria capable of growth on ¢cDCE would provide a
crucial missing link in the chain of microbial metabolism for
this class of compounds. Thermodynamic calculations suggest
that cDCE contains sufficient energy to support aerobic growth
(4), and enzymes active on ¢cDCE are known in hydrocarbon-
oxidizing bacteria (5, 6, 13, 20, 24, 25). In addition, aerobic
oxidation of cDCE to CO, has been observed in microcosm
and enrichment culture studies (2, 12). Encouraged by the facts
described above, we hypothesized that aerobic growth on
c¢DCE was possible and searched at a variety of contaminated
sites for microorganisms able to use this compound as a sole
source of carbon and energy.

* Corresponding author. Mailing address: Air Force Research Lab-
oratory-MLQL Building 1117, 139 Barnes Dr., Tyndall AFB, FL
32403. Phone: (850) 283-6058. Fax: (850) 283-6090. E-mail: Jim.Spain
@tyndall.af.mil.
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MATERIALS AND METHODS

Chemicals and media. cis-Dichloroethene (97%), tDCE (98%), TCE (99.5%),
and 1,2-dichloroethane (1,2-DCA) (99.8%) were obtained from Sigma-Aldrich.
VC (99.5%) was obtained from Fluka, and ethene (99.5%) was obtained from
Scott. All other chemicals were reagent grade. A minimal salts medium (MSM)
based on that of Hartmans et al. (9) was used for enrichment cultures, with the
following modifications: the phosphate concentration was reduced to 20 mM, the
ammonium concentration was reduced to 10 mM, and the chloride concentration
was reduced to 0.02 mM. The pH of MSM was adjusted to 7.0. Trypticase soy
agar in which the nutrient content was one-quarter strength (1/4-TSA) (Difco)
was used as a nonselective medium; the agar (Difco) concentration was 20 g/liter.

Enrichment cultures. Samples of soil (5%, wt/vol), sediment (5%, wt/vol),
granular activated carbon (5%, wt/vol), or groundwater (50%, vol/vol) were
mixed with MSM to give a total volume of 50 ml in 160-ml serum bottles
(headspace, 110 ml of air), which were crimp sealed with Teflon-faced butyl
rubber stoppers (Wheaton). cDCE (3 pl of undiluted liquid) was added as the
sole carbon source at a concentration of 40 pwmol per bottle (initial aqueous
concentration, 0.6 mM). Enrichment cultures were incubated at 20°C with shak-
ing at 150 rpm.

Isolation and identification of strain JS666. Repeated isolation attempts with
minimal medium plates containing cDCE were unsuccessful, so an approach
based on the dilution-to-extinction principle was adopted. Serial 10-fold dilutions
of an enrichment culture (107 to 10~®) were prepared in triplicate in phosphate
buffer, and 100 wl of each dilution was used to inoculate fresh MSM. cDCE was
added, and the bottles were incubated as described above for the enrichments.
After turbidity appeared in the cultures, samples were spread plated on 1/4-TSA
plates, and the purity was evaluated. One resultant isolate (strain JS666) was
characterized by standard bacteriological methods (9) and by amplification and
sequencing of the 16S rRNA gene (MIDI Labs, Newark, Del.). Clustal-X soft-
ware (21) was used for sequence alignment and generation of phylogenetic trees.

Growth of strain JS666. Several colonies from a 1/4-TSA plate were inocu-
lated into 50 ml of MSM and grown on ¢cDCE (four 50-pmol additions) until the
late exponential phase. The cells were washed twice in phosphate buffer (20 mM,
pH 7.0) and suspended in 700 ml of MSM in a 2,240-ml flask (headspace, 1,540
ml of air) that was crimp sealed as described above. cDCE (60 pl) was added to
the culture three to five times, with each addition equivalent to 790 wmol of
c¢DCE/flask (initial aqueous concentration, 0.90 mM). The growth substrate
range of strain JS666 was investigated by using various compounds as carbon
sources (40 pwmol/bottle) in 50 ml of MSM. Growth of cultures and transforma-
tion of substrates were monitored as described below. All JS666 cultures were
grown at 20°C with shaking at 150 rpm.
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Substrate range of resting cells. Strain JS666 was grown on either succinate
(disodium salt, 20 mM) or ¢cDCE in 700 ml of MSM as described above. Cells
were harvested in the exponential phase, washed twice in phosphate buffer, and
suspended in 0.2 ml of buffer. The cells were transferred to a 10-ml serum vial,
and substrate (3 wmol) was added, either dissolved in 0.8 ml of buffer or added
as a gas directly to the headspace. In the latter case, the volume of the suspension
was adjusted to 1 ml with buffer. Cells were suspended at an optical density at 600
nm (ODygg) of 2.5 to 3.0 (1.1 to 1.4 mg of protein/ml) for the substrate range tests
and at an ODg, of 15.1 to 15.5 (5.6 to 5.9 mg of protein/ml) for detailed analysis
of ethene metabolism. The cell suspension vials were incubated horizontally at
20°C with shaking at 300 rpm. Substrate disappearance and protein concentra-
tions were measured as described below. Abiotic losses (determined with sterile
water controls) were subtracted from the observed rates of substrate disappear-
ance before calculation of specific activities.

Kinetic study. An inoculum (4 ml) from a ¢cDCE-grown JS666 culture was
transferred to 68 ml of fresh MSM in a 160-ml serum bottle. The culture was
allowed to degrade approximately 100 pmol of cDCE in order to produce a
sufficient amount of active biomass for kinetic experiments. Three sequential
substrate depletion curves were generated at 20°C for the same serum bottle,
which was kept inverted at an angle on a rotary shaker with shaking at 165 rpm
between the times when headspace samples were removed. Estimates of the
maximum specific substrate utilization rate (k) and the half-velocity constant (K)
for cDCE transformation were obtained from headspace-based cDCE depletion
curves. The data were fitted to the Monod model by using the Aquasim software
program, as described previously (18, 26), with a diffusive link (19) included to
account for the fact that both the liquid and gaseous phases could act as reser-
voirs of cDCE. The possibility of mass transfer limitation was addressed by
constructing a nonequilibrium model with Aquasim, incorporating a mass trans-
fer coefficient (Kj a) measured as described previously (21). The depletion curves
predicted by the nonequilibrium model coincided with those of the equilibrium
model, which demonstrated the adequacy of our phase equilibrium assumption.

Protein was measured at the beginning of the first depletion curve and at the
end of each depletion curve. Because of the relatively large amounts of cDCE (7
to 13 pmol) added at the beginning of each sequential depletion curve, biomass
increased significantly during the course of the experiment (from 9.1 to 12.6 mg
of protein/liter). However, because most of the batch depletion data were gath-
ered near the end of each curve, the change in biomass within each intensive,
data-gathering period was relatively small (<2%, as estimated by using the
growth yield coefficient which we report here).

Analytical methods. cDCE was analyzed in headspace samples (100 or 250 pl)
by gas chromatography with flame ionization detection, and either a capillary
column (GSQ; Agilent) or a packed column (10% SP-1000 on 100/120 Supelco-
port [Supelco]). Both columns separated cDCE from tDCE, which was present
as an impurity in the ¢cDCE source at a concentration of approximately 2%.
c¢DCE was quantified (micromoles per bottle) by comparison to a standard curve
derived from known quantities of cDCE in serum bottles with the same gas and
liquid volumes as the experimental bottles. For the kinetic studies, cDCE con-
centrations were converted to micromolar concentrations by methods described
previously (7) by using a dimensionless Henry’s constant of 0.1232 for cDCE at
20°C.

Protein concentrations were measured with the Micro-BCA reagent (Pierce
Chemical Company). Culture fluid (0.9 ml) was mixed with 0.1 ml of 10 M
NaOH, heated to 90°C for 10 min to effect cell lysis, and cooled to room
temperature, and 1 ml of Micro-BCA working reagent was added. Samples were
then incubated at 60°C for 60 min and cooled to room temperature, and the
absorbance at 562 nm was read with a spectrophotometer (Hewlett Packard
8452A or Varian Cary 3E). Absorbance values were compared to the values for
bovine serum albumin standards treated identically. The growth rate was calcu-
lated by fitting an exponential function to the plot of protein versus time. The
growth yield was calculated from a linear regression of protein versus amount of
c¢DCE consumed.

Chloride was quantified by the colorimetric method of Bergmann and Sanik
(1), which we modified by using 1-ml samples, 0.2 ml of iron reagent, and 0.4 ml
of thiocyanate reagent. Cells were removed by centrifugation (16,000 X g, 2 min)
before the supernatant was used in the chloride assay.

RESULTS AND DISCUSSION

Despite extended incubation times and the use of inocula
(soil, water, sediments) from chloroethene-contaminated sites,
only two active cultures were obtained from 18 aerobic enrich-
ments (20°C) initiated with cDCE as the sole carbon source.
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Escherichia coli

AE000406
Comamonas testosteroni
848 M 11224
Delftia acidovorans
AF078774
— Aquaspirillum delicatum
AF078756
522
— Variovorax paradoxus
VIX16SRNA1

Polaromonas vacuolata
1000 UAU 14585

999 |

JS666 10%
AF408397
— Rhodoferax fermentans
RHYFR2D

FIG. 1. Phylogeny of strain JS666 based on 16S rRNA gene com-
parison. GenBank accession numbers are given below the species
names. Positions containing gaps or ambiguous nucleotides were re-
moved, leaving sequences consisting of 1,434 bases for analysis. Boot-
strap confidence values (from 1,000 neighbor-joining trees) are indi-
cated at the nodes. Bar = 10 inferred nucleotide changes per 100
nucleotides. The consensus tree was rooted by using Escherichia coli as
the outgroup.

One of the active enrichments was chosen for further study.
The inoculum for the culture was granular activated carbon
from a pump-and-treat plant (Dortmund, Germany) process-
ing groundwater contaminated with perchloroethene, TCE,
and cDCE. Biodegradation of cDCE in the enrichment began
after 50 days, and cDCE-degrading activity was subsequently
maintained for 7 months in the absence of other carbon
sources through 11 transfers (5%, vol/vol) transfers in minimal
medium.

A pure culture that grew on cDCE was obtained from serial
dilutions of the Dortmund enrichment culture. The ¢cDCE-
degrading isolate, strain JS666, is a yellow-pigmented, gram-
negative, nonmotile, oxidase-positive, catalase-negative rod.
Phylogenetic analysis of the 16S rRNA gene (GenBank acces-
sion no. AF408397) indicated that JS666 is a member of the
family Comamonadaceae in the B-proteobacteria, with 97.9%
sequence identity to the Antarctic isolate Polaromonas vacu-
olata (Fig. 1). It is unclear whether JS666 is truly a Polaromo-
nas strain due to many phenotypic differences, including dif-
ferences in motility, the catalase reaction, pigmentation, and
the optimum temperature (11). Assignment of strain JS666 to
a genus is difficult at present due to the lack of taxonomic data
for the isolate and to the uncertain phylogeny of some mem-
bers of the Comamonadaceae (28).

Strain JS666 grew on cDCE as the sole carbon and energy
source (Fig. 2). Batch cultures grown on ¢cDCE as the sole
carbon source did not reach high optical densities, but protein
measurements (Fig. 2, inset) confirmed that growth was cou-
pled to ¢cDCE degradation, with a calculated growth yield of
6.1 = 0.4 g of protein/mol of cDCE. The doubling time on
cDCE calculated from the protein data was 74 = 8 h at 20°C
(data not shown). The growth rate and yield with ¢cDCE are
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FIG. 2. Growth of strain JS666 on cDCE as the sole carbon and
energy source. Symbols: A, cDCE content; [J, cumulative amount of
c¢DCE consumed; O, biomass expressed as ODy; <, chloride content.
Due to partitioning between the headspace and the liquid phase,
cDCE concentrations are expressed in millimoles per flask. The aque-
ous ¢cDCE concentration after each addition should be 0.9 mM, based
on the Henry’s constant (7). The data points are averages based on
three replicate cultures, and the error bars indicate the standard de-
viations. (Inset) Growth yield on cDCE calculated from linear regres-
sion of the amount of protein (V) in cultures versus the cumulative
amount of cDCE consumed. Individual data points from three repli-
cate cultures are shown. The growth yield indicated by the linear
regression is 6.1 = 0.4 g of protein per mol of cDCE (error based on
95% confidence interval).

both lower than corresponding values for growth on 1,2-DCA
(23) or VC (8), probably due to the lower incubation temper-
ature used in this study and the lower energy content of cDCE
4).

The stoichiometry of chloride production (Fig. 2) indicates
that cDCE was completely dechlorinated (1.94 mol of Cl™
produced/mol of ¢cDCE degraded). There was no detectable
growth in JS666 cultures without cDCE, and there was no
significant disappearance of ¢cDCE in flasks inoculated with
autoclaved cells (data not shown). The pH optimum for growth
of strain JS666 on cDCE was 7.2. Growth on ¢cDCE was opti-
mal at temperatures between 20 and 25°C and was not detect-
able at 30°C. tDCE was present as an impurity (approximately
2%) in the cDCE used in this work, but tDCE was not metab-
olized during growth on cDCE. In other experiments (data not
shown), some of the tDCE impurity was transformed after
c¢DCE was depleted.

Strain JS666 did not grow on tDCE, TCE, VC, 1,2-DCA, or
ethene as a carbon source, but cells could transform all these

TABLE 1. Activity of cDCE-grown and succinate-grown JS666 cells
with chloroethenes, ethene, and 1,2-DCA as substrates

Sp act (nmol/min/mg of protein)
Test substrate

c¢DCE-grown cells Succinate-grown cells

cDCE 16.8 + 4.8 09+ 0.6
tDCE 4.0=*=0.7 0

TCE 52+09 04+04
vC 6.6 = 0.6 1.5+0.7
1,2-DCA 125 +1.9 1.1+08
Ethene 29+ 1.7 0.6 = 0.7

“ Data are averages * standard deviations based on three experiments.
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FIG. 3. Production of epoxyethane (A) from ethene (O) by cDCE-
grown JS666 cells. Due to partitioning of both compounds between the
headspace and the liquid phase, the concentrations are expressed in
micromoles per bottle. The data points are averages based on three
separate experiments, and the error bars indicate the standard devia-

tions. Epoxyethane was identified by its characteristic gas chromatog-
raphy retention time.

compounds after growth on cDCE (Table 1). The enzymes
involved are inducible, as indicated by the lower activity in
succinate-grown cells. The ability of cDCE-grown JS666 cells
to transform other chloroethenes may prove to be very useful
at contaminated sites, where mixtures of pollutants may be
encountered (22). It is surprising that strain JS666 did not grow
on ethene, which seems to be the most likely natural substrate
of the cDCE-degrading enzymes, particularly considering the
fact that the VC-assimilating bacteria isolated to date also use
ethene as a carbon source (8, 26) and at least in one case
appear to have evolved directly from ethene-degrading bacte-
ria (27).

Dense suspensions of ¢cDCE-grown cells oxidized ethene
stoichiometrically to epoxyethane (Fig. 3) and also oxidized
propene to epoxypropane (data not shown). Succinate-grown
cells also catalyzed ethene transformation, but the rate was
only 40% of the rate observed with cells grown on cDCE (data
not shown). At this time we cannot explain the observed dif-
ferences in the activity of succinate-grown cells in the ep-
oxyethane accumulation experiment and the substrate range
assays (Table 1), although it should be noted that the former
experiment was performed with much denser cell suspensions,
which may have affected activity.

The ability of JS666 cells to convert ethene to epoxyethane
suggests that oxidation of cDCE to the corresponding epoxide
is the first step in cDCE biodegradation in strain JS666. cDCE
epoxide was not detected when cells were incubated with
cDCE, however, which could have been due to further metab-
olism of the epoxide by the cells. Monooxygenase-catalyzed
epoxidations appear to be a universal initial step in the aerobic
metabolism of chloroethenes in bacteria (5, 6, 8, 24, 25). Fur-
ther work will be required to determine rigorously whether
strain JS666 uses the same strategy.

The kinetics of cDCE metabolism in strain JS666 at 20°C
with continuous agitation were studied by simultaneously fit-
ting depletion curves to three sets of data (Fig. 4). A k of 12.6
* 0.3 nmol/min/mg of protein and a K, of 1.6 = 0.2 uM best
fit all three data sets. The k value calculated from depletion
curves (Fig. 4) agreed fairly well with the cDCE utilization rate
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FIG. 4. Three sequential depletion curves for cDCE at 20°C ob-
tained for JS666 (value £ 95% confidence interval). Symbols: O, ex-
periment 1 measured values; [, experiment 2 measured values; A,
experiment 3 measured values. The lines indicate the model-predicted fit.

seen in substrate range assays (Table 1). However, by using the
k value and growth yield (Y) (Fig. 2), a doubling time (In2/Yk)
of 150 h was estimated, which is at odds with the doubling time
determined directly from protein measurements during growth
(74 h). The discrepancy suggests that there was underestima-
tion of k in the substrate depletion experiments, probably due
to a lower active fraction of protein (i.e., protein measure-
ments probably overestimated the active biomass) under the
conditions of the substrate depletion assay compared to cells in
exponential-phase cultures. Note that differences in the active
fraction of protein would not have affected estimates of K..

The relatively low measured K| value, considered in conjunc-
tion with the relatively high k value, is significant considering
the possible participation of this organism in natural attenua-
tion of cDCE. If JS666 were present and active at a cDCE-
contaminated site, the cDCE utilization rate would be one-half
the maximum rate at a cDCE concentration of 160 ug/liter.
The Environmental Protection Agency-mandated maximum
contaminant level for cDCE in drinking water is 70 pg/liter
(http://www.epa.gov). Therefore, under appropriate conditions
in the field, JS666 should easily be able to oxidize cDCE to
obtain levels below drinking water standard levels. Perhaps
more relevant is the observation that in the experiments de-
scribed here, cDCE was degraded routinely to concentrations
below 0.03 pg/liter.

The discovery of a bacterium able to grow on cDCE shows
that aerobic biodegradation of cDCE in the absence of other
carbon substrates is possible. Our results with enrichment cul-
tures indicate that such bacteria appear to be rare and may
exist only in highly selective artificial environments, such as the
activated carbon filter that was the source of strain JS666. The
existence of cDCE-assimilating bacteria suggests that there is
potential for bioaugmentation, which could lead to a self-sus-
taining, low-cost bioremediation strategy at sites where cDCE
is a problem contaminant. Our results indicate that growth on
c¢DCE as a carbon source could be a previously unrecognized
factor in determining the environmental fate of this com-
pound. Further characterization of JS666 should facilitate the
search for similar strains and allow evaluation of the role of
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such strains in the natural attenuation of ¢cDCE and other
chlorinated ethenes.

ACKNOWLEDGMENTS

We thank Petra Koziollek for providing the activated carbon sam-
ple. Mike Allen and John Dunlap helped with phenotypic character-
ization of JS666.

This work was funded by the U.S. Strategic Environmental Research
and Development Program. N.V.C. was supported by a postdoctoral
fellowship from the Oak Ridge Institute for Science and Education
(U.S. Department of Energy).

REFERENCES

1. Bergmann, J. G., and J. Sanik. 1957. Determination of trace amounts of
chlorine in naphtha. Anal. Chem. 29:241-243.

2. Bradley, P. M., and F. H. Chapelle. 2000. Aerobic microbial mineralization
of dichloroethene as sole carbon source. Environ. Sci. Technol. 34:221-223.

3. de Bont, J. A. M., and W. Harder. 1978. Metabolism of ethylene by Myco-
bacterium E 20. FEMS Microbiol. Lett. 3:89-93.

4. Dolfing, J., A. J. van den Wijngaard, and D. B. Janssen. 1993. Microbiolog-
ical aspects of the removal of chlorinated hydrocarbons from air. Biodegra-
dation 4:261-282.

5. Ensign, S. A,, M. R Hyman, and D. J. Arp. 1992. Cometabolic degradation
of chlorinated alkenes by alkene monooxygenase in a propylene-grown Xan-
thobacter strain. Appl. Environ. Microbiol. 58:3038-3046.

6. Fox, B. G., J. G. Bornemann, L. P. Wackett, and J. D. Lipscomb. 1990.
Haloalkene oxidation by the soluble methane monooxygenase from Methy-
losinus  trichosporium OB3b: mechanistic and environmental implications.
Biochemistry 29:6419-6427.

7. Gossett, J. M. 1987. Measurement of Henry’s Law constants for C; and C,
chlorinated hydrocarbons. Environ. Sci. Technol. 21:202-208.

8. Hartmans, S., and J. A. M de Bont. 1992. Aerobic vinyl chloride metabolism
in Mycobacterium aurum L1. Appl. Environ. Microbiol. 58:1220-1226.

9. Hartmans, S., A. Kaptein, J. Tramper, and J. A. M. de Bont. 1992. Charac-
terization of a Mycobacterium sp. and a Xanthobacter sp. for the removal of
vinyl chloride and 1,2-dichloroethane from waste gases. Appl. Microbiol.
Biotechnol. 37:796-801.

10. Holliger, C., D. Hahn, H. Harmsen, W. Ludwig, W. Schumacher, B. Tindall,
F. Vazquez, N. Weiss, and A. J. Zehnder . 1998. Dehalobacter restrictus gen.
nov. and sp. nov., a strictly anaerobic bacterium that reductively dechlori-
nates tetra- and trichloroethene in an anaerobic respiration. Arch. Micro-
biol. 169:313-321.

11. Irgens, R. L., J. J. Gosink, and J. T. Staley. 1996. Polaromonas vacuolata gen.
nov., sp. nov., a psychrophilic, marine, gas-vacuolate bacterium from Ant-
arctica. Int. J. Syst. Bacteriol. 46:822-826.

12. Klier, N. J., R. J. West, and P. A. Donberg. 1999. Aerobic biodegradation of
dichloroethylenes in surface and subsurface soils. Chemosphere 38:1175-
1188.

13. Koziollek, P., D. Bryniok, and H.-J. Knackmuss. 1999. Ethene as an auxiliary
substrate for the cooxidation of cis-dichloroethene and vinyl chloride. Arch.
Microbiol. 172:240-246.

14. Lee, M. D., J. M. Odom, and R. J. Buchanan, Jr. 1998. New perspectives on
microbial dehalogenation of chlorinated solvents: insights from the field.
Annu. Rev. Microbiol. 52:423-452.

15. Maymé-Gatell, X., Y. Chien, J. M. Gossett, and S. H. Zinder. 1997. Isolation
of a bacterium that reductively dechlorinates tetrachloroethene to ethene.
Science 276:1568-1571.

16. Maymé-Gatell, X., I. Nijenhuis, and S. H. Zinder. 2001. Reductive dechlo-
rination of cis-1,2-dichloroethene and vinyl chloride by “Dehalococcoides
ethenogenes.” Environ. Sci. Technol. 35:516-521.

17. Neumann, A., H. Scholz-Murumatsu, and G. Diekert. 1994. Tetrachlo-
roethene metabolism of Dehalospirillum multivorans. Arch. Microbiol. 162:
295-301.

18. Reichert, P. R. 1994. AQUASIM-a tool for simulation and data analysis of
aquatic systems. Water Sci. Technol. 2:21-30.

19. Reichert, P. R. 1998. AQUASIM 2.0-user manual. Swiss Federal Institute
for Environmental Science and Technology. Dubendorf, Switzerland.

20. Semprini, L. 1997. Strategies for the aerobic co-metabolism of chlorinated
solvents. Curr. Opin. Biotechnol. 8:296-308.

