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Summary

The complete degradation of the xenobiotic and envi-
ronmentally harmful phthalate esters is initiated by
hydrolysis to alcohols and o-phthalate (phthalate) by
esterases. While further catabolism of phthalate has
been studied in aerobic and denitrifying microorgan-
isms, the degradation in obligately anaerobic bacteria
has remained obscure. Here, we demonstrate a previ-
ously overseen growth of the δ-proteobacterium Des-
ulfosarcina cetonica with phthalate/sulphate as only
carbon and energy sources. Differential proteome and
CoA ester pool analyses together with in vitro enzyme
assays identified the genes, enzymes and metabolites
involved in phthalate uptake and degradation in D.
cetonica. Phthalate is initially activated to the short-
lived phthaloyl-CoA by an ATP-dependent phthalate
CoA ligase (PCL) followed by decarboxylation to
the central intermediate benzoyl-CoA by an UbiD-like
phthaloyl-CoA decarboxylase (PCD) containing a
prenylated flavin cofactor. Genome/metagenome
analyses predicted phthalate degradation capacity
also in the sulphate-reducing Desulfobacula toluolica,
strain NaphS2, and other δ-proteobacteria. Our results

suggest that phthalate degradation proceeds in all
anaerobic bacteria via the labile phthaloyl-CoA that is
captured and decarboxylated by highly abundant
PCDs. In contrast, two alternative strategies have
been established for the formation of phthaloyl-CoA,
the possibly most unstable CoA ester in biology.

Introduction

Phthalic acid esters (PAEs), esters of various alcohols
with o-phthalic acid (1,2-dicarboxybenzene, referred to
as phthalate), are annually produced at the million ton
scale and are mainly used as plasticizers that are non-
covalently incorporated into high-molecular weight poly-
mers such as polyvinyl chloride. They are classified as
xenobiotics that have been produced industrially only
since the 1960s (Giam et al., 1984; Caldwell, 2012;
Benjamin et al., 2015; Net et al., 2015; Gao and Wen,
2016). Among many adverse effects, in particular the
endocrine disrupting activity of PAEs threatens wildlife
and human health. Due to their global utilization and fac-
ile migration into the environment during the production,
transport and disposal of plastics, PAEs are categorized
as industrially important hazardous pollutants (Caldwell,
2012; Benjamin et al., 2015; Gao and Wen, 2016).

Biodegradation of PAEs by microorganisms is consid-
ered as the most effective process to eliminate them from
the environment (Cousins et al., 2003; Huang et al.,
2013; Gao and Wen, 2016). Bacterial PAE degradation is
initiated by hydrolysis of the two ester bonds to the
corresponding alcohols and phthalate (Liang et al., 2008;
Gao and Wen, 2016). In aerobic bacteria, dioxygenases
and decarboxylases convert the latter then into pro-
tocatechuate, a central intermediate of the aerobic degra-
dation of aromatic compounds (Eaton and Ribbons,
1982; Nomura et al., 1992).

At anoxic habitats, complete oxidation of phthalate to
CO2 is considered a rate-limiting step of PAE degradation
(Gao and Wen, 2016). The decarboxylation of phthalate to
benzoate, either directly or after activation to a CoA thio-
ester, has been proposed more than three decades ago
(Taylor and Ribbons, 1983; Nozawa and Maruyama, 1988;
Kleerebezem, 1999). However, the genes and enzymes
involved in oxygen-independent degradation of phthalate
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were only recently elucidated in studies with denitrifying,
phthalate-degrading Thauera, Azoarcus and Aromatoleum
strains (Junghare et al., 2016; Ebenau-Jehle et al., 2017).
Note that formerly phthalate/aromatic compounds degrading
Azoarcus sp. have recently been reclassified to the novel
genus Aromatoleum (Rabus et al., 2019). The genomes of
denitrifying phthalate degraders contain gene clusters com-
prising phthalate-induced genes putatively encoding a tripar-
tite ATP-independent periplasmic (TRAP) transporter, a
class III CoA-transferase, an UbiD-like decarboxylase, and
an UbiX-like prenyltransferase involved in UbiD flavin cofac-
tor maturation. In accordance, extracts of phthalate-grown
Thauera chlorobenzoica CB-1, Aromatoleum aromaticum
EbN1 and Azoarcus sp. PA01 activated phthalate to
phthaloyl-CoA by a succinyl-CoA-dependent CoA transfer-
ase, followed by decarboxylation to benzoyl-CoA (Fig. 1)
(Junghare et al., 2016; Ebenau-Jehle et al., 2017). In den-
itrifying bacteria, benzoyl-CoA is dearomatized by ATP-
dependent class I benzoyl-CoA reductases (Kung et al.,
2010; Boll et al., 2014; Buckel et al., 2014; Tiedt et al., 2018).
The cyclic dienoyl-CoA product is then converted to three
acetyl-CoA and CO2 by modified β-oxidation reactions of the
benzoyl-CoA degradation pathway (Rabus et al., 2005;
Fuchs et al., 2011; Schmid et al., 2015; Rabus et al., 2016).
A highly specific, heterodimeric class III succinyl-CoA:

phthalate CoA transferase (SptAB) was characterized
from A. aromatoleum after heterologous expression in
Escherichia coli (Mergelsberg et al., 2018). The product
phthaloyl-CoA is extremely labile due to intramolecular sub-
stitution yieldingCoAandphthalic anhydride (half-life = 7min).
To overcome the general problem of phthaloyl-CoA instabil-
ity, the next enzyme of the pathway, phthaloyl-CoA decar-
boxylase (PCD) is produced at high amounts in denitrifying
phthalate degraders (>100 μM, 5%–15% of soluble protein).
Thus, phthaloyl-CoA formed by SptAB will be immediately
complexed and decarboxylated by PCD, which explains the
very low cellular phthaloyl-CoA concentrations far below
1 μM. No evidence of a direct interaction of SptAB and PCD
was observed (Mergelsberg et al., 2018).
A phthaloyl-CoA decarboxylase has so far been isolated

only from extracts of T. chlorobenzoica cells grown
with phthalate and nitrate (Mergelsberg et al., 2017). It
belongs to the UbiD-family of (de)carboxylases containing

a prenylated FMN (prFMN) and Fe2+ as cofactors. Upon
incubation in air, the Fe2+ is oxidized to the Fe3+-state with
a concomitant release of the active site prFMN resulting in
a complete loss of activity (half-life in air 13.3 � 3 min). As
shown for other UbiD-like decarboxylases, PCD maturation
is expected to depend on an UbiX-like prenyltransferase
that modifies the active site FMN using dimethylallyl-
monophosphate as co-substrate (Payne et al., 2015; White
et al., 2015). Among UbiD-like decarboxylases, PCD repre-
sents the only member catalysing the difficult C C bond
cleavage of a non-phenolic arylcarboxyl-CoA thioester. As
a consequence, the mechanism is considered to substan-
tially differ from those of recently characterized UbiD-like
decarboxylases (Mergelsberg et al., 2017) indicating a
functional diversity of UbiD-family members (Leys and
Scrutton, 2016; Leys, 2018).

Only very little is known about anaerobic phthalate degra-
dation in strictly anaerobic bacteria. Phthalate degradation
coupled to sulphate reduction and methanogenesis was
observed in sediment slurries or enrichment cultures
(Kleerebezem et al., 1999; Liu and Chi, 2003; Chang et al.,
2005; Liu et al., 2005a; Liu et al., 2005b), and
Pelotomaculum species were reported to degrade phthalate
in syntrophic association with hydrogenotrophic meth-
anogens (Qiu et al., 2006). However, the genes and
enzymes involved in phthalate degradation have not yet been
studied in an obligately anaerobic organism. Here, we report
on the previously unknown capacity of the sulphate-reducing
δ-proteobacterium Desulfosarcina cetonica to fully degrade
phthalate under sulphate-reducing conditions. This bacterium
probably uses the class II benzoyl-CoA reductase for degra-
dation of aromatic compounds and oxidizes the resulting
acetyl-CoA through the Wood-Ljungdahl pathway (Janssen
and Schink 1995a, b). We identified the genes, enzymes and
metabolites involved in the phthalate degradation.

Results and discussion

Growth of Desulfosarcina cetonica with phthalate and
sulfate

The genome of D. cetonica contains a gene encoding an
UbiD-like product (locus tag JCM12296_RS19395) with

Fig. 1. Enzymatic steps involved in phthalate degradation in denitrifying bacteria.
SCPCT = succinyl-CoA:phthalate CoA transferase; PCD = phthaloyl-CoA decarboxylase.
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marked similarities to the experimentally verified PCD from
T. chlorobenzoica (72% amino acid sequence identity)
(Mergelsberg et al., 2017). This finding motivated us to test
the phthalate degradation potential of this sulphate-reducing
δ-proteobacterium that was originally isolated from a flooded
oil stratum (Galushko and Rozanova, 1991). Indeed, during
anoxic cultivation in gas-tight sealed 100-ml bottles, the
complete degradation of 5 mM phthalate coupled to sulphide
production was observed at a doubling time of 36 � 3.5 h
with an OD578 reached of around 0.4. The doubling time
was slightly higher than during growth with benzoate
(29� 2.5 h), or butyrate (25� 1.5 h). For large-scale cultiva-
tion, D. cetonica was grown in a 200 l fermenter (for growth
curve see Supporting Information Fig. S1). To remove H2S
and to adjust the pH to 7.4, this fermenter was frequently
gassed with N2 and/or CO2. Under these condition, 1.3 mol
of phthalate were consumed with a yield of 128 g (wet mass)
of D. cetonica cells giving a yield coefficient of Y = 0.18 g
(dry mass) per mol phthalate consumed.

In vitro assays for enzymes involved in phthalate
degradation

Due to the instability of phthaloyl-CoA (Mergelsberg et al.,
2018), in vitro enzyme assays were routinely carried out in
a coupled, discontinuous assay following benzoyl-CoA
formation from phthalate by ultra-performance liquid
chromatography (UPLC). In the presence of 5 mM MgATP
and 0.5 mM CoA, the protein- and time-dependent conver-
sion of phthalate to benzoyl-CoA was observed at a
rate of 4.5 nmol min−1 mg−1 (Fig. 2A and B); virtually no
phthaloyl-CoA intermediate was detected (<0.1 μM). When
ATP or CoA was omitted, no formation of benzoyl-CoA
was observed. Neither succinyl-CoA nor acetyl-CoA
(0.2 mM each) could substitute for CoA + ATP. These
results suggest that phthalate is converted to benzoyl-CoA
by an ATP-dependent phthalate CoA ligase (PCL) and a
PCD, whereas no evidence of the involvement of a
succinyl-CoA:phthalate CoA transferase, that was identi-
fied in all denitrifying, phthalate-degrading bacteria investi-
gated so far, was obtained.

