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ABSTRACT Acetyl-CoA synthetase (ACS) and acetate ligase (ACD) are widespread among
microorganisms, including archaea, and play an important role in their carbon metabo-
lism, although only a few of these enzymes have been characterized. Anaerobic meth-
anotrophs (ANMEs) have been reported to convert methane anaerobically into CO,,
polyhydroxyalkanoate, and acetate. Furthermore, it has been suggested that they might
be able to use acetate for anabolism or aceticlastic methanogenesis. To better under-
stand the potential acetate metabolism of ANMEs, we characterized an ACS from
ANME-2a as well as an ACS and an ACD from ANME-2d. The conversion of acetate into
acetyl-CoA (V.x of 84 umol mg~" min~' and K,, of 0.7 mM acetate) by the mono-
meric 73.8-kDa ACS enzyme from ANME-2a was more favorable than the formation of
acetate from acetyl-CoA (V,,, of 0.4 umol mg~" min~" and K, of 0.2 mM acetyl-CoA). The
monomeric 73.4-kDa ACS enzyme from ANME-2d had similar V., values for both direc-
tions (Vi axacetate Of 0.9 wmol mg™" min~" versus V, .c.ceyicon Of 0.3 wmol mg=" min™).
The heterotetrameric ACD enzyme from ANME-2d was active solely in the acetate-produc-
ing direction. Batch incubations of an enrichment culture dominated by ANME-2d fed
with 3C-labeled acetate produced 3 wmol of ['*Clmethane in 7 days, suggesting that this
anaerobic methanotroph might have the potential to reverse its metabolism and perform
aceticlastic methanogenesis using ACS to activate acetate albeit at low rates (2 nmol g
[dry weight]™" min~"). Together, these results show that ANMEs may have the potential to
use acetate for assimilation as well as to use part of the surplus acetate for methane
production.

IMPORTANCE Acetyl-CoA plays a key role in carbon metabolism and is found at the
junction of many anabolic and catabolic reactions. This work describes the biochemi-
cal properties of ACS and ACD enzymes from ANME-2 archaea. This adds to our
knowledge of archaeal ACS and ACD enzymes, only a few of which have been char-
acterized to date. Furthermore, we validated the in situ activity of ACS in ANME-2d,
showing the conversion of acetate into methane by an enrichment culture domi-
nated by ANME-2d.

KEYWORDS acetate metabolism, acetyl-CoA synthetase, acetate ligase, ANME,
aceticlastic methanogenesis

