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ABSTRACT Dichloromethane (DCM) is susceptible to microbial degradation under
anoxic conditions and is metabolized via the Wood-Ljungdahl pathway; however,
mechanistic understanding of carbon-chlorine bond cleavage is lacking. The micro-
bial consortium RM contains the DCM degrader “Candidatus Dichloromethanomonas
elyunquensis” strain RM, which strictly requires DCM as a growth substrate. Pro-
teomic workflows applied to DCM-grown consortium RM biomass revealed a total of
1,705 nonredundant proteins, 521 of which could be assigned to strain RM. In the
presence of DCM, strain RM expressed a complete set of Wood-Ljungdahl pathway
enzymes, as well as proteins implicated in chemotaxis, motility, sporulation, and vita-
min/cofactor synthesis. Four corrinoid-dependent methyltransferases were among
the most abundant proteins. Notably, two of three putative reductive dehalogenases
(RDases) encoded within strain RM’s genome were also detected in high abundance.

Expressed RDase 1 and RDase 2 shared 30% amino acid identity, and RDase 1 was Citation Kleindienst 5, Chourey K, Chen G,
L . . . Murdoch RW, Higgins SA, lyer R, Campagna SR,
- 0,
most similar to an RDase of Dehalococcoides mccartyi strain WBC-2 (AOV99960, 52% Mack EE, Seger ES, Hettich RL, Loffler FE. 2019,
amino acid identity), while RDase 2 was most similar to an RDase of Dehalobacter sp. Proteogenomics reveals novel reductive
strain UNSWDHB (EQB22800, 72% amino acid identity). Although the involvement of dehalogenases and methyltransferases
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teome characterization results implicated the possible participation of one or more 85:202768-18. https://doi.org/10.1128/AEM
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carbon-chlorine bond cleavage, indicating that multiple pathways evolved for anaer-
obic DCM metabolism. The specific proteins (e.g., RDases and methyltransferases)
identified in strain RM may have value as biomarkers for monitoring anaerobic DCM
degradation in natural and contaminated environments.

KEYWORDS anaerobic dichloromethane metabolism, “Candidatus
Dichloromethanomonas elyunquensis,” genomics, methyltransferases, proteomics,
reductive dehalogenases, Wood-Ljungdahl pathway

ichloromethane (DCM) is an anthropogenic groundwater contaminant but is also

produced naturally by macroalgae and as a product of bacterial chloroform
organohalide respiration (1-3). DCM is toxic and contributes to stratospheric ozone
depletion (4), and a better understanding of the environmental fate of DCM will aid in
better management of risk to human health and the environment. Under oxic and
nitrate-reducing conditions, methylotrophic bacteria featuring glutathione-dependent
DCM-dehalogenases degrade DCM (5-7). DCM degradation has further been charac-
terized under acetogenic (8, 9), methanogenic (10), and fermentative (3, 11, 12)
conditions. Anaerobic DCM degradation associated with cell growth was demonstrated
for the isolate Dehalobacterium formicoaceticum (11, 13), the recently described “Can-
didatus Dichloromethanomonas elyunquensis” strain RM (14), and Dehalobacter- and
Dehalobacterium-related microorganisms in mixed cultures (3, 15). Efforts to isolate
“Candidatus Dichloromethanomonas elyunquensis” strain RM have not been successful,
presumably because strain RM relies on hydrogen-scavenging partner microorganisms
(16).

Aspects of anaerobic DCM degradation have been resolved and acetate, formate/
hydrogen, carbon dioxide, and inorganic chloride were observed as the major degra-
dation products (3, 11-14). The DCM carbon constituted the methyl carbon of acetate,
with the carboxyl group derived from CO, (3, 13), consistent with the observation that
Dehalobacterium formicoaceticum and “Candidatus Dichloromethanomonas elyunquen-
sis” strain RM require CO, during growth with DCM as the sole electron donor. The
molar ratio of formate to acetate was 2:1 during DCM degradation by Dehalobacterium
formicoaceticum (12, 13), and the activities of Wood-Ljungdahl pathway (WLP; also
referred to as the reductive acetyl coenzyme A [acetyl-CoA] pathway) enzymes (carbon
monoxide [CO] dehydrogenase, methylene-tetrahydrofolate [THF] dehydrogenase,
methenyl-THF cyclohydrolase, formyl-THF synthase, formate dehydrogenase) were de-
tected in cell extracts of Dehalobacterium formicoaceticum (11). Yet, the reactions
leading to carbon-chlorine bond cleavage and chloride release remained elusive.

Previous biochemical studies on Dehalobacterium formicoaceticum revealed that the
methylene group of DCM was transferred onto THF, which required substoichiometric
amounts of ATP, but apparently did not require electrons for the removal of the two
chlorine atoms (13). This enigmatic DCM dehalogenase activity in Dehalobacterium
formicoaceticum has remained largely unexplored. The reaction was inhibited in a
light-reversible fashion by propyl iodide, suggesting an involvement of a Co(l) corrinoid
(13). The reducing equivalents generated by methylene-THF oxidation were likely used
by methylene-THF reductase and CO dehydrogenase in the formation of acetate from
methylene-THF and CO, Metabolite analysis of Dehalobacterium formicoaceticum cul-
tures grown with '3C-DCM revealed that the labeled carbon of DCM was incorporated
into formate and the methyl group of acetate (13). Methylene-THF reductase activity
was present, but it was suggested that the enzyme depends on an as-yet-unidentified
endogenous electron donor (13). Therefore, in the postulated pathway of anaerobic
DCM degradation in Dehalobacterium formicoaceticum, DCM is converted to
methylene-THF, catalyzed by one or more yet-uncharacterized enzymes, and metabo-
lized further by enzymes of the WLP.

