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|dentification of Dehalobacter reductive
dehalogenases that catalyse
dechlorination of chloroform, 1,1,1-
trichloroethane and 1,1-dichloroethane

Shuiquan Tang and Elizabeth A. Edwards

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario, Canada

Two novel reductive dehalogenases (RDases) that are highly similar to each
other but catalyse distinct dechlorination reactions were identified from
Dehalobacter-containing mixed cultures. These two RDases were partially
purified from crude protein extracts of anaerobic dechlorinating enrichment
cultures using blue native polyacrylamide gel electrophoresis. Gel slices
were assayed for dechlorinating activity, and associated proteins were
identified using liquid chromatography tandem mass spectrometry with
the metagenome of the parent culture as the reference database. The two
RDases identified, annotated as CfrA and DcrA, share an amino acid
identity of 95.2 per cent, but use different substrates: CfrA dechlorinates
chloroform (CF) and 1,1,1-trichloroethane (1,1,1-TCA), but not 1,1-dichlor-
oethane; DcrA dechlorinates 1,1-dichloroethane, but not CF or 1,1,1-TCA.
These two novel RDases share no more than 40 per cent amino acid identity
to any other known or putative RDases, but both have a twin-arginine motif
and two iron—sulfur binding motifs conserved in most RDases. Peptides
specific to two putative membrane anchor proteins, annotated as CfrB and
DcrB, were also detected in gel slices.

1. Introduction

Chloroform (CF) and 1,1,1-trichloroethane (1,1,1-TCA) are persistent ground-
water contaminants owing to their historical and widespread industrial use
as organic solvents, and improper disposal in the past. In the USA, CF is pre-
sent at 416 of 1723 National Priorities List (NPL) site, whereas 1,1,1-TCA is
present at 393 sites (NPL database search, June 2012, http://cfpub.epa.gov/
supercpad/cursites/srchsites.cfm). In addition to having adverse impacts on
human health and the environment [1-3], CF and 1,1,1-TCA inhibit many
microbial processes, including methanogenesis [4-9] and reductive dechlorina-
tion [10-12]. Because many sites are contaminated by multiple chlorinated
organics including CF and 1,1,1-TCA, the removal of these two inhibitory com-
pounds is of special importance to bioremediation efforts [13].

We previously reported the discovery of a Dehalobacter-containing mixed cul-
ture (herein referred to as ACT-3) capable of dechlorinating CF, 1,1,1-TCA and
1,1-dichloroethane (1,1-DCA) [13,14]. A Dehalobacter strain (165 rRNA gene,
DQ663785) from the ACT-3 culture is the first organism shown to respire CF
[14]. The important role of Dehalobacter in organohalide-respiration is clear:
they can respire chloroethenes [15], chloroethanes [13,16,17], chloromethane
[14,18], chlorobenzenes [19] and other halogenated compounds [20,21]. Although
Dehalobacter were previously recognized as strictly organohalide-respiring
anaerobes, a strain was recently shown to also ferment dichloromethane
(DCM) [18,22].

Organohalide-respiring bacteria such as Dehalococcoides and Dehalobacter cat-
alyse reductive dechlorination using reductive dehalogenaseas (RDases) [23].
Genome sequencing has revealed that these organisms tend to harbour multiple
distinct putative reductive dehalogenase genes within their genomes: some have
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more than 30 [24,25]. In total, hundreds of putative reductive
dehalogenase genes have been identified; however, only a hand-
ful have been functionally characterized because of difficulties
inherent to working with slow-growing strict anaerobes, the
lack of genetic systems to manipulate these organisms and the
inability to express functional reductive dehalogenases hetero-
logously [3]. In this study, the identification of two RDases
that catalyse dechlorination reactions in the ACT-3 culture was
reported. The genes of these two RDases were among the
19 Dehalobacter RDase genes determined by metagenomic
sequencing of the ACT-3 culture. The RDase-identification
process, similar to previous reports [26,27], featured the
combination of blue native polyacrylamide gel electrophoresis
(BN-PAGE), dechlorination activity assays of gel slices and
liquid chromatography tandem mass spectrometry (LC-MS/
MS) for protein identification.

2. Material and methods

(a) Cultures and culture history

The ACT-3 enrichment culture was originally derived from micro-
cosms prepared with contaminated aquifer material. It has been
maintained for more than 10 years in a mineral medium [14]
amended with 1,1,1-TCA as an electron acceptor and a mixture
of methanol, ethanol, acetate and lactate (MEAL) as electron
donors. This culture sequentially dechlorinates 1,1,1-TCA via
1,1-DCA to monochloroethane (CA). It also dechlorinates CF to
DCM. Dehalobacter was shown to be responsible for these dechlor-
ination reactions [13,14]. Two subcultures of the ACT-3 culture
were created over 6 years ago with different chlorinated substrates:
the DCA subculture has been maintained with 1,1-DCA as an
electron acceptor and MEAL as electron donor mixture; the CF
subculture has been maintained with CF as an electron acceptor
and a mixture of methanol, ethanol and lactate (MEL) as electron
donors. Over time, these two subcultures have lost specific
dechlorinating activities compared with the parent culture: the
CF subculture dechlorinates 1,1,1-TCA and CF, but no longer
dechlorinates 1,1-DCA, whereas the DCA subculture dechlorinates
1,1-DCA, but no longer 1,1,1-TCA or CF.