ethane is an abundant C; compound and plays an important role in global warm-

ing (1). Two types of microorganisms contribute to the methane balance on
earth: methanogens, producing methane anaerobically, and methanotrophs, consum-
ing this methane with or without oxygen. Anaerobic methanotrophic (ANME) archaea
are key drivers of the anaerobic oxidation of methane in the environment, but a mech-
anistic understanding of their metabolic potential is still largely missing. ANME archaea
can be divided into the subgroups ANME-1, -2abcd, and -3 (2). These microorganisms
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convert methane into carbon dioxide using several electron acceptors such as sulfate,
nitrate, and metal oxides (3-8). Other metabolic products formed by anaerobic meth-
anotrophs (ANMEs) have not been investigated in detail so far. An analysis of the pro-
teome of a “Candidatus Methanoperedens” ANME-2d culture pointed toward pyruvate,
acetate, and formate as potential intermediates or products (9). Physiological experi-
ments indeed confirmed the production of acetate from methane via polyhydroxyalka-
noate (PHA) by a “Ca. Methanoperedens” enrichment culture (10, 11). This observation
raised the question of whether ANMEs could also work in the reverse direction and,
like aceticlastic methanogens, convert acetate into methane. Anaerobic methano-
trophs have many physiological properties in common with methanogenic archaea,
but their metabolisms differ in their directionality (2). It is already possible to reverse
the methanogenesis pathway of the aceticlastic methanogen Methanosarcina acetivor-
ans by introducing a methyl-coenzyme M reductase (MCR) gene from ANME-1 into the
genome, thereby enabling M. acetivorans to convert methane via the reverse methano-
genesis pathway using iron oxides as electron acceptors (12). According to genome anal-
yses, ANMEs cannot conduct hydrogenotrophic or methylotrophic methanogenesis as
ANME genomes lack hydrogenases and methyltransferases (13), which are essential for
these pathways (14, 15). However, ANME-2a and -d harbor crucial genes for acetyl-coen-
zyme A synthesis, similar to those of the aceticlastic methanogens Methanothrix and
Methanosarcina (16): acetyl-CoA synthetase (ACS) and acetate ligase (ACD). ACS-encod-
ing genes are widely distributed over all three domains of life (17-19) and have been
reported to catalyze the reversible conversion of acetate into acetyl-CoA. However, in
Methanothrix, ACS is predominantly an acetate-activating enzyme and converts acetate,
ATP, and coenzyme A into acetyl-CoA, AMP, and pyrophosphate (20). In contrast to
Methanothrix sp., the aceticlastic methanogen Methanosarcina sp. uses a two-step pro-
cess to activate acetate, converting acetate into acetyl-phosphate using acetate kinase
(ACK), and subsequently, acetyl-phosphate is converted into acetyl-CoA using phospho-
transacetylase (PTA) (21). These two enzymes used for acetate activation typically have
different acetate affinities: whereas Methanothrix sp. uses ACS with a high substrate affin-
ity, Methanosarcina uses ACK and PTA, which is coupled with a much lower affinity. This
is consistent with the presence of Methanothrix in environments with low acetate con-
centrations (22). Acetyl-CoA plays a key role in carbon metabolism and is found at the
junction of many anabolic and catabolic reactions. Only a few ACS enzymes from arch-
aea have been biochemically characterized, including those from Haloarcula marismortui,
Methanothermobacter thermautotrophicus, Archaeoglobus fulgidus, Methanothrix soehnge-
nii, and Methanothrix thermoacetophila, leaving much to be explored (17, 19, 20, 23).
Another enzyme that plays a crucial role in the acetate metabolism of many microorgan-
isms is ACD; this enzyme is found mainly in the archaeal domain (24-26) and mainly con-
verts acetyl-CoA into acetate while phosphorylating ADP into ATP. In Methanothrix sp.,
ACD was found to not be expressed under aceticlastic conditions, therefore suggesting
that this enzyme was active only when storage compounds were converted into acetate
(17). For the ACD enzyme, the kinetic parameters have been determined only for the
archaea Methanocaldococcus jannaschii, Pyrococcus furiosus, and Archaeoglobus fulgidus
(24, 25). A previous study on the ACS and ACD enzymes from ANME-2a focused mostly
on evaluating the potential of ANMEs to perform acetogenesis from methane and did
not describe the enzymatic properties of ACS and ACD in detail (27). In addition, several
environmental studies explored the ability of ANMEs to reverse their pathway and pro-
duce methane from acetate (28-32).

In these studies, anoxic microbial mats dominated by ANME-1 and -2 were used in
the laboratory to investigate the versatility of ANME metabolism. Only small amounts
of methane were produced when acetate was used as a substrate (29). An in situ study
with White Oak River estuary cores suggested that ANME-1 displayed methanogenesis
activity as methane was produced at a depth of between 60 and 80 cm in sediments
where ANME-1 comprised 92.8% of all of the methanomicrobiota (31, 32). Ding et al.
(28) performed batch incubations with an ANME-2d-dominated enrichment culture,
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but they did not detect any methane production from acetate. To clarify whether “Ca.
Methanoperedens” can reverse its metabolism and to obtain a better understanding of
archaeal ACS and ACD enzymes, we characterized the respective enzymes with regard
to their kinetic properties and performed a physiological study by providing an ANME-
2d culture with '3C,-labeled acetate to evaluate whether this substrate can be used for
aceticlastic methanogenesis.

