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Enzymes expressed in response to vinyl chloride, ethene, and epoxyethane by Nocardioides sp. strain JS614
were identified by using a peptide mass fingerprinting (PMF) approach. PMF provided insight concerning
vinyl chloride biodegradation in strain JS614 and extends the use of matrix-assisted laser desorption—
ionization time of flight mass spectrometry as a tool to enhance characterization of biodegradation pathways.

Vinyl chloride (VC), a known human carcinogen (2) and
groundwater contaminant (21), is often generated in ground-
water by the incomplete reduction of chlorinated solvents.
Diverse bacterial genera, including Mycobacterium (3, 12), No-
cardioides (3, 18), Ochrobactrum (5), Pseudomonas (5, 22), and
Ralstonia (9), use both VC and ethene as carbon and energy
sources. Several strains appear to use the same enzymes to
metabolize both VC and ethene (4, 12, 18). Alkene mono-
oxygenase (AkMO) oxidizes VC to chlorooxirane (12, 22) and
ethene to epoxyethane (3, 7, 8, 18). Epoxyalkane:coenzyme M
transferase (EaCoMT) participates in further metabolism of
both epoxyethane (4, 6, 18) and chlorooxirane (4). An un-
known number of enzymatic steps catalyze the conversion of
these epoxides to acetyl coenzyme A (acetyl-CoA) (7). Eluci-
dating the remaining enzymes and intermediates of aerobic
VC and ethene biodegradation will facilitate development of
molecular tools for detecting and differentiating VC- and
ethene-assimilating bacteria in the environment. The comple-
tion of the Nocardioides sp. strain JS614 genome sequence
(http://genome.ornl.gov/microbial/noca/) provides opportuni-
ties to use new approaches to identify enzymes involved in VC
and ethene biodegradation. In this study, proteomic tech-
niques were used to rapidly and accurately identify enzymes
expressed in response to VC, ethene, and epoxyethane in
strain JS614.

Chemicals, media, growth conditions, and protein extraction
methods are described elsewhere (18). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis was
performed by the method of Laemmli (15) with extracts (10 to
50 g protein) from VC-, ethene-, epoxyethane-, and acetate-
grown cells. Polyacrylamide gels were stained with Bio-Safe
Coomassie blue (Bio-Rad Laboratories, Inc.). Visual inspec-
tion (Fig. 1) revealed several polypeptides expressed in re-
sponse to ethene, epoxyethane, and VC that were not ex-
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pressed in response to acetate, suggesting that they were
directly involved in VC, ethene, and epoxyethane metabolism.
Polypeptide bands from all lanes in each numbered section of
the gel were excised and digested with bovine trypsin (Promega
Corp.). The resulting monoisotopic peptide fragment masses
were analyzed with a Bruker BiflexIII matrix-assisted laser
desorption—ionization time of flight (MALDI-TOF) mass spec-
trometer in positive-ion/reflector mode, using an a-cyano-4-
hydroxycinnamic acid matrix (14, 19). Peptide mass finger-
prints (PMFs) of digested polypeptide bands (Fig. 2) were
compared to the PMF of a control gel fragment that had no
contact with cell extracts, and matching masses within a 0.3-
kDa mass tolerance were excluded from analysis. The remain-
ing peptide masses were compared to those of all bacteria in
the NCBInr database, using the following parameters in Mas-
cot (20): zero missed cleavages, carbamidomethyl (fixed mod-
ification), methionine oxidation (variable modification), and a
0.3-kDa mass tolerance. Results were evaluated using the
Mowse probability-based scoring algorithm (19).

PMEF analysis revealed seven polypeptides expressed in re-
sponse to VC, ethene, and epoxyethane with statistically sig-
nificant Mowse scores (P < 0.05) from at least two indepen-
dent PMF analyses of a single growth condition (Table 1).
None of these polypeptides were observed in extracts from
acetate-grown JS614 cultures (data not shown). However, our
PMF data do not rule out the possibility that proteins reported
in Table 1 are present in acetate-grown cells at very low abun-
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FIG. 1. Representative results of SDS-PAGE with cell extracts
from epoxyethane (EPOX)-, vinyl chloride (VC)-, ethene (ETH)-, and
acetate (ACE)-grown JS614 cultures and a protein ladder (L). Num-
bers and arrows indicate sections of the gel that were excised for
MALDI-TOF MS analysis and correspond to results presented in
Table 1.
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FIG. 2. A representative PMF of the probable AKMO alpha subunit (Noc4807) measured from a protein extract of a VC-grown JS614 culture

(a.u., atomic units). The mass spectrum and a complete list of peptide masses that make up the PMF are shown.