(b) Metagenome sequencing and assembly

DNA from the ACT-3 parent culture was extracted using a
CTAB protocol recommended by the US Department of Energy
Joint Genome Institute (JGI, Walnut Creek, CA, USA). The protocol
is available online: http://my.jgi.doe.gov/general/protocols/
DNA _Isolation_Bacterial CTAB_ Protocol.doc. The sequencing
was performed by JGI using 454 pyrosequencing. A total of
444 Mb of sequence was generated, including paired-end 454
reads from an 8 kb insert library. Initial assembly was performed
with NEwBLER v. 2.5. The collection of resulting contigs is referred
to as the ACT-3 metagenome. The initial assembly and annotation
were performed by the JGI and can be accessed by the JGI taxon
object ID of 2100351010 (http://img.jgi.doe.gov/cgi-bin/m/
main.cgi). DNA samples from the CF and DCA subcultures were
extracted with UltraClean soil DNA isolation kit (MOBIO). To
determine the community structure, DNA samples from these
three mixed cultures were sequenced by 165 rRNA gene pyrotag
sequencing. This sequencing and the phylogenetic assignment of
sequenced reads were also performed by the JGI.

(c) Identification of putative rdhA and rdhB genes

From the ACT-3 metagenome, contigs encoding putative rdhA
genes were identified using a BLASTX search with a query data-
base consisting of hundreds of known or putative RDases from

public databases. Fragmentation in some rdhA genes (sequences
that belong to one rdhA gene were not assembled into one contig)
owing to strain variations of the dominant organism, Dehalobac-
ter, was observed; the re-assembly and curation of these
fragmented rdhA genes were achieved by performing sequence
alignments using GENEloUs Pro v. 5.4.2 [28] as illustrated in the
electronic supplementary material, figure S2. Two re-assembled
rdhA genes were found expressed in the cultures in subsequent
LC-MS/MS analysis; therefore, the DNA sequences of these
two genes were further confirmed and polished with read map-
ping using GeNelOus Pro and additional Sanger sequencing
directed by specific PCR primers (see the electronic supplemen-
tary material, figure 52). Putative rdhB genes were identified by
analysing the gene neighbourhoods of rdhA genes. Two rdhB
genes were also re-constructed from fragmented sequences (see
the electronic supplementary material, figure S3).

(d) Sample preparation for blue native polyacrylamide
gel electrophoresis

Inside an anaerobic chamber (Coy, MI, USA), culture samples
(40 ml) were transferred to a 50 ml Falcon tube sealed with
anaerobic tape. The tube was centrifuged at 10 000g for 20 min
and returned to the anaerobic chamber. The cell pellet was resus-
pended in 1 ml remaining supernatant and transferred to a 2 ml
O-ring capped microcentrifuge tube, and centrifuged again at
10 000g for 10 min. Inside the anaerobic chamber, with the super-
natant discarded, the cell pellet was resuspended in 200 pl
BN-PAGE sample buffer (1% digitonin, 50 mM Bis-Tris,
50 mM NaCl, 10% w/v glycerol, pH 7.2 with HCI). Glass
beads (approx. 50 mg) were added to the tube, and cells were
lysed during three rounds of vortexing in a horizontal vortex
(Scientific Industries Inc., Bohemia, NY, USA) at the maximum
amplitude; each round consisted of 2 min vortex followed by
1 min cooling in an ice bath. The sample was centrifuged at
10 000g for 10 min, and the supernatant (crude protein extract)
was transferred to a new Eppendorf tube. Before being subjected
to electrophoresis, 200 pl crude protein extract was sup-
plemented with 10 pl of a 5 per cent Coomassie blue G solution.

(e) BN-PAGE and staining

BN-PAGE and staining were performed outside the anaerobic
chamber. Precast 4-16% gradient Bis-Tris gels (NativePAGE
Novex, Invitrogen) and an electrophoresis device (XCell SureLock,
Invitrogen) were used. The preparation of running buffers and the
set-up of the device were performed according to the manufacturer’s
manual. Typically, a protein ladder (NativeMark, Invitrogen) was
loaded into the first lane of the gel, and 20 ul of the crude protein
extract was loaded into each of the nine remaining lanes. Electro-
phoresis was run at 150 V for 60 min and then at 200 V for another
45 min, with the entire chamber cooling in an ice bath. After electro-
phoresis, the first two lanes (the protein ladder and one of the culture
samples) were cut for staining, and the remaining gel lanes were
saved for dechlorinating enzyme assays or for further separation
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). For the staining of the first two lanes, we used the
“fast Coomassie G-250 staining’ procedure from the manufacturer’s
manual of the precast gels (page 23).