The WLP was first described in homoacetogenic bacteria using hydrogen as a
reductant for CO, conversion to acetate (17). The WLP serves reductive or oxidative
purposes in bacteria and archaea with diverse respiratory processes (18, 19), including
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FIG 1 16S rRNA gene copies of “Candidatus Dichloromethanomonas elyunquensis” strain RM (A), bacteria (B), and archaea (C) per ml of culture suspension
sampled after 28 to 38 days (d.) of incubation, as determined by qPCR. The preculture (0 d.), used as inoculum for all culture conditions, was grown with DCM.
Values represent averages =+ the standard deviations of results obtained from three replicate incubations. Significant differences (P = 0.05) of 16S rRNA gene
copies among different culture conditions are indicated with an asterisk (*).

methanogenesis (20), hydrogen generation (21), sulfate reduction (22, 23), and possibly
anaerobic ammonium oxidation (24). The WLP was further discovered in organohalide-
respiring bacteria such as Dehalobacter sp. strain UNSWDHB (25), and Dehalococcoides
mccartyi strain 195 (26-29), strain VS (30), strain BAV1 (30), strain CBDB1 (31), and strain
GT (32). A full set of WLP genes was detected on the genomes of the DCM degraders
“Candidatus Dichloromethanomonas elyunquensis” strain RM (14, 33) and Dehalobac-
terium formicoaceticum sp. strain DMC (34), emphasizing that WLP enzymes play a role
in anaerobic DCM metabolism.

To elucidate further details of the anaerobic DCM metabolic pathway, we applied
proteogenomics to consortium RM harboring the DCM-degrading bacterium “Candi-
datus Dichloromethanomonas elyunquensis” strain RM, here referred to as strain RM.
The metagenome of consortium RM, which included the draft genome of strain RM,
served as a reference database to catalog protein expression by DCM-grown strain
RM. Proteomic measurements revealed that strain RM expressed two putative RDases
and several methyltransferases during growth in defined medium with DCM as the sole
source of energy. The possible involvement of RDases in carbon-chlorine bond cleav-
age and methyltransferases in methyl group transfer reactions during anaerobic DCM
degradation led to a refined model for anaerobic DCM degradation in strain RM.

RESULTS

Growth of consortium RM. Quantitative real-time PCR (qPCR) enumeration re-
vealed that strain RM 16S rRNA gene copy numbers increased significantly (P =< 0.05)
from 3.3 X 10% (=1.4 X 10%) (i.e, cells introduced with the inoculum) to 6.5 X 107
(4.7 X 107) per ml in the presence of DCM over a 38-day incubation period (Fig. 1).
Similar significant (P = 0.05) increases in gene copy numbers were measured with a
general bacterial 16S rRNA gene-targeted qPCR assay, indicating that strain RM was the
predominant population in the consortium during the active phase of DCM degrada-
tion. In cultures without DCM but amended with acetate, formate, hydrogen, or
hydrogen plus 2-bromoethanesulfonate (BES; an inhibitor of methanogenesis) and in
cultures without electron donor addition, the 16S rRNA genes of strain RM did not
increase (i.e, no growth occurred) but remained detectable over the up to 38-day
incubation period (Fig. 1).

Methanogenic archaea dominated in cultures amended with formate or hydrogen,
starting with 5.5 X 103 £ 3.6 X 103 16S rRNA gene copies per ml and yielding 1.1 X
106 = 2.6 X 10° (formate) and 1.1 X 10 = 3.9 X 10° (hydrogen) gene copies per ml,
respectively (Fig. 1). The 16S rRNA gene copies detected for methanogenic archaea
were substantially lower (3.7 X 10* £ 1.1 X 10%) in hydrogen/BES-amended cultures.
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Protein expression patterns. DCM is the only known growth substrate for strain
RM. Cultures that received acetate, formate, hydrogen/BES, or no electron donor
addition served as controls to identify proteins expressed in response to DCM metab-
olism by strain RM. Using the metagenome of consortium RM (see Data Set S1 in the
supplemental material) as the reference database, a total of 2,048 different proteins
were detected under the different incubation conditions (Data Set S2). In DCM-
amended cultures, about one-third of the proteins were assigned to the draft genome
of strain RM, while about two-thirds of proteins were assigned to the metagenome of
consortium RM (excluding the draft genome of strain RM) and corresponded to other
community members (Data Set S2). In control incubations without DCM, no more than
13% of proteins could be assigned to strain RM (Data Set S2), which can be attributed
to strain RM cells transferred with the inoculum. gPCR demonstrated that no growth of
strain RM occurred without DCM. Proteins identified for other community members
were associated with methanogenesis, acetogenesis, chemotaxis, vitamin/cofactor syn-
thesis, motility, and sporulation (Data Set S2). During anaerobic growth with DCM,
strain RM expressed proteins involved in chemotaxis, vitamin/cofactor synthesis, mo-
tility, sporulation and the WLP (Data Set S2). Interestingly, among the most abundant
proteins were two putative reductive dehalogenases (RDases) and four corrinoid-
dependent methyltransferases (Data Set S2).

RDases. Three RDase genes with a G+C content of 47.0 to 47.4% were identified on
the draft genome of strain RM (14). The three RDases, here referred to as RDase 1
(AWM53_01188), RDase 2 (AWM53_01801), and RDase 3 (AWM53_00864), only shared
29 to 36% amino acid identity among each other (Fig. 2). RDase 1 was most similar to
an RDase of Dehalococcoides mccartyi strain WBC-2 (AOV99960, 52% amino acid
identity), whereas RDase 2 was most similar to an RDase of Dehalobacter sp. strain
UNSWDHB (EQB22800, 72% amino acid identity), and RDase 3 was most similar to an
RDase of Dehalobacter sp. strain FTH1 (WP_026156428, 72% amino acid identity; Table
1). Functional prediction of these three genes was further supported by assignment of
each gene to pfam13489 and TIGR02486 RDase ortholog families (Table S1). The gene
neighborhoods encoding RDase 1 and RDase 2 revealed RDase-characteristic features,
including a B gene encoding a putative membrane anchor located 19 and 16 bp
upstream, respectively, of the RDase A gene encoding the catalytic subunit. Also
detected were genes encoding typical RDase accessory proteins such as chaperons and
regulatory proteins (Fig. 3A). The RDase A genes encoding RDase 1 and RDase 2 both
contained the characteristic sequences of a twin-arginine translocation (Tat) signal near
the N terminus and two iron-sulfur cluster-binding motifs closer toward the C terminus
(Fig. 3B), which are all characteristic RDase features. The RDase 3-encoding region also
comprised RDase A and RDase B genes but the RDase B gene was detected 14 bp
downstream of the RDase A gene (Fig. 3). The RDase A gene of RDase 3 also encoded
a predicted Tat motif and two iron-sulfur cluster-binding regions (Fig. 3B). All three
RDase B membrane anchor proteins featured three predicted transmembrane helices.
The analysis further revealed one predicted N-terminal transmembrane helix in RDase
1 and RDase 2 (consistent with an N-terminal Tat signal peptide), while no clear
transmembrane helix was predicted in RDase 3. The signal peptide analysis program
SignalP (35) detected a canonical Tat signal cleavage site in RDase 1, which is appar-
ently lacking in RDase 2, leaving open the possibility that RDase 2 remains membrane-
anchored even without the involvement of an RDase B protein (36).