To test the oxygen sensitivity of benzoyl-CoA formation
from phthalate, CoA and ATP, extracts of D. cetonica
cells grown with phthalate/sulphate were incubated in air
for different time points on ice after which the activity was
measured under anoxic conditions (N2:H2, 95:5, by vol.).
Upon exposure to air, a clear decrease of activity was
observed with a half life of around 7 min (Fig. 2C). In con-
trast the anaerobically incubated control was stable for
almost 1 h. While the activation of phthalate to its CoA
ester was stable in air (see below), the oxygen sensitivity
is assigned to PCD with a half-life being even shorter
than that of extracts from T. chlorobenzoica cells grown
with phthalate/nitrate (20 min) (Mergelsberg et al., 2017).

Formation of benzoyl-CoA from phthalate, CoA and
MgATP was negligible in cells grown with benzoate
(<0.1 nmol min−1 mg−1), whereas benzoyl-CoA formation
from benzoate in the presence of MgATP and CoA was
observed in both, cells grown with phthalate or benzoate
(4.8 nmol min−1 mg−1). This finding suggests a clear induc-
tion of specific PCL/PCD activities during growth with
phthalate. To further substantiate the induction of PCD dur-
ing growth with phthalate, we analysed extracts of exponen-
tially grown cells with phthalate/sulphate and benzoate/
sulphate for the presence of prFMN, the modified flavin-
cofactor of PCD from T. chlorobenzoica (Mergelsberg
et al., 2017) and other UbiD-like enzymes. Using ESI-
QTOF-MS analyses, a compound with m/z = 525.1746 �
0.0008 Da was identified at high abundance in cells grown
with phthalate/sulphate that fitted to the catalytically active
azomethine ylid (iminium form) of prFMN of UbiD-like
enzymes (Payne et al., 2015) including PCD from
T. chlorobenzoica (Mergelsberg et al., 2017). In contrast,
virtually no compound fitting to this mass was identified in
cells grown with benzoate (abundance in phthalate vs
benzoate grown cells ≥500), which is in line with the differ-
ential abundance and activity of PCD in cells grown with
phthalate or benzoate (see below).

The dependence on K+ ions is a common property of
UbiD-like enzymes and was recently also reported also for
PCD from T. chlorobenzoica (Mergelsberg et al., 2017).
To test whether this applies to PCD from D. cetonica, the
PCD activity was determined at varying KCl concentra-
tions. A clear up to 2-fold stimulation of PCD activity was
observed in comparison to a control without KCl supple-
ment with a maximum around 100 mM KCl (Fig. 2D). In
summary, results from cell extracts assays indicate that
PCD from D. cetonica appears share similar properties
with the enzyme from T. chlorobenzoica in terms of cofac-
tor content, oxygen-sensitivity, and KCl dependence.

Rate limiting step during conversion of phthalate to
benzoyl-CoA in cell-free extracts

To determine the individual PCL and PCD activities and
thus the rate-limiting step during the conversion of phthal-
ate to benzoyl-CoA, crude cell extract assays were sup-
plemented with fractions of enriched PCL (obtained in this
work, see below) or purified PCD from T. chlorobenzoica,
respectively. As these fractions contained exclusively
either PCL or PCD activity, an increase of the benzoyl-
CoA formation rate should be unambiguously assigned to
one of the two enzymes. Addition of enriched PCL (up to
50 nmol min−1 mg−1 crude extract) had virtually no effect
on the observed rate of benzoyl-CoA formation from
phthalate in the presence of MgATP and CoA. Thus, the
observed specific activity of 4.5 nmol min−1 mg−1 can be
assigned to PCD, catalysing the rate-limiting step during
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the conversion of phthalate to benzoyl-CoA. In contrast,
the addition of increasing amounts of PCD gradually stim-
ulated the rate of benzoyl-CoA formation reaching a maxi-
mal activity of 29.5 nmol min−1 mg−1. In conclusion, this
activity is assigned to PCL activity in cell extracts of
D. cetonica.
The phthaloyl-CoA forming and decarboxylating activi-

ties in D. cetonica crude extracts were in the range of the

corresponding activities reported for extracts of denitrifying
phthalate degraders (18–31 nmol min−1 mg−1 for succinyl-
CoA:phthalate CoA transferase and 6–13 nmol min−1 mg−1

for phthaloyl-CoA decarboxylase activities) (Ebenau-Jehle
et al., 2017).