RESULTS

Phylogenetic relationship of ACS enzymes. To compare the ACS enzymes from an-
aerobic methanotrophs with previously characterized enzymes, we constructed a phylo-
genetic tree based on ACS amino acid sequences (Fig. 1). The ACS enzyme from ANME-2a
is most closely related to the ACS enzyme from the aceticlastic methanogen Methanothrix
thermoacetophila and two ACS enzymes from the hydrogenotrophic methanogens Mt.
thermautotrophicus and Methanobacterium subterraneum, while the ACS enzyme from
ANME-2d is most closely related to the ACS enzymes from Mycobacterium tuberculosis
and H. marismortui. Most microorganisms have multiple ACS enzymes encoded in their
genomes, which may have different properties and therefore may serve different func-
tions; bootstrap support values of <70 can be removed, while different ACS enzymes
from the same microorganism do not cluster. Methanothrix thermoacetophila encodes
four different ACS enzymes that are closely related to each other, but only one of them
(Methanosaeta thermophila PT ACS1) is highly expressed in the exponential growth phase
(17). The three ACS enzymes encoded by ANME-2a may also serve different functions,
while ANME-2d encodes only one ACS enzyme.

Characterization of ACS enzymes from ANME-2a and ANME-2d and ACD from
ANME-2d. Analysis of the metagenome-assembled genome (MAG) from the in-house
“Ca. Methanoperedens BLZ2" strain revealed the presence of one putative ACS-encod-
ing gene and one ACD-encoding gene (16, 33). For a MAG from ANME-2a, three puta-
tive ACS-encoding genes were found. ACST, -2, and -3 from ANME-2a and ACS from
ANME-2d share identities of 30%, 41%, and 50%, respectively, based on the protein
sequences (see Fig. S6 in the supplemental material). ACS2 (IMG/N gene identifier
2566126471) (1,965 bp) was most closely related to ACS enzymes from aceticlastic
methanogens and therefore was selected for further investigation. Transcriptome anal-
ysis of the “Ca. Methanoperedens BLZ2" biomass grown in bioreactors fed with nitrate
and methane (33) showed that ACS and ACD of ANME-2d were expressed at 20 and 40
transcripts per million (TPM), respectively, which are about one-half the values of the
nitrate reductase genes narA (79 TPM) and narB (109 TPM) as well as the F,,,-depend-
ent methylene-tetrahydromethanopterin (H,MPT) reductase gene mer (75 TPM) and
the methenyl-H,MPT cyclohydrolase gene mch (65 TPM), which encode enzymes that
are required for reverse methanogenesis. ACS and ACD of ANME-2d were also previ-
ously detected in the proteome of ANME-2d (9). The ACS and ACD enzymes from
ANME-2d and the ACS2 enzyme from ANME-2a were successfully purified after heterol-
ogous expression in Escherichia coli. The molecular masses of the proteins on SDS-poly-
acrylamide gel electrophoresis (PAGE) gels matched the predicted sizes of these pro-
teins quite well (Fig. S1). ACD from ANME-2d consists of two subunits, « and B, with
molecular masses of 22.9 kDa and 49.6 kDa, respectively. The ACS enzymes consist of
only one subunit, with molecular masses of 73.8 kDa for ACS2 from ANME-2a and
73.4 kDa for ACS from ANME-2d. Blue native (BN) PAGE showed that ACD forms a het-
erotetramer with a putative a2 32 stoichiometry, while the ACS enzymes from ANME-
2a and ANME-2d are monomeric proteins (Fig. S2). The kinetic properties of all
enzymes were determined after the optimization of the enzyme assay. The optimal
temperatures and pHs (Fig. S3 and S4) appeared to be 50°C and pH 7.5 to 8.0 for ACS
from ANME-2a, 55°C and pH 7.5 for ACS from ANME-2d, and 60°C and pH 7.5 for ACD
from ANME-2d. Changes in temperature largely impacted activity, whereas only small
differences in activity were observed over the tested pH range.