The proteomic measurements detected RDase 1 and RDase 2 in biomass grown with
DCM, while RDase 3 peptides were never observed (Data Set S2). RDase 1 was among
the most abundant proteins (normalized spectral counts [nSpc]: 611; Data Set S2) in
cultures grown with DCM. In cultures without DCM and amended with acetate, formate,
or hydrogen and in cultures without any electron donor amendment, RDase 1 occurred
in lower abundance (nSpc: 19-266; Data Set S2). The detection of strain RM proteins in
the absence of DCM is due to strain RM cells introduced with the inoculum, which was
grown with DCM. RDase 2 was also among the most abundant proteins (nSpc: 470;
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FIG 2 Phylogenetic relationships of putative RDases of “Candidatus Dichloromethanomonas elyunquensis” strain RM with RDases of
organisms capable of organohalide respiration. RDases from Desulfitobacterium spp. (green), Dehalobacter spp. (blue), Dehalococcoides
mccartyi (orange), and “Candidatus Dichloromethanomonas elyunquensis” strain RM (red) are color-coded. Biochemically characterized

RDases are marked with an asterisk (*). The bar represents 10% estimated sequence divergence.

Data Set S2) in cultures grown with DCM. RDase 2 was absent or detected in low
abundance in cultures without DCM (i.e., cultures that received acetate, formate,
hydrogen, or no electron donor amendment; Data Set S2).

Methyltransferases. In the draft genome of strain RM, 96 genes were predicted to
encode methyltransferases (Data Set S3). Of these, 14 were expressed and four were
among the most abundant proteins in DCM-grown cultures (nSpc: 994-3401; Data Set
S2). The four most abundant methyltransferases of strain RM shared high identity with
proteins from Dehalobacterium formicoaceticum (86 to 94% amino acid identity; Table
1), Dehalobacter sp. strain UNSWDHB, Dehalobacter sp. strain CF, and Dehalobacter sp.
strain DCA (86 to 93% amino acid identity; Table S2). Of note, other proteins in the
nonredundant NCBI database showed substantially lower identities, not exceeding
45%, and were associated with the candidate divisions MSBL1 and BRC1, as well as a
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TABLE 1 Enzymes expressed by “Candidatus Dichloromethanomonas elyunquensis” strain RM during growth with DCM@

BLAST results

Locus tag Predicted
(AWM53) Gene Enzyme Taxon Identity (%) localization® Expressed
01188 rdhA  Reductive dehalogenase Dehalococcoides mccartyi WBC-2 52 Periplasm Yes
01801 rdhA  Reductive dehalogenase Dehalobacter sp. UNSWDHB 72 Membrane  Yes
Dehalobacter sp. DCA 71
00864 rdhA  Reductive dehalogenase Dehalobacter sp. FTH1 72 Cytoplasm ND
01380 mtrH Tetrahydromethanopterin S-methyltransferase Dehalobacterium formicoaceticum 91 Cytoplasm Yes
subunit H
01379 mtaA Methylcobamide:CoM methyltransferase MtaA Dehalobacterium formicoaceticum 94 Cytoplasm Yes
02085 mtsA  Methylated-thiol coenzyme M methyltransferase Dehalobacterium formicoaceticum 92 Cytoplasm Yes
02086 mtbC  Corrinoid methyltransferase Dehalobacterium formicoaceticum 86 Cytoplasm Yes
01363 fhs Formyl-THF ligase Syntrophobotulus glycolicus 85 Membrane  Yes
00605 fchA  Methenyl-THF cyclohydrolase Desulfosporosinus youngiae 69 Membrane  Yes
00606 folD  Bifunctional: 5,10-methylene-THF dehydrogenase,  Desulfosporosinus acidiphilus 72 Cytoplasm Yes
5,10-methylene-THF cyclohydrolase
00219 metF  Methylene-THF reductase [NAD(P)H] Dehalobacter sp. FTH1 66 Cytoplasm Yes
00225 acsE Carbon monoxide dehydrogenase Dehalobacter sp. FTH1 93 Cytoplasm Yes
00220 cooS Carbon monoxide dehydrogenase catalytic subunit Dehalobacter restrictus DSM 9455 80 Membrane  Yes
00226 acsB  Acetyl-CoA decarbonylase/synthase Dehalobacter sp. FTH1 85 Membrane  Yes

9The most closely related proteins and predicted localization (i.e., periplasm, membrane, and cytoplasm) of strain RM enzymes are also shown. ND, not detected.

bBased on PSORT and SignalP 4.1.

Planctomycetes sp. and Thermacetogenium phaeum DSM 12270 (Table S2). While these
proteins were consistently placed in methyltransferase ortholog families (Table S1), the
lack in similar and characterized proteins prohibits specific functional assignments.
Taken together, these findings suggest that the expressed methyltransferases are
unique to certain members of the Peptococcaceae implicated in chlorinated compound
metabolism. High expression of the two RDases and the four methyltransferases was
corroborated in replicate experiments with DCM-grown biomass from subsequent
transfer cultures (data not shown), suggesting their functional involvement in anaero-
bic DCM metabolism by strain RM.

Wood-Ljungdahl pathway-associated enzymes. In addition to the two RDases
and the methyltransferases, strain RM expressed enzymes of the WLP when grown with
DCM (Data Set S2 and Table S1). The proteomic analysis revealed a complete set of WLP
enzymes comprising formate dehydrogenase (K00123/K05299), formyl-THF synthetase
(COG2759), methenyl-THF cyclohydrolase (COG3404), 5,10-methylene-THF dehydroge-
nase (K01491), 5,10-methylene-THF reductase (K00297), 5-methyltetrahydrofolate cor-
rinoid/iron sulfur protein methyltransferase (K15023), CO dehydrogenase (K00198), and
acetyl-CoA synthase (K14138) (Data Set S2 and Table S1).