A phthalate-induced gene cluster in D. cetonica and
similar clusters in other sulphate-reducing bacteria. A

Fig. 2. In vitro conversion of phthalate to benzoyl-CoA and properties of PCD.
A. UPLC-analysis of the time-, phthalate-, and ATP-dependent conversion of CoA to phthaloyl-CoA by extracts of D. cetonica cells grown with
phthalate/sulphate. Virtually to transient accumulation of the proposed phthaloyl-CoA intermediate was observed.
B. Course of CoA (■) consumption, and benzoyl-CoA (●) formation in the presence of phthalate; (○) benzoyl-CoA formation in the absence of
phthalate.
C. Oxygen sensitivity of benzoyl-CoA formation from phthalate and CoA; crude extract (■) incubated in air at 4 �C, (●) incubated under anoxic
conditions at 4 �C.
D. KCl dependence of the benzoyl-CoA formation from phthalate and CoA.
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whole genome shotgun sequence of D. cetonica is avail-
able (accession Nr. NZ_BBCC00000000). To identify
genes and proteins specifically involved in phthalate deg-
radation, extracts of D. cetonica cells grown with phthal-
ate/sulphate were subjected to mass spectrometry (MS)-
based proteome analyses and compared with those from
cells grown with benzoate/sulphate and butyrate/sulphate
(for proteome data see Supporting Information Tables S1
and S2). By analysing six biological replicates, the PCD-
like gene product with the locus tag JCM12296_RS19395
was identified at a 740-fold higher abundance in cells
grown with phthalate than in cells grown with benzoate
as carbon and electron source. Proteins that were only
identified in D. cetonica cells grown with phthalate but
not in cells grown with benzoate or butyrate comprise puta-
tive gene products with amino acid sequence similarities to
the respective phthalate-induced gene products from
T. chlorobenzoica including a UbiX-like prenyltransferase
(83% identity), a TRAP transporter (85% identity) and a
periplasmic binding protein (96% identity). A further gene
product uniquely identified in cells grown with phthalate is
assigned to a putative AMP-forming, long chain fatty acid
CoA ligase (JCM12296_RS19390) fitting perfectly to the
observed ATP-dependent benzoyl-CoA formation from
phthalate and CoA in crude extracts of D. cetonica. Neither
in cells grown with phthalate nor with benzoate, a gene
product for a SptAB-like class III CoA transferase was
identified.

The phthalate-induced genes of D. cetonica are orga-
nized in a single cluster (Fig. 3A). Next to the phthalate-
induced gene products identified by proteome analyses,
additional putative gene products of this cluster are anno-
tated as kinase inhibitor, stress protein and flavin-
dependent dehydrogenase/isomerase. Their role is less
clear but they may be involved in regulatory processes
and/or cofactor maturation.

We searched in genomes from other known strictly
anaerobic sulphate reducing, metal oxide reducing or
fermenting bacteria for similar gene clusters using the
UbiD-like putative phthaloyl-CoA decarboxylase from
D. cetonica (JCM12296_RS19395) as query sequence.
In the completed genome of the sulphate-reducing
Desulfobacula toluolica Tol2 (Wöhlbrand et al., 2013,
accession Nr. NC_018645.1), a highly similar gene cluster
was identified, that, possibly as a result of an artefact dur-
ing genome assembly was present five identical copies
(Fig. 3B). The cluster contains all genes present in the
phthalate-induced gene cluster of D. cetonica including
the encoding gene of a putative UbiD-like decarboxyl-
ase (TOL2_RS14825) with 83% amino acid sequence
identity to the corresponding gene product from
D. cetonica (JCM12296_RS19395). Based on theses find-
ing, D. toluolica is proposed to have the capacity to
degrade phthalate employing similar gene products that

are hitherto similar to those of D. cetonica. Using BLAST a
putative PCD-like decarboxylase was identified also in the
genome of the naphthalene degrading, sulphate-reducing
strain NaphS2 (WP_006419763.1, 84% identity) (Musat
et al., 2009; DiDonato Jr. et al., 2010). However, no other
gene typical of anaerobic phthalate degradation was identi-
fied in the near genomic environment. Notably, naphtha-
lene degradation is initiated by naphthalene carboxylation,
catalysed by a further UbiD-like enzyme present in
sulphate-reducing bacteria during growth with aromatics
(Koelschbach et al., 2019). No other clearly significant
homologue of PCD (amino acid sequence identity ≥65%)
was identified in the genomes of other strictly anaerobic
bacteria that are known to have the enzyme inventory of
the benzoyl-CoA degradation pathway. However, a num-
ber of δ-proteobacterial PCD homologues (amino acid
sequence identity ≥66%) were identified in
the metagenomes of a shallow sediment-hosted perenni-
ally suboxic/oxic aquifer (Anantharaman et al., 2016),
(Supporting Information Table S3), suggesting that next
to D. cetonica, D. toluolica and NaphS2, many so far
unknown strictly anaerobic δ-proteobacteria have acquired
the capability of phthalate degradation.

Enrichment and some properties of enriched phthalate
CoA ligase

The results of in vitro enzyme assays and of proteome
analyses suggest that in sulphate-reducing bacteria
phthalate is activated by a phthalate CoA ligase (PCL)
instead of a succinyl-CoA dependent CoA transferase
present in denitrifying phthalate degraders. To separate
PCL from PCD and other potential acyl-CoA synthetases
100,000 × g supernatants of extracts of D. cetonica
cells grown with phthalate/sulphate in a 200 l fermenter
were subjected to DEAE Sepharose anionic exchange
chromatography under anoxic conditions. PCL activity
assays were routinely supplemented with PCD from
T. chlorobenzoica (130 nmol min−1 ml−1) and the
MgATP and CoA-dependent formation of benzoyl-CoA
was followed by UPLC. If necessary, the amount of PCD
added in the assays was adjusted to guarantee that PCL
but not PCD activity was rate limiting in the coupled assay.
After a wash step with 35 mM KCl in morpholino prop-
anesulfonic acid (Mops) buffer at pH 7.8, PCL activity was
eluted in buffer containing 85 mM KCl in with a 3.2-fold
enrichment and a yield of 4.5% (Table 1). SDS PAGE
analysis of the PCL activity fraction did not reveal an
enriched band migrating at the deduced mass (52 kDa) of
the putative phthalate-induced carboxylic acid CoA ligase
(JCM12296_RS19390, not shown) suggesting that PCL
represents a rather low abundant enzyme with a high spe-
cific activity. All attempts to further enrich PCL by other
chromatographic materials including Q-Sepharose anionic
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exchanger, a number of reactive dye resins for affinity
chromatography, or gel filtration were always accompa-
nied with a major or complete loss of PCL activity without
any further enrichment.
Using the PCL activity containing fractions obtained