21. Smatlak, C. R. 1995. Comparative kinetics of H, utilization for dechlorina-
tion of tetrachloroethene and methanogenesis by an anaerobic enrichment
culture. M.S. thesis. Cornell University, Ithaca, N.Y.

22. Squillace, P. J., M. J. Moran, W. W. Lapham, C. V. Price, R. M. Clawges,
and J. S. Zogorski. 1999. Volatile organic compounds in untreated ambient
groundwater of the United States, 1985-1995. Environ. Sci. Technol. 33:
4176-4187.

23. van den Wijngaard, A. J., R. D. Wind, and D. B. Janssen. 1993. Kinetics of
bacterial growth on chlorinated aliphatic compounds. Appl. Environ. Micro-
biol. 59:2041-2048.



2730

24.

25.

26.

COLEMAN ET AL.

van Hylckama Vlieg, J. E. T., J. Kingma, A. J. van den Wijngaard, and D. B.
Janssen. 1998. A glutathione S-transferase with activity towards cis-dichlo-
roepoxyethane is involved in isoprene utilization by Rhodococcus sp. strain
AD45. Appl. Environ. Microbiol. 64:2800-2805.

van Hylckama Vlieg, J. E. T., W. de Koning, and D. B. Janssen. 1996.
Transformation kinetics of chlorinated ethenes by Methylosinus trichospo-
rium OB3b and detection of unstable epoxides by on-line gas chromatogra-
phy. Appl. Environ. Microbiol. 62:3304-3312.

Verce, M. F., R. L. Ulrich, and D. L. Freedman. 2000. Characterization of an

27.

28.

APPL. ENVIRON. MICROBIOL.

isolate that uses vinyl chloride as a growth substrate under aerobic condi-
tions. Appl. Environ. Microbiol. 66:3535-3542.

Verce, M. F., R. L. Ulrich, and D. L. Freedman. 2001. Transition from
cometabolic to growth-linked biodegradation of vinyl chloride by a Pseudo-
monas sp. isolated on ethene. Environ. Sci. Technol. 35:4242-4251.

Wen, A., M. Fegan, C. Hayward, S. Chakraborty, and L. I. Sly. 1999. Phy-
logenetic relationships among members of the Comamonadaceae, and de-
scription of Delftia acidovorans (den Dooren de Jong 1926 and Tamaoka et
al. 1987) gen. nov., comb. nov. Int. J. Syst. Bacteriol. 49:567-576.



Appendix C

Coleman, N. V., and J. C. Spain 2003. Epoxyalkane:Coenzyme-M transferase in the ethene and
vinyl-chloride biodegradation pathways of Mycobacterium strain JS60. J. Bacteriol. 185: 5536-
5545.

33



JOURNAL OF BACTERIOLOGY, Sept. 2003, p. 5536-5545
0021-9193/03/$08.00+0 DOI: 10.1128/JB.185.18.5536-5545.2003

Vol. 185, No. 18

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Epoxyalkane:Coenzyme M Transferase in the Ethene
and Vinyl Chloride Biodegradation Pathways of
Mycobacterium Strain JS60

Nicholas V. Colemanf and Jim C. Spain*
Air Force Research Laboratory-MLQL, Tyndall AFB, Florida 32403

Received 7 April 2003/Accepted 3 July 2003

Mycobacterium strains that grow on ethene and vinyl chloride (VC) are widely distributed in the environment
and are potentially useful for biocatalysis and bioremediation. The catabolic pathway of alkene assimilation in
mycobacteria is not well characterized. It is clear that the initial step is a monooxygenase-mediated epoxidation
that produces epoxyethane from ethene and chlorooxirane from VC, but the enzymes involved in subsequent
transformation of the epoxides have not been identified. We investigated epoxyethane metabolism in Myco-
bacterium strain JS60 and discovered a coenzyme M (CoM)-dependent enzyme activity in extracts from VC-
and ethene-grown cells. PCR amplifications using primers targeted at epoxyalkane:CoM transferase
(EaCoMT) genes yielded part of the JS60 EaCoMT gene, which was used to clone an 8.4-kb genomic DNA
fragment. The complete EaCoMT gene (efnE) was recovered, along with genes (etnABCD) encoding a four-
component monooxygenase and two genes possibly involved in acyl-CoA ester metabolism. Reverse transcrip-
tion-PCR indicated that the etnE and efnA genes were cotranscribed and inducible by ethene and VC.
Heterologous expression of the etnE gene in Mycobacterium smegmatis mc*155 using the pMV261 vector gave a
recombinant strain capable of transforming epoxyethane, epoxypropane, and chlorooxirane. A metabolite
identified by mass spectrometry as 2-hydroxyethyl-CoM was produced from epoxyethane. The results indicate
that the EaCoMT and monooxygenase enzymes encoded by a single operon (etnEABCD) catalyze the initial
reactions in both the VC and ethene assimilation pathways. CoM-mediated reactions appear to be more

widespread in bacteria than was previously believed

Ethene and vinyl chloride (VC) are important industrial
chemicals and are also produced naturally by abiotic (22) and
biosynthetic (14, 53) reactions. Anaerobic bacteria such as
Dehalococcoides spp. produce VC and ethene during dehalo-
respiration of the chlorinated solvents perchloroethene and
trichloroethene (29, 30), thus VC and/or ethene can accumu-
late in anaerobic subsurface zones at contaminated sites (12,
56). Monooxygenases, such as liver cytochrome P-450 (16, 44),
oxidize VC and ethene to highly reactive epoxides that pose
potential health risks. Whereas uncertainty exists concerning
the dangers of low-level ethene exposure (43), VC is known to
be a human carcinogen (23).

Mycobacterium strains capable of aerobic growth on ethene
as the sole carbon and energy source were first isolated almost
30 years ago (8). More recently, strains of Mycobacterium (7,
18), Nocardioides (7), and Pseudomonas (50, 51) capable of
growth on both ethene and VC have been discovered. The VC-
and ethene-assimilating bacteria may be useful for the biore-
mediation of sites contaminated with chlorinated solvents (38).
In addition, several ethene-assimilating strains have been eval-
uated as biocatalysts for the production of epoxides (17, 46).
Much research has focused on the kinetics of VC and ethene
oxidation and on the cometabolism of related substrates (7, 24,

* Corresponding author. Mailing address: Air Force Research Lab-
oratory-MLQL, Bldg. 1117, 139 Barnes Dr., Tyndall AFB, FL 32403.
Phone: (850) 283-6058. Fax: (850) 283-6090. E-mail: Jim.Spain
(@tyndall.af.mil.

F Present address: School of Molecular and Microbial Biosciences,
University of Sydney, NSW, 2006, Australia.

5536

49), while fundamental questions concerning the catabolic
pathways and enzymes involved have been somewhat ne-
glected. The biochemical traits that distinguish bacteria that
grow on both substrates from those that grow on ethene alone
are unknown, as are most of the metabolic intermediates in
both pathways.

In bacteria, the initial enzymatic attack on VC and ethene is
similar to the reactions observed in mammalian systems, i.e., a
monooxygenase catalyzes the formation of epoxyethane (eth-
ylene oxide) from ethene and the formation of chlorooxirane
(VC epoxide) from VC (18, 50). The ethene monooxygenase
from Mycobacterium strain E3 has been examined in some
detail (19) and is a multicomponent enzyme, most likely with a
binuclear iron active site similar to those of methane and
propene monooxygenases (13, 39). The reductase component
of the monooxygenase from strain E3 has been purified (55),
but the other monooxygenase components have not been char-
acterized. None of the genes encoding VC or ethene monoox-
ygenases have been cloned or sequenced.

Epoxide metabolism in the VC and ethene catabolic path-
ways has been investigated in a few cases, but the results are
inconclusive. Early work with the ethene-assimilating Myco-
bacterium strain E20 (10) suggested the involvement of a co-
enzyme A (CoA)- and NAD"'-dependent enzyme that con-
verted epoxyethane into acetyl-CoA, but the specific activities
reported were very low (approximately 2 nmol/min/mg of pro-
tein). This “epoxyethane dehydrogenase™ activity was also de-
tected in the VC-assimilating Mycobacterium strain L1 (18),
but further investigations in that case were hampered by the
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TABLE 1. Bacterial strains, plasmids, and oligonucleotides

Reference or

Material Relevant characteristics S
ource
Strains
Mycobacterium rhodesiae JS60 Grows on VC and ethene as sole carbon sources 7
Mycobacterium smegmatis mc*155 Highly electrotransformable derivative of ATCC 607 40
Escherichia coli JM109 recAl supE44 endAl hsdR17 gyrA96 relAl thi A(lac-proAB) 58
F'[traD36 proAB™ lacl® lacZ AM15]
Plasmids
pK18 Km', 2.7 kb, general purpose cloning vector 34
pGEM-T Easy Ap", 3.0 kb, T/A cloning vector Promega
pMV261 Km', 4.5 kb, E. coli-Mycobacterium shuttle vector 41
pMV-CoM Km", 5.8 kb, pMV261 carrying JS60 EaCoMT gene (etnE) This study
Oligonucleotides (5'-3")
CoM-F1 ATGGTGGGGAACTACCCGAATCC This study
CoM-R1 ATGAGGCCGCAGT CGGTGGACA This study
CoM-F1L AACTACCCSAAYCCSCGCTGGTACGAC This study
CoM-R2 TCGTCGGCAGT TTCGGTGATCGTCCTCTT This study
60M-F2 GGGGATATCAGT GATCGCCATACAGCAATTAAGGAG This study
60M-R2 GGGAAGCTTTTGT GTCCGGACAGECCGATAGTC This study
RTM-F1 AAGGAGT GCATCATGAAGGT TGGGG This study
RTBR-R1 TTGGCTGATACCGGEGTCCGAGGT TGAG This study

instability of the activity in cell extracts and because of prac-
tical difficulties in working with chlorooxirane.

Various other bacterial enzymes can transform epoxides,
and such alternative reactions must also be considered with
respect to epoxyethane and chlorooxirane metabolism. Epox-
ide hydrolases play a role in many biodegradative pathways,
including those involving chlorinated aliphatic compounds.
The epichlorohydrin hydrolase from Agrobacterium strain AD1
is the best-studied example (35). Glutathione S-transferase
(GST) enzymes are also widely distributed among bacteria.
Notably, the GST from the isoprene degrader Rhodococcus
strain AD45 can transform cis-dichloroepoxyethane (48), a
substrate similar to the epoxides of VC and ethene. In the
propene-assimilating bacteria Xanthobacter strain Py2 and
Rhodococcus strain B-276, an epoxide carboxylase enzyme
complex catalyzes the conversion of epoxypropane into aceto-
acetate. This unusual system consists of epoxyalkane:CoM
transferase (EaCoMT), two stereoselective dehydrogenases,
and an oxidoreductase-carboxylase (11).

The aim of the present study was to investigate the initial
reactions of the VC and ethene assimilation pathways in My-
cobacterium strain JS60, a bacterium previously isolated from
groundwater (7). In particular, our focus was on determining
the mechanism of epoxide metabolism.

MATERIALS AND METHODS

Chemicals, enzymes, and media. Most chemicals and media were described
previously (7). CoM (98%), CoA (95%), NAD (98%), glutathione (98%), ep-
oxyethane (99.5%), and epoxypropane (99%) were from Sigma-Aldrich. All
molecular biology enzymes were from Roche except for DNase-free RNase,
which was from Qiagen. MSM minimal medium (7) or 1/10-strength trypticase-
soy medium with 1% glucose (7) was used for growing Mycobacterium strain
JS60. MSM medium was modified by increasing the phosphate concentration to
40 mM and decreasing the pH to 6.5. Luria-Bertani (LB) medium (37) was used
for both Escherichia coli strain JM109 and Mycobacterium strain mc>155. Trans-
formants of JM109 were plated on LB containing kanamycin (Km; 50 pwg/ml) or
ampicillin (Ap; 100 wg/ml). 5-Bromo-4-chloro-3-indolyl-B-d-galactopyranoside
(X-Gal) and isopropyl-B-p-thiogalactopyranoside (IPTG) (37) were added

where required. Transformants of mc?155 were plated on LB with 20 pg of
Km/ml or grown in LB broths containing 10 wg of Km/ml and 0.05% Tween 80.
Strain mc?155(pMV-CoM) was grown in LB-Tween-Km medium containing 0.1
mM ZnSO,.

Plasmids, bacterial strains, and incubation conditions. Plasmids and bacterial
strains used in this study are described in Table 1. Strain JS60 was grown in 50
or 700 ml of MSM medium in crimp-sealed flasks (7). VC was added at 2%
(vol/vol) of the total flask volume and resupplied as necessary. Ethene was added
once at 10% (vol/vol), and potassium acetate was added at 20 mM. Mycobacte-
rium strains JS60 and mc?155 were grown at 30°C; E. coli strain JM109 was grown
at 37°C. All cultures were incubated aerobically with shaking at 200 rpm.

General analytical methods. VC, ethene, epoxyethane, and epoxypropane
were analyzed in headspace samples (250 pl) by gas chromatography (HP 5890
series 1I) on a megabore capillary column (GSQ; Agilent) with flame-ionization
detection. The growth of cultures was followed by measurement of the optical
density at 600 nm (ODy). Protein concentrations in cell extracts were measured
by a UV absorbance assay, as described previously (7) but omitting the lysis and
neutralization steps. Chloride was analyzed as described previously (6).

Preparation of cell extracts. Cultures of JS60 cells were grown to early expo-
nential phase (ODy, = 0.2 to 0.3) in MSM with VC, ethene, or acetate as carbon
sources. Tween 80 was added to 0.05%, and the cells were harvested by centrif-
ugation, washed in buffer (20 mM K,HPO,, 0.05% Tween 80; pH 7.0), and
suspended in 2 ml of morpholinepropanesulfonic acid (MOPS)-glycerol-dithio-
threitol (DTT) buffer (3). The cells were broken by three passages through a
chilled French pressure cell (130,000 kPa), and the lysate was centrifuged (16,000
X g for 15 min). The supernatant was retained and diluted to 2.0 mg of pro-
tein/ml in the same buffer.

EaCoMT assay. Serum bottles (25 ml) containing 900 pl of Tris-HCI (50 mM;
pH 8.0) and 50 pl of CoM (200 mM) were crimp sealed. Epoxyethane (5 wmol)
was added, and the bottles were incubated at 30°C with shaking at 300 rpm. After
15 min, cell extract (50 wl) was added, and after a further 5 min of equilibration
headspace samples were analyzed at intervals to quantify epoxyethane. Specific
activity was calculated as nanomoles of epoxyethane consumed per minute per
milligram of protein.

DNA extraction, PCR, and T/A cloning. Extraction of genomic DNA from
strain JS60 was performed essentially as described previously (7), except that
ethene-grown cultures (700 ml) were used and ampicillin (200 pg/ml) was in-
cluded with glycine in the overnight incubation. Plasmid extraction from E. coli
strains was done by alkaline lysis (37). A Qiaquick kit (Qiagen) was used for
purification of plasmid DNA and PCR products, while the Qiaex II kit (Qiagen)
was used for the purification of genomic DNA fragments. PCR mixtures (25 pl)
contained 1.5 mM Mg?*, 50 pmol of each primer, 2.5 U of Taq polymerase, and
5 to 50 ng of template DNA. Primers used in this work are listed in Table 1.
Unless indicated otherwise, the thermocycling protocol was 95°C for 2 min, then
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30 cycles of 94°C (30 s), 60°C (30 s), and 72°C (1 min), followed by a final
extension cycle (72°C, 10 min). In initial PCR experiments with JS60, the primers
CoM-F1 and CoM-R1 were used. A band of the expected size (981 bp) was
excised from the gel, purified, ligated to the pGEM-T-Easy vector (Promega),
and introduced into strain JM109 by electroporation. Recombinant clones were
screened by restriction digestion, and several representatives containing inserts
of the expected size were sequenced (Roswell Park Cancer Institute Biopolymer
Facility; PE-ABI model 373A Stretch sequencer).

Southern blotting and construction of clone library. Restriction digests (80 l)
containing 10 to 15 pg of JS60 genomic DNA and 60 to 80 U of restriction
enzyme were incubated for 16 h at 37°C. After gel electrophoresis, Southern
blotting was done according to standard methods (37), using the ECL kit (Phar-
macia) for detection. The probe consisted of an 893-bp fragment of the EaCoMT
gene of strain JS60, amplified by PCR using the primers CoM-F1L and CoM-R2.
For clone library construction, Nhel restriction digests were repeated at a five-
fold-larger scale and DNA fragments (7 to 10 kb) were excised, purified, and
ligated to Xbal-cut, phosphatase-treated pK18 vector. The ligation mixture was
electroporated into strain JM109, which was plated on LB-Km-X-Gal-IPTG
medium.

Screening of clone library. Recombinant JM109(pK18) clones (480 white
colonies) were transferred to five microtiter plates containing LB-Km broth (100
wl), and the plates were incubated with shaking overnight. Cultures (30 wl) from
eight wells of a microtiter plate were pooled and centrifuged (16,000 X g, 1 min),
and the cells were suspended in 200 pl of Tris-HCI buffer (5 mM; pH 8.0),
yielding 60 clone pools. Each cell suspension was heat treated (95°C, 5 min) and
centrifuged (16,000 X g, 2 min), and then 1 pl of the supernatant was used in
PCR amplifications with the CoM-FIL and CoM-R2 primers, as described
above. Individual cultures from pools containing positive clones were subse-
quently screened by a similar method, except that the template was 1 pl of
culture from each well. Several positive clones were analyzed by restriction
digestion, and the insert DNA (8.4 kb) from one representative was sequenced
on both strands.

RNA extraction and RT-PCR. Cultures of strain JS60 were grown on VC,
ethene, or acetate to mid-exponential phase. The cells were washed in TE buffer
(37), suspended in the same buffer (ODgy, = 30), and frozen in 500-ul aliquots
at —80°C. The RNeasy kit (Qiagen) was used for RNA extraction, with modifi-
cations as follows. Cells from one frozen aliquot were thawed, pelleted, sus-
pended in 500 pl of buffer RLT, and added to a 2-ml screw-cap tube containing
1.5 ml of buffer RLT-saturated zirconia-silica beads (0.1-mm diameter). The
mixture was subjected to beadbeating (Mini-Beadbeater; BioSpec Products) for
1 min at high speed. The supernatant (350 pl) was column purified according to
the RNeasy protocol for bacteria, and the eluate was treated with DNase (30 U;
15 min; 20°C) and then repurified using the RNeasy protocol for RNA cleanup.
The final RNA solutions were diluted to 5 ng/ul in water, and 2 pl of each was
used for reverse transcription-PCR (RT-PCR) with the Titan One-Tube kit
(Roche). Thermocycling was done with the RTM-F1 and RTB-R1 primers, with
annealing at 60°C (30 s), extension at 68°C (2 min), and other parameters
according to the kit instructions. Negative controls (no reverse transcriptase)
were prepared with Expand DNA polymerase mixture, and a positive control
contained JS60 DNA (1 ng) instead of RNA.

Construction of Mycobacterium strain mc*155(pMV-CoM). The JS60 EaCoMT
gene etnE was amplified using the primers 60 M-F2 and 60 M-R2. The product
(1.3 kb) was digested with EcoRV and HindIIl, ligated into Pvull-HindIII-
digested pMV261, and electroporated into strain JM109. The recombinant plas-
mid was designated pMV-CoM. Electrocompetent cells of Mycobacterium strain
mc?155 were prepared essentially as described previously (21). Competent
mc?155 cells (100 pl) were electroporated with plasmid pMV-CoM, recovered
for 4 h with shaking in 1 ml of LB-Tween broth, and plated on LB-Km medium.
Clones were screened by PCR with the 60 M-F2 and 60 M-R2 primers, using as
the template 1 pl of cell lysate obtained from beadbeating a loopful of cells in 500
wl of Tris-HCI (5 mM; pH 8.0). The size of the plasmid in one PCR-positive
clone was checked by electroporating 1 pl of beadbeater lysate into JM109,
followed by plasmid extraction and restriction digestion. One clone, designated
mc?155(pMV-CoM), was used for subsequent experiments. A transformant of
mc?155 containing the pMV261 vector without insert DNA was prepared by
similar methods for use as a negative control.

Expression of JS60 EaCoMT in strain mc?155(pMV-CoM). Mycobacterium
strain mc?155(pMV-CoM) and mc?155(pMV261) cultures were grown in LB-
Tween-Km-Zn medium to an ODg of 1.0 to 1.5, and EaCoMT expression was
induced by heat shock (45°C for 30 min). Cell lysis and EaCoMT assays were as
described above for JS60, except that 0.5% Tween was added to the lysis buffer.
The protein concentration in the extracts was standardized to 3.0 to 3.5 mg/ml
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unless indicated otherwise. The activities of mc?155(pMV-CoM) and mc?155
(pMV261) extracts with epoxypropane were assayed by similar methods.

Chlorooxirane transformation by cell extracts. Chlorooxirane was synthesized
by photochlorination of epoxyethane with tert-butyl hypochlorite (16, 20, 32, 52).
Liquid epoxyethane (20 ml) and fert-butyl hypochlorite (1 ml) were reacted
under N, at 0°C for 45 min, illuminated by a 150 W incandescent bulb. Ep-
oxyethane was removed by sparging with N, at room temperature for 10 min.
The resultant mixture of chlorooxirane and fert-butyl alcohol was diluted in
anhydrous tetrahydrofuran (THF) and used immediately. Reactions were set up
in crimp-sealed 10-ml bottles containing 755 pl of Tris-acetate buffer (50 mM;
pH 8), 200 wl of cell extract [13 mg of protein/ml, from either mc?155(pMV-
CoM) or mc?155(pMV261)], 20 pl of CoM (0.2 M), and 25 pl of chlorooxirane
(12 mM in THF), with magnetic stirring. A control containing only Tris-acetate
buffer (775 pl), MOPS-glycerol-DTT buffer (200 wl), and chlorooxirane (25 wl)
was also included. The assays were conducted at 20°C to slow the rate of
reactions and allow reasonable sampling times. At appropriate intervals, samples
of the reaction mixtures (100 pl) were added to 4-(p-nitrobenzyl)pyridine re-
agent (500 pl) (16), and after 5 min triethylamine reagent (400 wl) (16) was
added. The absorbance at 550 nm was measured, and the chlorooxirane concen-
tration was calculated using the molar extinction coefficient (€ = 14,300 M/cm at
550 nm [5]).

Analysis of metabolites by MS. Cell extract (12 mg of protein in 2 ml) from
strain mc?155(pMV-CoM) was added to dialysis tubing (15-kDa cutoff) and
dialyzed overnight at 4°C in 500 ml of MOPS-glycerol-DTT buffer. Dialyzed
extract (50 pl) was added to crimp-sealed 25-ml serum bottles containing am-
monium acetate (900 pl; 50 mM; pH 8.0) and CoM (50 wl; 200 mM). Ep-
oxyethane (360 pl; 15 wmol) was added, and the bottles were incubated at 30°C
with shaking at 300 rpm. At intervals, reaction mixtures were added to chilled
prerinsed filters (5-kDa cutoff; Ultrafree-MC; Sigma) and centrifuged (5,000 X
g; 20 min; 0°C). The eluates were injected directly into an LCQ Advantage mass
spectrometer (Thermo Finnigan) operated in negative ionization electrospray
injection mode. Tandem mass spectrometry (MS-MS) analysis was performed on
the m/z 141 and 185 parent ions to determine their fragmentation patterns.
Metabolites produced by extracts of mc?155(pMV261) cultures and in abiotic
controls (no cell extract) were analyzed by similar methods.