(f) SDS-PAGE

For SDS-PAGE analysis, BN-PAGE gel slices were cut from one
unstained lane, chopped into less than 1 mm pieces and trans-
ferred to Eppendorf tubes containing 250 pl elution buffer
(100 mM Tris—HCI, pH 7.0 and 0.1% SDS). Protein elution was
performed by shaking the tubes at 1000 rpm for 4h at room
temperature. After elution, the 250 pl protein sample was

$LE07L07 ‘99€ 205 Y sUel] 1yd  Bio'Buysygnd/saposiedorquss H


http://my.jgi.doe.gov/general/protocols/DNA_Isolation_Bacterial_CTAB_Protocol.doc
http://my.jgi.doe.gov/general/protocols/DNA_Isolation_Bacterial_CTAB_Protocol.doc
http://my.jgi.doe.gov/general/protocols/DNA_Isolation_Bacterial_CTAB_Protocol.doc
http://img.jgi.doe.gov/cgi-bin/m/main.cgi
http://img.jgi.doe.gov/cgi-bin/m/main.cgi
http://img.jgi.doe.gov/cgi-bin/m/main.cgi

1048kDa —

720kDa — =

480kDa — s

242kDa

146kDa

66kDa

20kDa

Figure 1. Image of left two lanes of the BN-PAGE gel, showing molecular
weight ladder and the first stained sample lane. Remaining identical sample
lanes (unstained) from the same gel were sliced at specific positions consist-
ently by aligning to the stained lane as indicated. Each gel slice was then
used in dechlorination assays. BP, band position. (Online version in colour.)

concentrated to a volume of approximately 20 ul by ultrafiltra-
tion with 3 kDa cut-off membranes (Pall Co., Canada), before
being loaded on a SDS-PAGE gel. The SDS-PAGE gels were
stained by silver staining following established protocols.

(g) Assaying dechlorinating activity in gel slices

For assaying dechlorinating activity, an unstained gel lane was
aligned with the stained gel lane and was cut into gel slices—
this was carried out outside the glove box. The gel-slicing pat-
tern, as shown in figure 1, was designed to cover the regions
that were known to have dechlorination activity. In preliminary
assays, the other regions of a gel lane were tested and were
found to have no dechlorination activity. The same pattern was
kept when we prepared gel slices for subsequent separation
with SDS-PAGE or LC-MS/MS analysis for protein identifi-
cation. The same pattern was used for the protein extracts from
all three mixed cultures. These gel slices were then transferred
to 2 ml screw-top glass vials and were brought into the anaerobic
chamber. For each glass vial, 1 ml assay buffer was added, which
contained 100 mM Tris—-HCl (pH 7.4), 2 mM titanium citrate,
2 mM methyl viologen, and approximately 0.5 mM chlorinated
substrate (1,1,1-TCA, 1,1-DCA or CF). These vials were incubated
in the anaerobic chamber for 24 h, and then 0.3 ml headspace
samples were taken for gas chromatography (GC) analysis to
evaluate the extent of dechlorination of the substrate. As positive
controls, 20 pl of the original crude cell extract (equal to the
volume of sample loaded into one well of the BN-PAGE gel)
was assayed. As negative controls, 20 pl heat-killed (incubating
at 80°C for 15 min) crude protein extracts were assayed in pre-
liminary tests; no dechlorination activity of 1,1,1-TCA, CF and
1,1-DCA was observed in such negative controls.

(h) LC—MS/MS analysis of gel slices

To identify the proteins contained in the gel slices, the slices were sent
for LC-MS/MS analysis at the Advanced Protein Technology
Center at SickKids” Hospital (Toronto, Canada). The proteins in the

excised gel slices were reduced with 100 mM dithiothreitol (in
50 mM ammonium bicarbonate), alkylated with 10 mM iodoaceta-
mide (in 50 mM ammonium bicarbonate) and digested by
overnight incubation with porcine trypsin (13 pg ul ). The result-
ing peptides were extracted with 25 mM ammonium bicarbonate
buffer and 100 per cent acetonitrile. The peptides thus produced
were loaded onto a 150 pm ID pre-column (Magic C18, Michrom
Biosciences) at 4 pl min~! and separated over a 75 pm ID analytical
column packed into an emitter tip containing the same packing
material. The peptides were eluted over 60 min at 300 nl min '
using a 0-40% acetonitrile gradient in 0.1 per cent formic acid
using an EASY 7-LC nano-chromatography pump (Proxeon Biosys-
tems, Odense, Denmark). The peptides were eluted into an LTQ
linear ion trap mass spectrometer (Thermo-Fisher, San Jose, CA,
USA) operated in a data-dependent mode. Six MS/MS scans were
obtained per MS cycle.

The raw data files were searched with X!Tandem (Beavis Infor-
matics Ltd., Canada) using a parent ion accuracy of 1.8 Da, a
fragment accuracy of 0.4 Da, no semi-enzymatic cleavage, the maxi-
mum missed cleavage sites of 1 and the maximum expectation
value for recorded peptides of 0.01. A fixed modification of carba-
midomethyl cysteine and a variable modification of oxidized
methionine were included in the search and the refinement,
which also included variable modifications of the deamidation of
asparagine and glutamine. The peptides were searched against
two protein databases. The first consists of all proteins and protein
fragments (from the ACT-3 metagenome) predicted and annotated
through JGI's IMG/m annotation pipelines (accessed by IMG taxon
object ID of 2100351010). The second database is a custom database,
consisting of only curated rdhA and rdhB genes found in the ACT-3
metagenome (see the electronic supplementary material, table S3).
In a separate study, we were able to close the genomes of two
Dehalobacter strains present in the ACT-3 culture [29]. The complete
sequences of the two genomes were used to pull out proteins that
are certain to belong to Dehalobacter (with amino acid (AA) identity
>95%) and help to assign taxonomy. The remaining non-Dehalobac-
ter proteins were then searched against the NCBI RefSeq_protein
database and assigned taxonomy based on the best hit.