after chromatography on DEAE Sepharose, phthalate +
CoA conversion to benzoyl-CoA followed Michaelis–
Menten kinetics with an apparent Km of 22.5 � 2.8 μM for
phthalate (Supporting Information Fig. S2). Notably this
fraction contained virtually no benzoate CoA ligase activity
indicating that a specific PCL but no promiscuous benzo-
ate CoA ligase catalysed phthalate activation. Enriched
PCL was stable in air; virtually no loss of activity was
observed compared to an anaerobically incubated control
for several hours at 4 �C or for weeks in liquid nitrogen.

Enrichment and properties of phthaloyl-CoA
decarboxylase

Enrichment of PCD activity from crude extracts from
D. cetonica grown with phthalate/sulphate was carried out
by DEAE anion exchange chromatography under anoxic
conditions. Using the same buffer as for PCL enrichment

plus 10% glycerol, PCD activity eluted at 75 mM KCl with
an almost five-fold enrichment and a yield of 4.4%
(Table 1). Similar as for PCL, all attempts for further
enrichment by the chromatographic methods did not result
in a further enrichment of PCD. Thus, PCL and PCD
appear to be far less stable than the phthaloyl-CoA for-
ming/decarboxylating enzymes from denitrifying bacteria
(Mergelsberg et al., 2017; Mergelsberg et al., 2018).

SDS-PAGE analysis of the protein fractions obtained
after DEAE chromatography during PCD enrichment rev-
ealed a dominant band migrating at around 60 kDa
(Fig. 4), fitting to the theoretical mass of the putative PCD
(JCM12296_RS19395). UPLC/electrospray-ionization-
quadrupole-time-of-flight mass spectrometry (ESI-QTOF-
MS) analyses of tryptic digests of the excised protein
band unambiguously identified it as JCM12296_RS19395
(95.7% sequence coverage).

Differential intracellular CoA ester pool analyses

To identify accumulating metabolites during phthalate
degradation in D. cetonica, CoA esters were extracted
from cells grown exponentially with phthalate or benzoate

Fig. 3. Phthalate-induced gene cluster in D. cetonica as identified by differential proteome analyses and similar genes in Desulfobacula toluolica.
A. Phthalate-induced genes in D. cetonica. 1, Transcriptional regulator; 2, flavin reductase-like protein; 3, FMN-dependent dehydrogenase/
isomerase; 4, UbiX-like enzyme; 5, putative kinase inhibitor; 6, putative nucleotide-binding protein; 7, TRAP transporter; 8, periplasmic binding protein; 9, long-
chain fatty acidCoA ligase; 10, UbiD-like (de)carboxylase. The gene products 4, 7–10were identified as phthalate induced during proteomeanalyses.
B. Similar gene cluster in D. toluolica. Similar colour/numbers indicate high amino acid sequence similarities and predicted similar functions.
[Color figure can be viewed at wileyonlinelibrary.com]

Table 1. Enrichment of phthalate CoA ligase (PCL) and phthaloyl-CoA decarboxylase (PCD) from extracts of D. cetonica cells grown with phthal-
ate and sulphate on DEAE anion exchange chromatography. PCL was purified from 1.6 g, PCD from 3.5 g (wet mass, respectively).

Enzyme/Enrichment step
Total
protein (mg)

Total activity
(nmol min−1)

Specific activity
(nmol min−1 mg−1)

Enrichment
(−fold) Recovery (%)

PCL
100.000 × g supernatant 98 2892 29.5 1 100
DEAE-Sepharose 1.4 133 95 3.2 4.5
PCD
100.000 × g supernatant 350 1190 3.4 1 100
DEAE-Sepharose 3.1 52.7 17 5 4.4
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(OD578 between 0.1 and 0.2); 2-chlorobenzoyl-CoA was
added at defined amounts as an external reference stan-
dard. LC/ESI-Q-TOF-MS analyses revealed that benzoyl-
CoA was clearly the most abundant CoA-ester in extracts
of cells grown with phthalate or benzoate, followed by
acetyl-CoA (other typical CoA esters of the benzoyl-CoA
degradation pathway identified at lower concentrations
are not listed here) (Fig. 5). In contrast, not even traces
of phthaloyl-CoA were detected (cellular concentra-
tion < 0.1 μM). These findings are in agreement with
results from previous studies of phthalate-degrading den-
itrifying bacteria where phthaloyl-CoA was also identified
only in trace amounts (Mergelsberg et al., 2018).
Remarkably, the abundance of succinyl-CoA was below
the detection limit (<0.1 μM) under both growth condi-
tions. This finding is in accordance with the absence of a
gene encoding a putative succinyl-CoA:phthalate CoA
transferase in the phthalate induced gene cluster in
sulphate-reducing bacteria. In contrast, succinyl-CoA rep-
resents a highly abundant CoA ester in phthalate-
degrading denitrifying bacteria and serves as CoA donor
for a phthalate induced CoA transferase (Junghare et al.,
2016; Ebenau-Jehle et al., 2017; Mergelsberg et al.,

2018). The inability to detect phthaloyl-CoA is assigned
to its reported instability which after its formation affords
an immediate complexation and decarboxylation by the
highly abundant PCD, which prevents its accumulation
and subsequent decay (Mergelsberg et al., 2018).