TABLE 1. JS614 proteins expressed in response to VC, ethene, and epoxyethane with statistical relevance

(P < 0.05), identified by using MALDI-TOF MS PMF analysis’

Excised Growth Predicted  Observed Mowse % ) . Gene
gel b Significant Mascot hits® mass mass +  Evalue® » NBM' MM/TPMS P
L substrate’ bt . score/ Coverage no.

section (kDa) (kDa)

1 Epoxyethane FAD-dependent pyridine nucleotide-disulfide 60.47 74 142 1.6E—08 37 61 14/49 4827
oxidoreductase

1 vC FAD-dependent pyridine nucleotide-disulfide 60.47 79 101 2.5E—-04 28 58 12/55 4827
oxidoreductase

1 Ethene FAD-dependent pyridine nucleotide-disulfide 60.47 73 141 7.5E-07 30 60 14/41 4827
oxidoreductase

2 Epoxyethane Probable alkene monooxygenase alpha subunit 57.78 62 178 1.5E—06 44 59 19/70 4807

2 vC Probable alkene monooxygenase alpha subunit 57.78 65 142 1.5E-08 36 75 19/66 4807

2 Ethene Probable alkene monooxygenase alpha subunit 57.78 65 126 9.0E-03 33 56 13/56 4807

3 Epoxyethane  Alcohol/acetaldehyde dehydrogenase 51.78 54 138 9.5E—-08 46 60 15/72 4833

3 vC Alcohol/acetaldehyde dehydrogenase 51.78 55 119 3.3E-06 41 61 14/77 4833

3 Ethene Alcohol/acetaldehyde dehydrogenase 51.78 53 115 1.2E-04 41 62 14/68 4833

3 Epoxyethane Bifunctional protein: alcohol/acetaldehyde 50.02 54 149 3.0E-06 42 59 14/52 4822
dehydrogenase

3 vC Bifunctional protein: alcohol/acetaldehyde 50.02 55 129 5.7E-03 40 59 14/66 4822
dehydrogenase

3 Ethene Bifunctional protein: alcohol/acetaldehyde 50.02 53 112 6.5E—04 35 64 14/61 4822
dehydrogenase

4 Epoxyethane Epoxyalkane:coenzyme M transferase 40.68 45 166 1.9E—-08 50 60 13/40 4810

4 vC Epoxyalkane:coenzyme M transferase 40.68 46 163 2.4E-08 49 60 13/46 4810

4 Ethene Epoxyalkane:coenzyme M transferase 40.68 45 150 2.1E-04 45 62 13/47 4810

5 Epoxyethane  Short-chain dehydrogenase/reductase 25.85 31 140 3.4E-07 51 63 11/46 4814

5 vC Short-chain dehydrogenase/reductase 25.85 33 158 1.5E-09 59 64 12/40 4814

5 Ethene Short-chain dehydrogenase/reductase 25.85 31 145 2.0E-06 53 61 10/35 4814

5 Epoxyethane  Short-chain dehydrogenase/reductase 26.20 31 149 1.2E-07 59 61 12/45 4841

5 vC Short-chain dehydrogenase/reductase 26.20 33 170 1.2E-09 61 64 12/40 4841

5 Ethene Short-chain dehydrogenase/reductase 26.20 31 163 1.5E—09 60 63 12/38 4841

“ Gel sections were excised as shown in Fig. 1.
» Growth conditions and methods are described in reference 18.

¢ Most significant Mascot hits to current gene annotations in the NCBInr database. FAD, flavin adenine dinucleotide.

4 Theoretical mass reported by Mascot.

¢ Estimated from results of SDS-PAGE (Fig. 1).

/Mowse score reported by Mascot.

& E value reported by Mascot.

" Percent coverage of amino acids to matched peptides reported by Mascot.

{ Mowse score of the next best Mascot match (NBM) not associated with JS614.
/MM, mass matches; TPMS, total number of peptide masses searched.