The reaction rates at different acetate and acetyl-CoA concentrations followed
Michaelis-Menten kinetics, as displayed in Fig. 2. The conversion of acetate into acetyl-
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FIG 1 Phylogenetic tree based on the protein sequences of acetyl-CoA synthetases (ACSs), for which the characteristics are summarized in

Table 1. The tree was generated with MegaX using the maximum likelihood method and the Jones-Taylor-Thornton (JTT) matrix-based
model (1,000 ultrafast bootstraps). *, Methanosaeta thermophila is currently known as Methanothrix thermoacetophila.
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FIG 2 (A to D) Michaelis-Menten kinetics for acetyl-CoA synthetase (ACS) purified from ANME-2a at the optimal temperature of 50°C
for acetate (A) and acetyl-CoA (B) as well as for ACS from ANME-2d at the optimal temperature of 55°C for acetate (C) and acetyl-
CoA (D). (E) Michaelis-Menten curve for acetate ligase (ACD) from ANME-2d at the optimal temperature of 60°C for acetyl-CoA
conversion. For the reverse reaction using acetate as a substrate, the activity was not detectable using up to 200 ug mL™~' enzyme.
The data are shown as averages, with error bars depicting the distributions from two biological replicates. For ACS from ANME-2d,
100 g enzyme was used; for all other enzymes, 50 ng was used. A curve was fitted through the data using Michaelis-Menten
kinetics {V = V,,, x [SI/(K,, + [SD} in Excel, from which the K, and V, , values were calculated (K,,, = 0.68 mM, V,_, , = 8.4 umol
mg~' min~', K5 =02 mM, V, ;=04 pumol mg~' min~', K .=02mM,V, = 0.9 umol mg™' min~", K, = 0.03 mM, V,

max,C max,D
0.3 wmol mg~" min~", K. = 0.1 mM, and V, . = 0.3 umol mg~' min~").
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TABLE 1 Average activities of ACS enzymes from ANME-2a and -2d with different substrates®

Avg activity of ACS from ANME-2a Activities of ACS from ANME-2d
Substrate (mmol mg=" min~") (mmol mg=" min~")
Acetate 7.46 £ 0.031 0.84 and 0.88
Propionate 247 +0.27 0.45 and 0.49
Butyrate ND 0.098 and 0.061
Formate ND ND

9Data are shown as measured values obtained from two biological replicates for ANME-2d and average values
obtained from three biological replicates for ANME-2a. These activities were measured with 6.5 mM substrate
at pH 7.5 at 55°C (ACS of ANME-2a) or at pH 8.0 at 50°C (ACS of ANME-2d), using 100 g enzyme (ACS of ANME-2d)
or 50 ug enzyme (ACS of ANME-2a). ND, not detected.

CoA by ACD was not detectable (using 200 g enzyme, 6.5 mM acetate, and 10 mM
ATP), as was also observed previously for other ACD enzymes (25). Furthermore, the
specificity for different adenosine phosphates was tested, which confirmed that ACS
was AMP dependent and that ACD was ADP dependent in the acetate-producing
direction. For ACS from ANME-2a, the activity was eight times lower when ADP and
KH,PO, were used than when AMP, pyrophosphate, and KH,PO, were used. The ACS
enzyme from ANME-2d was a hundred times less active. For ACD from ANME-2d, the
enzyme was three times less active when AMP and pyrophosphate were used than
when ADP and KH,PO, were used. In addition, ACS from ANME-2a was more active
when KH,PO, was added, while this was not the case for ACS from ANME-2d.