Conclusions

Until recently, the pathway of oxygen-independent
phthalate degradation has been studied exclusively in a
number of denitrifying bacteria of the genera Thauera
and Aromatoleum. The previously overseen capacity of
D. cetonica to use phthalate as carbon/energy source
opened the door to identify the genes and study the
enzymatic reactions involved in phthalate degradation in
an obligately anaerobic model organism. The results
obtained suggest that anaerobic phthalate degradation
follows similar strategies in denitrifying and sulphate-
reducing bacteria: phthalate is initially activated to the
extremely labile phthaloyl-CoA that serves as a substrate
for a highly abundant PCD, which immediately captures
and decarboxylates it to benzoyl-CoA, thereby preventing
futile decay to phthalate and CoA. Next to the encoding
genes for catabolic enzymes, also those involved in
phthalate uptake and PCD maturation appear to be
highly similar in nitrate- and sulphate-reducing bacteria.

Fig. 4. SDS gel demonstrating enrichment of PCD from extracts of
D. cetonica cells grown with phthalate and sulphate. Lane 1, molecu-
lar weight standard; lane 2, 100,000 × g supernatant; lane 3, protein
fraction eluting at 75 mM KCl during DEAE anion exchange chroma-
tography. The framed protein band at around 60 kDa was identified
by mass spectrometry as JCM12296_RS19395 with 72% amino acid
sequence identity to PCD from T. chlorobenzoica.

Fig. 5. Cellular abundance of CoA esters. CoA esters were identified
by UPLC/ESI-Q-TOF MS analysis. Black bars: cells grown with phthal-
ate; grey bars: cells grown with benzoate. Values were normalized to
the highest abundant CoA ester benzoyl-CoA (100%), abundance of
succinyl-CoA and phthaloyl-CoA was ≤0.1% of benzoyl-CoA.
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The only but remarkable exception is the phthalate acti-
vation step: while all denitrifying bacteria investigated so
far use a class III succinyl-CoA:phthalate CoA transfer-
ase, D. cetonica and most probably D. toluolica use an
ATP-dependent phthalate CoA ligase. At the first view, it
appears surprising that sulphate-reducing bacteria that
gain far less energy from complete degradation of aro-
matic substrates than denitrifyers do (Rabus et al., 1993;
Peters et al., 2004) activate phthalate by an AMP-forming
CoA ligase instead of a less energy-consuming succinyl-
CoA-dependent CoA transferase. However, the inability
to detect succinyl-CoA in D. cetonica during growth with
phthalate clearly indicates that this organism oxidizes the
three acetyl-CoA formed from phthalate in the benzoyl-
CoA degradation pathway completely to six CO2 not
via the citric acid cycle but via the Wood-Ljungdahl path-
way as reported for most alcohols/fatty acid oxidizing
sulphate-reducing bacteria (Schauder et al., 1986;
Janssen and Schink, 1995b). Thus, the use of a succinyl-
CoA-dependent CoA transferase is no option for
sulphate-reducing bacteria. It is remarkable that despite
the relatively short period since PAEs have been intro-
duced at the industrial and thus environmentally relevant
scale, obviously two non-related enzymatic strategies
have evolved for the initiation of phthalate degradation.
The capacity to use phthalate as growth substrate

appears to be less abundant under sulphate- than under
nitrate-reducing conditions, though putative PCD encoding
genes were identified in unknown δ-proteobacteria during
metagenomic aquifer analyses (Anantharaman et al.,
2016). A rational explanation for this observation may be
that xenobiotic PAEs have predominantly been released
to the environment at terrestric sites as a result of urbani-
zation and industrialization, and less in marine sediments
where sulphate respiration represents the major form of
energy metabolism (Gao and Wen, 2016). It can be spec-
ulated whether the ongoing pollution of marine environ-
ments by plasticizer-containing plastics (Bergmann et al.,
2017; Haward, 2018) will probably result in a higher fre-
quency of the capability to fully degrade phthalate among
marine sulphate-reducing bacteria. Surprisingly, no phthal-
ate catabolic gene cluster was found in the genomes
of obligately anaerobic Fe(III)-respiring or fermenting bac-
teria with sequenced genomes (e.g. Geobacter or
syntrophic fermenting species). Within the latter physiolog-
ical group, Pelotomaculum isophthalicum is the only
reported phthalate-degrading pure culture (Qiu et al.,
2006). Recently, isophthalate degradation was shown to
follow principles in syntrophically fermenting Syn-
trophorhabdus aromaticivorans that are similar to
phthalate degradation in sulphate-reducing bacteria
involving an ATP-dependent isophthaloyl-CoA synthe-
tase and a UbiD-like isophthaloyl-CoA decarboxylase
(Junghare et al., 2019).