RESULTS

Growth of Mycobacterium strain JS60 on VC and ethene.
Near-stoichiometric production of inorganic chloride from VC
(0.95 mol/mol) occurred during growth of strain JS60 on VC as
the sole carbon source (Fig. 1B). Ethene was clearly a better
substrate than VC in terms of both growth rate and growth
yield (Fig. 1A). The maximum specific substrate utilization
rates of whole cells calculated from the growth rates (Fig. 1)
and growth yields (7) were 118 nmol/min/mg of protein
(ethene) and 44 nmol/min/mg of protein (VC). The increases
in growth rates and substrate utilization rates compared to
those reported previously (7) are most likely due to optimiza-
tion of culture conditions (the temperature was increased from
20 to 30°C, and the pH was decreased from 7.0 to 6.5).

Epoxyethane metabolism in cell extracts. Various cofactors
were tested for the ability to stimulate epoxyethane metabo-
lism in extracts of ethene-grown Mycobacterium strain JS60.
There was no significant loss of epoxyethane in the absence of
cofactors (Fig. 2), and neither glutathione (48) nor a combi-
nation of NAD™ and CoA (10) stimulated activity under the
assay conditions used (data not shown). Epoxyethane metab-
olism was rapid when CoM (2-mercaptoethanesulfonate) was
added to cell extracts (Fig. 2), suggesting the presence of an
EaCoMT enzyme (4). The specific activities of EaCoMT in
extracts from VC-grown, ethene-grown, and acetate-grown
cells were calculated to be 980 = 50, 990 = 60, and 0 = 50
nmol/min/mg of protein (errors from 95% confidence intervals
of linear regressions in Fig. 2) after the abiotic rate of ep-
oxyethane loss was subtracted (13 = 2 nmol/min in Tris buffer
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FIG. 1. Growth of Mycobacterium strain JS60 on ethene (A) and
VC (B) as sole carbon and energy sources. O, biomass measured as
ODg; A, cumulative amount of substrate consumed; [J, cumulative
amount of chloride produced. Growth rates (0.080 h™' with ethene,
0.017 h~! with VC) were calculated by plotting an exponential curve
through a subset of the ODy, data (results not shown). The inoculum
for both experiments was a frozen stock of washed, VC-grown cells.
Data are averages of three replicates, and error bars are the standard
deviations.

with CoM [data not shown]). The EaCoMT activity in extracts
was an order of magnitude higher than the alkene oxidation
rates calculated for whole cells (above), and it is more than
sufficient to account for the measured growth rates on VC and
ethene. The high EaCoMT activity in cell extracts is probably
due in part to the high concentrations of reduced CoM and
epoxyethane available to the enzyme under the assay condi-
tions.

Cloning of the EaCoMT gene from strain JS60. PCR prim-
ers (CoM-F1 and CoM-R1) based on conserved regions of the
EaCoMT genes of Xanthobacter strain Py2 (X79863) and
Rhodococcus strain B-276 (AF426826) yielded several prod-
ucts in PCR amplifications with JS60 DNA. A major product at
the expected size (981 bp) had very high sequence identity to
the EaCoMT gene from strain B-276. Improved primers
(CoM-FIL and CoM-R2) yielded a single strong EaCoMT
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FIG. 2. Effect of CoM on epoxyethane metabolism in JS60 cell
extracts. O, ethene-grown cell extract with CoM; [, VC-grown cell
extract with CoM; ¢, acetate-grown cell extract with CoM; V, ethene-
grown cell extract with no cofactor; A, VC-grown cell extract with no
cofactor. Data are the averages of three independent experiments, and
error bars are the standard deviations.

PCR product (893 bp), which was subsequently used as a probe
in Southern blotting experiments. Genomic DNA from JS60
digested with enzymes that did not cut within the 893-bp se-
quence (Pstl, Kpnl, Nsil, Sphl, and Nhel) gave one hybridizing
band in all cases (data not shown), indicating that a single
EaCoMT allele was present. The Nhel fragment (8.4 kb) was
cloned into E. coli strain JM109 using the pK18 vector, positive
clones were detected by PCR screening, and the insert DNA
from one representative clone (E4H) was sequenced.

Sequence analysis of the JS60 EaCoMT gene and flanking
DNA. The Nhel fragment of JS60 DNA (8,364 bp) (GenBank
accession number AY243034) had an overall GC content of
59%, which is slightly lower than typical for Mycobacterium
(54). Seven open reading frames (ORFs), the first and last of
which were incomplete, were identified on one strand of the
DNA (Fig. 3). Five of the ORFs started with ATG, one started
with TTG, and all were preceded by plausible ribosome bind-
ing sites. Two genes possibly involved in acyl-CoA ester me-
tabolism (ORF1 and ORF2) were located upstream of the
EaCoMT gene, while genes likely to encode a four-component
monooxygenase were located downstream (Table 2).

The monooxygenase genes were similar in sequence and
identical in arrangement to the propene monooxygenase genes

_orf1 orf2 etnE  etnA etnB etnC etnD_
NheI 1kb NheI

FIG. 3. Schematic diagram of genes on the 8,364-bp Nhel restric-
tion fragment cloned from Mycobacterium strain JS60. orfl and orf2 are
likely to be involved in acyl-CoA ester metabolism, etnE encodes an
EaCoMT, and the etnABCD genes encode a putative four-component
alkene monooxygenase.
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TABLE 2. Gene products of the etn locus: predicted functions and database similarities
Position in sequence Predicted . . Similar . A;zilgo Protein
ORF . molecular Predicted function . Organism . . .
(nucleotides) mass (Da) protein 1d?;t;ty accession no.
0
ORF1¢ 0-795 28,767 CoA transferase GcetB Acidaminococcus fermentans 29.9 Q59112
CatJ Pseudomonas strain B13 27.8 AAL02406
ORF2 783-2771 70,192 Acyl-CoA CAA10043 Pseudomonas mendocina 30.4 CAA10043
synthetase strain 35
FerA Sphingomonas strain SYK6 28.3 BAB86294
etnk 2887-3996 40,928 EaCoMT AAL28081 Rhodococcus strain B-276 71.3 AAL28081
XecA Xanthobacter strain Py2 473 CAA56241
etnA 4315-5367 39,732 Monooxygenase AmoA Rhodococcus strain B-276 39.1 D37875
B-subunit
ThmB Pseudonocardia strain K1 31.6 CAC10509
etnB 5391-5720 12,334 Monooxygenase AmoB Rhodococcus strain B-276 50.8 D37875
coupling-
effector
protein
MmoB Methylocystis strain W114 28.3 AAF01270
etnC 5767-7269 56,926 Monooxygenase AmoC Rhodococcus strain B-276 59.4 BAAO07114
a-subunit
MmoX Methylosinus strain OB3b 35.1 P27353
etnD” 7389-8364 35,149 Monooxygenase AmoD Rhodococcus strain B-276 41.8 BAAO07115
reductase
DmpP Pseudomonas strain CF600 40.4 P19734

“ Incomplete ORF.

(amoABCD) of Rhodococcus strain B-276. The sequence sim-
ilarity, inducibility by VC and ethene (see below), and prox-
imity to a gene involved in epoxyethane and chlorooxirane
metabolism (see below) provide strong evidence that the four
genes encode the VC-ethene monooxygenase of JS60. Due to
the likelihood that ethene rather than VC was the original
substrate of the putative monooxygenase, we designated the
genes etmABCD. Because the JS60 EaCoMT gene was func-
tional in epoxide metabolism and cotranscribed with at least
etnA (see below), it was designated etnE.

Sequence alignment (data not shown) of the EtnC gene
product with a-subunit components from methane (MmoX),
propene (AmoC, XamoA), butane (BmoX), isoprene (IsoA),
THF (ThmA), benzene (BmoA), phenol (DmpN), and toluene
(TomA3) monooxygenases confirmed the presence of four
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conserved glutamate residues and two conserved histidine res-
idues involved in binding nonheme iron atoms at the active site
(15, 36, 39, 59). The sequence comparison therefore indicates
that the JS60 ethene-VC monooxygenase is a binuclear iron
enzyme. The National Center for Biotechnology Information
conserved domain database (CDD) detected the presence of
binding sites for FAD, NAD, and a 2Fe-2S iron-sulfur cluster
in the EtnD gene product, as would be expected for a mono-
oxygenase reductase (28, 55).

A sequence alignment of the EaCoMTs from JS60, Py2, and
B-276 (Fig. 4) emphasized the high similarity of these enzymes,
particularly those from JS60 and B-276. The His-X-Cys-X,,-Cys
motif involved in zinc binding in the Py2 EaCoMT enzyme (26)
and in the more distantly related methionine synthases and
methanogenic CoM transferases (60) is conserved in the
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FIG. 4. Sequence alignment of EaCoMT proteins from Mycobacterium strain JS60, Rhodococcus strain B-276, and Xanthobacter strain Py2.
Identical residues are shaded black, while similar residues are shaded gray. The conserved histidine (220) and cysteine (222, 343) residues likely

to be involved in zinc binding are boxed.
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FIG. 5. RT-PCR analysis of etnEA expression in strain JS60. Lanes:
A, acetate-grown cells; B, VC-grown cells; C, ethene-grown cells; D,
acetate-grown cells (no RT); E, VC-grown cells (no RT); F, ethene-
grown cells (no RT); G, DNA template; H, no template.

EaCoMT from strain JS60, which suggests that this enzyme
also possesses a zinc cofactor.

RT-PCR of efn locus genes. Primers (RTM-F1 and RTB-R1)
were designed to amplify a 2.5-kb region of the etn locus from
the start of the EaCoMT gene enE to the end of the putative
monooxygenase B-subunit gene etnA. A product of the ex-
pected size was seen in RT-PCRs with RNA extracted from
VC- or ethene-grown JS60 cultures, whereas no products were
seen in reactions using RNA from acetate-grown JS60 cultures
(Fig. 5). Negative controls lacking reverse transcriptase gave
no detectable products, indicating that the amplicons observed
in RT-PCRs were derived from RNA and not DNA. The
results indicate that the ernE and etnA genes are cotranscribed
and are inducible by ethene and VC.

Heterologous expression of the JS60 EaCoMT gene. Based
on the work of Krum and Ensign with the EaCoMT from
Xanthobacter strain Py2 (25), we initially attempted to express
the JS60 EaCoMT gene etnE in E. coli by using a T7-based
expression system [pET-21a vector, C43(DE3) host], but the
experiments were unsuccessful (data not shown). We hypoth-
esized that heterologous expression in a more closely related
host strain might be more successful and, therefore, we cloned
the etnE gene into Mycobacterium smegmatis mc*155 (40) un-
der the control of the Asp60 promoter in the pMV261 vector
(41). Good EaCoMT activity was obtained in cell extracts of
the recombinant strain, designated mc*155(pMV-CoM).

In contrast to previously published work (41), we observed
better expression of the cloned gene (increase in specific ac-
tivity of approximately 30% [data not shown]) in extracts from
mc*155(pMV-CoM) cultures that were heat shocked (45°C, 30
min) before harvest, and therefore cell extracts from heat-

TABLE 3. EaCoMT activity in cell extracts of strains mc®155(pMV-
CoM) and mc?155(pMV261)

EaCoMT activity (nmol/min/mg of protein)** (n)

Substrate
mc?155(pMV-CoM) mc?155(pMV261)
Epoxyethane 615 = 98 (6) 1220 (3)
Epoxypropane 143 =23 (4) 1£3(4)

“ Averages and standard deviations derived from several independent exper-
iments.

b Activities calculated from substrate depletion rate, after subtraction of abi-
otic rates of substrate loss in controls without cell extract. The abiotic rates of
epoxyethane and epoxypropane loss were 13 * 2 and 12 * 2 nmol/min, respec-
tively.
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FIG. 6. Chlorooxirane transformation in cell extract reactions. O,
buffer alone; [, buffer, CoM, and cell extract from strain
mc?155(pMV261); A, buffer, CoM, and cell extract from strain
mc?155(pMV-CoM). Data from two experiments are shown. Chlo-
rooxirane was quantified by the absorbance (550 nm) of its 4-(p-
nitrobenzyl)pyridine adduct. Initial concentrations of chlorooxirane in
the assays ranged from 0.2 to 0.3 mM.

shocked cultures were used for all subsequent work. Our re-
sults indicate that the Asp promoter in the pMV261 vector is
partially inducible above a basal constitutive expression level.
The EaCoMT activity in mc*155(pMV-CoM) cell extracts with
epoxyethane as a substrate (Table 3) was 62% of the activity in
cell extracts of JS60 (Fig. 2). Epoxypropane was also trans-
formed by mc?155(pMV-CoM) cell extracts, although the spe-
cific activity was only 23% of that seen with epoxyethane.
Apart from the slow abiotic reaction between epoxide and
CoM, no significant transformation of epoxyethane or
epoxypropane was seen in cell extracts of strain mc*155
(pMV261), confirming that the EaCoMT activities were due to
expression of the cloned JS60 etnE gene. EaCoMT-like genes
were not found in BLAST searches of the in-progress genome
sequence of M. smegmatis strain mc*155.

Chlorooxirane metabolism in cell extracts. Transformation
of chlorooxirane was more extensive, and the initial rate more
rapid, in reactions containing strain mc*155(pMV-CoM) ex-
tracts than in reactions containing strain mc*155(pMV261)
extracts or buffer alone (Fig. 6). Based on the data between 3
and 20 s, the enzyme-catalyzed rate of reaction was calculated
to be 57 nmol/min/mg of protein at 20°C. This specific activity
should be considered an approximation, due to both the non-
linearity of the data and the very high rate of abiotic chloroox-
irane decomposition. Although much lower than the activity
with epoxyethane (Fig. 2), the EaCoMT activity with chloroox-
irane is sufficient to account for VC oxidation (10 nmol/min/mg
of protein in whole cells at 20°C [7]), which would be essential
to avoid any accumulation of the highly reactive chlorooxirane
in the cells. The reason for the incomplete metabolism of
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FIG. 7. MS analysis of metabolites formed from epoxyethane dur-
ing EaCoMT reaction. (A) Zero time sample; (B) 30-min sample;
(C) 1-h sample.

chlorooxirane in the assay is unknown. CoM was present in
10-fold excess and, thus, is not expected to be limiting. Either
a high K, or inactivation of the EaCoMT enzyme by chloroox-
irane could be responsible. Respiking of chlorooxirane or de-
salting of the mixture and repeating the assay would distinguish
between these possibilities. In combination with the results
from JS60 cell extracts (Fig. 2) and RT-PCR (Fig. 5), the
results indicate that the JS60 EaCoMT enzyme, EtnE, can
catalyze the transformation of chlorooxirane in addition to
epoxyethane and thus plays a role in both the ethene and VC
catabolic pathways.

Analysis of metabolites produced from epoxyethane. Reac-
tions between CoM and epoxyethane were analyzed by MS
(Fig. 7), using dialyzed cell extracts from strain mc*155(pMV-
CoM) assayed in ammonium acetate buffer. Under these con-
ditions, the EaCoMT activity was approximately 75% of that
seen with undialyzed extracts in Tris buffer (data not shown). A
strong peak at m/z 141 that yielded a fragment ion at m/z 81
was present at the start of the reactions. The spectrum
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matched that of a CoM standard, and thus m/z 141 and m/z 81
are probably HS-CH,-CH,-SO;~ and HSO; ", respectively.
After 1 h, the m/z 141 peak was almost undetectable and a
peak at m/z 185 was dominant. Based on analogy with the CoM
adduct in the propene assimilation pathway (4), the m/z 185
ion is consistent with 2-hydroxyethyl-CoM (HO-CH,-CH,-S-
CH,-CH,-SO5 7). The proposed structure is supported by the
fragmentation pattern, assuming that m/z 77 is HO-CH,-CH,-
S™, m/z 81 is HSO5 ™, and m/z 107 is CH,=CH-SO; . Several
minor peaks also appeared during the course of the EaCoMT
reaction. The ion at m/z 208 could be derived from MOPS
buffer. The peaks at m/z 233 and 277 are possibly glycerol
adducts (sulfonate esters) of m/z 141 and 185, respectively.

The m/z 185 ion did not appear in reactions when either
CoM or epoxyethane was omitted, but it was seen in reactions
containing cell extract from strain mc*155(pMV261) and also
in abiotic reactions containing only buffer, CoM, and ep-
oxyethane (data not shown). In these latter two cases, the
intensity of the m/z 185 ion after 1 h of incubation was approx-
imately 10% of that observed with cell extract from strain
mc*155(pMV-CoM). The data suggest that the JS60 EaCoMT
enzyme increases the rate of a reaction that also occurs spon-
taneously between epoxyethane and CoM.

DISCUSSION

We have conclusively determined the mechanism responsi-
ble for bacterial epoxyethane metabolism, and we obtained
strong circumstantial evidence that the same mechanism is also
involved in chlorooxirane metabolism. Three lines of investi-
gation support the latter conclusion: the JS60 etnE gene was
expressed in response to both VC and ethene; there were equal
levels of EaCoMT activity in extracts from VC- and ethene-
grown JS60 cells; and chlorooxirane was transformed more
rapidly by cell extracts of strain mc¢*155(pMV-CoM) than of
strain mc*155(pMV261). Our finding of EaCoMT in strain
JS60 adds Mycobacterium to the small group of eubacterial
genera (Xanthobacter, Rhodococcus) thus far known to use
CoM in catabolic reactions (25). The fact that Mycobacterium
strain JS60 contains an active EaCoMT enzyme and grows on
alkenes in minimal medium indicates that the strain can bio-
synthesize CoM, although we did not obtain direct evidence of
this.

Our results suggest answers to questions raised by earlier
studies on epoxyethane metabolism in other Mycobacterium
strains. It is likely that CoM is the unknown heat-stable, dia-
lyzable cofactor that was required for epoxyethane metabolism
in cell extracts of Mycobacterium strain E20 (10). The authors
of that study noted that only extracts from ethene-grown cells
contained the stimulatory cofactor, which agrees with the more
recent finding of inducible CoM biosynthesis in Xanthobacter
strain Py2 and Rhodococcus strain B-276 (25). It is also possi-
ble that EaCoMT is responsible for epoxyethane metabolism
in the dibromoethane-degrading Mycobacterium strain GP1
(33), which is phylogenetically similar to strain JS60. In strain
GP1, epoxyethane is produced from 2-bromoethanol through
the action of a haloalcohol dehalogenase, but the mechanism
of subsequent epoxyethane transformation was not elucidated.

Early experiments with ethene- and VC-assimilating myco-
bacteria indicated that epoxyethane metabolism was depen-
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FIG. 8. Proposed pathways of VC and ethene assimilation in My-
cobacterium strains. Intermediates that have not been identified are in
brackets, and hypothetical reactions are indicated by dotted lines.

dent on NAD and CoA (10, 18). Although we saw no evidence
of a requirement for such cofactors, our reaction conditions
were very different in that they contained an exogenous supply
of CoM, 10- to 50-fold less protein, and 10- to 50-fold more
epoxyethane. Different strains of alkene-utilizing mycobacteria
could possess different mechanisms of epoxide metabolism, but
based on preliminary results from several other strains (un-
published data) we believe this is unlikely. NAD and CoA
could play a role in the downstream reactions of the ethene
pathway, e.g., in regenerating the reduced form of CoM. In our
reactions that contained an excess of CoM, recycling of the
cofactor would not be expected to affect the initial reaction
rate, unlike in earlier studies where CoM would have been
extremely rate limiting.

The JS60 EaCoMT accepted epoxypropane as a substrate,
although the strain does not grow on propene (data not
shown). The activities of the EaCoMTs from the propene-
oxidizing strains with epoxyethane have not been reported, but
such activity might be expected at least in strain Py2, which can
grow (albeit slowly) on ethene as a carbon source (45). The
amino acid identity (71.3%) between the EaCoMTs of strains
JS60 and B-276 was much higher than that between the Py2
and B-276 enzymes (49.2%). This is unusual in light of the fact
that the enzymes from Py2 and B-276 are both part of a
propene assimilation pathway, whereas the JS60 enzyme is part
of an ethene and VC assimilation pathway. It appears that, in
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this case, the similarity of the catabolic enzymes was better
predicted by the phylogeny of the strains than by the substrates
of the pathways. The correspondence between JS60 and B-276
held also for the alkene monooxygenase genes in terms of gene
sequence and gene organization. The alkene monooxygenases
of strains JS60 and B-276 are both more similar to each other
than to anything else currently in GenBank.

Strong evidence that we have identified the VC-ethene
monooxygenase genes comes from the sequence and operon
similarity of etnABCD to the strain B-276 propene monooxy-
genase (amoABCD), the expression of etnA in response to
growth on ethene and VC, and the cotranscription of etnA with
the EaCoMT gene ernE. We attempted to express the etnABC
genes with the pMV261/mc*155 cloning system, but we did not
detect any activity against ethene (data not shown). This failure
could be due to the need for a monooxygenase reductase in
addition to the alpha, beta, and coupling protein components
(etnD was incomplete in the DNA fragment we cloned). It is
conceivable that additional monooxygenase genes are found
downstream of etnABCD, but based on the high sequence
similarity and identical gene organization of the JS60 and
B-276 systems we believe that the JS60 monooxygenase is a
four-component enzyme.

The genetic organization of the etn locus in strain JS60 was
considerably different from that of the alkene catabolic genes
of Xanthobacter strain Py2 (27). In JS60, the EaCoMT gene
etnE is located upstream of the alkene monooxygenase genes
etnABCD, and it is cotranscribed with at least etnA. In contrast,
the Py2 EaCoMT gene xecA is in an operon with the other
three components of the epoxide carboxylase complex, and it is
not immediately adjacent to the alkene monooxygenase genes.
The organization of the etn locus in JS60 is more reminiscent
of the isoprene gene cluster of Rhodococcus strain AD45 (47),
where the GST gene isol responsible for epoxide metabolism is
just upstream of the alkene monooxygenase genes isoABC
DEF. However, in strain AD45 a transcriptional terminator is
present between the GST and monooxygenase genes, unlike in
JS60, where transcription of the alkene monooxygenase and
EaCoMT genes appears to be coupled.

We found no evidence for epoxide carboxylase genes (1, 2)
near the etnE gene of strain JS60, but we did not attempt to
find such genes elsewhere in the genome or assay for the
corresponding enzyme activities. Based on the propene assim-
ilation pathway determined by Ensign (11), the most likely
product of a carboxylase reaction with 2-hydroxyethyl-CoM
would be malonate semialdehyde, which can readily support
bacterial growth (31, 57). Downstream metabolism in the VC
and ethene pathways most likely occurs via acetyl-CoA, based
on the results of previous work with Mycobacterium strain E20
(9, 10). Similar fluoroacetate inhibition effects to those re-
ported in strain E20 were also seen in strain JS60 (i.e., epoxide
accumulation in resting cell assays [data not shown]). Clues to
the metabolic intermediates between 2-hydroxyethyl-CoM and
acetyl-CoA may be found in the genes (orfI, orf2) upstream of
the JS60 EaCoMT gene. The products of these two genes are
similar to CoA transferase and acyl-CoA synthetase, respec-
tively, and thus it is plausible that ORF1 and ORF2 transfer
the alkene-derived two-carbon unit from CoM to CoA.

Our enzyme assays and RT-PCR experiments indicate that
the alkene monooxygenase and EaCoMT enzymes of strain
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JS60 are active in both the VC and ethene assimilation path-
ways. The point at which the two pathways converge is unclear
at present: of key importance is the mechanism and timing of
chloride release in the VC pathway. Several different metabo-
lites could result from the nucleophilic attack of CoM on
chlorooxirane. Consideration of metabolic economy leads us to
believe that 2-chloro-2-hydroxyethyl-CoM is most likely, be-
cause it could spontaneously eliminate HCI (42) to give an
aldehyde that could readily feed into the ethene assimilation
pathway. VC and ethene catabolic pathways consistent with
our results are shown in Fig. 8.