Substrate spectrum of ACS enzymes. Besides acetate, ACS enzymes have been
reported to activate propionate, butyrate, and formate (19, 23, 34). Therefore, we
tested the substrate spectrum of the purified ACS enzymes (Table 1). ACS from ANME-
2a converted propionate with approximately one-third of the activity that was meas-
ured for acetate, while butyrate and formate were not used. For ACS from ANME-2d,
propionate conversion was approximately one-half as low as the activity that was
measured for acetate, while butyrate could also be converted by the enzyme, with an
activity that was approximately 10 times lower than the activity with acetate. Formate
was not converted.

A “Ca. Methanoperedens” enrichment culture converted acetate into methane.
ACS is widely used by microorganisms for assimilation and dissimilation. Hydrogenotrophic
methanogens encode ACS enzymes and use them for the assimilation of acetate into bio-
mass rather than for aceticlastic methanogenesis (35, 36). The ACS enzymes of the investi-
gated ANMEs are most likely acetate activating; thus, we wondered whether these ANMEs
could also perform aceticlastic methanogenesis. To this end, we performed batch incuba-
tions without acetate (negative control) and with 3C,-labeled acetate using our available
“Ca. Methanoperedens” enrichment culture. '*C-labeled methane (Fig. 3A) was produced
only when '3C-labeled acetate was fed to the culture. Unlabeled methane was also pro-
duced with acetate (40 umol in 7 days) and without acetate (28 wmol in 7 days) supplied
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FIG 3 Batch incubations of an enrichment culture dominated by “Ca. Methanoperedens.” (A) *CH, produced under two conditions,
with 3C-labeled acetate added to the medium (circles) and a negative control without the substrate added (crosses). (B) Total
methane concentrations (in micromoles) produced during the experiment shown in panel A. Circles, acetate added; crosses, no
acetate added. (C) Total methane (in micromoles) consumed by a “Ca. Methanoperedens” enrichment culture supplied with

methane and nitrate as a positive control to validate the activity of the methanotrophic culture.
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TABLE 2 Relative abundances of archaea in the batch incubation experiments?

Relative abundance

Incubation condition “Ca. Methanoperedens” Methanobacteriaceae Remainder
To 98.1 0.01 1.8
With acetate 99.1 0.16 0.7
Without acetate 99.2 0.03 0.8

aSee Fig. 2. The abundances were calculated for the inoculum (time zero [T,]), for the experiment with acetate
supplied, and for the experiment without acetate supplied. These numbers were obtained by amplicon
sequencing using general archaeal primers that target the archaeal 16S rRNA gene. The remainder is bacteria
that were the result of the unspecific binding of the primers to the bacterial 16S rRNA gene.

during the incubations (Fig. 3B). 16S rRNA gene sequencing was performed, which showed
that “Ca. Methanoperedens” was the most highly abundant (>98%) archaeon in the inocu-
lum and the incubation mixtures after a week of feeding '*C-labeled acetate (Table 2).
Methanobacteriaceae were the only other archaeal family present in the samples, at
<0.16% of the reads. The remaining reads arose from the unspecific binding of the arch-
aeal primers.