The WLP proteins were most similar to enzymes of Dehalobacter sp. strain FTH1,
Dehalobacter restrictus DSM 9455, Desulfitobacterium metallireducens, Syntrophobotulus
glycolicus, Desulfosporosinus youngiae, Desulfosporosinus acidiphilus, and Carboxydother-
mus islandicus, with amino acid sequence identities ranging from 55 to 93% (Table 1).
The enzyme 5,10-methylene-THF reductase, catalyzing the conversion of 5,10-
methylene-THF to 5-methyl-THF, had the highest amino acid sequence identity of 55%
to a 5,10-methylene-THF reductase of Carboxydothermus islandicus.

Proteins associated with energy metabolism, biosynthesis, or responses to
environmental cues. The genome of strain RM harbors 21 hydrogenase genes (14).
Proteomic analysis detected peptides of two subunits (HndA and HndC) of a NADP*-
reducing hydrogenase (AWM53_00304, AWMS53_00305, AWM53_00306; Data Set S2) to
be highly abundant in cultures grown with DCM, suggesting that these hydrogenases
might be involved in hydrogen formation during growth on DCM.

In the presence of DCM, strain RM also expressed proteins implicated in electron
transfer reactions. Specifically, an electron transfer flavoprotein-ubiquinone oxidoreductase
(AWMS53_00047), the electron transport complex protein RnfC (AWM53_00217) and the
putative electron transport protein YccM (AWM53_01799) were detected in DCM-grown
RM cultures, suggesting the potential for respiratory energy conservation in addition to
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FIG 3 Organization of RDase operons, with a putative catalytic subunit of the RDase (rdhA) and a putative
membrane anchor of the RDase (rdhB) (A) and features of rdhAB operons (B) of “Candidatus Dichloro-
methanomonas elyunquensis” strain RM. (A) Protein-coding genes (colored) and hypothetical genes
(white) are illustrated. The RDases expressed when grown with DCM are indicated with arrows. The scale
bar represents 2 kb. (B) The RDase subunit A genes encode twin-arginine translocation (Tat) pathway
signals and iron-sulfur binding domains. The RDase subunit B genes show a characteristic tryptophan-
containing motif. The scale bar represents 0.5 kb.

substrate-level phosphorylation via the WLP. The genome of strain RM further revealed
an almost complete biosynthesis pathway for the electron carrier menaquinone (i.e.,
8 of 9 genes detected; Data Set S3). Peptides consistent with expression of two
menaquinone biosynthesis genes were detected in the proteome (AWM53_00989 and
AWMS53_00991; Data Set S2). Taken together, these findings suggest that chemiosmotic
energy conservation might occur in strain RM. In support of this assertion, proteomics
detected a putative potassium-stimulated, pyrophosphate-energized sodium pump
(AWM53_02050; Data Set S2) and also identified F,F, ATP synthase subunits, including
AtpA (AWM53_01065; Data Set S2), AtpC (AWM53_01062), AtpD (AWMS53_01063), and
AtpG (AWM53_01064).

Also expressed were proteins associated with chemotaxis and motility (i.e.,, chemotaxis
proteins CheA, CheW, and PomA [AWM53_00569, AWM53_00534, AWM53_00568, and
AWM53_00582; Data Set S2], the flagellar hook protein FIgE [AWM53_00538], the
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flagellar motor switch protein FIiIN [AWM53_00556], and a two-component regulator
propeller [AWM53_01511]), suggesting that the DCM degrader is motile and can
respond to environmental cues (Data Set S2).

DISCUSSION

The proteomic approach applied in this study revealed enzymes likely involved in
carbon-chlorine bond cleavage and DCM metabolism. These data sets provide a basis
for further targeted experimental efforts aimed at elucidating specific functional roles
for these proteins. The proteomic approach provided relative protein abundance
information across various samples, thus revealing a protein expression pattern of
strain RM during growth with DCM. The expression of methyltransferases, WLP en-
zymes, and two RDases provided information for proposing possible DCM degradation
pathways in “Candidatus Dichloromethanomonas elyunquensis” strain RM. Strain RM,
the DCM degrader in the microbial consortium RM, requires DCM as a growth substrate
(14, 16). The consumption of DCM by strain RM yielded 2.6 X 107 = 0.5 X 107 cells per
umol Cl- released, with a doubling time of around 4.6 days for strain RM (14). Like
typical obligate organohalide-respiring bacteria, its growth is slow and has a low yield,
e.g., the doubling times and growth yields of the Dehalococcoides mccartyi strains
ranged from 0.8 to 3 days and 6.3 X 107 to 3.1 X 108 cells per umol CI- released (37),
respectively, when grown on chlorinated solvents. Although strain RM has a complete
WLP, growth with formate or hydrogen as electron donor and CO, as electron acceptor
was not observed, presumably due to the lack of hydrogen-oxidizing hydrogenases or
energy conservation modules required for growth via reductive acetogenesis. The
detection of strain RM proteins in incubations without DCM is explained by cellular
proteins, introduced with the inoculum, which had been grown with DCM.

Expression and involvement of RDases. Characteristic features of RDases involved
in organohalide respiration include two iron-sulfur cluster-binding regions, a Tat motif
that directs periplasmic localization, and an associated B protein with predicted mem-
brane anchoring function (38). Analysis of the strain RM genome revealed that the three
RDases comprise these characteristic features, suggesting that these RDases might be
involved in organohalide respiration. Understanding of the structure-function relation-
ships of RDases is in its infancy, and the prediction of substrate range based on RDase
sequence similarity is ambiguous (39, 40). RDases that only share a maximum of 29.8%
pairwise identity (range, 20.9 to 29.8%) can dechlorinate the same substrate, i.e.,
tetrachloroethene (41). On the other hand, even minor sequence variations can result
in distinct RDase substrate specificity (39, 42), thus making substrate range prediction
based on sequence similarity a daunting task.