The cloning and sequencing of EaCoMT and alkene mono-
oxygenase genes reported in the present study provide a foun-
dation for the development of DNA-based methods of detect-
ing VC- and ethene-assimilating mycobacteria in the
environment. Such methods would be invaluable for monitor-
ing natural attenuation and bioaugmentation processes at chlo-
rinated-ethene-contaminated sites. The alkene monooxygen-
ase and EaCoMT of Mycobacterium strain JS60 could also have
applications in biocatalysis, for example in the stereoselective
synthesis of epoxides.
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An epoxyalkane:coenzyme M (CoM) transferase (EaCoMT) enzyme was recently found to be active in the
aerobic vinyl chloride (VC) and ethene assimilation pathways of Mycobacterium strain JS60. In the present
study, EaCoMT activity and genes were investigated in 10 different mycobacteria isolated on VC or ethene from
diverse environmental samples. In all cases, epoxyethane metabolism in cell extracts was dependent on CoM,
with average specific activities of EaCoMT between 380 and 2,910 nmol/min/mg of protein. PCR with primers
based on conserved regions of EaCoMT genes from Mycobacterium strain JS60 and the propene oxidizers
Xanthobacter strain Py2 and Rhodococcus strain B-276 yielded fragments (834 bp) of EaCoMT genes from all
of the VC- and ethene-assimilating isolates. The Mycobacterium EaCoMT genes form a distinct cluster and are
more closely related to the EaCoMT of Rhodococcus strain B-276 than that of Xanthobacter strain Py2. The
incongruence of the EaCoMT and 16S rRNA gene trees and the fact that isolates from geographically distant
locations possessed almost identical EaCoMT genes suggest that lateral transfer of EaCoMT among the
Mycobacterium strains has occurred. Pulsed-field gel electrophoresis revealed large linear plasmids (110 to 330
kb) in all of the VC-degrading strains. In Southern blotting experiments, the strain JS60 EaCoMT gene
hybridized to many of the plasmids. The CoM-mediated pathway of epoxide metabolism appears to be
universal in alkene-assimilating mycobacteria, possibly because of plasmid-mediated lateral gene transfer.

Aerobic bacteria that grow on ethene and vinyl chloride
(VC) are widely distributed in the environment and have at-
tracted interest because of their potential applications in biore-
mediation and biocatalysis (5, 6, 11, 12, 32, 33). The first step
in ethene and VC assimilation is known to be a monooxygen-
ase reaction yielding epoxyethane from ethene (5, 7) and chlo-
rooxirane from VC (12, 33), but the downstream pathways are
not well understood. Our recent work (5a) has revealed that an
epoxyalkane:coenzyme M (CoM) transferase (EaCoMT) en-
zyme is involved in epoxyethane and chlorooxirane metabolism
in Mycobacterium strain JS60, a strain isolated from contami-
nated groundwater by enrichment on VC as the sole carbon
source (5). The EaCoMT reaction is a key step that channels
the initial intermediates into central metabolic pathways and
also guards against the accumulation of highly toxic and reac-
tive epoxides in the cytoplasm.

EaCoMT enzymes have previously been found only in the
propene-oxidizing bacteria Xanthobacter strain Py2 and
Rhodococcus strain B-276. In such strains, EaCoMT is part of
an unusual epoxide carboxylase enzyme complex consisting of
EaCoMT, two stereoselective dehydrogenases, and an oxi-
doreductase/carboxylase (1, 2, 9, 16). In addition to unique
biochemical reactions, the propene assimilation pathway is
also distinguished by unusual genetic elements. In both strains
Py2 and B-276, the propene monooxygenase genes are carried
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on linear megaplasmids, and in strain Py2, the epoxide carbox-
ylase system and CoM biosynthesis genes are also plasmid
borne (18, 26).

As part of the study that yielded strain JS60, we isolated
many other mycobacteria that grew on VC (5). It is not known
whether these isolates or similar Mycobacterium strains iso-
lated on ethene (6, 7) possess EaCoMT enzymes. The rela-
tionship between strains isolated on VC and ethene is unclear,
and the role of factors such as site contamination and geogra-
phy in the dissemination and evolution of both groups is un-
known. On the basis of the recent finding that the EaCoMT
gene in Xanthobacter Py2 is carried by a linear plasmid, it might
be speculated that similar elements are involved in ethene and
VC metabolism. To address these questions, we investigated 10
mycobacteria isolated on VC (6 strains) or ethene (4 strains)
from a diverse range of environmental samples. EaCoMT
genes and enzyme activities were found in all of the strains. In
the VC degraders, the EaCoMT enzymes appear to be en-
coded on linear megaplasmids.

MATERIALS AND METHODS

Isolation and growth of bacteria. The growth methods and media used were
described previously (5, 5a). Six Mycobacterium strains (JS60, JS61, JS616, JS617,
JS619, and JS621) that grow on VC and ethene were previously isolated (5) from
groundwater (Plaquemine, La.), activated sludge (Ithaca, N.Y.), pond sediment
(Carlyss, La.), activated carbon (Dortmund, Germany), aquifer sediment (Travis
Air Force Base, Calif.), and groundwater (Moody Air Force Base, Ga.), respec-
tively. Several mycobacteria that grow on ethene (but not VC) were isolated by
enrichment culture as described previously (5), except that ethene was added to
the headspace as the sole carbon source (16 ml/160-ml bottle) and incubation
was at 30°C. Strains JS622 and JS623 were derived from sandy garden soil
(Panama City, Fla.), strain JS624 was from grass rhizosphere soil (Central Park,
New York, N.Y.), and strain JS625 was from decomposing tree bark (Washing-
ton, D.C.). The isolates were identified by 16S rRNA gene (rDNA) sequencing.
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Effects of CoM on growth and enzyme activity. EaCoMT activity was assayed
in cell extracts as described elsewhere (5a). Extracts from strains JS61, JS616,
JS617, JS619, and JS621 were prepared from VC-grown cells, whereas extracts
from strains JS622, JS623, JS624, and JS625 were prepared from ethene-grown
cells. The effect of CoM on growing cultures of strain JS623 was investigated by
monitoring ethene consumption and epoxyethane accumulation in 50-ml cultures
growing on ethene (10%, vol/vol) as the sole carbon source, either with or
without CoM (10 pM) added. Ethene and epoxyethane were quantified by gas
chromatography of headspace samples (5a). Control cultures of strain JS623
containing glucose (1%) and Tween 80 (0.05%) in the presence and absence of
CoM were monitored by measurement of optical density at 600 nm.

DNA extraction and PCR amplification of EaCoMT genes. Genomic DNA was
extracted either by a previously reported method (5) or by bead beating as
follows. Cultures were grown for 3 to 6 weeks on 1/10-strength Trypticase soy
agar plates containing 1% glucose (5). Cells scraped from one plate were washed
in 1 ml of STE-Tween buffer (100 mM NaCl, 10 mM Tris, 50 mM EDTA, 0.1%
Tween 80, pH 8.0), suspended in 1 ml of the same buffer, and added to a
screw-cap tube containing 1 ml of STE-Tween-saturated silica-zirconia beads
(0.1-mm diameter). The mixture was subjected to bead beating (Mini-Bead-
beater; BioSpec Products) at high speed for 2 min, and the lysate was purified by
phenol-chloroform extraction and ethanol precipitation (27). The bead beating
method was superior to the enzymatic-chemical lysis method (5) in terms of
DNA yield and time, but the recovered DNA was of somewhat lower quality,
presumably because of shearing forces. PCR was done essentially as described
elsewhere (Coleman and Spain, submitted), with annealing at 60°C for 30 s and
5 ng of genomic DNA added as the template. Primers CoM-F1L (5'-AACTAC
CCSAAYCCSCGCTGGTACGAC-3") and CoM-R2E (5'-GTCGGCAGTTTC
GGTGATCGTGCTCTTGAC-3") were designed from conserved regions of the
EaCoMT genes of Mycobacterium strain JS60, Rhodococcus strain B-276, and
Xanthobacter strain Py2 (GenBank accession numbers AY243034, AF426826,
and X79863).

Preparation of cell plugs and PFGE. Cultures (700 ml) of Mycobacterium
strains JS60, JS61, JS616, JS617, JS619, and JS621 were grown on ethene until
mid-exponential phase, glycine (0.5%) and ampicillin (200 pg/ml) were added,
and then incubation was continued overnight. Cells were pelleted and frozen in
aliquots at —80°C. After thawing, the cell pellets (50 to 100 ul) were washed in
STE-Tween, suspended in molten agarose (0.5 to 1.0 ml, 1% in 0.5X TBE buffer)
(27), and pipetted into plug molds. The optical density at 600 nm of cells in the
plugs ranged from 20 to 80, requiring individual optimization for each strain.
Plugs (typically 5 to 10) were treated with lysozyme (50 mg in 5 ml of STE) at
37°C overnight, rinsed in wash buffer (20 mM Tris, 50 mM EDTA, pH 8), and
then treated with proteinase K (5 mg in 5 ml of sodium lauryl sarcosinate [1%],
sodium deoxycholate [0.2%], EDTA [0.1 M, pH 8]) for 24 h at 60°C. Plugs were
rinsed three times in wash buffer and stored in the same buffer at 4°C. Contour-
clamped homogeneous electric field (CHEF) pulsed-field gel electrophoresis
(PFGE) was done in 1% agarose gels (0.5X TBE) at 14°C, 6 V/cm, and a 120°
angle, with the switching time ramped from 10 to 40 s over 18 h (CHEF-DRIII
system; Bio-Rad). Lambda phage concatemers (Bio-Rad) used as molecular
weight markers were regenerated by heating at 45°C for 25 min before use.

Southern blotting. Southern blot assays were performed via standard methods
(28), and the ECL kit (Amersham-Pharmacia) was used for detection. In South-
ern blots from standard agarose gels, acid depurination was omitted, while for
PFGE gels, this step was replaced with a nicking procedure (CHEF-DRIII
instructions; Bio-Rad), in which the gel was stained for 30 min in 1 g of
ethidium bromide per ml and then subjected to UV radiation at 60 mJ/cm?
(Stratagene UV cross-linker). The probe used for Southern blotting in all cases
was an 891-bp region of the strain JS60 EaCoMT gene, amplified by PCR with
the CoM-F1L and CoM-R2E primers.

RESULTS AND DISCUSSION

Isolation of ethene-assimilating bacteria. To complement a
previously isolated set of VC-assimilating bacteria (5), four
bacteria that grow on ethene were isolated from soil samples
with no known exposure to chlorinated ethenes. Partial se-
quencing of 16S rDNA indicated that all four isolates were
distinct and were strains of Mycobacterium. On the basis of a
421-bp alignment of the 16S rDNAs, the closest species
matches were JS622-M. rhodesiae (98.3% identity), JS623-M.
smegmatis (96.7% identity), JS624-M. peregrinum (97.9% iden-
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TABLE 1. EaCoMT activity in cell extracts of alkene-assimilating
Mycobacterium strains

EaCoMT activity”

Isolation and (nmol/min/mg of protein)

Strain growth substrate

CoM added No cofactor
JS60 vC 980 (930—1,060)b 0 (O)b
JS61 vC 2,910 (2,330-3,490) 110 (70-160)
JS616 vC 1,800 (1,710-1,890) 10 (0-20)
JS617 vC 900 (710-1,090) 30 (20-40)
JS619 vC 1,920 (1,880-1,960) 130 (130)
JS621 vC 790 (780-800) 110 (110)
JS622 Ethene 930 (850-1,000) 50 (0-100)
JS623 Ethene 590 (400-780) 60 (0-120)
JS624 Ethene 470 (440-500) 10 (0-20)
JS625 Ethene 380 (290-460) 0(0)

“The results are averages of two assays, and the ranges are in parentheses.
Reaction mixtures (1 ml) contained 0.1 mg of protein, 5 wmol of epoxyethane,
and 10 pmol of CoM. Specific activities were calculated from the epoxyethane
depletion rate after subtraction of the appropriate abiotic rate of epoxyethane
loss (either 2.5 nmol/min in Tris buffer or 13 nmol/min in Tris buffer plus CoM).

 From a previous study (5a).

tity), and JS625-M. mageritense (99.0% identity). The GenBank
accession numbers of the 16S rDNA sequences of the four
strains are AY162027 to AY162030. None of the four isolates
grew on VC (data not shown).

EaCoMT activity is widespread in alkene-assimilating my-
cobacteria. CoM-dependent epoxyethane metabolism was
found in cell extracts of all of the VC- and ethene-assimilating
Mycobacterium strains examined (Table 1). Very little ep-
oxyethane transformation occurred in reaction mixtures with-
out added CoM. The low activities in some reaction mixtures
that were not supplemented with CoM may have been due to
endogenous levels of CoM in the cell extracts or to the activity
of other epoxide-transforming enzymes. Extracts from VC-
grown cells of the strains originally isolated on VC had gener-
ally higher levels of EaCoMT activity (1,550 *= 821 nmol/
min/mg of protein) than extracts from ethene-grown cells of
the strains isolated on ethene (592 = 241 nmol/min/mg of
protein).

Previous work (5a) indicated almost identical levels of
EaCoMT activity in ethene- and VC-grown cells of strain JS60.
Therefore, the higher activities in extracts from VC-grown cells
(Table 1) are more likely due to the fact that these strains were
originally isolated on VC, rather than because VC was used as
the growth substrate in this particular experiment. Higher
EaCoMT activities might be expected in the VC-assimilating
strains if EaCoMT plays a role in chlorooxirane metabolism
(5a) because chlorooxirane is much more unstable and reactive
than epoxyethane (aqueous half lives of 90 s [15] and 13 days
[35], respectively). Higher EaCoMT activity is unlikely to be
the sole reason for the ability of some strains to grow on VC in
addition to ethene. For example, strain JS622 displayed higher
EaCoMT activity than did strains JS617 and JS621, yet the
latter two strains can grow on VC, whereas strain JS622 can-
not.

CoM stimulates ethene metabolism in growing cultures of
strain JS623. Cultures of Mycobacterium strain JS623 accumu-
lated large amounts of epoxyethane during growth on ethene,
in contrast to almost all of the other VC and ethene degraders.
On the basis of the finding of EaCoMT in all of the strains
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FIG. 1. Effect of CoM on ethene metabolism in growing cultures of
strain JS623. Symbols: O, ethene in cultures without CoM; [, ethene
in cultures with 10 uM CoM; ¢, epoxyethane in cultures without
CoM; A, epoxyethane in cultures with 10 uM CoM. The data shown
are averages of three replicate cultures, and the error bars show the
standard deviations. d, days.

(above), we hypothesized that an inadequate supply of CoM in
the culture might be responsible for epoxyethane accumula-
tion. Addition of 10 puM CoM to the MSM minimal medium
accelerated ethene consumption in cultures of strain JS623 and
eliminated the accumulation of epoxyethane (Fig. 1). CoM did
not stimulate the growth of strain JS623 on glucose (data not
shown), suggesting that the effect was specific to ethene me-
tabolism. While an EaCoMT enzyme is present in all of the VC
and ethene degraders examined, the ability of the strains to
biosynthesize CoM may vary. It should therefore be noted that
the EaCoMT activities measured in cell extract experiments
with excess CoM (Table 1) may be higher than the in vivo
activities in growing cultures, where limitations in the biosyn-
thesis or recycling of CoM could affect the reaction rate.
PCR amplification of EaCoMT genes from Mycobacterium
strains. PCR with primers CoM-F1L and CoM-R2E yielded
strong products of the expected size (891 bp) from all of the
VC- and ethene-assimilating Mycobacterium strains tested
(Fig. 2). The 891-bp PCR products were cloned and se-
quenced, and all were revealed to be partial EaCoMT genes
(GenBank accession numbers AY243035 to AY243043). The

FIG. 2. PCR amplification of EaCoMT gene fragments from
ethene- and VC-assimilating mycobacteria with the CoM-F1L and
CoM-R2E primers. The propene degrader Rhodococcus strain B-276
was included as a positive control. Molecular size markers are in lanes
M.
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680-bp amplicon from strain JS625 was primed at both ends
with CoM-FIL and bore no resemblance to EaCoMT genes.
This sequence contained one large partial open reading frame
(183 amino acids) that was somewhat similar to hypothetical
protein Rv2624c from Mycobacterium tuberculosis (26.4% iden-
tity). The faint secondary products seen in amplifications with
the strain JS621 and JS622 DNAs were not investigated fur-
ther.

Only one EaCoMT sequence was obtained from each of the
891-bp PCR products (two or three cloned amplicons were
sequenced in each case), but it is possible that multiple
EaCoMT genes exist in the strains. Thus, the enzyme activities
in Table 1 cannot be attributed rigorously to the EaCoMT
genes that were sequenced. To address this issue, we prepared
Southern blots from EcoRV or Sphl digests of genomic DNAs
from the strains and probed them with the 891-bp EaCoMT
PCR product from strain JS60. In the EcoRV digests of strains
JS61, JS617, JS619, and JS621 and the Sphl digests of strains
JS61 and JS621, a single strongly hybridizing band was seen
(data not shown). In blots from restriction digests of the other
strains, a smear of hybridizing DNA was seen but there were
no discrete bands. Such results could be due to bead beater-
induced DNA shearing or to nonspecific nuclease activity. Fur-
ther experiments with higher-quality DNA preparations and a
wider range of restriction enzymes are required to clarify our
initial data, but the results obtained thus far suggest that a
single EaCoMT allele is present in strains JS61, JS617, JS619,
and JS621. Similar methods used in a previous study (5a)
indicated that only a single EaCoMT gene was present in strain
JS60.

Sequence analysis of Mycobacterium EaCoMT genes. In
silico translation of the EaCoMT gene fragments revealed a
278-amino-acid open reading frame in all cases. The histidine
and the first cysteine residue of the His-X-Cys-X-Cys motif
involved in zinc binding in the Xanthobacter strain Py2
EaCoMT enzyme (17) were identified in each of the deduced
amino acid sequences (the second cysteine residue lay outside
the region amplified). Phylogenetic analysis of the Mycobacte-
rium, Xanthobacter strain Py2, and Rhodococcus strain B-276
EaCoMT genes (Fig. 3) showed that the Mycobacterium se-
quences clustered together, having 80.5 to 99.9% sequence
identity with each other, 68.7 to 70.5% identity with the B-276
gene, and 52.6 to 55.9% identity with the strain Py2 gene
(percentages from a PHYLIP DNA distance similarity table
(10). In several cases, almost identical EaCoMT sequences
were obtained from strains derived from geographically distant
samples. For example, three base changes or fewer (0.12 to
0.36% difterence) separated the EaCoMT sequences of strains
JS619 (California), JS624 (New York), and JS625 (Washing-
ton, D.C.), whereas the 16S rDNA sequences of these three
strains were separated by 1.79 to 5.13%. Similar observations
of highly conserved catabolic genes in phylogenetically diverse
bacterial strains are not uncommon in the biodegradation lit-
erature (13, 23).

The tree topologies estimated from the EaCoMT and 16S
rDNA sequences have numerous differences (Fig. 3). Assum-
ing vertical inheritance of 16S rDNA, this suggests that lateral
gene transfer (LGT) of EaCoMT genes has occurred (30). The
LGT hypothesis is supported by the fact that the EaCoMT
genes are in many cases more similar to each other than are the
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FIG. 3. Comparative phylogeny of EaCoMT and 16S rDNAs from alkene-oxidizing bacteria. The geographical origins and isolation substrates
of the JS strains (all Mycobacterium spp.) are shown. Alignments and neighbor-joining trees were generated with ClustalX and TreeView, with
Xanthobacter as the outgroup. The 16S rDNA alignment was manually adjusted by removing nucleotides at ambiguous positions. Percent bootstrap
values from 100 trees are shown at the nodes. Because 16S rDNA sequences for Rhodococcus strain B-276 and Xanthobacter strain Py2 were not
available, the sequences from Rhodococcus rhodochrous ATCC 271" and Xanthobacter autotrophicus JW33 were substituted.

(slow-evolving) 16S rDNAs. We used the maximum-likeli-
hood-based Shimodaira-Hasegawa test (28) in PAUP*b10 (29)
to test the null hypothesis that the two genes in each strain
have the same evolutionary history. On the basis of the 16S
rDNA data set, the likelihood scores of the two topologies
shown in Fig. 3 were estimated (GTR+I+G model in Mod-
eltest) (24) to be —1,508.37 (16S rDNA) and —1,550.33
(EaCoMT). The latter is significantly lower than the former
(P < 0.0001), and thus it is unlikely that the two genes have the
same evolutionary history. On the basis of bootstrap values
(Fig. 3), the strongest case for LGT concerns the EaCoMT
genes of strains JS623 and JS619. Indeed, when these strains
were removed from the data sets and the Shimodaira-Hase-
gawa test was repeated, no significant differences between the
likelihood scores were found (likelihood scores of —1,419.10
and —1,418.65; P = 0.381). We conclude that rigorous statis-
tical support for LGT only exists in the cases of strains JS619
and JS623.

Analysis of plasmids by PFGE and Southern blotting. On
the basis of the phylogenetic evidence of lateral transfer of
Mycobacterium EaCoMT genes (above) and the finding of
plasmid-borne propene metabolism genes in Rhodococcus

strain B-276 and Xanthobacter strain Py2 (18, 26), we hypoth-
esized that catabolic plasmids were present in the VC- and
ethene-assimilating strains and searched for such plasmids by
PFGE. Because of difficulties in preparing DNA plugs from
some of the strains isolated on ethene, we focused our analysis
on the six VC-assimilating strains. CHEF-PFGE revealed one
strong plasmid band and several fainter plasmid bands in each
of the six strains investigated (Fig. 4A). All of the bands mi-
grated at the same positions relative to the linear markers
when the pulse conditions were altered (20 to 80 s over 18 h;
data not shown), indicating that the plasmids were linear
rather than circular (4).

After Southern blotting of the pulsed-field gels, probing with
the strain JS60 EaCoMT gene resulted in hybridization signals
with the strong plasmid band in most of the strains (Fig. 4B).
The simplest hypothesis (i.e., that the genes are plasmid borne)
is complicated by the additional strong probe binding at the
“compression zone” (3, 20) and because of the weak probe
hybridization with some of the smaller plasmids. The multiple
signals could be due to multiple copies of the EaCoMT gene in
the Mycobacterium strains, the resolution of different forms of
the same plasmid in the gel, or nonspecific binding of the
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FIG. 4. (A) Ethidium bromide-stained CHEF-PFGE gel showing plasmids in VC-assimilating Mycobacterium strains. (B) Southern blot
prepared from a PFGE gel by using the JS60 EaCoMT gene as the probe. Lambda concatemer markers are shown on the left and right and apply

to both the blot and the gel.

probe. Southern blots from restriction digests of total DNA
(above) seem to eliminate the possibility of multiple EaCoMT
gene locations, but duplication of a large region of DNA would
be consistent with both results. The presence of multiple plas-
mid forms is also a possibility. Concatemers of circular plas-
mids occur in Streptomyces strains (14), and a combination of
linear and circular forms of the same plasmid in a single bac-
terium is common (3). Signals from both the compression zone
and plasmid band were seen in Southern blotting experiments
with Rhodococcus strain B-276 (26), in which the alkene mono-
oxygenase genes were clearly plasmid borne (on the basis of
the lack of plasmid in propene-negative mutants). The authors
of that study attributed the probing result to nonspecific bind-
ing at the compression zone because of the larger amount of
DNA there. It is possible that the signal from the compression
zone in our study is due to the EaCoMT probe hybridizing to
chromosomal methionine synthase (metE), which encodes a
zinc-dependent enzyme with some sequence similarity to
EaCoMT (17).