DISCUSSION

ACD from ANME-2d produces acetate from acetyl-CoA. While ACD plays an im-
portant role in acetate metabolism, only four archaeal ACD enzymes have been charac-
terized so far (24-27). To find out more about the properties and functions of ACD
enzymes in anaerobic methanotrophs (ANMEs), we characterized an ACD enzyme from
ANME-2d. The kinetic parameters of the ACD enzyme from ANME-2d obtained in this
study were compared to those of previously characterized enzymes (Table 3). ACD
from ANME-2d was active only in the acetate-forming direction. This is similar to the
ACD enzyme from the hydrogenotrophic methanogen Methanococcus jannaschii (25)
and the ACD enzyme from ANME-2a (27), while all other characterized ACD enzymes
have been reported to be reversible (see Table S1 in the supplemental material). ACD
encoded by “Ca. Methanoperedens” has a V,,,, value that is 1 to 2 orders of magnitude
lower than the V,,., values reported for other microorganisms such as Archaeoglobus
fulgidus (hyperthermophilic archaeon) (25), Chloroflexus aurantiacus (thermophilic pho-
tosynthetic bacterium) (26), Pyrococcus furiosus (heterotrophic, thermophilic archaeon)
(24), and Methanococcus jannaschii (hydrogenotrophic methanogen) (25). On the other
hand, the ACD enzyme from “Ca. Methanoperedens” is 20 times more active than the
ACD enzyme from ANME-2a. The K,, for acetyl-CoA is 1 order of magnitude higher than
those for all other microorganisms shown in Table 3. The pH optima are similar for all
ACD enzymes, while the optimum temperature is much higher for ACD from Chloroflexus
aurantiacus.

Based on these properties, we assume that “Ca. Methanoperedens” most likely uses
the ACD enzyme for substrate-level phosphorylation by converting some of its cellular

TABLE 3 Kinetic parameters of acetate ligases from ANME-2d and ANME-2a obtained in this study compared to these parameters for the
same enzymes obtained in previous studies for acetyl-CoA conversion

K, of acetyl-CoA  V,, of acetyl-CoA Mean K,

cat!

/K, ratio  Optimum

Microorganism (mM) (umolmg™"min~") (s7"mM~") £ SD temp (°C) Optimum pH  Subunit composition
Archaeoglobus fulgidus® 0.01 75 (at 55°C) 7.0 Homodimer
Methanococcus jannaschii  0.04 3-6 (at 55°C) 18.6 = 0.5 55 7.5 Homodimer
Chloroflexus aurantiacus® 0.04 51 90 7.0 Homotetramer
Pyrococcus furiosus® 0.02 18 Heterodimer
ANME-2a¢ 0.03 0.01

ANME-2d BLZ2¢ 0.13 0.29 0.01 60 7.5 Heterotetramer

aSee reference 25.
bSee reference 26.
<See reference 24.
dSee reference 27.
eFrom this study.
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TABLE 4 Kinetic parameters of acetyl-CoA synthetases from ANME-2d and ANME-2a obtained in this study compared to these parameters for
the same enzymes obtained in previous studies for acetate conversion

K,, of acetate V...« Of acetate K../K,, ratio Optimum Subunit
Microorganism (mM) (umol mg=" min—") (s "mM~") temp (°C) Optimum pH composition
Methanothrix soehngenii® 0.8 55 35 8.5 Dimer
Methanothrix thermophila® 0.4 21.7-28 55
ANME-2a¢ 0.5 0.1
ANME-2a¢ 0.7 8.4 0.03 50 7.5 Monomer
ANME-2d BLZ2¢ 0.2 0.9 0.02 55 8 Monomer
E. coli® 0.2
Mycobacterium tuberculosis’ 1.2
Methanothermobacter 35 18.6 65-70 Dimer

thermautotrophicus?

Archaeoglobus fulgidus? 1.7 21.2 65-70 Trimer
Dunaliella tertiolecta” 4.7 40 8
Haloarcula marismortui’ 0.2 26.5 41 7.5 Monomer
Pyrobaculum aerophilum/ 0.003 37 >97 Octamer

aSee reference 20.
bSee reference 17.
<See reference 27.
9From this study.

See reference 48.
fSee reference 49.
9See reference 23.
hSee reference 18.
iSee reference 19.
ISee reference 34.

acetyl-CoA, ADP, and phosphate into acetate and ATP. This reaction might take place if
there is an excess of acetyl-CoA present in the cell that is not used for anabolism, most
likely during the breakdown of polyhydroxyalkanoates (PHAs) (10) when acetate pro-
duction needs to fulfill “Ca. Methanoperedens” energy requirements. For Haloarcula
marismortui, it has been shown that the ACD enzyme is produced in the exponential
growth phase with glucose as a substrate when acetyl-CoA is in excess. Later during
the stationary phase, when glucose is limited, acetate is taken up again and activated
by ACS (37). In vitro, ACD from ANME-2d is active only in the acetate-forming direc-
tion and thus may have a role similar to that of ACD from Haloarcula marismortui,
producing acetate and ATP when acetyl-CoA is present in excess, such as during PHA
degradation.