Peptides of RDase 1 and RDase 2, but never of RDase 3, were detected, suggesting
that strain RM can regulate RDase gene expression (43-45). The possibility that strain
RM controls RDase gene expression is supported by the observation that all three
RDase gene clusters of strain RM comprise accessory genes with putative regulatory
function. Of course, it is possible that regulation does not occur and that the RDases are
constitutively expressed; only detailed biochemical studies can confirm the specific
roles of RDase 1 and RDase 2 in anaerobic DCM metabolism. The finding that RDase 3
was not detected in DCM-grown cultures (although nondetection of a protein in
proteomic measurements does not prove its absence) may suggest that strain RM
metabolizes additional chlorinated compounds.

Assuming an initial reductive dechlorination step, the first DCM metabolite would
be chloromethane (CM); however, CM production was never observed in consortium
RM (12, 14, 16). While it is possible that CM is rapidly consumed or remains enzyme-
bound, thus evading detection, such scenarios are not supported by experimental data
because strain RM did not grow with CM (16). Thus, reductive dechlorination of DCM
to CM is unlikely, and DCM does not appear to be the substrate for the expressed
RDases. An intriguing possibility is the formation of chlorinated WLP intermediates (i.e.,
chlorinated THF derivatives [Fig. S1]). The formation of a bond between DCM and THF
would yield chlorinated WLP intermediates, which could be the substrates for the
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expressed RDases. To date, no evidence exists for the proposed modification of the WLP
pathway, although the formation of chlorinated-THF intermediates appears feasible.
Attempts to identify chlorinated-THF intermediates in DCM-grown biomass using liquid
chromatography-mass spectrometry (LC-MS) approaches to detect folate intermediates
were not successful (46). THF intermediates are labile and likely present in low con-
centrations, which makes their detection very challenging or impossible. The method-
ology employed in a previous study (46) was most successful when cell densities were
high and compounds that blocked folate metabolism were used to increase the
concentration of the analytes. This technique has recently been supplanted by an
approach that uses derivatization agents to trap unstable methylene-THF intermediates
as stable methyl-THF intermediates (47). As the derivatization step may lead to dechlo-
rination, this method was not used in the present study. Even though chlorinated THF
intermediates could not be detected, their formation cannot be excluded at this time
due to a lack of sufficiently sensitive detection methods.

Potential involvement of methyltransferases in chlorinated compound metab-
olism. Of the 96 methyltransferase genes annotated on the strain RM genome, 4 were
highly expressed during growth with DCM. Highly similar methyltransferase genes were
found on the genomes of Dehalobacterium formicoaceticum, Dehalobacter sp. strain
UNSWDHB, Dehalobacter sp. strain CF, and Dehalobacter sp. strain DCA. Dehalobacte-
rium formicoaceticum degrades DCM, but strain CF and strain DCA do not, suggesting
that these methyltransferases have functions not directly involving DCM. A proteomic
study of Dehalobacter sp. strain UNSWDHB grown with CF did not report methyltrans-
ferase expression (25), and proteomic studies with other members of the Peptococ-
caceae are lacking. Detailed biochemical experiments with cell extracts or purified
proteins will be needed to clarify the role of methyltransferases and methyl-group
carriers such as THF.

Possible pathways for anaerobic DCM degradation. RDase 1 and RDase 2 ex-
pressed by strain RM might be involved in anaerobic DCM degradation by performing
reductive dechlorination of yet-unknown chlorinated DCM metabolites of the WLP. In
such a scenario, membrane-anchored RDases should face the cytoplasm as WLP
intermediates occur in the cytoplasm rather than the periplasmic space. Although the
presence of Tat signals in the expressed RDases makes cytoplasmic facing unlikely, Tat
signals are known to sometimes direct alternate cellular localization, especially in cases
where the signal peptide is not cleaved off (48, 49). Accordingly, while RDase 2 has a
canonical Tat signal, it lacks a clear cleavage site, making its ultimate cellular location
unpredictable. The proteomic analysis revealed the expression of ABC transporters and,
thus active transport of DCM metabolites between cytoplasm and periplasm might be
possible. In organohalide-respiring bacteria, RDases act as terminal reductases trans-
ferring electrons from an electron donor (e.g., hydrogen) to the chlorinated electron
acceptor. The situation in strain RM is different because DCM is the electron donor (i.e.,
DCM is the only energy source), and DCM metabolism does not generate an obvious
reductive dechlorination end product (i.e., CM and methane). If the RDases are involved
in DCM degradation, they may be only responsible for cleaving DCM C-Cl bonds (50)
without a direct link to energy conservation.

Based on the proteogenomic findings and prior work with Dehalobacterium formi-
coaceticum, hypothetical pathways for anaerobic DCM degradation in strain RM emerge
(Fig. 4A and B, hypotheses 1 and 2). One possible scenario (Fig. 4A, hypothesis 1)
is the initial reductive dechlorination of DCM catalyzed by one of the expressed
RDases. Since CM was never detected and consortium RM did not grow with CM, CM
might remain bound to an enzyme complex comprising the RDase and a methyl-
transferase (Fig. 4A). This RDase-methyltransferase complex might have specificity
for DCM and may not initiate methyl group transfer directly from CM, thus explain-
ing why CM cannot be metabolized by strain RM. In a subsequent enzymatic step,
after removal of the second chlorine substituent, the methyl group of CM would be
transferred to a corrinoid protein by another methyltransferase to yield a methyl-
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FIG 4 Proposed DCM degradation pathway in “Candidatus Dichloromethanomonas elyunquensis” and in Dehalobacterium formi-
coaceticum. Two hypothetical schemes (A = hypothesis 1, B = hypothesis 2) for reactions initiating DCM degradation are proposed
for strain RM and one hypothetical scheme (D = hypothesis 3) is proposed for Dehalobacterium formicoaceticum (13). Each
hypothetical scheme connects with the WLP (C). According to hypothesis 3 (D), 3 mol of DCM is transformed to CH,=THF and
subsequently disproportionated, with two-thirds being oxidized to formate and one third being reduced to acetate (13). The dashed
arrow indicates reactions that remain to be elucidated. Brackets indicate enzyme-bound intermediates. Abbreviations: [H], electrons/
reducing equivalents; Cl-, chloride ions; CH,Cl, dichloromethane; CH,Cl, chloromethane; CH;-Co-P, methylated corrinoid protein;
THF, tetrahydrofolate; CO,, carbon dioxide; HCOO~, formate; CHO-THF, formyl-tetrahydrofolate; CH*=THF, methenyl-tetrahydrofo-
late; CH,=THF, methylene-tetrahydrofolate; CH,-THF, methyl-tetrahydrofolate; CH,-CoFeSP, methylated corrinoid/iron-sulfur protein;
CH,CO-SCoA, acetyl-CoA; CO, carbon monoxide; CH,CO-PO,, acetyl phosphate; CH,COO~, acetate; rdhA, reductive dehalogenase;
mtrH, mtaA, mtsA, and mtbC, corrinoid-dependent methyltransferases; fdh, formate dehydrogenase; fhs, formate-THF ligase; fch,
methenyl-THF cyclohydrolase; folD, 5,10-methylene-THF dehydrogenase; metF, 5,10-methylene-THF reductase; acsE, methyltrans-
ferase; cooS, CO dehydrogenase; acsB, acetyl-CoA synthase; pta, phosphate acetyltransferase; ack, acetate kinase.