(i) PCRs

Four primers were designed to specifically amplify each of the two
similar rdhA genes identified in this study. They were cfrA-413f
(CCCGAACCTCTAGCACTTGTAG), cfrA-531r (ACGGCAAAGC
TTGCACGA), derA-424f (AGCACTCAGAGAGCGTTTTGC) and
dcrA-533r (CAACGGCCCAGCTTGCAT). For PCRs, a Tag DNA
polymerase (Fermentas, Canada) was used. The thermocycling pro-
gramme was as follows: initial denaturation of 10 min at 94°C;
40 cycles of 30 s denaturation at 94°C, 30 s annealing at 60°C and
30 s extension at 72°C; and final extension of 10 min at 72°C.

(j) Sequence analysis

The multiple sequence alignment and phylogenetic analysis of
the two identified RdhA proteins and 18 additional characterized
RdhA proteins were performed using MUSCLE [30] and PHYML
[31] accessed through Genelous Pro. Potential promoter sites
were predicted using NNPP v. 2.2 [32]. Potential ribosome
binding sites were predicted using SIGSCAN v. 4.05 [33]. The
twin-arginine signal peptide was predicted by tatP [34]. Trans-
membrane helixes were predicted by TMHMM v. 2.0 (http://
www.cbs.dtu.dk/services/ TMHMM-2.0/). The theoretical mol-
ecular weights of proteins were calculated by the Compute
PI/Mw tool of ExPASy (http://expasy.org/tools/pi_tool.html).

(k) Nucleotide sequence accession numbers
The DNA sequences of cfrA, dcrA, cfrB and dcrB have been
deposited in GenBank with the following accession numbers:
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Table 1. Results of 24 h enzyme assays of the crude protein extracts from the three mixed cultures (data are averages (+ s.d.) of triplicate extracts). Values in  [JJJ}

bold show the highest activities.

dechlorination products (nmol)

samples CF assay: DCM
buffer control® BD

CF subculture 139 + 2
DCA subculture B0l

1,1,1-TCA assay: 1,1-DCA (CA)?

1,1-DCA assay: (A

D (BD)* BD

%In the assays of 1,1,1-TCA, CA can also be produced. The amount of CA produced is shown in parentheses.

*The negative control using the reaction buffer without protein addition.
‘BD means below detection limit.

JX282329 for cfrA, JX282330 for dcrA, JX282334 for c¢frB and
JX282335 for dcrB.

3. Results
(a) Metagenome sequencing

Dehalobacter was previously shown to be responsible for the
reductive dechlorination of 1,1,1-TCA, 1,1-DCA and CF in
ACT-3 [13,14]. This corresponds well with the dominance of
Dehalobacter in the three ACT-3-related cultures as determined
by pyrotag sequencing of the 16S rRNA gene (see the electronic
supplementary material, figure S1). Shotgun and paired-end
454 pyrosequencing of the ACT-3 culture metagenomic DNA
produced 13479 contigs (greater than 500 bp) with N50 of
1708 bp and the largest contig of 169374 bp. In a separate
study [29], we successfully assembled all Dehalobacter contigs
into a closed circular assembly. However, certain locations in
this assembly consist of alternative contigs that belong to two
highly similar but different Dehalobacter genomes; by comparing
this assembly with additional sequencing data from the CF sub-
culture, which happens to have only one Dehalobacter strain, we
managed to assemble and separate two complete Dehalobacter
genomes. The coexistence of two Dehalobacter strains/genomes
in ACT-3 resulted in fragmentation of some Dehalobacter contigs
in the initial assembly produced by NEwsLER. The read depth of
the contigs that were shared by both strains was approximately
80, and the two strains were found in similar abundance as indi-
cated by read depth analysis. With homology search and
manual curation, 19 putative intact rdhA genes and one trun-
cated rdhA homologous gene (786 bp) were retrieved from the
ACT-3 metagenome. The genome context investigation of
these putative rdhA genes revealed 17 putative rdhB genes.
Read depth analysis of these rdhA and rdhB genes (data not
shown) showed that they belong to the dominant genus, Deha-
lobacter, which was further confirmed after the closure of the two
Dehalobacter genomes [29].