¥ Gene number in finished JS614 genome sequence corresponding to Mascot hit. All NBMs, with the exception of one unknown lipoprotein match to Noc4827
(Mowse score, 80), were not significant. A putative translation elongation factor (encoded by Noc3922; Mowse score, 162) was the only peptide consistently identified

in acetate-grown cells (Fig. 1).
! All proteins shown were found in at least two independent analyses, and the results reported are averaged values.
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FIG. 3. Diagram of plasmid-encoded region containing ethene/VC biodegradation genes in Nocardioides sp. strain JS614. Genes expressed and
translated into protein in response to epoxyethane, VC, or ethene as identified by MALDI-TOF MS and PMF analysis are shaded gray. Genes
4831 to 4844 and the second EaCoMT allele, etnE1, appear to be the result of a duplication of genes 4810 to 4823, evidenced by high amino acid
similarities and the conservation of gene orientation. For example, genes 4814 and 4822 share 90 and 86% amino acid similarities, respectively,

with genes 4841 and 4833.

dances. Eleven additional polypeptides expressed in response
to VC, ethene, and/or epoxyethane were identified (P < 0.05)
either in just one PMF analysis or only once under a particular
growth condition (see Table S1 in the supplemental material).

The polypeptides reported in Table 1 mapped to a plasmid-
encoded region of the JS614 genome sequence (Fig. 3) that
contained known VC/ethene biodegradation genes (18), sug-
gesting that they are likely to participate in VC/ethene metab-
olism. Identification of AKkMO subunit (EtnC), EaCoMT
(EtnE), putative CoM biosynthesis protein ComA, and a prob-
able CoA transferase in cell extracts from VC- and ethene-
grown cells is consistent with previous reports (17, 18), con-
firming the robustness of this proteomics approach. Five
proteins not previously reported to be involved in VC/ethene

metabolism were also identified. Reverse transcription (RT)-
PCR assays were conducted to provide independent confirma-
tion of proteomics results. Total RNA was extracted and pu-
rified, and RT-PCR was performed as previously described
(17, 18), using 0.1 ng RNA template. JS614 genomic DNA,
extracted as described previously (3), was used as the positive
RT-PCR control. Sterile water was the negative RT-PCR con-
trol, the 16S rRNA gene was the positive RNA control, and the
RpoB gene was the positive mRNA control. Using the primers
described in Table 2, RT-PCR products of the expected
size were observed with RNA extracted from ethene-, ep-
oxyethane-, and VC-grown cells but not acetate-grown cells
(data not shown). RT-PCR products were observed in all RNA
extracts when 16S rRNA gene and rpoB primers were used,

TABLE 2. Oligonucleotides used for RT-PCR

Oligonucleotide Sequence (5’ to 3')

Expected product

Gene no.” Reference

(5" to 3) size (bp)
CoM-F3 GCTCTCAAGATGTGCTTCTGCCAACCA Noc4810 831 18
CoM-R3 CGGTGCGTCCGACCTCGTAGTTCAG Noc4810 831 18
etnC_F CTTGAAACCGTCCACGAGAAGAG Noc4807 1,481 18
etnC_R AGCGGGTCCTTGATCTCGTACTT Noc4807 1,481 18
scdehd_F GCCATAGGCGTACTTGACCTG Noc4814 560 Present study
scdehd_R ATGGGGTACTTCACGAGTGTCT Noc4814 560 Present study
carb_F GGAGTACGGCTCCTTCTACCA Noc4827 832 Present study
carb_R GTTGAGGAACAACTCATTCATCTC Noc4827 832 Present study
dehy F ATCACGTCAATACTGGGGATGT Noc4833 703 Present study
dehy_R AGGACAAGGTCGTCAAGATCAA Noc4833 703 Present study
27t AGAGTTTGATC (C/A) TGGCTCAG N/A 1,482 16
1492r TACGG (C/T) TACCTTGTTACGACTT N/A 1,482 16
rpoB_F GCTTCGGGTTGAAGTAGTAGTTGT Noc0711 802 17
rpoB_R GCAAAGATCACCGAACCTCTC Noc0711 802 17

“ Gene from the JS614 genome sequence that was used to design the oligonucleotide. N/A, not applicable.
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TABLE 3. Comparison of peptide masses resulting from theoretical
trypsin digestion of closely related deduced protein sequences
(Noc4814/Noc4841 and Noc4822/Noc4833) in
Nocardioides sp. strain JS614¢

Gene n Total no. of No. of unique Shatrizd % Coverage
eNe MO eptide masses®  peptide masses®  PEPUCC (aa)?
masses'
Noc4814 21 9 12 46
Noc4841 23 11
Noc4822 39 21 18 15
Noc4833 39 21

“ Total peptide masses generated from an in silico trypsin digestion.