Implications of this study. We found EaCoMT activity and
genes in all of the alkene-oxidizing mycobacteria that we ex-
amined, including strains isolated on both VC and ethene.
EaCoMT genes were not found in BLAST database searches
of Mycobacterium genomes (or any other genomes) that have
been completed to date, indicating that EaCoMT is specific to
the alkene-assimilation pathway. It remains to be determined
whether EaCoMT is involved in the VC and ethene assimila-
tion pathways of Pseudomonas (33, 34) and Nocardioides (5)
strains. The EaCoMT gene primers we have developed could
be used to address this question. In addition, such primers will
be very useful for culture-independent monitoring of microbial
populations during the natural attenuation or bioremediation
of chlorinated ethenes. Such methods are particularly relevant

for mycobacteria, which are slow growing and sometimes dif-
ficult to isolate in pure culture (5).

The 10 VC and ethene degraders we studied were scattered
throughout the genus Mycobacterium, with no apparent corre-
spondence seen between phylogeny and alkene growth sub-
strate. Although EaCoMT activities tended to be higher in the
VC degraders than in the ethene degraders, it is difficult to
compare these results because of the use of different growth
substrates in experiments with each group of strains. Sequenc-
ing of EaCoMT genes did not reveal any signature regions that
discriminated between the VC- and ethene-assimilating
strains, and indeed, in the case of strains JS619 (VC) and JS625
(ethene), only a single nucleotide difference separated the
EaCoMT PCR products. An important question arising from
our work therefore concerns the distinction between bacteria
that can grow on both VC and ethene and those that grow on
ethene alone.

There is good evidence in at least one case that VC degrad-
ers evolved directly from ethene-degraders—this was observed
in vitro with Pseudomonas strain DL1 (34). The transition from
ethene to VC assimilation could be due to recruitment of an
additional catabolic enzyme (23), changes in enzyme specificity
(25), or alteration of enzyme expression levels (31). With re-
spect to enzyme specificity and expression level, it is interesting
that although the EaCoMT gene sequences of strains JS619
and JS625 were almost identical, the EaCoMT activity in cell
extracts was fivefold higher in strain JS619. Sequencing of
complete EaCoMT genes and flanking DNA and analysis of
the activity of other catabolic enzymes may help to shed light
on the factors that distinguish ethene- and VC-assimilating
bacteria and yield insights into the possible evolution of the
latter group from the former.

The EaCoMT gene appears to be carried on large linear
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plasmids in VC-degrading strains. On the basis of the gene
organization in Mycobacterium strain JS60 (5a), it is likely that
the alkene monooxygenase genes are also present on the same
plasmids. Cryptic linear plasmids have previously been identi-
fied in various pathogenic Mycobacterium strains (19, 21, 22)
and in ethene-oxidizing Mycobacterium strain E-1-57 (26).
Only one previous study (36) has associated a specific catabolic
function (morpholine biodegradation) with plasmids in myco-
bacteria. Our results indicate that catabolic plasmids are more
widespread in this genus than was previously believed. Plas-
mid-borne genes for ethene and VC biodegradation could po-
tentially be transferred among bacteria in the environment (8,
13), and thus, further investigation of such elements is war-
ranted in light of the potential importance of the alkene-de-
grading phenotype to bioremediation and natural attenuation
processes (5).
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ABSTRACT

Nocardioides strain JS614 grows on vinyl chloride (VC) and ethene (ETH) as carbon and
energy sources. Bacteria such as JS614 could be influential in natural attenuation and
biogeochemical ETH cycling, and useful for bioremediation, biocatalysis and metabolic
engineering, but a lack of knowledge of the genetic basis of VC and ETH assimilation has
limited these applications. JS614 VC/ETH catabolic genes and flanking DNA (34.8 kb) were
retrieved from a fosmid clone. Alkene monooxygenase (AkMO) and epoxyalkane:Coenzyme M
transferase (EaCoMT) genes were found in a putative operon that also included CoA transferase,
acyl-CoA synthetase, dehydrogenase and reductase genes. Adjacent to this gene cluster was a
divergently transcribed gene cluster that encoded possible coenzyme M biosynthesis enzymes.
Reverse transcription (RT-) PCR demonstrated the VC- and ETH-inducible nature of several
genes. Genes encoding possible plasmid conjugation, integration, and partitioning functions were
also discovered on the fosmid clone. Pulsed field gel electrophoresis (PFGE) revealed a 290 kb
linear plasmid (pNoc614) in JS614. Curing experiments and PCR indicated that pNoc614
encodes VC/ETH degradation genes, and that pNoc614 was the source of the sequenced fosmid
clone. The results provide rigorous evidence that linear plasmids encode VC/ETH
biodegradation genes, and greatly expand the database of useful genes for future in situ

molecular studies of VC-degrading bacteria.

Keywords: Linear plasmid, alkene oxidation, bioremediation, vinyl chloride



INTRODUCTION

Vinyl chloride (VC), a known human carcinogen (Bucher 2001) and common
groundwater contaminant (Squillace 1999), is derived mainly from incomplete reductive
dechlorination of the widely used chlorinated solvents tetrachloroethene (PCE) and
trichloroethene (TCE), also common groundwater contaminants (Squillace 1999). VC tends to
accumulate in anaerobic groundwater zones but often degrades readily if the VC plume migrates
into aerobic groundwater zones (Davis 1990; Edwards 1997; Lee 1998). It seems likely that
microorganisms are responsible for the observed aerobic attenuation, because Mycobacterium,
Nocardioides and Pseudomonas strains that grow on VC as a carbon and energy source are
widespread, and have been isolated from soil (Coleman et al. 2002), groundwater (Coleman et al.
2002), sediment (Hartmans 1992), and sewage sludge samples (Hartmans 1992; Verce 2000;
Coleman et al. 2002).

All of the VC-assimilating bacteria isolated to date use both VC and ethene (ETH) as
carbon sources, and it has been proposed that VC-degraders (Verce 2001; Coleman et al. 2002)
evolved from ETH-degraders (van Ginkel 1986; van Ginkel 1987). However, the mechanism
and genetic basis of the adaptation is unknown.

The presence of aerobic VC- and ETH-assimilating bacteria at a contaminated site is a
crucial line of evidence for demonstrating natural attenuation, but it is not clear whether the
isolates obtained to date are representative of microbes active under field conditions. There is
currently no sequence-based method to distinguish an ETH-degrading bacterium from a VC-
degrading bacterium, which is a serious shortcoming for site assessment and bioremediation

studies. Molecular tools such as PCR (Fennell et al. 2001), reverse transcriptase (RT)-PCR,



stable isotope probing (Radajewski et al. 2000), and fluorescent in sifu hybridization
(FISH)(Richardson et al. 2002) would allow identification of active VC-degraders in situ, and
potentially facilitate discrimination of VC- and ETH-degraders, but application of such methods
requires a database of relevant genes, and thus far, our knowledge of the genetic basis of VC and
ETH degradation is rudimentary.

The genes that encode enzymes responsible for catabolism of VC and ETH, including an
alkene monooxygenase (AkMO) etnABCD, and an epoxyalkane:coenzyme M transferase
(EaCoMT) etnE, have been identified in Mycobacterium strain JS60. The monooxygenase
catalyzes the initial oxidation of ETH to epoxyethane and VC to chlorooxirane, which are further
metabolized by EaCoMT (Coleman et al. 2002). The closest homologs of the mycobacterial
etnE and etnABCD genes are the propene monooxygenase and EaCoMT genes of Rhodococcus
strain B276 (Coleman and Spain 2003b), which indicates that the initial steps in the VC-, ETH-
and propene-degradation pathways share a common origin. The identity of remaining enzymes
and metabolic intermediates in the proposed VC and ETH pathway (Coleman and Spain 2003b)
are uncertain due to speculation based on very preliminary evidence. Linear plasmids have been
implicated in alkene metabolism in VC-degraders (Coleman and Spain 2003a; Danko et al. 2003)
and propene-degraders (Saeki et al. 1999; Krum and Ensign 2001), but little is known of the
plasmids, apart from their size (180-320 kb), linear topology, and apparent association with the
alkene-degrading phenotype.

Nocardioides strain JS614 is unusual among VC-degraders due to its high growth yields
and growth rates on alkenes, and its physiological response to VC and ETH starvation (Coleman
et al. 2002). Although EaCoMT genes have been identified in other mycobacteria (Coleman and

Spain 2003a), the genetic basis of VC and ETH biodegradation in Nocardioides JS614 (Coleman



et al. 2002) is unknown. Other members of the genus Nocardioides (division Actinobacteria)
biodegrade atrazine (Topp et al. 2000), butane (Hamamura and Arp 2000), methyl chloride
(McAnulla et al. 2001), p-nitrophenol (Yoon et al. 1999), trinitrophenol (Rajan et al. 1996), jet
fuel (Jung et al. 2002), 2,4,5-trichlorophenoxyacetic acid (Golovleva et al. 1990), and
phenanthrene (Iwabuchi et al. 1998), and can biosynthesize antibiotics (Kubota et al. 2003),
steroid building blocks (Fokina and Donova 2003) and chemotherapy drug precursors (Hanson et
al. 2003). Despite the interesting metabolic abilities of Nocardioides strains, only in a few cases
have the relevant genes been identified.

Many questions remain unanswered with respect to VC/ETH degradation in bacteria such
as JS614. What are the final steps in the assimilation pathway? What is the difference between
VC- and ETH-degraders? Are the genes definitely plasmid-borne, and if so, what type of
catabolic plasmids are involved? Are there key marker genes that could serve as indicators of the
presence of VC degraders? To begin addressing these questions, we investigated in detail the
genetic basis of VC/ETH-degradation in Nocardioides JS614. We report here the sequencing
and analysis of a 35 kb JS614 DNA fragment containing the alkene oxidation and assimilation

genes, and we demonstrate that these genes are carried on a 290 kb linear plasmid.

MATERIALS AND METHODS
Bacterial strains, media, culture conditions. Plasmids and bacterial strains used in this
study are shown in Table 1. For RNA extraction, Nocardioides strain JS614 was grown on
MSM broth, prepared as described previously (Coleman et al. 2002), containing either VC, ETH,
or acetate at 22°C . For DNA extraction, strain JS614 was grown on 1/10 TSA + 1% glucose at

30°C. The pNoc614-negative JS614 strain was grown on 1/10 trypticase soy medium (TSB) at



30°C. Escherichia coli strains IM109, EZ, and EPI300-T1® were grown on Luria Bertani
medium (LB) at 37°C. All cultures were incubated aerobically with shaking at 165-250 rpm. E.
coli transformants were plated on LB agar containing either Kanamycin (Km; 35 pg/ml) or
chloramphenicol (Cm; 12.5 pg/ml). 5-Bromo-4-chloro-3-indolyl-f-d-galactopyranoside (X-gal;
80 pg/ml) and isopropyl-f-D-thiogalactopyranoside (IPTG; 12 ng/ml) were added where
required.

Chemicals. ETH (99%) was from Matheson and VC (99.5%) was from Sigma. All
other chemicals were reagent grade.

General molecular methods. JS614 genomic DNA was extracted as described
previously (Coleman et al. 2002), except that glycine was not used, and the lysozyme incubation
was 30 min. Plasmids and fosmids were extracted from E. coli strains by alkaline lysis
(Sambrook 2001), and purified using the Miniprep spin kit (Qiagen). PCR products were
extracted from agarose gels using the Minelute kit (Qiagen), and genomic DNA from CHEF gels
was extracted using the QiaexII kit (Qiagen).

Standard PCR mixtures (25 pl) contained 1.5 mM Mg, 50 pmol of each primer,
approximately 400 ng of template DNA, and 0.3 U of Taq Polymerase. Standard PCR
thermocycling parameters were 94°C for 3 min, then 30 cycles at 94°C for 1 min, 55-65°C for
30s (depending on primer pair), 72°C for 1 min, and 72°C for 10 min. Degenerate PCR
thermocycling parameters were 94°C for 3 min, then 45 cycles at 94°C for 1 min, 52°C for 1
min, 72°C for 1 min, 72°C for 10 min. Primers used in this study are listed in Table 1. PCR
products were T/A-cloned into the pDRIVE vector (Qiagen), and transformed either by
heatshock into EZ competent cells or electroporation into strain JM109. Ligation-mediated PCR

was done with the Genomewalker kit (Clontech), using JS614 genomic DNA digested with Sspl



and Nrul. Thermocycling parameters for genomewalker PCR were as specified in the kit
instructions.

PCR products and genomic DNA were visualized by standard gel electrophoresis. DNA
sequencing was performed at the Cornell University BioResource Center using an Applied
Biosystems Automated 3730 DNA Analyzer or at the Roswell Park Cancer Institute Biopolymer
Facility using a PE-ABI model 373 A stretch sequencer. PCR products were sequenced from both
DNA strands, while fosmid insert DNA was sequenced on one strand only. Southern blotting
was performed as described previously (Coleman and Spain 2003b). The probes consisted of an
831 bp fragment of the EaCoMT gene in strain JS614, amplified by PCR using the primers
CoM-F3 and CoM-R3, and a 635 bp fragment of the AkMO alpha subunit, amplified by PCR
using the primers Alpha-F5 and Alpha R-5 (Table 1).

Preparation and screening of fosmid library. JS614 genomic DNA was randomly
sheared using a syringe and 25-gauge needle, end-repaired with a T4 DNA Polymerase and T4
polynucleotide kinase enzyme mix (Epicentre), and separated by CHEF-PFGE (1% low melting
point agarose, 0.5x TBE, 14°C, 6 V/cm, 120° angle), with switching times ramped from 1-6 s
over 11 h. DNA fragments approximately 40 kb in size was excised, purified, and ligated into
pCCIFOS (Epicentre). Packaged fosmids were incubated with E. coli strain EPI300-T1®
(Epicentre), and plated onto LB-Cm. Individual clones were transferred to a 96-well microtiter
plate and grown in 100 pl of LB-Cm broth. Clones were pooled and screened by PCR as
described previously (Coleman and Spain 2003b) using alpha-F5/R5 primers (Table 1).

Pulsed-field gel electrophoresis (PFGE). Preparation of agarose cell plugs and PFGE
were performed as described previously (Coleman and Spain 2003a), with the following

modifications: JS614 cells were suspended in agarose at ODggo = 10, lysozyme was used at 1



mg/ml for 2 h, proteinase K incubation was at 50°C, and lambda concatemers were regenerated
at 45°C for 10 min.

RNA extraction and RT-PCR. JS614 cultures grown on VC, ETH, and acetate to mid-
exponential phase were washed, resuspended in MSM (ODgp 10-50) and frozen in aliquots at
—80°C. The RNeasy kit (Qiagen) was used for RNA extraction. Purified RNA was digested
with DNAse (28U; 40 min, 22°C) and then repurified using the RNeasy protocol for RNA
cleanup. Reverse-transcription PCR (RT-PCR) was performed with the Qiagen One-Step RT-
PCR kit using 0.5 ng (etnC primers), 5 ng (16S and comA primers), or 10 ng (CoAT primers) of
RNA as template. RT-PCR parameters were according to the kit instructions except that the
annealing temperature for etnC primers was 62°C. Negative controls (no reverse transcriptase)
were prepared with Taq PCR Core kit (Qiagen), and the positive control contained JS614

genomic DNA instead of RNA.

RESULTS AND DISCUSSION

PCR amplification of etnEABCD genes. Working under the hypothesis that the
VC/ETH monooxygenase in strain JS614 was an alkene monooxygenase, we designed
degenerate PCR primers (mono-F2, mono-R2) based on conserved regions of propene
monooxygenases (Py2 and B-276). These primers yielded a band near the expected size in
reactions with JS614 genomic DNA. The protein sequence encoded by the 740 bp product was
very similar to the deduced protein sequence of etnC, the gene that encodes the putative
monooxygenase alpha subunit from Mycobacterium strain JS60 and we thus designated the
JS614 gene etnC. A similar approach (primers CoM-F1/CoM-R2) was used to retrieve the

EaCoMT gene of JS614. Two different PCR products (950 bp and 980 bp) were obtained, and



sequencing indicated they were fragments of two different EaCoMT genes, sharing 92% identity
(data not shown). The 950 bp EaCoMT amplicon was primed correctly, but the 980 bp product
was primed at both ends by CoM-R2. The 950 bp product contains a 7 bp deletion that could
render it non-functional via a frameshift (data not shown). PCR, cloning and sequencing
performed independently in two laboratories produced the same results — i.e. two different
EaCoMT amplicons, one with a 7 bp deletion. Based on the JS60 nomenclature, we designated
the genes etnE (980 bp) and etnE1 (950 bp).

Based on the above evidence we assumed that efnE is the functional EaCoMT in JS614,
and designed a new primer pair (CoM-F3/CoM-R3) specific for the allele (Table 1). A new,
non-degenerate primer pair (Alpha-F5/Alpha-R5) was also designed to amplify 635 bp of etnC
(Table 1). The etnE amplicon (831 bp) was sequenced to confirm its identity, and then used to
probe Southern blots of DNA digested with enzymes that did not cut the probe sequence. The
results were two hybridizing bands in most cases (Fig. 2), supporting the initial hypothesis that
two EaCoMT alleles exist in this strain. Southern hybridization experiments using the etnC
amplicon as a probe indicated that only one copy of etnC is present in strain JS614 (Fig. 1). The
proximity of etnE and etnC in the JS60 efn locus (Coleman and Spain 2003b) suggested that
PCR could be used to recover the sequence between the JS614 enE and etnC genes. PCR with
the primer pair CoM-F3/Alpha-R5 produced a 4 kb PCR product. Sequencing confirmed that a
fragment of the etnEABCD operon had been amplified. Sequencing of ligation-mediated PCR
products was successful in recovering 831 bp that extends beyond the 3’ end of the initial region
(primer AkKMO_GSP1).

Sequencing of a fosmid clone containing the efn locus. In order to rapidly recover

DNA flanking the etnEABCD locus we prepared a fosmid library of JS614 total genomic DNA,



and screened the clones using AkMO PCR primers (alpha-F5/alpha-R5). From 96 recombinant
fosmids screened, one positive clone, designated P1, was obtained. Clone P1 was sequenced via
primer walking, both inward from the vector DNA, and outward from the etnE and etnD genes.
All the sequences obtained from JS614 were assembled into a contiguous 34.8 kb DNA region
designated JS614-P1 (Fig. 2).

General description of JS614-P1 DNA sequence. JS614-P1 (34,814 bp) had an overall
GC content of 66%, which is slightly lower than in some other Nocardioides strains (Yoon et al.
1997; Yoon et al. 1999), but typical for high GC Gram-positive bacteria (Brock 1991). We
identified 30 ORFs in the JS614-P1 nucleotide sequence (Fig. 2), 11 on one DNA strand and 19
on the other, the first and last of which were incomplete. Eighteen of the ORFs began with
ATG, four with GTG, three with TTG, three with CTG and all were preceded by plausible
ribosome binding sites. Of the 30 predicted protein sequences, ten had no significant database
match, and one was related to a conserved hypothetical protein of unknown function. Of the
remaining ORFs, we have assigned catabolic functions to nine, cofactor biosynthesis to five,
plasmid or phage-related functions to four, leaving one miscellaneous gene. The average GC
content of ORFs 1-11 was 65%, ORFs 12-21 was 63%, ORFs 22-26 was 71%, and ORFs 27-30
was 67%. The patterning of GC content across the 34.8 kb DNA fragment suggests that ORFs
12-26 might have been acquired by JS614 through lateral gene transfer.

Genes associated with alkene and epoxide metabolism. We began analyzing the
JS614-P1 DNA sequence with the hypothesis that putative VC/ETH pathway genes would be
clustered, as has been observed in other alkene-degrading bacteria (Saeki 1994; Swaving 1995;
van Hylckama Vlieg 2000). ORFs 11-15 corresponded to etnEABCD identified by PCR (above).

The high sequence identity of the JS614 etnEABCD genes to the AKMO and EaCoMT genes of
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Mycobacterium JS60 EaCoMT and Gordonia rubripertinctus (hereafter referred to as
Rhodococcus rhodochrous) B-276, (Table 2), is strong evidence that etnABCD encodes the
VC/ETH-monooxygenase system and etnE encodes the EaCoMT of strain JS614. RT-PCR (Fig.
3) demonstrated expression of etnC in response to ETH and VC, and very high levels of
EaCoMT activity were found in JS614 cell extracts (Mattes et al. 2004). The etnABCD genes of
JS614 are most similar to the AKMO genes of Mycobacterium JS60, and based on strong
sequence similarity to methane (Cardy et al. 1991), propene (Saeki 1994; Zhou 1996), propane
(Kotani et al. 2003), and butane (Sluis et al. 2002) monooxygenases, the enzyme is likely to be a
soluble di-iron monooxygenase (Leahy et al. 2003). The JS614 EaCoMT is most similar to that
of B-276, rather than that of JS60, despite the fact that both JS60 and JS614 were isolated on
VC, and B-276 was isolated on propene. In addition, preliminary experiments indicated that
JS614 did not grow on propene or epoxypropane (data not shown), suggesting differences
between VC/ETH and propene biodegradation enzymes exist despite the similarities in gene
sequence. EaCoMT gene sequences are therefore not reliable indicators of the growth substrate
of their host, and would need to be used with caution in attempts to detect VC-degraders in situ
at contaminated sites. The AkKMO genes might be a better target in this respect, but because
AKMO genes are not yet available from strains isolated on ETH, it is difficult to say whether
JS614- or JS60- based AKMO gene primers or probes would discriminate VC-assimilating
bacteria from ETH-degraders.

Located just upstream of the JS614 EaCoMT gene are ORF9 and ORF10, encoding a
putative acyl-CoA transferase and acyl-CoA synthetase. RT-PCR showed expression of ORF9
in response to ETH and VC (Fig. 3), indicating a role for the acyl-CoA transferase in alkene

metabolism. ORF9 and ORF10 are homologous to the ORF1 and ORF2 found upstream of etnE
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in Mycobacterium JS60 (Coleman and Spain 2003b) (Table 2), and in both strains, the 5’ end of
the synthetase overlaps by 13 nucleotides with the 3’ end of the transferase, suggesting
translational coupling. The discovery of similar genes in both JS614 and JS60 coupled with the
above RT-PCR results provides strong albeit circumstantial evidence that proteins encoded by
ORFs 9 and 10 participate in the VC/ETH pathway. Proteins encoded by ORFs 1 and 2 from
JS60 were previously proposed to facilitate transfer of CoA to the VC and ETH-derived two-
carbon unit (Coleman and Spain 2003b). Based on the apparent translational coupling of ORF9
and ORF10, an intriguing possibility is that a CoA-transferase/synthetase cycle exists in the VC
pathway (Van Hellemond et al. 1998; Sanchez et al. 2000). The protein encoded by ORF9 would
use an acyl-CoA intermediate as the CoA donor, and the protein encoded by ORF10 would
catalyze the regeneration of the acyl-CoA from the acid using CoA-SH and ATP. Such a
reaction would also fit with the previously observed stimulatory effect of CoA on epoxyethane
metabolism in Mycobacterium E20 and L1 cell extracts (de Bont 1978; Hartmans 1992).