(b) Functional differentiation of the three mixed

cultures
The ACT-3 parent culture dechlorinates CF, 1,1,1-TCA and
1,1-DCA, whereas the CF subculture dechlorinates only CF
and 1,1,1-TCA, and the DCA subculture dechlorinates only
1,1-DCA [14]. These observations were confirmed in dechlor-
ination assays performed using the crude protein extracts

(@ 373 250
80 N B CFto DCM
70 4 0 1,1,1-TCA to 1,1-DCA
82 604 O 1,1-DCA to CA
= ©
£ E 501
<2 404
ﬁg 40
S 3 30
= B
g = 20
10
0_
+ T 9 @ ¥ 9w o9 -o®
A~ A~ A~ o] o] o] o] o]
M M M M M M M M
®)
E
Q
2
g
(S
S
=

— (\Il o <t v O o~ o]

= a9 =5 a8 = =8 [ A
[a] 2] [a] /M [a) M /M [aa]

Figure 2. Results of BN-PAGE with protein samples from the CF subculture. (a)
Quantification of dechlorination products in enzyme assays with gel slices. The
arrow bars indicate the regular technical error in headspace GC measurements.
Plus symbol indicates the positive control, where activity was measured using
20 pl of protein extracts equal to the volume loaded onto each BN-PAGE well.
Black bars, DCM detected from CF; grey bars, 1,1-DCA detected from 1,1,1-TCA;
white bars, CA detected from 1,1-DCA. (b) Counts of LC—MS/MS-detected peptide
hits in gel slices when searched against curated RdhA and RdhB proteins derived
from the ACT-3 metagenome. ‘N/A" means the gel slice was not analysed.

from the three cultures (table 1). The crude protein extract
from the CF subculture did not dechlorinate 1,1-DCA, the
one from the DCA subculture did not dechlorinate 1,1,1-
TCA or CF, and the one from the parent ACT-3 culture
dechlorinated all three substrates (table 1).

(c) RDase expression in the chloroform subculture

The crude protein extract from the CF subculture was shown
to have negligible dechlorinating activity on 1,1-DCA (table 1
and the positive control of figure 2a); therefore, the gel slices

BLE0TLOZ :99€ 8205 Y sUel] iy BioBuiysyigndfaanosjesorqiss



from this sample were assayed only with 1,1,1-TCA and CF.
Testing for dechlorination activity in gel slices revealed two
regions of enriched dechlorination activity on the gel
(figure 2a): one was around band position 3 or 4 (BP-3 or
BP-4), slightly below the 242 kDa marker; the other was
around BP-7, slightly below the 146 kDa marker. Although
the dechlorination profile with CF as substrate appears
slightly different from that with 1,1,1-TCA (figure 2a), this
difference was probably caused by slight variations in the
position of the gel slice in adjacent lanes (one individual
lane was used for one specific assay). Nevertheless, we
found these two regions of enriched dechlorination activity
consistently in over three preliminary trials. In the gel slices
of enriched activity, proteins with molecular weight similar
to that of an RDase (approx. 45 kDa) were identified by
two-dimensional separation using SDS-PAGE (see the elec-
tronic supplementary material, figure S4). The presence of
RDases was further confirmed by LC-MS/MS analysis of
the proteins in gel slices from BP-2, BP-3, BP-4, BP-6, BP-7
and BP-8. Matching the MS spectra against the IMG-
predicted proteins of the ACT-3 metagenome identified two
protein hits related to RdhA proteins (DHTCA2_00197470
and DHTCA2_00327390, table 2). Subsequent analysis
showed that they were two fragmented sequences of one
RdhA protein, and the fragmentation was caused by strain
variations in the initial assembly with NEwsLER. When the
MS spectra were matched to the custom RDase database con-
sisting of only curated putative rdhA and rdhB genes curated
from the ACT-3 metagenome as described earlier, we found
only one RdhA and only one RdhB were expressed in the
CF subculture (figure 2b). These two proteins were named
CfrA and CfrB, with corresponding genes cfrA and cfrB.
The assembly and separation of two Dehalobacter genomes
from the ACT-3 metagenome [29] confirmed that the cfrA
and cfrB genes were adjacent and located in one gene operon
in one genome. Because only CfrA was identified in the CF sub-
culture, we can conclude that CfrA dechlorinates both CF and
1,1,1-TCA, but not 1,1-DCA. The fact that CfrA dechlorinates
both CF and 1,1,1-TCA is actually not surprising because
these two substrates are similar in structure: 1,1,1-TCA is
methyl chloroform.

(d) RDase expression in the dichloroethane subculture
The crude protein extract of the DCA subculture had negli-
gible dechlorinating activity on either 1,1,1-TCA or CF
(table 1 and the positive control of figure 3a); therefore, the
gel slices were assayed only with 1,1-DCA (figure 3a).
Dechlorination assays on gel slices revealed the presence of
one region of highly enriched activity (centred on BP-6,
figure 3a). LC-MS/MS analysis revealed the presence of
only one RdhA protein and one RdhB protein (figure 3b),
which were named DcrA and DerB with the corresponding
genes dcrA and dcrB. The dcrA and dcrB genes were adjacent
and located in one operon in one genome in the newly
assembled genomes [29]. Because DcrA was the only RDase
identified, we concluded that DcrA dechlorinates 1,1-DCA,
but not 1,1,1-TCA or CF.