The ACD enzyme of ANME-2d had a heterotetrameric composition, while other arch-
aeal ACDs seem to be either homodimeric, heterodimeric, or homotetrameric (Table 3).

ACS enzymes from ANME-2d and -2a interconvert acetate into acetyl-CoA and
vary regarding their V., and K,,, values. For ACS enzymes, there is still much to be
explored as only a few archaeal ACSs have been characterized so far. The kinetic parame-
ters of the ACS enzymes from ANME-2a and -2d obtained in this study were compared
to those of previously characterized enzymes (Table 4 and Table S2). The affinity of the
ACS enzymes from ANME-2a and -2d align quite well with the majority of the reported
kinetic values, although the V,,, values are in the lower range. The slow conversion of
acetate by ACS enzymes in ANMEs may indicate that anaerobic methanotrophs most
likely are not dependent on acetate as a carbon or energy source, in contrast to acetic-
lastic methanogens such as Methanothrix sp. Surprisingly, the V,, ., of ACS from ANME-2a
reported previously by Yang et al. (27) is 1 order of magnitude lower than the value
reported in our study. This may be because we determined the V,,,, at the optimum
temperature of 50°C, whereas Yang et al. measured activities at room temperature. The
ACS enzyme from ANME-2a is apparently more active in the direction of acetyl-CoA pro-
duction, with a V,,,,, that is 20 times higher in this direction than during acetate produc-
tion. The ACS enzyme of ANME-2d has comparable rates for both directions. There is
some variation in the K, and V,,,, values of the ANMEs. The K, for acetate, however, is in
the same low-nanomolar range as that of Methanothrix ACS, making it likely that ANMEs
can scavenge acetate for anabolism (Table 4).
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The subunit composition of ACS enzymes in different species is not uniform, vary-
ing from monomeric in H. marismortui and the ANMEs in this study to octameric in
Pyrobaculum aerophilum (Table 4).

The optimum temperatures of the ACS enzymes from ANME-2a and “Ca.
Methanoperedens” are much higher than the temperatures in sediments where these
microorganisms normally reside and may be a remnant of their thermophilic ancestry.

ACS enzymes from ANMEs can convert other substrates besides acetate. Some
ACS enzymes have been reported to convert a variety of substrates. We found that
ANME-2a ACS converts propionate with 33% of the activity obtained with acetate,
while butyrate and formate could not be converted, similar to ACS from Haloarcula
marismortui (19). ACS from “Ca. Methanoperedens” converts propionate with 49% of
the activity and butyrate with 9.2% of the activity obtained with acetate as the sub-
strate, and the conversion of formate was not detected. Archaeoglobus fulgidus ACS
activates acetate, propionate, butyrate, and isobutyrate (23), showing a weak (2-fold)
preference for acetate over propionate, similar to ACS from ANME-2d. The potential to
use a variety of substrates may give ANME-2d a competitive advantage in situ without
the need to express and produce a different enzyme, which gives it the option to
adapt quickly to changing environmental conditions. Microorganisms with a high sub-
strate specificity for ACS, such as Methanothrix sp., have a high affinity for acetate and
therefore might outcompete other organisms with lower substrate specificities for ace-
tate. The high substrate affinity might prevent the enzyme from having a broader sub-
strate specificity. ACS from ANME-2d has a substrate range and specificity similar to
those of A. fulgidus; however, these enzymes are phylogenetically not related. Instead,
ANME-2d ACS is more closely related to ACS from H. marismortui, with a narrow sub-
strate range. On the other hand, ACS from H. marismortui and ACS from ANME-2d
resemble each other in their monomeric protein configurations. The fact that enzymes
with similar biochemical characteristics do not cluster in phylogenetic trees empha-
sizes the need to characterize enzymes biochemically rather than inferring enzymologi-
cal properties from amino acid identity only.