Enzymes related to those encoded by ORF9 and ORF10 act on dicarboxylic acids
(pimelate, glutaconate) that possess some structural similarity to carboxymethyl-CoM (HOOC-
CH;-S-CH,-CH,-SO3H), a possible intermediate of the VC/ETH pathway. It is a plausible
hypothesis that the ORF9 and ORF10 gene products act to transform carboxymethyl-CoM into
CoM-S-acetyl-S-CoA (Fig. 6). Subsequent reductive elimination of CoM from the intermediate
would be facilitated by addition of the electron-withdrawing CoA thioester group, as previously
noted for glutathione metabolism (van Hylckama Vlieg 2000).

The NCBI Conserved Domain Database (CDD)(Marchler-Bauer et al. 2003) identified
the protein encoded by ORFS8 as a member of the short-chain dehydrogenase family (Table 2). A

well-characterized homologous protein is 2-(S)-hydroxypropyl-CoM dehydrogenase from the
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propene-degrading Xanthobacter strain Py2 (Table 2), which catalyzes the stereospecific
oxidation of 2-(S)-hydroxypropyl-CoM to 2-(S)-ketopropyl-CoM during propene assimilation
(Allen 1999). The substrate of the ORF8 gene product in strain JS614 is most likely 2-
hydroxyethyl-CoM (Coleman and Spain 2003b) which would yield either 2-ketoethyl-CoM or
carboxymethyl-CoM, depending on whether one or two oxidation steps occur. The fact that the
substrates of CoA transferases and synthetases (above) are usually acids suggests that the protein
encoded by ORF8S catalyzes two oxidation steps in the VC/ETH pathway, linking the EaCoMT
(ORF11) and CoA-transferase/synthetase (ORF9, ORF10) reactions, and yielding two reducing
equivalents (Fig.6). The possibility also exists that an aldehyde dehydrogenase encoded
elsewhere on the JS614 genome catalyzes the oxidation of 2-ketoethyl-CoM to carboxymethyl-
CoM. In the propene assimilation pathway, two stereoselective dehydrogenases are present due
to production of chiral alcohol intermediates by EaCoMT (Allen 1999). The presence of only
one dehydrogenase in the VC and ETH pathway is expected because the alcohol intermediate is
achiral. Dehydrogenase activity by the putative protein encoded by ORF8 would be expected to
regenerate NADH from NAD', thus requiring NAD" for activity in cell-free extracts. The
dependence of epoxyethane degradation on NAD" was observed in cell extracts of
Mycobacterium E20 (de Bont 1978) and Mycobacterium aurum L1 (Hartmans 1992) suggesting
that a dehydrogenase is active in the ETH-assimilation pathway in mycobacteria. The evidence
for the participation of a dehydrogenase in the VC/ETH pathway in strain JS614 is currently
based on sequence analysis and comparison to biochemical experiments with ETH-degrading
mycobacteria and is therefore largely circumstantial.

CDD predicted that protein encoded by ORF7 is a member of the pyridine dinucleotide-

disulfide oxidoreductase superfamily, and that the N-terminal portion of the putative protein
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contains a smaller NAD(P)H binding domain within a larger FAD binding domain. The closest
related protein of known function was coenzyme A disulfide reductase from Staphylococcus
aureus (delCardayre and Davies 1998) (Table 2), but the sequence of ORF7 is also similar to that
of 2-oxopropyl-CoM reductase in Xanthobacter Py2 (Table 2), an FAD-containing enzyme that
catalyzes the reductive cleavage of 2-ketopropyl-coenzyme M. In strain Py2, the products of the
reductase reaction are CoM-SH and either acetone or acetoacetate (Nocek et al. 2002),
depending on the availability of CO,. The results presented here suggest that by analogy, the
protein encoded by ORF7 catalyzes the final step in the VC/ETH pathway in JS614, cleaving
CoM-Acetyl-CoA into CoM-SH and acetyl-CoA. FAD stimulated epoxyethane degradation in
cell-free extracts of ETH-grown Mycobacterium E20 (de Bont 1978), an observation which is
consistent with the participation of a flavoprotein in the ETH-assimilation pathway.

The ORF7 gene product could function as an epoxide carboxylase, catalyzing the
conversion of 2-ketoethyl-CoM to malonate semialdehyde, but because the product of the
reaction is usually metabolized in bacteria by an energetically neutral decarboxylation to give
acetyl-CoA, it is difficult to see the benefit of carboxylation in this case. An alignment of the
deduced amino acid sequence of ORF7 with reductases of potentially similar function and the 2-
oxopropyl-CoM reductase from Xanthobacter Py2 revealed that the Py2 reductase/carboxylase
has an extended N-terminus and a 19 aa insertion not seen in the putative protein encoded by
ORF7 or the other reductases (data not shown), suggesting the ORF7 gene product functions
only as a reductase and not a carboxylase. Further biochemical experiments are required to test
this hypothesis.

ORFs 1-6 might participate in coenzyme M biosynthesis. CoM is an unusual

cofactor used only in a few biochemical reactions and only bacteria that use CoM in key
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metabolic reactions seem to be able to produce CoM. Thus, it seems reasonable to expect that
the genes for CoM biosynthesis would be linked to those that encode the enzymes that require
CoM as a cofactor. Using this reasoning we postulated that CoM biosynthesis genes might be
encoded near VC/ETH pathway genes in strain JS614. The discovery of glutathione biosynthesis
genes next to glutathione S-transferase genes in isoprene-degrading Rhodococcus AD4S5 (van
Hylckama Vlieg 2000) supports this hypothesis. Sequence analysis revealed that the protein
encoded by ORF6 is similar to (2R)-phospho-3-sulfolactate synthase (ComA), the enzyme that
catalyzes the first step in Coenzyme M biosynthesis in methanogens by the addition of a sulfite
molecule to phosphoenolpyruvate, forming (2R)-phospho-3-sulfolactate (Graham et al. 2002).
RT-PCR showed increased expression of ORF6 in response to ETH and VC (Fig. 3), suggesting
that ORF6 is associated with VC/ETH metabolism. The propene-oxidizing Xanthobacter Py?2
also contains a putative comA gene (Krum and Ensign 2001) near the alkene catabolic genes. In
methanogens, five proteins (ComA synthase (EC 4.4.1.19), ComB hydrolase (EC 3.1.3.71),
ComC dehydrogenase (EC 1.1.1.272), and ComDE decarboxylase (EC 4.1.1.79)) convert
phosphoenolpyruvate into sulfoacetaldehyde, which reacts with cysteine, eventually yielding
CoM (Graham et al. 2002). It is unclear if the same CoM biosynthetic pathway operates in
methanogens and aerobic alkene-oxidizers, but our finding of a gene similar to comA4 in a second
alkene-degrader suggests that the initial step in the pathway is similar.

ORF1 encodes a putative phosphoadenosine phosphosulfate (PAPS) reductase, which
catalyzes the reduction of sulfate to sulfite as a first step in aerobic sulfate assimilation (Bick et
al. 2000). Since ComA requires sulfite, it is possible that the putative PAPS reductase provides
sulfite to protein encoded by ORF6 for CoM biosynthesis. ORF5 encodes a conserved

hypothetical protein with similarity to proteins from methanogens (Table 2). Since the protein
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encoded by ORFS5 is related to a methanogenic protein, it is tempting to speculate that it also
involved in CoM biosynthesis. ORF4 encodes a putative adenylosuccinate lyase (Table 2), an
enzyme that catalyzes the cleavage of adenylosuccinate to phosphoadenosine (AMP) and
fumarate as a step in de novo purine biosynthesis (Ratner 1973). It is unclear how the protein
encoded by ORF4 could participate in CoM biosynthesis, but it is possible that it supplies AMP
for production of PAPS, a possible substrate of the ORF1 gene product.

ORF3 encodes a putative 1-aminocyclopropane-1-carboxylate (ACC) deaminase, an
enzyme catalyzing the degradation of ACC, which is an intermediate of ETH biosynthesis in
plants (Klee et al. 1991). The putative function of ORF3 in the context of CoM biosynthesis is
also uncertain, but it is intriguing to consider that strain JS614, a microorganism capable of
growth on ETH, also possesses an enzyme that might degrade the biochemical precursor of ETH.
The presence of both ACC deaminase and ETH monooxygenase in JS614 could suggest a plant-
associated lifestyle. ACC deaminase interferes with plant ETH metabolism, promoting root
elongation, and thus increasing the size of the rhizosphere niche available to the bacteria.

ORF2 encodes a putative argininosuccinate lyase (Table 2), which in other systems
catalyzes the final step in arginine biosynthesis by cleaving argininosuccinate to arginine and
fumarate (Ratner 1973). Interestingly, a putative argininosuccinate lyase gene was found
immediately adjacent to xecG (a putative ComA gene) in Xanthobacter Py2 (Krum and Ensign
2001), suggesting involvement in CoM biosynthesis. At this stage it is difficult to define the
function of the protein encoded by ORF2 with respect to CoM biosynthesis. In the putative
operon consisting of ORFs 1-6, ORF6 is the only gene similar to methanogenic CoM
biosynthesis genes, suggesting either that ComBCDE homologs are present elsewhere in the

genome, or that ORFs 1-5 encode an alternate CoM biosynthesis pathway. Further work is
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required to test these hypotheses. Interestingly, a gene similar to comA (yitD) is found in the
Bacillus subtilis genome (Kunst et al. 1997). The function of the gene has not been investigated
to our knowledge, but sporulating Bacillus cells accumulate sulfolactate (Bonsen et al. 1969),
suggesting a role for ComA and perhaps CoM synthesis in sporulation. Other genes in the
Bacillus subtilis yit cluster might participate in CoM biosynthesis. For example, YitC is a
putative phosphosulfolactate phosphatase, possibly related to ComB, which catalyzes the second
step in CoM biosynthesis in methanogens (Graham et al. 2001). YitA, a putative sulfate
adenylate transferase and YitB, a possible PAPS reductase, could participate in production of
sulfite, a predicted substrate of YitD. The proximity of a predicted PAPS reductase gene and
phosphosulfolactate synthase gene in the yif operon parallels the proximity of similar genes in
JS614. Additionally, YitF, a possible muconate cycloisomerase, could be related to the protein
encoded by ORF4 (Table 2). Overall, the similarities between yif cluster genes in Bacillus
subtilis and ORFs 1-6 in JS614-P1 suggest these gene clusters are involved in a novel pathway of
CoM biosynthesis. At this point, evidence for a novel CoM biosynthetic pathway in JS614 and
Bacillus is based wholly on the above putative gene sequence analysis.

Plasmid-related genes. Recent evidence that implicate plasmids in propene-(Saeki et al.
1999; Krum and Ensign 2001) and VC/ETH-assimilation (Coleman and Spain 2003a; Danko et
al. 2003) prompted us to search for plasmid-related genes on JS614-P1. ORF23 is predicted to
encode a 1818 aa protein with several possible functions. A large portion of the ORF23
sequence is related to putative TraA-like protein sequences from plasmids in cis-1,4-
polyisoprene-degrading Gordonia westfalica (Broker et al. 2004), atrazine-degrading
Arthrobacter aurescens, and foal pathogen Rhodococcus equi (Takai et al. 2000). TraA proteins

function as DNA relaxases, which initiate conjugative plasmid transfer by cleaving DNA within
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the plasmid origin of transfer (OriT) (Grohmann et al. 2003). ORF23 also contains two partial
conserved protein domains RecD (COGO0507), a putative exonuclease, and DnaG (COG0358), a
putative primase. In E.coli, RecD confers exonuclease activity to the RecBCD enzyme during
homologous recombination (Snyder and Champness 1997), but the purpose of the RecD domain
in ORF23 is unclear. The DnaG domain is associated with DNA primases, which are well-
known to be involved in plasmid replication.

Immediately upstream of ORF23 is a region rich in inverted and tandem repeat
sequences. A protein might be encoded here (ORF22), but there is evidence that the region is
actually the OriT of the JS614 VC/ETH catabolic plasmid. The putative JS614 OriT region
contains a sequence (AGGGCGCGGGTA) very similar to the consensus OriT core sequence
identified in RSF1010, pTF1, and Ti plasmids (AGGGCGCACTTA) (Cook and Farrand 1992).
In addition, the putative JS614 OriT core sequence is found at the start of a DNA repeat in a
repeat-rich region next to a likely plasmid transfer gene, similar to the pattern observed with
Gram-negative plasmid OriTs.

BLAST analysis indicated that sequence of ORF2S5 is similar to those of plasmid
partitioning proteins (ParA, ParB) from various actinomycetes, including those of the atrazine
catabolic plasmid pAA1 of Arthrobacter aurescens and the nicotine catabolic plasmid pAO1 of
Arthrobacter nicotinivorans. In well-studied elements such as the E.coli F plasmid, ParA and
ParB homologs help to evenly distribute the low-copy number plasmid among the daughter cells
at cell division (Bignell and Thomas 2001).

ORF33 encodes a putative DNA integrase-recombinase most similar to that found on a
210 kb linear megaplasmid in isopropylbenzene-degrading Rhodococcus erythropolis strain BD2

(Stecker et al. 2003). The next closest BLAST hit was another plasmid-encoded integrase-
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recombinase from Streptomyces coelicolor A3(2) (Table 2). Based on sequence similarity, and
the fact that it contains a conserved RHRY tetrad, the protein encoded by ORF33 is likely to be a
member of the tyrosine recombinase family, which catalyze site-specific integration and excision
reactions in prokaryotes, eukaryotes and mobile genetic elements (Nunes-Duby et al. 1998) The
presence of an integrase gene implies that the JS614-P1 DNA region could integrate into the
chromosome. The simultaneous presence of integrated and free plasmids in a culture could
explain why an EaCoMT probe hybridized to both plasmid and chromosomal DNA on PFGE
gels prepared from mycobacterial VC-degraders (Coleman and Spain 2003a).

Miscellaneous genes. Based on BLAST results, the protein encoded by ORF21 is very
likely a molybdopterin-containing oxidoreductase, and CDD detected a molybdopterin binding
site at the 3’ end of the deduced protein sequence of ORF21. Genes with the closest match to
ORF21 and encode proteins with known functions are biotin sulfoxide reductase and dimethyl
sulfoxide (DMSO)/ trimethylamine N-oxide (TMAO) reductase from Rhodobacter sphaeroides
(Pollock V. V. and Barber M. J. 1995; Mouncey et al. 1997) but the overall closest BLAST
matches to ORF21 (e=0) were to ORFs from the genomes of Pseudomonas syringae,
Azotobacter vinelandii, Bradyrhizobium japonicum, and Mesorhizobium sp. If acting as a
DMSO/TMOA reductase, the protein encoded by ORF21 could allow anaerobic growth of JS614
on alternative terminal electron acceptors apart from O,.

Putative promoter sequences and transcriptional terminators. Reports that
toluene monooxygenase gene clusters were under the control of sigma 54-dependent promoters
(Byrne and Olsen 1996; Arenghi et al. 1999) prompted us to search for putative sigma-54
promoter sequences in JS614-P1. A possible sigma-54 promoter sequence

GGCACCCTCCGTTGCTG (conserved -24 and —12 elements in bold italics) was found 143 bp
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upstream of the ORF7 start codon. Another possible sigma-54 promoter sequence
GGAACGCTAGATGCGC was found on the complementary strand 164 bp upstream of the
ORF6 start codon. The location of these putative sigma-54 promoter sequences in the non-
coding region between the VC/ETH catabolic genes and putative coenzyme M biosynthesis
genes suggests that a single regulatory protein could control both operons, although we did not
find any obvious regulatory genes in the DNA region sequenced.

The noncoding region between etnC and etnD (GATCACCGTCGGGTCGGGA
GCTTGGGGCTCCCGACGGCAGCGCAGACCTTCTGAACTTGTCGACAAAGAATGGC
GAACGCTCC) was extremely resistant to DNA sequencing and the possibility exists that
additional DNA remains unsequenced in this region. Analysis of the sequence suggested that an
inverted repeat (bold) is present. Inverted repeats can cause hairpin loops in single stranded
DNA that can interfere with sequencing (Ishikawa et al. 2003). The corresponding hairpin in the
nascent mRNA strand can act as a rtho-independent transcription terminator if an AT-rich region
is also found downstream (Snyder and Champness 1997). A fairly AT-rich region is located
immediately downstream of the JS614 inverted repeat, suggesting that this repeat is indeed part
of a transcriptional terminator, and implying that the reductase gene etnD could be regulated
independently of the rest of the etn operon.

The linear plasmid of strain JS614. The discovery of both plasmid genes and VC/ETH
catabolic genes in the JS614-P1 DNA region provides strong evidence that VC/ETH-
biodegradation in JS614 is a plasmid-encoded trait, and prompted us to investigate the possibility
in more detail. CHEF-PFGE experiments with undigested JS614 genomic DNA revealed the
presence of an extrachromosomal element, designated pNoc614 (Fig. 4). Increasing the

switching time from 10-40s to 20-80s had no effect on pNoc614 migration relative to the linear
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markers (data not shown). The plasmid topology of pNoc614 was therefore assumed to be linear,
and a size of 290 kb was estimated. Due to previous difficulties in interpreting Southern blots of
pulsed-field gels prepared from VC-degrading mycobacteria, we tested a PCR-based approach
(Krum and Ensign 2001) to determine the location of the alkene degradation genes.

Chromosomal DNA and pNoc614 DNA from JS614 were separated by CHEF-PFGE, and
purified. PCR with AkMO-specific primers (Alpha-F5 and Alpha-R5) and 2 ng DNA template
indicated that the eznC template concentration was highest in pNoc614 DNA, providing strong
evidence that ernC, and by inference, the entire JS614-P1 region are carried on pNoc614 (Fig. 5).
Faint AkMO PCR products were occasionally seen with PFGE gel slices taken from
chromosomal DNA, and above and below the plasmid band, which might be a result of
insufficient resolution of plasmid DNA from chromosomal DNA during electrophoresis,
integration of plasmid DNA into the chromosome by phage integrases, and/or a background of
DNA fragments resulting from nuclease activity. It was difficult to obtain clear PFGE gels with
JS614, despite the easier lysis of this strain compared to the VC-degrading mycobacteria
(Coleman and Spain 2003a). Unusual nuclease activity and smearing during PFGE has also been
observed in Streptomyces and other actinomycete strains (Ray et al. 1992; Coleman and Spain
2003a).

A plasmid-cured JS614 strain does not grow on VC or ETH. Repeated subculturing
of JS614 on 1/10 TSA + 1% glucose plates and PCR screening of single colonies (alpha-
F5/alpha-R5 primers) led to the isolation of a strain that appeared to lack etnC (Fig. 5). This
strain was designated JS614-C. The 16S rDNA (first 500 bp) of JS614-C was sequenced and
found to be 100% identical to that of strain JS614, indicating that JS614-C was not a

contaminant. PFGE analysis of JS614-C indicated that it lacked not only efnC, but also the
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whole plasmid pNoc614 (Fig. 4). Strain JS614-C did not degrade VC or ETH in minimal growth
media after more than 30 days of incubation (data not shown). The lack of growth of JS614-C
was not due to the unusual starvation response of JS614, because the wild-type strain grown in
non-selective media degraded ETH after several days lag time under the same conditions (Mattes
et al. 2004). Although the non-selective media used to grow the inocula of JS614 and JS614-C
differed in this experiment, in other experiments, we have observed no significant difference
between acetate-grown and TSB-grown JS614 cells with respect to lag time before alkene
degradation begins. Strain JS614-C grew well on acetate in minimal medium (data not shown),
ruling out the possibility of an auxotrophic mutation causing the observed lack of growth. The
finding that loss of etnC coincides with curing of the pNoc614 plasmid and lack of growth on
VC and ETH provides compelling evidence that the VC and ETH biodegradation genes are
carried on pNoc614 in strain JS614.

The JS614 fosmid clone representing a fragment of pNoc614 contained VC and ETH
biodegradation genes, possible CoM biosynthesis genes, and plasmid-associated genes. This is
the first study to use a sequence-based approach to conclusively demonstrate that VC/ETH
degradation genes are plasmid-borne, a finding which suggests horizontal transfer of VC
biodegradation genes in the environment is possible. This is also the first study to obtain
significant amounts of sequence data from an alkene catabolic plasmid. The gene cluster
encoding VC and ETH biodegradation was found immediately adjacent to the putative CoM
biosynthesis genes, and both gene clusters appeared to be under the control of sigma-54
promoters in a central non-coding region, suggesting that both gene clusters are coordinately
regulated. While our evidence that ORF1-ORF6 encode CoM biosynthesis is not rigorous, there

are three lines of circumstantial evidence supporting this conclusion: 1) ORF®6 is similar to a
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known CoM biosynthetic gene, 2) ORF6 is transcribed in response to VC and ETH, and 3)
ORFI1-ORF6 are located immediately adjacent to genes encoding a catabolic pathway known to
require CoM. It is likely that ORF7-ORF15 encode the enzymes that catalyze the complete
pathway of VC and ETH assimilation to central metabolites. Hypothetical pathways of VC and
ETH assimilation were generated based on the predicted functions of ORF7-15 (Fig.6). The
pathways (Fig. 6) are based on analogy with Mycobacterium strains JS60 (Coleman and Spain
2003b) and E20 (de Bont 1978), as well as analogy with propene-oxidizing strains (Ensign 2001)
and similarity to sequences in GenBank. Despite the lack of biochemical evidence thus far, we
believe it is useful to provide our best guess at the pathway so that hypotheses are available for
future experimentation. An increased understanding of the biochemical pathway of VC and ETH
oxidation is not only important with respect to natural attenuation of VC, but might also facilitate
a better understanding of biogeochemical cycling of ETH, a plant hormone and greenhouse gas.

Although the sequence data thus far suggest that the alkene degradation pathways are
identical in Nocardioides strain JS614 and Mycobacterium strain JS60, the question of why the
growth yield and growth rate on VC and ETH are higher in JS614 remains unanswered. Our
discovery of a second EaCoMT allele in strain JS614 might be relevant to the question. If the
JS614 etnE1 gene encoded a functional enzyme, expression of this enzyme would lead to
increased EaCoMT activity, and more efficient capture of reactive epoxides as CoM conjugates
before they are lost to cell-damaging and non-growth supporting side-reactions.

The sequencing of a large fragment of genomic DNA from JS614 has greatly increased
the database of genes from aerobic VC-assimilating bacteria, thus facilitating future in situ
molecular studies of these bacteria. AkMO and other catabolic genes from JS614 could also be

used in biocatalysis or metabolic engineering applications where expression of a highly active
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alkene monooxygenase or the design of novel biochemical pathways is desired. Our data
provide many novel targets for PCR- or probe-based detection of VC/ETH-degraders. For
example, the plasmid-associated genes such as TraA reported in this study could be used
indicators of the presence of pNoc614-type plasmids, thus complementing data obtained from
the use of traditional catabolic gene probes/primers. Our results suggest that the genes encoding
VC and ETH degradation are highly conserved, even between different genera, thus validating
the use of such genes as indicators of the presence of VC/ETH degraders in situ. Unfortunately,
our data do not allow us to distinguish between VC and ETH degraders on the basis of DNA
sequence, which would be a prerequisite for determining whether growth-linked or cometabolic
processes are responsible for VC degradation in the field. A detailed molecular analysis of ETH-
degraders that cannot grow on VC is required to address this issue, and to shed light on the

mechanism of evolution of VC-degraders from ETH-degraders.
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Table 1. Bacterial strains, plasmids and oligonucleotides

Material Relevant characteristics Reference
Strains

(Coleman
Nocardioides sp., strain JS614 Grows on VC and ethene as sole carbon sources et al.