(e) RDase expression in the ACT-3 parent culture

The dechlorination profiles (figure 4a) and RDase peptide hit
profiles (figure 4b) in gel slices from the ACT-3 parent culture
are just like a combination of the results we found for each of

the two subcultures. Again, two similar gel regions of [ 5 |

enriched dechlorination activity were found, and the
number of RDase peptide hits is higher in the second
region. With the functions assigned to CfrA and DcrA in
the earlier analyses, the coexistence of CfrA and DcrA
explains perfectly why the ACT-3 culture dechlorinates all
three substrates. Notably, both CfrA and DcrA were found
in all gel slices analysed except BP-2 (figure 4b) and both
RdhB proteins, CfrB and DcrB, were also found expressed
in the ACT-3 culture.

(f) Distribution of ¢frA and dcrA genes

With PCRs using the primers (cfrA-413f, cfrA-531r, dcrA-424f
and dcrA-533r) that specifically target cfrA and dcrA genes,
we investigated the distribution of these two genes in the
three mixed cultures (see the electronic supplementary
material, figure S5). The distribution of these two genes is
identical to that of the encoded RDases as determined by
LC-MS/MS analysis. Therefore, we can further confirm the
absence of DcrA in the CF subculture and the absence of
CfrA in the DCA subculture.

(g) Expression of non-RDase proteins

A large number of other non-RDase proteins were identified
from BN-PAGE gel slices using LC-MS/MS analysis (table 2
and electronic supplementary material, table S1). As
expected, a large proportion of identified proteins belong to
Dehalobacter (see the electronic supplementary material,
table S1), corresponding to the abundance of this organism
in these three cultures (see the electronic supplementary
material, figure S1). Looking for potential protein—protein
interactions with CfrA and DcrA, we focused on the Dehalo-
bacter proteins identified from the two regions of enriched
activity on the BN-PAGE gels (table 2). Besides CfrA or
DcrA, there were another two proteins that were repeatedly
identified in all three cultures and in relatively high peptide
counts: formate dehydrogenase alpha subunit (DHTCA2_
00269400) in the first region of enriched activity and hup-type
Ni,Fe-hydrogenase large subunit (DHTCA2_00306260) in the
second region of enriched activity. Other subunits to these
proteins, the formate dehydrogenase beta subunit (DHTCA2_
00269390) and hup-type Ni,Fe-hydrogenase small subunit
(DHTCA2_00306250), were also found in corresponding gel
slices (see the electronic supplementary material, table S1).

(h) Sequence analysis of cfrA and dcrA

DNA sequence analysis identified potential promoter sites
and ribosome binding sites upstream of cfrA and dcrA
genes. Based on a start codon 1 bp downstream of the nearest
ribosome binding site, cfrA and dcrA genes with a full length
of 1521 bp were predicted. However, when the correspond-
ing proteins translated from these two DNA sequences
were aligned with other characterized RdhA proteins, the
twin-arginine motif, RRQFLK, was found located 66 AAs
from the N-terminal. By contrast, this motif is located only
several residues from the N-terminal in other known
RDases. Therefore, we chose an alternative start codon for
these two rdhA genes so that the twin-arginine motif is
only 16 AAs from the N-terminal. With this adjustment, the
gene length shortens to 1371 bp and the protein length to
456 AAs.
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Table 2. Proteins identified in the gel slices of enriched activity from BN-PAGE gels using the reference database of all proteins identified in the ACT-3 [}
metagenome (only the top seven hits were listed for each gel slice). Bold indicates reductive dehalogenases.