ated corrinoid protein. Subsequent reactions would involve methyl group transfer
from the methylated corrinoid protein to THF, yielding CH;-THF (Fig. 4A), which
enters the WLP (Fig. 4C).

Another possible DCM degradation pathway (Fig. 4B, hypothesis 2) may involve a
THF-DCM intermediate. This compound, CHCI,-THF, would then undergo reductive
dechlorination to a THF-CM intermediate (i.e., CH,CI-THF) (Fig. 4B). Such a postulated
THF-CM intermediate could be the substrate for the second RDase (Fig. 4B) to directly
generate CH,-THF that is further metabolized via the WLP (Fig. 4C). However, sponta-
neous dechlorination of CH,CI-THF leading to the formation of 5,10-methylene-THF
(CH,=THF) is also a possibility (see dotted arrow between Fig. 4B and C), although this
would not account for the expression of two distinct RDases. In contrast to hypothesis
1, this pathway would not rely on methyltransferase reactions (Fig. 4A), which is
inconsistent with the high expression of four methyltransferases.

Alternatively, only a single reductive dechlorination step occurs and RDase 1 and
RDase 2 may have overlapping substrate ranges (i.e., are functionally equivalent), or

March 2019 Volume 85 Issue 6 €02768-18 aem.asm.org 10


https://aem.asm.org

Proteins Expressed during Anaerobic DCM Degradation

one of the RDases is not functional. Studies with the organohalide-respiring bacterium
Dehalococcoides mccartyi demonstrated that several RDases were expressed in the
presence of a single chlorinated electron acceptor (51), yet only a single RDase was
involved in electron acceptor reduction. The second chlorine atom might be removed
by spontaneous cleavage of CI-C bonds which might occur with CH,CI-THF. Central to
all of the proposed hypothetical pathways in strain RM is that the CI compound is
funneled into the WLP. Consistent with this observation is that the proteomic analysis
detected a full set of WLP-associated enzymes (Fig. 4C).

Pathway diversity of anaerobic DCM degradation. In addition to strain RM,
another DCM degrader, Dehalobacterium formicoaceticum expressed WLP-associated
enzymes involved in anaerobic DCM degradation (11). In contrast to strain RM, genome
analysis of Dehalobacterium formicoaceticum did not reveal RDases (34), suggesting
mechanistically distinct DCM degradation pathways in these two organisms. In support
of this hypothesis, a recent isotope fractionation study revealed distinctly different dual
carbon-chlorine isotope correlations associated with DCM degradation by strain RM
versus Dehalobacterium formicoaceticum (52). Interestingly, the measured carbon ki-
netic isotope effect (AKIE.) for DCM degradation by strain RM falls in the range
indicative of reductive dechlorination, while the AKIE. for DCM degradation by Deha-
lobacterium formicoaceticum falls in the range of an SN,-type nucleophilic substitution
reaction (52). Based on physiological experiments and enzyme activities detected in cell
extracts, a hypothetical DCM degradation pathway in Dehalobacterium formicoaceticum
was proposed (11, 13). The postulated scenario for Dehalobacterium formicoaceticum
(hypothesis 3; Fig. 4D) (11, 13) involves a substitutive dehalogenation reaction cata-
lyzed by an unknown enzyme, leading to the formation of CH,=THF, which is funneled
into the WLP (Fig. 4C).

Expanding pathway diversity might be crucial for microorganisms occupying diverse
ecological niches that compete for the same substrate(s). Horizontal gene transfer
appears important for DCM degradation in oxic, DCM-contaminated environments (53,
54). This process might also be a driving force for the acquisition of RDase genes in
strain RM, since the G+C content of the RDases of strain RM (47.0 to 47.4%) are all
above the average G+C content of the genome (43.5%) (33). The acquisition of RDase
genes might bestow ecological advantages on the host, such as the utilization of
alternative carbon and energy sources, the consumption of substrates at low concen-
trations, or metabolic activity under different redox conditions.

Implications. Microbial DCM degradation in anoxic environments contributes to
DCM removal, is of environmental relevance for destroying an ozone-depleting sub-
stance (4), and has implications for bioremediation of sites impacted with polychlori-
nated methanes. The specific genes/proteins identified in this proteogenomic study of
“Candidatus Dichloromethanomonas elyunquensis” strain RM (e.g., putative RDases and
methyltransferases) may serve as biomarkers for monitoring anaerobic DCM degrada-
tion in various environmental systems, both in pristine and in DCM-contaminated
habitats. Furthermore, the proposed hypothetical DCM pathways (Fig. 4) based on
detailed proteogenomic analyses of strain RM presented in this study will facilitate
future research endeavors to biochemically resolve the anaerobic DCM degradation
pathways.

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO), unless specified
otherwise. High performance liquid chromatography (HPLC)-grade water and other solvents were
obtained from Burdick & Jackson (Muskegon, MI), 99% formic acid was purchased from EM Science
(Darmstadt, Germany), and sequencing-grade trypsin was acquired from Promega (Madison, WI).