2002)
Nocardioides sp 2 strain JS614-C Mutant JS614 strain unable to grow on VC or ETH This study
(pNoc614-negative)

I N recAl supEA44 endA1 hsdR17 gyrA96 relA1 thi A(lac-proAB) (Yanisch-
Escherichia coli strain IM109 F'[traD36 proAB" lacl® lacZ AM15] Eleri"(g)rgl Se)t
_ o [F'::Tn 10 Tc") proA B laclZ AM15] recAl endAl hsdR17 .
Escherichia coli strain EZ (11> M2 Yac gln V44 thi 1 gyrA96 relAl Qiagen
[FmcrA (mrr-hsdRMS-mcrBC) 80dlacZ M15 lacX74
Escherichia coli strain EPI300™-T1®  recAl endAl araD139 (ara, leu)7697 galU galK ~ rpsL Epicentre
nupG trfA tonA]

Plasmids and fosmids
pDRIVE Km®, Ap®, 3.9 kb, T/A-cloning vector Qiagen
pCCIFOS Cm?", 8.2 kb, Copycontrol™ Fosmid vector Epicentre
Oligonucleotides (5°— 3)

(Coleman
CoM-F1 ATGGTGGGGAACTACCCGAATCC and Spain

2003b)

(Coleman
CoM-R2 TCGTCGGCAGTTTCGGTGATCGTGCTCTT and Spain

2003b)
CoM-F3 GCTCTCAAGATGTGCTTCTGCCAACCA This study
CoM-R3 CGGTGCGTCCGACCTCGTAGTTCAG This study
Mono-F2 CGKCRMGMMCCWGGAGC This study
Mono-R2 GTKGTTCWCGWWCYRCTCG This study
Alpha-F5 GCAGGTCAGATGCTGGACGAGGTTC This study
Alpha-R5 GCGATGGCGACGGAATGGTGC This study
AKkMO_GSP1 CGGTTCGTCGAGGACATGCACCATTC This study
etnC F CTTGAAACCGTCCACGAGAAGAG This study
etnC R AGCGGGTCCTTGATCTCGTACTT This study
comA_F GGCCCGAACCGGCTGACGAAC This study
comA R AGAAGCCTGACTTTCTCGACTTG This study
CoAT F TTCTTCATGGACACCGACAAACTC This study
CoAT R CTCCCGACCCATGCTCAAAGAC This study
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Table 2. Gene products from JS614-P1- predicted functions and database similarities

ORF No. of Coding Gene or function of closest relative Genbank No. of E
amino sequence (source), gene(s) of closest relative(s) accession amino acids  value
acids  position (start-  with known function(s)(source), number with
codon-stop identified protein domains identity/total
codon) (%)
1° 63 0-194 Probable phosphoadenosine BABY6810 36/64 9e-14
phosphosulfate reductase (56%)
(Rhodococcus erythropolis)
5" adenylylsulfate reductase AAD50979 32/66 2e-08
(Burkholderia cepacia) COG0175 (48%)
2 500 180-1682¢ Putative argininosuccinate lyase ZP 00025364 154/487 le-42
(Ralstonia metallidurans) (31%)
Argininosuccinate lyase (EC 4.3.2.1) S32580 103/391 8e-31
- fission yeast (26%)
(Schizosaccharomyces pombe)
COGO0165
3 322 1679-2647c Putative 1-aminocyclopropane-1- NP 125755 122/320 Te-51
carboxylate deaminase (Pyrococcus (38%)
abyssi)
I-aminocyclopropane- 1-carboxylate P30297 111/337 3e-33
deaminase (Pseudomonas sp. 6G5) (32%)
COG2515
4 451 2644-3999c¢ Putative adenylosuccinate lyase NP 252207 189/453 7e-81
(Pseudomonas aeruginosa PAO1) (41%)
Beta-carboxy-cis,cis-muconate 1Q5N_A 128/390 2e-45
cycloisomerase (Acinetobacter (32%)
calcoaceticus) COG0015
5 253 3996-4757¢ Predicted protein (Methanosarcina NP _ 618623 68/238 le-07
acetivorans str. C2A) (28%)
6 275 4923-5709¢ Uncharacterized conserved protein ZP 00119544 80/229 3e-38
(Cytophaga hutchinsonii) (34%)
Phosphosulfolactate synthase IQWG_A 79/215 2e-30
(Methanococcus jannaschii) (36%)
Phosphosulfolactate synthase Q9AF21 46/137 3e-18
(Xanthobacter Py2) COG1809 (33%)
7 455 5874-7241 Hypothetical protein (Chloroflexus ZP 00019145 200/447 le-79
aurantiacus) (44%)
Coenzyme A disulfide reductase AAB97073 119/421 2e-45
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10

11

12

13

14

257

580

691

370

349

105

501

7380-8153

8165-9907

9901-11976

12125-13237

13351-14400

14415-14732

14750-16255

(Staphylococcus aureus)
NADPH:2-ketopropyl-CoM

carboxylase/oxidoreductase

(Xanthobacter Py2) COG0446

Short-chain alcohol dehydrogenase
(Novosphingobium
aromaticivorans),

2-(S)-hydroxypropyl-CoM
dehydrogenase (Xanthobacter Py2)
COG1028

Putative CoA transferase
(Mycobacterium rhodesiae JS60)

Glutaconate CoA-transferase subunits
A and B (Acidaminococcus
fermentans) COG1788

Putative acyl-CoA synthetase
(Mycobacterium rhodesiae JS60)
COG1042

Pimeloyl-CoA synthetase
(Pseudomonas mendocina)

Epoxyalkane:coenzyme M
transferase (Rhodococcus
rhodochrous B-276)

Epoxyalkane:coenzyme M

transferase etnE (Mycobacterium
rhodesiae JS60)

Putative alkene monooxygenase beta
subunit etnA (Mycobacterium
rhodesiae JS60)

Epoxidase subunit amoA (Gordonia
rubripertinctus B-276) pfam02332

Putative alkene monooxygenase
coupling/effector protein etnB
(Mycobacterium rhodesiae JS60)

Coupling protein (Gordonia
rubripertinctus B-276) pfam02406

Putative alkene monooxygenase
alpha subunit etnC (Mycobacterium
rhodesiae JS60)
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3e-14,

le-11

e-100

8e-70

0.0

e-169

e-133

3e-67

2e-35

Te-21

0.0



15

16
17
18
19
20

21

22

23

24

25

26
27
28
29

346

163
32
226
108
90

796

175

1818

294

480

170
64
88

219

16339-17379

17479-17970
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22556-23084c

23202-28658¢

28917-29801c

29918-31348c

31753-32265
32583-32777
32794-33060
33150-33809¢

Epoxidase subunit amoC (Gordonia
rubripertinctus B-276) pfam02332

Putative alkene monooxygenase
reductase etnD (Mycobacterium
rhodesiae JS60)

Reductase amoD (Gordonia
rubripertinctus B-276) COG0543

Hypothetical protein; no similarity
Hypothetical protein; no similarity
Hypothetical protein; no similarity
Hypothetical protein; no similarity
Hypothetical protein; no similarity

Molybdopterin oxidoreductase
(Pseudomonas syringae pv.
syringae B728a)

Dimethyl sulfoxide reductase

(Rhodobacter capsulatus) COG0243

Possible OriT region, Hypothetical
protein, related to putative
retroelement (Oryza sativa)

Putative TraA protein (Gordonia
westfalica)

Putative TraA protein (Arthrobacter
aurescens); COGO0358, pfam01751

Hypothetical protein; no similarity

Putative ParB partitioning protein
(plasmid pAAL, Arthrobacter
aurescens);

Putative partitioning protein (plasmid
pAO1, Arthobacter nicotinivorans)

Putative ParA partitioning protein
(virulence plasmid, Rhodococcus

equi)

Hypothetical protein; no similarity
Hypothetical protein; no similarity
Hypothetical protein; no similarity
Hypothetical protein; no similarity
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30 273 33991-34814c  Putative DNA integrase-recombinase =~ NP 898680 123/247 2e-62

(Rhodococcus erythropolis) (49%)

Putative DNA integrase/recombinase =~ NP_639594 116/267 2e-56
(Streptomyces coelicolor A3(2)); (43%)
pfam00589

* Incomplete ORFs.
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Figure 1. Southern blot of JS614 genomic DNA using A) JS614 AKMO alpha subunit
gene etnC (635 bp) and B) JS614 EaCoMT gene etnE (831bp) as a probe. Lanes are
labeled by restriction enzyme used.
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Figure 2. Schematic representation of ORFs on the 38.4 kb JS614-P1 region sequenced
from Nocardioides strain JS614. Predicted ORFs are shown as arrows. The direction of
the arrows indicates which DNA strand contains the ORF. ORFs shown in magenta are
assigned to biosynthetic functions, blue ORFs are assigned catabolic functions, red ORFs
are assigned plasmid functions, green ORFs are assigned phage-related functions, and
gray ORFs could not be assigned a function.
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Figure 3. RT-PCR experiments with A) EtnC, B) CoA transferase, C) ComA, and D)
16S rDNA (271 ,1492r)(Lane 1991) primers. Lanes: V, VC-grown JS614 RNA template;
E, ETH-grown JS614 RNA template; A, acetate-grown JS614 RNA template; RT, RT-
PCR with RNA template; No RT, PCR (no reverse transcriptase) with RNA template; —,
No template; +, DNA template.



Figure 4. CHEF-PFGE detection of pNoc614 in strain JS614. Lanes: P*, pNoc614-
positive JS614 genomic DNA; P", pNoc614-negative JS614 DNA.



L - + C P A B GP™

Figure 5. PCR analysis of CHEF purified JS614 DNA. Lane L: 1 kb Ladder; Lane _: No
DNA (- control); Lane +: Total JS614 DNA (positive control); Lane C: CHEF-purified
chromosomal DNA; Lane A: DNA 1 cm above plasmid; Lane P: CHEF-purified plasmid
DNA; Lane B: DNA 1 cm below plasmid; Lane GP: Total genomic DNA from
pNoc614-negative JS614 strain.
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ABSTRACT

Nocardioides strain JS614 exhibits an extended lag period for resumption of aerobic
growth on VC or ETH after these substrates are withheld from the culture for longer than one
day. This lag could affect application of JS614 in bioaugmentation and biocatalysis strategies
and raises fundamental questions concerning mechanisms controlling the lag. Initial growth
experiments indicate the lag is not due to cell death and is limited to starvation recovery on or
adaptation to VC or ETH as growth substrates. Assays of alkene monooxygenase (AkMO) and
epoxyalkane:Coenzyme M transferase (EaCoMT) activities indicate rapid AkMO inactivation
during starvation. Switching ETH-grown JS614 cultures to acetate for 24 h revealed elevated
AKMO activities in comparison to starvation. SDS-PAGE and MALDI-TOF MS experiments
demonstrated that AkMO subunits were induced by VC and ETH, and were not degraded during
starvation. Upon resumption of ETH degradation, SDS-PAGE results suggested that AkMO
subunits were synthesized. Addition of acetate along with VC or ETH reduced the lag associated
with VC or ETH starvation. We conclude that AkKMO inactivation, along with additional
undefined mechanisms control the lag period associated with starvation recovery on VC or ETH.
Our data suggest that depletion of reducing power contributes to the lag, but that toxic epoxide

accumulation or rapid turnover of AkKMO subunits are unlikely contributors.

Keywords: starvation, alkene monooxygenase, vinyl chloride, ethene



INTRODUCTION

Vinyl chloride (VC), a known human carcinogen (Bucher 2001) and common
groundwater contaminant (Squillace 1999), is derived mainly from incomplete reductive
dechlorination of the widely used chlorinated solvents tetrachloroethene (PCE) and
trichloroethene (TCE), also common groundwater contaminants (Squillace 1999). VC tends to
accumulate in anaerobic groundwater zones but could degrade readily if the VC plume migrates
into aerobic groundwater zones (Davis 1990; Edwards 1997; Lee 1998). The recent isolation of
several strains of aerobic VC-assimilating bacteria from soil (Coleman et al. 2002), groundwater
(Coleman et al. 2002), sediment (Hartmans 1992b), and sewage sludge samples (Hartmans
1992b; Verce 2000; Coleman et al. 2002) suggests that VC-assimilating bacteria play a
significant role in aerobic natural attenuation of VC at contaminated sites.

In certain cases, aerobic VC degradation is fortuitous, resulting from non-specific
oxygenases produced by organisms growing on a variety of compounds that might be present
such as methane, ethene, or BTEX compounds (Fogel 1986; Koziollek 1999; Freedman et al.
2001; Shim et al. 2001). Cometabolic VC oxidation processes are potentially unreliable for
enhanced bioremediation of VC due to generation of toxic epoxides, growth substrate
requirements and competitive inhibition between the growth substrate and VC. At some VC-
contaminated sites, bioaugmentation with organisms capable of growth on VC could support or
possibly offer an alternative to bioremediation strategies that rely on cometabolism of VC.

The majority of known, growth-coupled VC degraders are members of the genus
Mycobacterium (Hartmans 1992b; Coleman et al. 2002). Although such strains are effective
degraders, some are phylogenetically related to opportunistic pathogens (Tortoli et al. 1999). As

a result, obtaining regulatory approval for in situ bioaugmentation with VC-degrading



mycobacteria could be difficult. Similarly, the VC-degrading Pseudomonas strains MF1 and
DL are related to P. aeruginosa and thus might also be perceived as pathogens (Alonso et al.
1999). Nocardioides strain JS614, on the other hand, is a promising candidate for
bioaugmentation applications due to its relatively high rate of VC oxidation and growth yield on
VC, in comparison to the mycobacterial and pseudomonad VC-degraders (Coleman et al. 2002).
Members of the genus Nocardioides are not known to be associated with pathogenesis in animals
or plants. Strain JS614 is capable of growth at 37°C, but its growth optimum is closer to 30°C
(T. Mattes, unpublished results). Strain JS614 could also have potential biocatalysis applications
due to its ability to produce epoxides from alkene substrates with a highly active alkene
monooxygenase system (Coleman et al. 2002).

The genes that encode enzymes responsible for catabolism of VC and ETH, including an
alkene monooxygenase (AkMO) etnABCD, and an epoxyalkane:coenzyme M transferase
(EaCoMT) etnE, have been identified in Mycobacterium strain JS60 (Coleman and Spain 2003b)
and Nocardioides JS614 (Mattes 2004). The monooxygenase catalyzes the initial oxidation of
ETH to epoxyethane and VC to chlorooxirane, which are further metabolized by EaCoMT
(Coleman et al. 2002).

Nocardioides strain JS614 grows rapidly on VC as a sole carbon source, but displays an
extended lag period following a short period of VC starvation. Lag periods in the presence of
VC in excess of 40 days were observed when mid-log phase JS614 cultures growing on VC were
starved for periods one day or longer (Coleman et al. 2002). In contrast, Mycobacterium JS60
and Pseudomonas MF1 readily recovered from alkene starvation periods of 7 days without an

extended lag period (Verce 2000; Coleman et al. 2002). Mycobacteria are known to fare well



under starvation conditions due to their tendency to accumulate high levels of storage materials
and their relatively slow metabolism (Ratledge 1982; de Haan 1993).

Mechanisms controlling the lag period are unknown and could adversely affect practical
application of this strain. The main purpose of this study was to characterize the lag period
associated with alkene starvation and determine the physiological conditions that reduce or
eliminate the lag. The observed lag raises several fundamental scientific questions that have not
been well studied in VC and ETH degraders, or in biodegradative microorganisms in general.
For example, we were interested in determining if unstable VC/ETH pathway enzyme systems
might be contributing to the lag. Here, we present data that suggests inactivation of AkMO
followed by a delayed reactivation or induction of AKMO is responsible for the extended lag
period following VC and ETH starvation in strain JS614. We also report that the lag period is
reduced or eliminated if a readily degradable carbon source is provided along with VC or ETH

following the starvation period.



MATERIALS AND METHODS

Chemicals, media, strains and growth conditions. VC (99%) and ETH (99%) were
from Matheson. Epoxyethane (99.5%) was from Sigma, Coenzyme M was from Fluka, and
NADH was from ACROS organics. All other chemicals were of reagent grade. Cultures of
Nocardioides 1S614 (ATCC BAA-499) or Mycobacterium JS60 (ATCC BAA-494) were grown
in minimal salts medium (MSM)(Hartmans 1992a), containing VC, ETH, acetate, or
epoxyethane or in 1/10-strength trypticase soy broth (1/10-TSB, Difco). Unless indicated
otherwise, all cultures were incubated aerobically at 22-25°C, with shaking at 165 rpm.

Analytical Methods. VC, ETH, and epoxyethane were analyzed in headspace samples
by gas chromatography with flame-ionization detection using a 1% SP-1000 on 60/80 Carbopack
B packed column (Supelco). Acetate was analyzed in liquid samples with a Dionex DX600 ion
chromatograph with AS14A analytical and guard ion-exchange columns. Suppressed
conductivity detection was carried out in an 8§ mM carbonate/ 1 mM bicarbonate eluent at 1
ml/min. UV absorbance (A3 and Aze0) was measured in cell lysates and protein was estimated
using the formula: protein (ug/ml)= (183*A230)-(75.8*Ase0) as described previously (Coleman et
al. 2002).

AKMO assay. Cultures were harvested at mid-exponential phase (approx. ODggo 0.2-
0.3), the cells were washed twice in KP buffer (K,HPO, 20 mM [pH 7.0]), and suspended in 1
ml of the same buffer at an ODggo of 5 (approx. protein = 1.0 mg). The cells were transferred to
27-ml serum bottles, ETH (4 pmoles) was added, and the bottles incubated with shaking (300

rpm) at 22°C. Ethene degradation was analyzed as described above. The observed maximum



ethene degradation rate was assumed to be proportional to the level of AkMO in the original
culture. Specific activity was calculated based on protein content.

Preparation of cell extracts. Cultures were harvested at mid-exponential phase, and the
cells were suspended without washing in 500 ul MGD buffer (5S0mM MOPS, 10% glycerol,
ImM dithiothreitol (DTT) [pH 7.2]) at an ODgg of 30-60, and flash-frozen in liquid nitrogen for
later analysis. Thawed cell suspensions were added to a 2-ml screw-cap tube containing 1.5 ml
of cold, 0.1-mm zirconia/silica beads (Bio-spec), wetted with MGD buffer. Cells were lysed by
beadbeating (7 cycles of 30s beating, 30s cooling) using a Bio-Spec Mini Beadbeater 8 located in
a temperature-controlled room at 4°C. Lysates were clarified by centrifugation (21,000x g, 15
minutes, 4°C), and the supernatant (referred to hereafter as ‘cell extract’) was retained and
diluted to 0.4 mg of protein/ml in MGD buffer.

EaCoMT assay. Serum bottles (27 ml) containing 900 ul of Tris-Cl (50 mM; pH 8.0),
50 ul cell extract (approx. 0.02 mg protein) and 50 ul freshly prepared coenzyme M (200 mM)
were crimp sealed. Epoxyethane (5 umol) was added, and the bottles incubated with shaking
(300 rpm) at 22°C. Epoxyethane degradation was analyzed as described above.

SDS-PAGE. Cell-free extracts for SDS-PAGE were prepared as described in the
EaCoMT assay section, except that the beadbeater lysate supernatant was diluted to 1.5 mg of
protein/ml in MGD buffer. SDS-PAGE was performed by the method of Laemmli (Sambrook
2001) using 12% polyacrylamide gels. Proteins were visualized by staining with Coomassie
Brilliant Blue and molecular masses were estimated by comparison with low-range standards
(Bio-Rad).

MALDI-TOF MS analysis. Following SDS-PAGE, a 50.4 kDa protein band and a

protein-negative control band were excised, digested with bovine trypsin (Promega), and a



peptide mass fingerprint (PMF) was obtained using a Bruker BiflexIIl MALD/I TOF mass
spectrometer in positive-ion/reflector mode. The matrix was a-cyano-4-hydroxycinnamic acid.
Peptide masses present in both the sample and negative control were excluded from analysis.
The remaining masses were compared to an in silico trypsin digest of the putative AkKMO alpha
subunit protein sequence using the MS-digest program of Protein Prospector(Baker and Clauser).
Growth assays. Cells grown on VC, ETH, or sodium acetate were harvested at mid-log
phase, washed and resuspended in 72 ml MSM at ODgg 0.2 in 160-ml serum bottles and
resuspended in carbon-free medium for 24 hours at 22-25°C with shaking (165 rpm). Cultures
were subsequently supplemented with 200 umoles of VC, ETH, acetate, or epoxyethane and
monitored by GC as described in analytical methods. Some bottles were also amended with

rifampicin (35 pg/ml), chloroamphenicol (139 pg/ml), or sodium acetate (1 mM).

RESULTS AND DISCUSSION

Substrate starvation response of strain JS614. The response of JS614 to carbon
starvation and subsequent resumption of growth was further evaluated by growing cultures on
various substrates, transferring the cells to carbon-free medium for 24 hours, then adding a
substrate and monitoring its disappearance (Fig. 1). With VC and ETH as the growth and
recovery substrates, cultures exhibited a reproducible approximately 6-day lag period before
recovering degradation activity. Both alkenes produced similar starvation responses; therefore,
for convenience we used ETH in all subsequent experiments. Starved ETH-grown cultures
subsequently supplemented with acetate or epoxyethane degraded the substrates without a lag
period, and starved acetate-grown cultures degraded acetate immediately, suggesting that general

cellular viability and enzyme activities were not dramatically affected after 24 h starvation, and



that the extended lag period was specific to recovery on alkenes. Acetate-grown cells
supplemented with ETH without any starvation period displayed a lag period very similar to that
occurring in starved alkene-grown cells, suggesting that the ‘starvation’ response of JS614 could
be due to a lack of enzyme induction, rather than the absence of a carbon source. Taken
together, the results point to the AkKMO that catalyzes the initial step of the VC and ETH
degradation pathways as the main determinant of the extended lag period.

The approximately 6-day lag periods observed here (Fig.1) are much shorter than the >40
day lag observed in a previous study of starved JS614 cultures (Coleman et al. 2002), possibly
due to differences in experimental design. In the present study, actively growing cultures were
transferred to fresh, carbon-free medium as a means of initiating starvation conditions, whereas
in the previous study, cultures were allowed to deplete the substrate in the initial medium. The
difference in results suggests that inhibitory factors accumulated (e.g. HCI resulting from VC
oxidation) or stimulatory factors were depleted (e.g. nutrients) in the medium during starvation,
or alternatively that the rate of onset of starvation affected the subsequent physiological state of
the cells.

Maximum-specific AKMO and EaCoMT activities in JS614. To provide a basis for
biochemical investigations of the JS614 starvation response, the typical AKMO and EaCoMT
activities in JS614 cells grown in various media were measured (Table 1). Since large
concentrations of the respective substrates (ETH or epoxyethane) were used, the results are
interpreted as maximum-specific activities — a measure of potential activity.