o
BN-PAGE IMG gene locus putative : %
slice tag annotation organism : g
(F BP-3 DHTCA2_00302240 25 OAH/0AS sulfhydrylase Dehalobacter g
balture “DHTCA2 0019988020 chaperoneprotem DnaK S %
 DHTCA2 00295340 14 chaperonin GroEL -  Dehalobacter =
“DHTCA2 w1 o Iyase beta B AT UO
” vDHTCAZ'_'O'O'Z'7'2470 0 dlhydroxy aad dehydratase * Dehalobacter =
CDHTA003273% 8 reductive dehalogenase CfrA fragment  Dehalobacr
oo 7 omedogopeshmt e 2
BP-7 DHTCA2_00197470 23 reductive dehalogenase (frA fragment Dehalobacter g
” vaf-vITCAZ 00327390 18 ” reductlve dehalogenase CfrA fragment " Dehalobacter .=
WO © uoopndlCnentese oo
DHTCA2_00199880 7 chaperone proteln DnaK Dehalobacter 3
‘v‘vDHTCAZ 003062607 HH‘”Hup -type Ni,Fe- hydrogenase Iarge subumt :‘:‘Dehalobacter:‘:‘v.v.v.. g
DHTCA2_ 00474830 5 alcohol dehydrogenase class v Desulfovibrio
“DHTCAZ 00941900. 5 mtranslatlon eIongatlon factor U~  Desulfovibrio
DA B2 ”WDHTCAZ 053250 27 carbon monomde dehydrogenase Iarge subunlt " Desulfovibrio
subculture “DHTCAZ 00486690 11 " methanol — cobalamin methyltransferase subunlt B”  Methanosargna
” vDHTCA'Z' 00114900 10 carbon monoxide dehydrogenase Iarge subunlt  Desulfovibrio
“DHTCAZ 00239010. 0 ”formyltetrahydrofolate synthetase * Dehalobacter
”DHTCAZ 00199880 9 chaperone protein DnaK o * Dehalobacter
“DHTCAZ 00269400 8  formate d dehydrogenase aIpha subunlt " Dehalobacter
. DHTCA2_00474830 5 aIcohoI dehydrogenase, class IV . WDesu/fowbr/om o
e DHTCA2 00474830 B L alcoholdehydrogenase cIassIV R
”DHTCAZ 00199880 14 o chaperone proteln DnaK v ”Dehalobacter vvvvv
“DHTCAZ 00502190. 9  alcohol dehydrogenase class N  Desulfovibrio
v vDHTCA2 00603650 6 reductlve dehalogenase DcrA fragment " Dehalobacter
- DHTCA2 00306260. 5 Hup type N| Fe-| hydrogenase Iarge subunlt " Dehalobacer
” vDHTCA2 00201920 4 branched chaln amino aad transporter " Dehalobacter
“DHTCAZ 00609600 4 pyndoxamlne 5 phosphate omdase " Dehalobacer
A3 nareht  BP4 vDHTCA'Z' 0020930 9 putative cell waII b|nd|ng domaln  Dehalobacter
e “DHTCA2 00199880' ey ”chaperone ot D T
vDHTCA2 00269400 5 formate dehydrogenase aIpha subunlt ' Dehalobacter
- DHTCAZ 00755650 4 ~ DNA ponmerase shdlng clamp subumt S wMethanohaloblum .
” vl')vf-vITCAZ 00474830 3 aIcohoI dehydrogenase class IV  Desulfovibrio
- DHTCA2 00041900 3 translatlon eIongatlon factor U  Desulfovibro
” vDHTCAZ'v'O'(v)'3'3v'1v370 R acyl CoA: acetate/3 ketoacrd CoA transferase  Costridum
BT MDHTCAZ 00637940. o " methanol — cobalamin methyltransferase subunit B wMethanohalophllus
”DHTCAZ 01115%0 11 methanol cobalamln methyltransferase subunlt Bv  Methanosalsum
- DHTCA2 00197470. 0 ' reductive dehalogenase (frA fragment  Dehdlobacer
” vDHTCAZ 00474830 9 alcohol dehydrogenase class IV " Desulfovibrio
“DHTCAZ 00941900 8  translation ¢ eIongatlon factor U  Desulfovibrio
” vDHTCAZ'_'()'()'3'2'7§90 7 reductive dehalogenase CfrA fragment  Dehalobacter
C DHTCA2_00306770 6 translation elongation factor TU ~ Dehalobacer

CfrA and DcrA differ from each other in 22 of 456 AAs
(figure 5). Despite such high similarity, they were well discri-
minated by LC-MS/MS analysis (figure 5), highlighting the

sensitivity of this technique. A signal peptide (39 AAs long),
which contains the twin-arginine motif, was predicted in
both RDases. No peptide from the region of the predicted
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Figure 3. Results of BN-PAGE with protein samples from the DCA subculture.
(a) Quantification of dechlorination products in enzyme assays with gel slices;
legend as in figure 2. (b) Counts of LC—MS/MS peptide hits in gel slices
when searched against curated RdhA and RdhB proteins derived from the
ACT-3 metagenome. ‘N/A" means the gel slice was not analysed.

signal peptide was detected by LC-MS/MS analysis, indicat-
ing the cleavage of the signal peptide in the mature forms of
CfrA and DcrA. The molecular weights of CfrA before and
after the cleavage of the signal peptide were 50 and 46 kDa;
those of DcrA were similar. The molecular weight of
46 kDa agreed well with bands seen by SDS-PAGE (see
the electronic supplementary material, figure S4). In addition
to the twin-arginine signal peptides, CfrA and DcrA also
share the two iron-sulfur binding motifs that are common
to RdhA proteins (figure 5).

CfrA and DcrA are not closely related to other known or
putative RdhA proteins. Their best hit in BLASTP search
(5 October 2012) against NCBI non-redundant database was a
putative reductive dehalogenase (YP_004971810) with AA
identity of approximately 40 per cent. Their novelty was further
confirmed in the phylogenetic analysis with 12 other RDases
that have some functional characterizations (figure 6). CfrA
and DcrA were also not closely related to other putative
RdhA proteins recovered from their source metagenome (see
the electronic supplementary material, figure S6).

4. Discussion
(a) CfrA and DcrA

CfrA and DcrA are the first RDases described to specifically
dechlorinate CF and 1,1-DCA. Maillard et al. [36] descri-
bed the purification and characterization of a PceA RDase,
which was reported to dechlorinate 1,1,1-TCA, but at a rate
that is 1.4 per cent of the rate for tetrachloroethene (PCE)
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Figure 4. Results of BN-PAGE with protein samples from the ACT-3 culture.
(a) Quantification of dechlorination products in enzyme assays with gel slices;
legend as in figure 2. (b) Counts of LC—MS/MS peptide hits in gel slices
when searched against curated RdhA and RdhB proteins derived from the

ACT-3 metagenome. 'N/A" means the gel slice was not analysed.

dechlorination. The novelty of CfrA and DcrA is also evident
from their lack of homology to other putative or known
RDases in public databases or even to other putative RDases
recovered from the same metagenome (figure 6 and electronic
supplementary material, figure S6). Another distinctive feature
of these two RDases is that they are highly similar to each
other (95.2% identical in AA sequence, 97.9% identical in
DNA sequence), but have exclusively different substrates. Per-
haps one of the RDases evolved from the other or they evolved
from a common ancestor; either way, the discovery of these
two RDases shows how new functions can evolve in RDases.
In a separate study [29], we showed that there were two Deha-
lobacter strains, and hence genomes, in the ACT-3 culture, and
that CfrA belongs to one strain and DcrA belongs to the other
strain. The existence of these two strains appears to be an
example of recent strain divergence with niche selection.