Cultivation. A DCM-degrading consortium was obtained from pristine freshwater sediment collected
from the Rio Mameyes in Luquillo, Puerto Rico (latitude 18°21'43.9”, longitude —65°46'8.4"), in October
2009 (12). The culture was maintained under static conditions at 20°C in 160-ml glass serum bottles
containing 100 ml of defined, anoxic, 30 mM bicarbonate and 10 mM HEPES-buffered (pH 7.2) mineral
salt medium reduced with 0.2 mM Na,S and L-cysteine (55) amended with vitamins (56). The vessel
headspace consisted of a N,/CO, (80/20, vol/vol) atmosphere. DCM was added using a 10-ul Hamilton
microliter syringe (Reno, NV) to reach initial aqueous phase concentrations of 0.6 to 1.2 mM. Following
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TABLE 2 Primers and TagMan probes used to quantify 16S rRNA genes

Reference(s)
Primer/probe Sequence (5'-3') Target(s) or source
Set 1
Bac1055YF ATGGYTGTCGTCAGCT Bacteria 58, 78
Bac1392R ACGGGCGGTGTGTAC Bacteria 79
Bac1115-probe FAM-CAACGAGCGCAACCC-MGB Bacteria 79, 80
Set 2
DhbRM114F CCGCAACGAGCGCAAC Strain RM This study
DhbRM1168R TTGTCACCGGCAGTCTATCCA Strain RM This study
Dhc-H-PR2-probe FAM-CAGTTACCAGCACGTAAA-MGB Strain RM This study
Set 3
Mtgen835F GGGRAGTACGKYCGCAAG Methanogens This study
Mtgen918R GAVTCCAATTRARCCGCA Methanogens This study

Mtgen831-probe FAM-CCAATTCCTTTAAGTTTCA-MGB Methanogens This study

DCM consumption, cultures received up to three additional DCM feedings. During the active DCM
consumption phase, the DCM degrader strain RM dominated the consortium (>87% of the community
based on qPCR data, i.e., related to bacterial and methanogenic gene copy numbers).

For proteomic and qPCR analysis, parallel biological replicate cultures were amended with DCM,
acetate, formate, hydrogen, or hydrogen plus BES, respectively. Vessels without substrate addition served
as negative controls. Initial substrate concentrations were 0.6 to 1.2 mM DCM, 2 mM formate, 2 mM
acetate, 4.1 mM (nominal concentration) hydrogen, or 4.1 mM hydrogen plus 1 mM BES. Cultures
amended with DCM received one additional feeding, whereas all other cultures (except the no-substrate
controls) received two additional feedings. For DNA and protein analysis, all cultures were sacrificed after
28 to 39 days of incubation when the amended substrates (e.g., hydrogen, formate, and DCM) had been
consumed.

Analytical methods. Concentrations of DCM and the formation of potential transformation products
(i.e,, CM and methane) were monitored by manual headspace injections (0.1 ml) into an Agilent 7890 gas
chromatograph (GC; Santa Clara, CA) equipped with a DB-624 column (60 m length, 0.32 mm i.d., 1.8 um
film thickness) and a flame ionization detector (FID). The GC inlet was maintained at 200°C, the oven
temperature was kept at 60°C for 2 min followed by an increase to 200°C at a rate of 25°C min—', and
the FID detector was operated at 280°C as described previously (57). Hydrogen was measured with a
Peak Performer 1 reducing compound photometer (Peak Laboratories, Mountain View, CA). Formate and
acetate were quantified with an Agilent 1200 series HPLC system as described previously (16).

DNA extraction. Biomass was collected from a 100- to 160-ml culture suspension using Sterivex
cartridges (Millipore, Billerica, MA). The membrane filters were removed from the Sterivex cartridges and
cut into strips with a sterile razor, and the pieces were placed in a 2-ml plastic tube. A total volume of
1.8 ml of DNA extraction buffer (0.1 M Tris-HCI [pH 8], 0.1 M Na-EDTA [pH 8], 0.1 M NaH,PO, [pH 8], 1.5 M
NaCl, 5% cetyltrimethylammonium bromide [CTAB]) was added to each tube. Samples were vortex mixed
for 2 min at the maximum speed, frozen at —-80°C and thawed at 65°C three times, and then incubated
on a shaker table at 50 rpm for 30 min at 37°C. Sodium dodecyl sulfate (SDS; 20%, wt/vol; 60 ul), 20 ul
of proteinase K (10 mg/ml), and 200 ul of lysozyme (50 mg/ml) were added to each sample. During a 2-h
incubation period in a water bath at 65°C, the tubes were gently inverted every 15 min. The tubes were
centrifuged at room temperature (6,000 X g; 5min), and the supernatants from individual tubes were
collected in sterile 15-ml plastic tubes. The membrane filters were extracted two more times (first
extraction: 1 ml of DNA extraction buffer with 75 ul of SDS and 20 ul of proteinase K; second extraction:
0.37 ml of DNA extraction buffer with 75 ul of SDS and 10 ul of proteinase K). The samples were
incubated for 10 min in a water bath at 65°C and centrifuged at room temperature (6,000 X g; 5 min). The
respective supernatants were pooled before an equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1) was added to each 15-ml plastic tube, and the tubes were gently mixed and centrifuged at room
temperature (3,000 X g; 10 min). The aqueous (top) layer from each tube was withdrawn and equally
divided into three 2-ml plastic tubes. To each tube, a 0.6 volume of isopropanol was added, followed by
gentle mixing. Precipitation of the DNA proceeded overnight at room temperature. The precipitated
DNA was collected by centrifugation at room temperature (13,000 X g; 45 min), the isopropanol
supernatant was removed and replaced with 1 ml of 70% ice-cold ethanol. After a final centrifuga-
tion step (13,000 X g; 30 min), the ethanol was removed, and the DNA was dried for 30 min inside
a laminar flow hood. The DNA pellets in each tube were suspended in 20 ul of TE buffer (10 mM
Tris-HCl, T mM Na-EDTA [pH 8]), yielding 60 wl of DNA solution per sample. The DNA was quantified
using the Qubit dsDNA BR Assay (Life Technologies) according to the manufacturer’s manual and
stored at -80°C until analysis.