Preliminary studies failed to detect AkMO activity in extracts of alkene-grown JS614
cells, regardless of the addition of NADH, which is the preferred cofactor of AkMOs from

Mycobacterium aurum L1 and Mycobacterium strain E3 (Hartmans 1991; Hartmans 1992b;



Weber 1992), Rhodococcus rhodochrous B276 (Miura 1995), and Xanthobacter Py2 (Small
1997). The lack of AkKMO activity in concentrated JS614 cell extracts is consistent with reports
of low AKMO activity in cell extracts from Mycobacterium aurum L1 and Mycobacterium strain
E3 (Hartmans 1991; Hartmans 1992b; Weber 1992), Rhodococcus rhodochrous B276 (Miura
1995), and Xanthobacter Py2 (Small 1997). The difficulty in observing AKMO activity in crude
cell extracts from alkene-oxidizing bacteria might be due to suboptimal ratios of system
components (i.e. oxygenase, effector, reductase). Resting-cell assays of AkMO activity, on the
other hand, allowed for easy measurement of ETH degradation rates and were reproducible. The
AKMO alpha subunit in strain JS614 was expressed in response to VC and ETH, and not
expressed in response to acetate (Mattes 2004), providing strong evidence that epoxyethane
formation from ETH is due to AkMO and not a fortuitous oxidation by a non-specific oxygenase
in VC- and ETH-grown JS614 cells. Therefore we used resting cell assays as an indicator of
AKMO activity in all subsequent work

EaCoMT activity has previously been observed in several mycobacteria growing on VC
and ETH, and has been implicated in the VC and ETH oxidation pathways in Mycobacterium
strain JS60 (Coleman and Spain 2003b; Coleman and Spain 2003a). A putative EaCoMT gene
(etnE) was previously found immediately upstream of the AkMO genes (etnABCD) in strain
JS614, but an assay for EaCoMT activity was not performed (Mattes 2004). In the present study,
CoM-dependent epoxyethane degradation was detected in JS614 cell-extracts, providing
additional evidence that EaCoMT catalyzes the second step in alkene assimilation in strain JS614
(Table 1). EaCoMT activity in VC-grown JS614 cell extracts was more than double the highest
EaCoMT activity measured in VC-degrading mycobacteria (Coleman and Spain 2003a) which is

consistent with the faster growth rate on ethenes. The relatively high level of basal EaCoMT
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expression in acetate-grown and 1/10 TSB grown JS614 cell extract is surprising, since EaCoMT
expression in acetate-grown Mycobacterium JS60 is negligible (Coleman and Spain 2003b),
suggesting the second EaCoMT allele in JS614 (Mattes 2004) is functional and constitutively
expressed. A putative CoM biosynthesis gene displayed low levels of expression in acetate-
grown JS614 cultures (Mattes 2004), an observation that supports this hypothesis.

The high EaCoMT activity in strain JS614 might explain the higher growth yield on VC
and ETH, compared to alkene-degrading mycobacteria (Coleman et al. 2002). Chlorooxirane
and epoxyethane are both reactive compounds — the aqueous half-life of chlorooxirane is 1.6
minutes (Barbin 1975). Higher EaCoMT activity could lead to more epoxide being converted to
the CoM conjugate, and less epoxide being lost to unproductive reactions such as hydrolysis,
rearrangement, or nucleophilic attack on cellular components. The EaCoMT activity in JS614
cell extracts was at least two orders of magnitude higher than the EaCoMT activity of resting
cells of the same strain (data not shown), most likely due to a limited supply of reduced CoM in
whole cells. Therefore, we chose to use cell extracts for all further assays of EaCoMT activity.

Epoxyethane-grown cultures exhibited AkMO and EaCoMT activities higher than basal
levels, but much lower than the activities in alkene-grown cells (Table 1). It is possible that
epoxyethane is a weak inducer of the VC/ETH pathway enzymes, but interpretation of the results
is complicated by the toxicity of epoxyethane. Growth of JS614 on epoxyethane was slow, and it
was difficult to attain high cell densities on this substrate (data not shown). The poor growth on
epoxyethane at first seems unusual, given that this compound is an intermediate of the ETH
assimilation pathway. However, during growth on ETH, it is very unlikely that epoxyethane

accumulates to any extent due to the high EaCoMT activity, and thus, the strain is probably
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poorly adapted to higher concentrations of the epoxide. Epoxyethane was not detectable in the
headspace of JS614 cultures growing on ETH (data not shown).

Effect of ETH starvation on AKMO and EaCoMT activities. Coleman et al. proposed
that AkKMO activity in the absence of epoxide transforming activity might allow chlorooxirane to
accumulate to lethal levels in VC-starved JS614 cultures. An apparent precedent was observed
in Mycobacterium strain L1, which accumulated VC epoxide when incubated with VC after a
short starvation period (Hartmans 1992b). Sublethal levels of epoxide accumulation following
addition of VC might result in AkKMO inactivation, which could manifest as an extended lag
period before resumption of growth. Studies with ETH-assimilating Mycobacterium strain E3
indicated that low levels of epoxyethane, epoxypropane, and epoxybutane were capable of
irreversibly inactivating the AkMO mediating the epoxidation reaction (Habets-Criitzen 1985).
Preliminary analysis of enzyme activities in starved ETH-grown cells (Table 1) indicated that
AKMO activity was completely lost after starvation, while EaCoMT activity was maintained
(albeit at a lower level than in unstarved cells) suggesting that turnover of AkMO is considerably
faster than that of EaCoMT in strain JS614. To provide more detail of enzyme activity loss
during starvation, the two enzyme activities were assayed at intervals during a 24-h substrate-
starvation period (Fig. 2). AkMO dropped to near basal levels within 8 hours of starvation (Fig.
2). EaCoMT activities declined at approximately the same rate as AkKMO during the first two
hours of starvation, before leveling off to approximately 45% of the initial value (Fig. 2). This
observation could explain the lack of a significant lag period when feeding ETH-starved cultures
epoxyethane (Fig. 1), and also indicates that, contrary to our previous speculations (Coleman et
al. 2002), epoxide accumulation and toxicity is unlikely to be the cause of the extended lag

period in strain JS614, since EaCoMT activity was maintained throughout starvation.
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Depletion of reducing power could contribute to AKMO inactivation during
starvation. Temporary AKMO inactivation resulting from depletion of intracellular NADH
levels was observed during epoxypropane production experiments with Mycobacterium strain E3
(de Haan 1993). When strain E3 was grown under carbon limitation and amended with propene
in resting-cell suspensions, production of epoxypropane ceased after 12 h, an event that
coincided with the depletion of NADH in the cells (de Haan 1993). It was determined that
addition of a readily degradable carbon source (glucose) facilitated regeneration of intracellular
NADH pools and increased epoxypropane production by the AkMO, though the glucose
appeared to be converted first to storage material which was subsequently oxidized to regenerate
NADH (de Haan 1993).

Interpretation of JS614 AkMO inactivation during starvation is complicated by the multi-
component nature and cofactor requirements of AkMO, which might subject AKMO to several
potentially simultaneous processes (e.g. depletion of reducing power, irreversible and reversible
inactivation, and oxidative damage) that could contribute to inactivation. To examine the
possibility that reducing-power depletion impacts AkKMO functioning during starvation, AkMO
activities were measured in ETH-grown JS614 cultures switched to growth on 20 mM acetate for
24-h. Under this particular physiological condition, AkMO expression should cease since no
alkene substrate is present, but oxidation of acetate should provide an ample supply of reducing
power for existing AkMO. After 10.3-h incubation with acetate, AkMO activities of ETH-grown
JS614 cultures were 10.5%-35.6% higher when compared to AkMO activities during 10.3-h
starvation (data not shown) suggesting that depletion of reducing power in starved cells was

negatively impacting AKMO activities. Despite this observation, AkKMO activities dropped to
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basal levels after 24-h (data not shown) suggesting that additional mechanisms are contributing
to the observed AkMO activity loss.

In contrast to Nocardioides 1S614, Mycobacterium JS60 readily recovers from alkene
starvation periods of 7 days (Coleman et al. 2002) . Mycobacteria are known to fare well under
starvation conditions due to their tendency to accumulate high levels of storage materials and
their relatively slow metabolism (Ratledge 1982; de Haan 1993) . To further investigate these
intergeneric differences in the starvation response, we examined AkMO activities in both JS60
and JS614 during a 24-h starvation period. AkMO activities in starved ETH-grown JS60 cells
declined at a lower rate than AkMO levels in ETH-grown JS614 cells, but at approximately the
same rate as ETH-grown JS614 cells growing on acetate over the 24-h period (data not shown),
suggesting that JS60 is utilizing an alternative carbon source during 24-h starvation that leads to
elevated AkMO activities in comparison to starved JS614 cells. Like JS614, JS60 exhibits
relatively low AkMO activity after 24-h starvation, further suggesting that additional
mechanisms are contributing to AKMO activity loss in starved cells.

Identification of AKMO subunits in JS614 cell extracts. Deduced molecular weights
of AKMO subunits and EaCoMT from JS614 (Mattes 2004) were very similar to deduced
molecular weights of AkMO subunits and EaCoMT from Rhodococcus B276 (Saeki 1994)
(Table 2). SDS-PAGE analysis of VC-, ETH-, epoxyethane- and acetate-grown JS614 cell
extracts indicated that at least four polypeptides (50.4 kDa, 41.9 kDa, 40 kDa, and 29 kDa) are
highly expressed or up-regulated in response to VC, ETH and epoxyethane (Fig. 3). The
apparent molecular weights of the 50.4 kDa, 41.9 kDa, and 40 kDa polypeptides correspond with
predicted AkMO subunit molecular weights from JS614 and B276, as well as the observed

molecular weights of B276 AkMO subunits, allowing us to tentatively identify the proteins as
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AKMO subunits in VC-, ETH-, and epoxyethane-grown JS614 cell extracts (Fig.3, Table 2). Itis
plausible that EtnE and EtnA comigrate during SDS-PAGE due to similar molecular weights.
These results are also consistent with epoxyethane being an inducer of AkMO, as was suggested
by data in Table 1.

To provide additional evidence that the 50.4 kDa band expressed in response to VC and
ETH is EtnC, it was excised and a peptide mass fingerprint (PMF) was obtained by MALDI-
TOF MS analysis in comparison to a negative control. The monoisotopic masses of 63 peptide
fragments not present in the negative control were compared to monoisotopic masses of a
predicted trypsin digest of the EtnC protein sequence. Of these 63 masses, 14 masses matched
the predicted digest using a relative mass tolerance of 500 ppm, representing 13 peptide
fragments for 46.1% coverage of the protein, indicating a positive match (Table 3). A relative
mass tolerance of 500 ppm is more stringent than relative mass tolerances previously employed
for protein identification (Henzel et al. 1993), though more accurate mass measurement by
MALDI-TOF MS is possible (Jensen et al. 1997). The remaining 49 unmatched peptide masses
might correspond to other proteins of the same molecular weight that co-migrated with the
AKMO alpha subunit, trypsin autolysis products, keratin or other contaminants.

ETH-induced AKMO subunits are not degraded during starvation. Increased protein
degradation (i.e. turnover) during starvation was observed in E.coli under starvation conditions
(Reeve et al. 1984). It was postulated that starved E.coli cultures might use irreversible
degradative inactivation to prevent unneeded enzymes from wasting energy or to provide free
amino acids for synthesis of starvation-induced proteins, though direct evidence of proteolytic
inactivation is scarce and the mechanisms involved are poorly understood (Switzer 1977; Reeve

et al. 1984). Since AKMO is an energy-consuming enzyme complex, it is a plausible hypothesis
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that starved JS614 cells accelerate turnover of AkKMO subunits during starvation to conserve
energy. To examine this possibility, AkKMO subunits were tracked by SDS-PAGE analysis
(Fig.3). Little or no degradation of AkMO subunits was observed after 24-h starvation,
indicating that turnover is an unlikely explanation for the observed AkMO activity loss during
this time. These results, however, do not rule out oxidative damage (Cabiscol et al. 2000),
reversible modification inactivation (Switzer 1977), loss of the di-iron center, and/or unknown
cellular processes inactivating one or more AkMO subunits.

After the 24-h starvation period, cultures were supplemented with ETH and cell extracts
were prepared after incubation for 5 days, while cultures were still experiencing an extended lag
period, and after 7 days, when cultures had fully recovered ETH-degrading ability. Cell extracts
from these time points appear to show an increase in the etnC, etnA/EaCoMT, and etnD band
intensities suggesting that additional AkMO subunits were synthesized (Fig.3).

Effect of cosubstrates on recovery from ETH starvation. The positive effect of co-
substrates on epoxide production in Mycobacterium E3 (de Haan 1993), and observations that
AKMO subunits were still present after 24-h starvation led us to postulate that addition of a
readily degradable substrate, along with VC or ETH, following starvation would decrease the lag
period in JS614. Addition of acetate (1 mM) along with ETH resulted in rapid recovery of
starved cells (approx. 1 day lag) compared to cultures supplemented with ETH only (approx. 6
day lag) (Fig. 4). After the short lag, cultures amended with acetate gave ETH degradation rates
very similar to cultures that had not been subjected to any starvation period. Similar results were
seen when glucose, pyruvate or epoxyethane were added along with VC or ETH to starved
cultures (data not shown), suggesting that any readily utilizable carbon source can stimulate

onset of growth of starved JS614 cells on VC or ETH. Starved ETH-grown cultures
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supplemented with ETH, 1 mM acetate, and 139 pg/ml chloramphenicol did not recover ETH-
degrading activity during the experiment (Fig. 4), indicating that addition of acetate results in
protein synthesis required for recovery of VC- and ETH-degrading activity in starved cells.

Addition of 1 mM acetate also reduced or eliminated the lag period for resumption of
growth on ETH by JS614 under other physiological conditions where ETH was withheld for 24
h. For example, if 20 mM acetate were administered during this 24-h “ETH-starvation” period,
when the cells were washed and resuspended in MSM-ETH, 200 umol ETH was degraded
within 5 days without lag (data not shown). Furthermore, if the resuspension medium contained
1 mM acetate, the ETH degradation rate was virtually identical to that of unstarved cultures (data
not shown).

Acetate clearly reduces or eliminates the extended lag period associated with VC or ETH
starvation. Acetate oxidation could facilitate regeneration of reducing power, repair of damaged
AKMO subunits, reactivation of covalently modified AkKMO subunits, or stimulation of de novo
AKMO synthesis. Feeding higher concentrations of acetate to starved cells in the presence of
ETH or VC could delay the rapid recovery of AkKMO activity due to catabolite repression effects,
but this possibility was not addressed in great detail in this study. Preliminary recovery
experiments where 5 mM acetate was fed to starved cells in the presence of VC resulted in
recovery of AkKMO activity within the same time frame (data not shown). Interestingly, small
amounts of acetate had no effect on the extended lag period observed for adaptation of acetate-
grown JS614 cultures to ETH (data not shown), suggesting that the extended lag period for
adaptation of JS614 to growth on alkene-substrates (Fig.1) is controlled by a different
mechanism than recovery from short periods of alkene-starvation, perhaps as a result of delayed

enzyme synthesis due to stringent regulation of VC and ETH pathway enzyme induction. Recent
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evidence suggests that VC and ETH pathway genes in strain JS614 are under the control of a
sigma-54 dependent promoter, though no putative activator proteins have yet been discovered
(Mattes 2004). Initiation of transcription by sigma-54 promoters can be tightly regulated with
very little leaky expression when inactivated, but could also be highly expressed under the right
physiological and environmental conditions (Buck et al. 2000). JS614 also did not display
extended lag periods following periods of VC starvation in mixed culture (data not shown),
suggesting that JS614 relied on waste products or dead cells from other members of the
microbial community to maintain energy levels (and presumably enzyme activities) during
starvation periods.

The mechanisms controlling the extended lag period in response to VC or ETH starvation
in strain JS614 are poorly understood, and could limit the practical applications of this strain.
The data presented here suggest that inactivation of AkKMO rather than toxic epoxide
accumulation during starvation plays a role in the extended lag period before growth on VC or
ETH resumes. Possible mechanisms controlling this lag period include depletion of reducing
power required by AkMO, turnover of AKMO subunits, reversible or irreversible inactivation of
AKMO subunits, oxidative damage to the AkMO reductase, and/or stringent regulation of AkKMO
synthesis. The extended lag period is reduced or eliminated by addition of small amounts of a
readily degradable substrate (e.g. acetate) along with VC or ETH. Based on the data presented in
this paper, acetate is likely oxidized to regenerate the reducing equivalent pool, which allows
existing AkMO to resume functioning, but could also be utilized for repair of damaged AkMO
and/or for energy to synthesize new AkKMO. Except for the observation that AKMO subunits are
not degraded during starvation, the data presented in this paper do not conclusively implicate or

rule out other possible mechanisms that might control the lag period, and therefore further work
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is required in this regard. Extended lag periods for adaptation to growth on alkene substrates
appear to be controlled by a different mechanism than the lag period associated with alkene

starvation, an observation that also warrants further investigation.
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Table 1. Average maximum-specific enzyme activities (reported in nmol/min/mg protein) of

JS614 resting cells and cell extracts, grown on various carbon sources.

EaCoMT activity ** (nmol/min/mg

Growth substrate A(lilli/[n((?l/ar;tllnv/ltni] ,
. g CoM added no cofactor
protein)
VvC 429 +64 6360 = 2810 50 = 80
ETH 39.1+42 4040 = 2750 10+ 10
Acetate 0 350 £ 150 0
1/10 TSB 0 420 =190 0
ETH (then starved) 0.2+0.3 1810 = 1280 0
Epoxyethane 35+1.1 940 = 630 0

* Data are the average of at least three independent experiments except for ETH (then starved)
which is the average of two independent experiments. Error is the 95% confidence interval.

® Cell-extract reactions (1 ml) contained 0.02 mg protein, 5 umol epoxyethane, and 10 mM CoM.
Specific activities were calculated from the epoxyethane depletion rate, after subtraction of the
appropriate abiotic rate of epoxyethane loss (5.8+1.3 nmol/min in Tris buffer + CoM). In
comparison, average rates of epoxyethane degradation in VC and ETH-grown cell extracts was
108.1+48.4 nmol/min, in acetate and TSB-grown cell extracts was 14.9+1.6 nmol/min, and
epoxyethane grown cell extracts was 21.4+6.3 nmol/min. In all cases the biotic rates were
statistically higher than the abiotic rates. All errors reported are 95% confidence intervals.

¢ Values were determined in resting-cell assays (KP buffer, pH 7.0). Specific activities were
calculated from the ETH degradation rate, after subtraction of the appropriate abiotic rate of
ETH loss (1.0+0.5nmol/min in water). The abiotic ETH loss rate was approximately 3.3% of the
average ETH degradation rate in VC- and ETH-grown resting cells and was approximately 27%
of the ETH degradation rate in epoxyethane-grown resting cells.
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Table 2. AKMO subunits in Rhodococcus B276

Enzyme or enzyme Predicted Observed Predicted Observed
subunit B276 MW  B276 MW  JS614 MW  JS614 MW
(kDa)® (kDa)® (kDa)° (kDa)®
EaCoMT 40.6 N/A 40. 5 41.9
AKMO beta subunit 384 35 39.1 41.9
AKMO coupling 13 14 12.1 12.9
protein
AKMO alpha subunit 57.2 53 57.3 50.4
AKMO reductase 37.3 40 37.4 40.0

* The predicted molecular weight (MW) of EaCoMT and AkMO subunits from Rhodococcus
B276 based upon their gene sequences (Sacki 1994).

® Observed MW of AkMO subunits expressed in response to propene in Rhodococcus B276
(Miura 1995).

¢ The predicted MW of EaCoMT and AKMO subunits EtnA (beta subunit), EtnB (coupling
protein), EtnC (alpha subunit), and EtnD (reductase) from Nocardioides JS614 based upon their
gene sequences (Mattes 2004).

4 Observed MW of proteins expressed in response to VC and ETH in Nocardioides JS614 (Fig.3)

assigned to putative JS614 proteins of similar MW using Rhodococcus B276 as a basis for
comparison.
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Table 3. Peptide Mass Fingerprint data from MALDI-TOF MS analysis of EtnC from JS614, a
50.4 kDa polypeptide excised following SDS-PAGE®.

MasSSmeass  MasScae  Am Am  Residues AKMO alpha subunit amino acid sequenceb
(Da) (Da) (Da)  (ppm)

2799.623 2800.414 0.79 282 16-38  (R)YDWGFDYAKPDPKFPSRYIIPPK(G)
2046.776 2046.898 0.12 60 41-57  (K)DPFRVMMRGYAAMENEK(D)
1915.372 1914.862 -0.51 -266 45-60 (R)VM*M*RGYAAM*ENEKDNR(V)
1940.437 1940.948 0.51 263 71-86 (R)YRNANLAEPRFMEAMK(F)
3310.251 3310.62 0.37 111 81-111 (R)FM*EAMKFAVPALTDAEYQAVCGAGFLISSVK(N)
1367.028 1366.643 -0.39 -282 117-128 (R)QGYAGQM*LDEVR(H)
3553.838 3552.629 -1.21 -340 255-283 (R)HFWHQHMSMDTLVGVVSEYYAVNRPWAYK(D)
1892964 1892.076 -0.89 -469 302-318 (R)LAPYGLKPPERLPDVAR(F)
2668.689 2668.157 -0.53 -199 342-363 (R)IDPM*GPADYEWFENHYPGWTAR(Y)

1100.67 1100.517 -0.15 -139 364-372 (R)YGGLWDAYR(E)
3809.875 3809.813 -0.06 -16 373-405 (R)EM*SDPSSGRLLMQELPALPPFC:QVCHVPC¢VMPR(I)
1824.301 1823.854 -0.45 -245 434-448 (K)LNPTIYTGCANWWER(F)
2282252 2281.154 -1.10 -481 449-469 (R)FDGM*DLADVILALGYVRPDGK(T)

*Protonated monoisotopic masses, sequence assignments and mass errors for peptides that map to

the JS614 AKMO alpha subunit are listed.

°®M*, methionine sulfoxide; C%, S-acrylamidocysteine
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Figure 1. Substrate starvation response of strain JS614. (D) Starved VC-grown cultures
supplemented with VC; (A) Starved ETH-grown cultures supplemented with ETH;

(O) Starved ETH-grown cultures supplemented with epoxyethane; (<) Starved ETH-
grown cultures supplemented with acetate; (V) Unstarved acetate-grown cultures
supplemented with ETH. (®) Starved acetate-grown cultures supplemented with acetate.
Data are the average of 2 replicates, and error bars are the standard deviations.
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Figure 2. Effect of complete starvation on AKMO and EaCoMT activity. (*) AkKMO
activity (measured in ETH-grown resting-cell suspensions); (V) EaCoMT
activity(measured in ETH-grown cell-free extracts). Data are the average of 2 replicates,
and error bars are the standard deviations.
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Figure 3. SDS-PAGE of cell-free JS614 cell extracts from various growth conditions.
Lane VC: VC-grown JS614; Lane ETH: ETH-grown JS614; Lane EPOX: Epoxyethane-
grown JS614; Lane HAc: Acetate-grown JS614; Lane 0: Unstarved ETH-grown JS614;
Lane 1: ETH-grown JS614 starved 1 hr; Lane 5: ETH-grown JS614 starved 5 hr; LAne
24: ETH-grown JS614 starved 24 hr; Lane 5d: ETH-grown JS614 starved 24 hr, 5 days
after re-feeding ETH; Lane 7d: ETH-grown JS614 starved 24 hr, 7 days after re-feeding
ETH. In this experiment, starved JS614 cultures were experiencing an extended lag
period 5 days after refeeding ETH, but had fully recovered ETH degradation 7 days after
re-feeding ETH. Each lane contains approximately 75 ug protein.
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Figure 4. Recovery of ETH degradation after different starvation conditions. (*)
Unstarved ETH-grown cultures fed ETH; (A) Starved ETH-grown cultures fed ETH + 1
mM acetate; (M) Starved ETH-grown cultures fed ETH (Control); (0) Starved ETH-
grown cultures fed ETH + 1 mM acetate + 139 pg/ml chloramphenicol. Data are the
average of 2 replicates, and error bars are the standard deviations.
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