(b) CfrB and DcrB

Possessing typically three transmembrane o-helixes, RdhB
proteins have been predicted as the membrane anchors for
the catalytic units (RdhA proteins) [37]. This is the first time
that RdhB proteins have been detected by mass spectrometry.
There are multiple reasons why RdhB proteins have not been
detected in previous proteomic studies [27,38,39]. Membrane
proteins such as RdhB proteins are poor substrates for trypsin
digestion, a common sample preparation step in typical LC—
MS/MS analysis. Trypsin cleaves proteins after lysine and
arginine residues, which are rare in membrane proteins such
as RdhBs. Small peptides (less than 6 AAs) and large
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Figure 5. Amino acid sequence alignment for CfrA versus DcrA, and CfrB versus DcrB. Sequences shown are for CfrA and CfrB. Residues that differ in DcrA and DcrB
are in bold on next line. The twin-arginine motif is boxed and the two iron—sulfur binding motifs are shaded. The dashed underline indicates the predicted signal

CfrA versus DcrA:
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CfrB versus DcrB:

001 MALMTFVLGL
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peptide. The peptides detected by LC—MS/MS are underlined.

89

78

89
100

88
100 100

IWRKNTKFEFSI

FGSIMVVIGA

TWLGWTGIAL

ITRIVIIRGI
LS..IV....

SFMVLLFTIA

BvcA (Dehalococcoides sp. BAV1, YP_001214307)

TceA (Dehalococcoides ethenogenes st. 195, AAF73916)

VcrA (Dehalococcoides sp. VS, YP_003330719)

PceA (Dehalococcoides ethenogenes st. 195, YP_181066)

MbrA (Dehalococcoides sp. MB, ACF24863)

901 PceA (Desulfitobacterium hafniense Y51, BAC00915)
091 PceA (Desulfitobacterium hafniense TCE1, CAD28792)
1001 peeA (Desulfitobacterium sp. PCE-S, AAO60101)
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PceA (Dehalobacter restrictus, CAD28790)
DcaA (Dehalobacter sp. WL, ACH87594)

CbrA (Dehalococcoides sp. CBDB1, YP_307261)

CprA (Desulfitobacterium dehalogenans ATCC 51507, AF115542)
PceA (Sulfurospirillum multivorans, AAC60788)
PrdA (Desulfitobacterium sp. KBC1, BAE45338)
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DcaA (Desulfitobacterium dichloroeliminans LMG P-21439, CAJ75430)
CprA (Desulfitobacterium hafniense PCP-1, AAQS54585)
100 DcrA (Dehalobacter sp. DCA, this study)
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Figure 6. Maximum-likelihood phylogenetic tree of the RDases that have functional characterization. The alignment was generated using the MUSCLE algorithm,
and the tree generated using the PhyML plugin in Geneious under the WAG model of evolution. Bootstrap support values (from 100 bootstrap iterations) are indicated
where greater than 50 per cent. The scale bar represents the average number of substitutions per site. For a complete tree of curated RDase sequences see the
introductory chapter to this issue [35].



hydrophobic peptides resulting from trypsin digestion are dif-
ficult to identify by LC-MS/MS owing to different reasons
[40]. This explains why only one peptide for CfrB
(KDHTGGISQST) and one peptide for DerB (KDHIGGISQST)
were detected in the LC-MS/MS analyses (figure 5). We
examined some other putative RdhB sequences from other
organisms and found that they would be very difficult to
detect by LC-MS/MS analysis using trypsin digestion (see
the electronic supplementary material, figure S7).

(c) Non-RDase proteins
We repeatedly observed two regions of enriched activity
(one below 242 kDa and the other one below 146 kDa) in the
BN-PAGE gels in the studies of the three mixed cultures.
Interestingly, when we applied the same analysis to a
Dehalococcoides-containing mixed culture [26], we found only
one region of enriched activity, which was close to the upper
region of enriched activity (242 kDa) described in this study.
In the work done by Adrian ef al. [27] using clear native
PAGE, only one region of dechlorination activity was reported
when protein extracts from a Dehalococcoides pure culture were
used. Therefore, the observation of two distinct regions of
enriched activity might be specific to Dehalobacter cultures.
As described earlier, subunits of two interesting protein
complexes were found in the two regions of enriched activity in
all three cultures: formate dehydrogenase in the upper region
and hup-type hydrogenase in the lower region. The identified
formate dehydrogenase alpha subunit (DHTCA2_00269400) is
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