Quantitative real-time PCR and statistics. 165 rRNA gene-targeted qPCR assays using primers and
linear hybridization (TagMan) probes enumerated the gene abundances of total bacteria, methanogenic
archaea, and strain RM (Table 2). A single 16S rRNA gene was found on the draft genome of strain RM,
suggesting gene copy numbers directly convert to cell numbers. Calibration curves (the concentrations
ranged from 4.67 X 108 to 46.7 copies) were obtained by using serial 10-fold dilutions of plasmid DNA
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carrying a cloned 16S rRNA gene. qPCR was conducted using an ABI 7500 Fast Real Time PCR System
equipped with 7500 software v2.0.3 (Applied Biosystems, Carlsbad, CA) as described previously (58).
Briefly, every 20 ul-reaction contained 10 ul of 2X TagMan Universal PCR Master Mix (Applied Biosys-
tems), 2 ul of DNA template, and forward and reverse primers and probe at final concentrations of
300 nM each. Reactions were initially held for 2 min at 50°C and 10 min at 95°C, following 40 cycles of
denaturation at 95°C for 15 sec and annealing and extension at 60°C for 1 min.

Significant differences (P = 0.05) of 16S rRNA gene copies among culture setups were determined
by analysis of variance (ANOVA) tests with multiple-comparison Bonferroni post hoc tests using GraphPad
Prism (version 7.0d; GraphPad Software, La Jolla, CA).

Sample preparation for proteomics. Biomass from 100-ml culture suspensions was collected on
0.22-um membranes using Sterivex cartridges and immediately stored at -20°C. Total cellular proteins
were extracted from cells collected on membrane filters using a detergent-based protein extraction
protocol (59). Briefly, the filters were cut into small pieces, suspended in SDS lysis buffer (59), and
processed as described previously (60). The supernatant was separated from the filter pieces, chilled
100% trichloroacetic acid (TCA) was added to a final concentration of 25% (vol/vol), and the samples
were kept at —20°C overnight. Samples were centrifuged at 21,000 X g for 20 min, and the protein pellets
were processed as described previously (60) and solubilized in 6 M guanidine buffer (6 M guanidine;
10 mM dithiothreitol in Tris-CaCl, buffer (10 mM Tris; pH 7.8) with a 3-h incubation at 60°C (60). From
each sample, 25-ul aliquots were retained for protein estimation. The remainder of the protein sample
was digested with sequencing-grade trypsin (Promega, Madison, WI), the resulting peptides were
desalted, and the solvent was exchanged as described previously (61). The amount of protein extracted
from each sample was calculated using an RC/DC protein estimation kit (Bio-Rad Laboratories, Hercules,
CA) according to the manufacturer’s instructions. Bovine serum albumin (supplied with the RC/DC kit)
was used as a standard.

NanoLC-MS/MS analysis. Technical (DCM) or biological (acetate, formate, hydrogen with or without
BES, control) duplicates were analyzed by Nano-2D-LC-MS/MS. Peptides were loaded onto an in-house-
prepared biphasic resin-packed column (SCX [Luna; Phenomenex, Torrance, CA]) and a C,; column
(Aqua; Phenomenex, Torrance, CA) according to published procedures (61, 62) and then subjected to an
offline wash for 15 min (63). The sample column was aligned with an in-house C,, packed nanospray tip
(New Objective, Woburn, MA) connected to a Proxeon (Odense, Denmark) nanospray source as described
previously (63). Peptides were eluted after chromatographic separation and ionized by nano-electrospray
ionization (nano-ESI) for subsequent measurements via 24-h Multi-Dimensional Protein Identification
Technology (MuDPIT) approach (61-63). Measurements were carried out using an LTQ-Orbitrap-Elite
mass spectrometer (Thermo Fisher Scientific, Germany) linked to the Ultimate 3000 HPLC system (Dionex)
and operated in data-dependent mode using Thermo Xcalibur software v2.1.0. Each full scan (1
microscan) was followed by fragmentation via collision-activated dissociation using 35% collision energy
of the 20 most abundant parent ions (1 microscan) with a mass exclusion width of 0.2 m/z and a dynamic
exclusion duration of 60's.

Proteomic data analysis and annotation. For protein identifications, the raw spectra were searched
against a customized database with the Myrimatch v2.1 algorithm (64) using described parameters (65)
with minor modifications. Common contaminant peptide sequences from trypsin and keratin were
concatenated to the database. Reverse database sequences were included as decoy sequences to
calculate false discovery rates (<0.1%). The database was constructed using the metagenome of the
microbial consortium RM comprising the DCM degrader strain RM (GenBank accession no. SRP065755)
(33). Metagenomic binning enabled the assembly of a draft genome of strain RM (33). This Whole
Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession number
LNDB00000000. The version described here is version LNDB01000000. Gene sequences were converted
into amino acid sequences. The final database contained information about all protein-coding genes
from the microbial consortium RM, including those of strain RM (Data Set S3). Using this database,
protein abundance data were analyzed for the microbial consortium RM (all proteins) or selectively
examined for proteins specific to strain RM. Static cysteine and dynamic oxidation modifications were not
considered, and identification of at least two peptides per protein sequence (one unique and one
nonunique) was a prerequisite for protein identifications. Spectral counts of identified peptides were
normalized as described previously (66) to obtain the normalized spectral abundance factor, also referred
to as normalized spectral counts (nSpc). The average nSpc from all runs of the same sample were used
for downstream data analysis.

Sequence-based analyses. Relationships and identities of RDases, methyltransferases and WLP-
associated enzymes were examined using amino acid sequences and the Basic Local Alignment Search
Tool (BLAST) (67). Functional predictions of genes of interest were further explored by annotation with
Pfam (68), TIGRFAMs (69), KEGG (70), and COG (71), performed using Integrated Microbial Genomes (IMG)
(72) and the eggNOG annotation servers (73). The RDase phylogenetic tree was calculated using amino
acid sequences that were aligned in Geneious (74) with the ClustalW (75) plugin tool using a gap opening
of 10 (range, 0 to 100) and a gap extension of 0.1 (range, 0 to 100). The RDase tree was calculated by
maximum-likelihood analysis (PhyML) using the ARB software (76). Amino acid identities of the RDases
of strain RM were calculated using the genome blast function implemented in the IMG database and
comparative analysis system (72). Transmembrane helices of RDases were determined using the IMG
server. Protein localization predictions were performed using PSORT Prediction (77). The presence of
N-terminal signal peptides was investigated using SignalP 4.1 (35).
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