Experimental procedures

Cultivation of D. cetonica and preparation of cell-free
extracts

Desulfosarcina cetonica strain 480 (JCM12996, DSM-
7267) (Galushko and Rozanova, 1991) was grown anaer-
obically in bicarbonate-buffered mineral salt medium at
30 �C in a 200 l bioreactor (GEA Diessel GmbH, Hildes-
heim) containing an initial concentration of 5 mM phthal-
ate and 20 mM Na2SO4. The bioreactor was operated in
a continuous fed-batch mode using a 0.25 M phthalate
and 1 M Na2SO4 stock solution. Cells were harvested in
the exponential growth phase at OD578 = 0.7. Harvested
cells were kept frozen in liquid nitrogen until use.

Cells used for proteome analysis were grown anaerobi-
cally in 80-ml medium containing 10 mM butyrate, 5 mM
benzoate or 5 mM phthalate as carbon and energy source
in addition to 20 mM Na2SO4 as electron acceptor. Cells
were harvested in the exponential growth phase at an
OD578 of 0.14–0.2, centrifuged (10 min, 20.800 × g, 4�C)
and washed twice with 10 mM Tris/HCl (pH 7). The pellets
obtained were frozen in liquid nitrogen until proteome anal-
ysis. Extracts were prepared under anaerobic conditions.
Frozen cells were suspended in a three- to four-fold vol-
ume of 20 mM potassium phosphate buffer (pH 8) for
in vitro assays. In case of PCD enrichment, cell suspen-
sion was in buffer A (50 mM MOPS, 50 mM KCl, glycerol
10% v/v, DTE 1 mM, pH 7.5). Buffers were supplemented
with 0.1 mg mL−1 DNase I, 0.1 mg mL−1 RNase A, and
0.1 mg mL−1 lysozyme. Cell suspensions were passed
through a chilled French pressure cell at 9 MPa. The cell
lysate was ultra-centrifuged (1 h, 200.000 × g, 4� C) and
the supernatant was used immediately. In case of PCL
enrichment, cells were suspended in buffer A (50 mM
MOPS, 10 mM KCl, pH 7.8) containing 0.1 mg mL−1

DNase I and 0.1 mg mL−1 RNase A. Cells were lysed by
incubating suspension for 1 h with lysozyme 1 mg g−1

cells followed by ultra-centrifugation as described above.

LC analyses coupled to MS and UV/Vis detection

Metabolites were analysed by LC/MS using a Waters
Acquity I-class UPLC with a Waters C18 HSS T3 column
(2.1 mm × 100 mm, 1.8-μm particle size) coupled to a
Waters Synapt G2-Si HDMS ESI/Q-TOF system. For anal-
ysis of CoA thioesters, an 8 min linear gradient of 2% to
30% acetonitrile in 10 mM ammonium acetate pH 6.8 at a
flow rate of 0.35 ml min−1 was applied. For analysis of
prFMN/FMN, a 20 min linear gradient of 5% to 25% aceto-
nitrile/0.1% formic acid (v/v) in water/0.1% formic acid (v/v)
was used at a flow rate of 0.35 ml min−1. Both, CoA esters
and prFMN/FMN were measured in MS positive mode with
a capillary voltage of 3 kV, 150 �C source temperature,
450 �C desolvation temperature, 1000 l min−1 N2
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desolvation gas flow and 100 l min−1 N2 cone gas flow.
Collision induced dissociation of precursor ions was per-
formed using a collision energy ramp from 10 to 50 V. LC
analyses coupled to UV/visible detection using a Waters
Acquity photo diode array detector were conducted with a
Waters Acquity H-class UPLC with a Knauer Eurospher
100–2 C18 column (2 mm × 100 mm, 2-μm particle size).
CoA esters were separated using a 10 mM potassium
phosphate buffer pH 7.0 applying the same gradient and
same flow rate as described above for MS-based ana-
lyses. Evaluation of LC/MS metabolite data was performed
using MassLynx (Waters); for evaluation of LC-UV/visible
data MassLynx or Empower (Waters) was used.

For protein identification, protein bands from SDS-
PAGE were excised, cysteine residues were reduced
using dithiothreitol and alkylated by treatment with
iodoacetamide. After in-gel digestion with trypsin (Sigma-
Aldrich), the resulting peptides were separated on a
Waters Acquity I-class UPLC with a Waters Peptide CSH
C18 column (2.1 mm × 150 mm, 1.7-μm particle size)
with a gradient from 1% to 40% ACN/0.1% formic acid
(v/v) in water/0.1% formic acid (v/v) at a flow rate of
0.04 ml min−1. The source conditions used were the
same as described above except that the source temper-
ature was lowered to 80 �C, the desolvation temperature
to 400 �C and the desolvation gas flow to 800 l h−1. The
instrument was operated in positive HD-MSE mode. The
resulting spectra were analysed with ProteinLynx Global
Server (Waters) by matching with the UniProt database
(minimal fragment ion matches per peptide = 3, minimal
fragment ion matches per protein = 3, minimal peptide
matches per protein = 7, false discovery rate 3%).