> Number of unique peptide masses resulting from an in silico trypsin diges-
tion.

¢ Peptide masses shared between theoretical digests of either Noc4814 and
Noc4841 or Noc4822 and Noc4833.

@ Percent coverage of either protein by shared peptide masses. The analysis did
not include peptide masses that resulted from variable modifications (e.g., me-
thionine oxidation). aa, amino acids.

¢ See Table S2 in the supplemental material for more details.

and no products from control PCRs with the RNA template
and no reverse transcriptase were observed (data not shown).

Our JS614 genome-assisted proteomics approach has led us
to reformulate hypotheses concerning the VC/ethene biodeg-
radation pathway in strain JS614. Previously, we proposed that
a putative reductase (encoded by Noc4815; GenBank acces-
sion no. ZP_00655559) participated in regeneration of free
CoM (18). In this study, we identified a protein (encoded by
Noc4827; GenBank accession no. ZP_00655570) expressed in
response to ethene, VC, and epoxyethane with 53% amino acid
identity (E = 2e—156) to the 2-oxopropyl-CoM reductase/
carboxylase from the propene-oxidizing Xanthobacter sp. strain
Py2 (GenBank accession no. Q56839) (1) (Table 1 and Fig. 1).
By analogy to the strain Py2 propene biodegradation pathway,
the Noc4827 product could participate in carboxylating a VC/
ethene pathway metabolic intermediate with concomitant re-
generation of free CoM. Based on BLAST homologies, we
propose that the Noc4815 product is a CoA reductase rather
than a previously predicted CoM reductase. We also previously
hypothesized that a putative short-chain dehydrogenase (en-
coded by Noc4814; GenBank accession no. ZP_00655558) car-
ried out a two-step dehydrogenation of 2-hydroxyethyl-CoM to
2-carboxymethyl-CoM (18). Here, we provide circumstantial
evidence (Fig. 1 and Table 1) that a putative dual-function
alcohol/acetaldehyde dehydrogenase encoded by Noc4822
(GenBank accession no. ZP_00655566) and/or Noc4833 (Gen-
Bank accession no. ZP_00655575) participates in the JS614
VC/ethene pathway. Detailed biochemical studies are required
to determine the role of these proteins in VC/ethene metabo-
lism.

Previously, we reported that JS614 harbors two alleles of the
EaCoMT gene emmE (18). Bioinformatic analysis of the JS614
genome sequence has revealed a cluster of 14 additional genes
that appear to have been recently duplicated, including
Noc4841 (GenBank accession no. ZP_00655584; 90% amino
acid identity with Noc4814) and Noc4833 (86% amino acid
identity with Noc4822) (Fig. 3). Theoretical trypsin protein
digests obtained from ExPASy PeptideMass (10, 23) showed
several peptide masses unique to each protein (Table 3; see
Table S2 in the supplemental material). Significant Mowse
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scores were obtained when these unique masses were input to
Mascot (data not shown), indicating that PMF can distinguish
between these highly similar proteins.

Although MALDI-TOF mass spectrometry (MS) is increas-
ingly being used in microbiology, there are limited publications
demonstrating its application in biodegradation research (11,
13). Here, we used MALDI-TOF MS to identify seven proteins
expressed in response to VC and ethene by strain JS614.
Unique peptide masses were used to distinguish between mix-
tures of highly similar expressed proteins. To our knowledge,
this is the first extensive application of PMF in conjunction with
a completed genome sequence to identify enzymes translated in
response to a xenobiotic pollutant. The ability to monitor and
distinguish microbial involvement in pollutant degradation is a
significant obstacle for bioremediation. An understanding of
aerobic VC and ethene biodegradation pathways and the abil-
ity to detect the involved expressed proteins are important
initial steps toward monitoring VC and ethene biodegradation
in the environment.
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