Enzyme assays

Coupled, discontinuous PCL activity assays were per-
formed in a glove box (95% N2, 5% H2) at 30 �C in
100 mM potassium phosphate buffer (pH 8). It followed
the PCD (isolated from Thauera chlorobenzoica grown
phthalate) (Mergelsberg et al., 2017), phthalate (0.5 mM),
MgATP (5 mM) and CoA (0.5 mM)-dependent formation
of benzoyl-CoA by UPLC coupled to diode array detec-
tion at 260 nm as described (Mergelsberg et al., 2017).
For detecting maximal PCL activities, PCD was added at
saturating amounts to guarantee that only PCL was rate-
limiting during benzoyl-CoA formation from phthalate and
CoA. Coupled PCD activity assay was performed under
the identical conditions. Here, PCD activity-free, enriched
PCL from D. cetonica was used as phthaloyl-CoA syn-
thesizing enzyme. Prior detection of PCD activities, the
required saturating PCL activity to be added was deter-
mined in control experiments. For all assays proteins
were precipitated in 0.9 M HCl/10% acetonitrile (v/v).
Product formation was quantified based on calibration

curves of standards. Oxygen inactivation was tested by
pre-incubating cell-free extracts in the presence or
absence of oxygen at 4 �C. The assay was then per-
formed in the absence of oxygen and started with coen-
zyme A. Potassium dependence was tested using
20 mM Tris/HCl (pH 8) buffer instead of 100 mM potas-
sium phosphate buffer and varying concentrations
(0–200 mM) of potassium chloride.

Enrichment of PCD and PCL

All steps were carried out under anoxic conditions (95%
N2, 5% H2). Around 3 g of phthalate grown cells (wet mass)
were suspended in 9–12 ml buffer A and lysed using a
French pressure cell. After ultracentrifugation, the superna-
tant was filtered through a 0.2-μm sterile filter (Filtropur S
0.2, Sarstedt) and applied to a 12 ml DEAE-Sepharose col-
umn (GE Healthcare), equilibrated with buffer A at a flow
rate of 0.5 ml min−1. The column was washed with two bed
volumes of buffer A and with buffer A supplemented with
15 mM KCl (PCD) or 20 mM KCl (PCL). Fractions eluting in
buffer A at higher KCl concentrations as indicated in the
results section were tested for PCL/PCD activities. Activity
containing fractions were concentrated and used for SDS-
PAGE analysis and enzymatic assays. Other chromatogra-
phy materials tested for PCL/PCD enrichment were
Resource Q-Sepharose anionic exchanger, Superdex
200 10/300 Gl gel filtration (all GE Healthcare), and the
affinity dyes Reactive Green 5 Agarose, Reactive Red
120, and Cibacron Blue 3GA (1 ml columns each, all
Sigma-Aldrich). All columns were equilibrated with
buffer A, and elution was by varying KCl, or in case of
the affinity dyes, phthalate concentrations (0.1–1 M).

Extraction of CoA esters and prFMN for MS analyses

Intracellular CoA esters and intracellular prenylated FMN
were extracted from 100 ml D. cetonica cells in exponen-
tial growth phase with an OD578 0.1–0.2. Cells were
harvested through filtration with regenerated cellulose fil-
ters 0.2 μm (Sartorius). Filters were prewashed in a vol-
ume of 50 ml ddH2O at 60 �C. After filtration filters were
treated twice with ultrasonic in 10-ml extraction solution
(0.1 M formic acid, 80% acetonitrile (v/v). Filters were
washed with 2 ml of extraction solution afterwards to
remove remaining cells. Total volume of 12-ml extraction
solution containing cells was freeze dried and stored at
−80 �C until use. Directly before measurements, the
samples were suspended in 100 μl 10 mM ammonium
acetate (volume normalized depending on OD578 before
harvesting). For relative quantification via LC/MS 1 mM
2-Cl-benzoyl-CoA was added to the samples.

Prenylated FMN was extracted from 1 g frozen
D. cetonica cells. Cells were anaerobically lysed as
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described and ultracentrifuged (1 h, 200,000 g, 4�C).
Supernatant was incubated with 50% aqueous acetoni-
trile (v/v) followed by incubation for 10 min at 70 �C. The
mix was centrifuged and resulting supernatant was
freeze dried. The product was dissolved in 100 μl 10%
acetonitrile/ddH2O (v/v) and analysed via LC/MS. Absolute
prFMN concentrations were estimated in reference to a
calibration curve using FMN as a standard.

Mass spectrometry-based proteome analyses

For proteome analysis cells were grown in biological rep-
licates (n = 6 for phthalate and benzoate, and n = 5 for
butyrate). Preparation of protein samples from cells for
mass spectrometric analyses including separation by
SDS-PAGE and tryptic digestion were as previously
described (Warnke et al., 2017). The resulting peptides
were separated by UHPLC (Ultimate 3000, Dionex/
Thermo Fisher Scientific) using a C18 column with
reverse phase (25 cm) in a linear gradient from 2% to
55% acetonitrile in 0.1% formic acid (v/v) (120 min). Pro-
teome analysis was performed using a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific). Proteome
Discoverer (version 1.4.1.14 Thermo Scientific) was used
for protein identification, and the acquired MS/MS spectra
were searched with SEQUEST HT against NCBI avail-
able Desulfosarcina cetonica database. Only peptides
with a false discovery rate < 0.01 calculated by Percola-
tor and peptide rank = 1 were considered as identified.
The abundance of one protein was quantified using the
average of the top-3 peptides assigned to this protein.

Computational analyses

Gene cluster of Desulfosarcina cetonica was analysed
using SnapGene© (version 3.2.1, GSL Biotech LLC) and
NCBI available shotgun genome sequences of Des-
ulfosarcina cetonica. Homology of the corresponding
gene products was analysed using the blastp algorithm
(Altschul et al., 1990).
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