“Ca. Methanoperedens” produces methane from acetate. ANMEs and methano-
gens are phylogenetically related and employ similar enzymes and pathways; however, it
is unclear whether ANMEs can perform aceticlastic methanogenesis by reversing their me-
tabolism. In the aceticlastic methanogen Methanothrix sp., an ACS enzyme converts ace-
tate into acetyl-CoA, after which the acetyl group from acetyl-CoA is transferred to H,MPT,
resulting in methyl-H,MPT (21). The methyl group is ultimately converted into methane by
methyl-coenzyme M reductase (MCR) after the transfer of the methyl group to coenzyme
M via the membrane-bound methyltransferase MTR. ANME-2d displays all of the enzymes
necessary for this pathway but lacks the membrane-bound energy-conserving modules to
oxidize the reduced ferredoxin that is produced during the oxidation of the acetyl-derived
carbonyl group. Therefore, it is questionable whether these microorganisms would be
able to conserve energy during aceticlastic growth. We reported that ANME ACS prefera-
bly converts acetate to acetyl-CoA, so this enzyme might be used for acetate activation.
We were wondering whether acetyl-CoA could be used for anabolism only or also for
methanogenesis; to investigate whether “Ca. Methanoperedens” may be capable of revers-
ing its metabolism and converting some of the acetate into methane, we incubated an
enrichment culture dominated by “Ca. Methanoperedens” (>98%) with '*C-labeled ace-
tate as a carbon source. Three micromoles of 3C-labeled methane was indeed produced
in the culture fed with 3C-labeled acetate over the course of 1 week. This corresponds to
a methane production rate of 2.1 nmol CH, g (dry weight)~! min~". This rate is about
102 times lower than the methane oxidation rate of “Ca. Methanoperedens” but 10°
times lower than the aceticlastic methanogenesis rate of Methanothrix soehngenii (meth-
ane consumption rate of 200 wmol CH, g [dry weight]~" min~') and 10* times lower
than that of Methanosarcina acetivorans (methane consumption rate of 25 umol CH, g
[dry weight]~" min~") (38). This may be explained by the fact that ANMEs possibly have
a very low or no energy gain from converting acetate into methane. In addition, acs
might have much lower expression levels in the cells than in aceticlastic methanogens
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such as Methanothrix sp., which depends on acetate as the substrate. As Methanosarcina
sp. and Methanothrix sp. were undetectable by amplicon sequencing at the end of the
incubation period, we think that “Ca. Methanoperedens” is the most likely candidate for
the methane production. The methane oxidation rate of the culture using nitrate as an
electron acceptor was 289 nmol CH, g (dry weight)~! min~—", indicating that the reversal
of metabolism was operational at only 0.7% of the capacity of the methanogenic/metha-
notrophic pathway, confirming that methanogenesis is probably not connected to
energy conservation.

The production of unlabeled methane, which was detected for the batch incuba-
tions with (40 umol in 7 days) and without (28 umol in 7 days) labeled acetate, may
originate either from the anaerobic degradation of organic matter released from lysing
cells and subsequent methane production by “Ca. Methanoperedens” or from PHA
conversion (10). Cai et al. (10) demonstrated previously that in the absence of an elec-
tron acceptor, which was the case with our incubations, intracellular PHA is converted
to acetate, which is released into the medium. “Ca. Methanoperedens” might then con-
vert acetate to methane at a low but measurable rate. We performed amplicon
sequencing targeting the 16S rRNA gene of archaea to determine if canonical metha-
nogens were present in the culture. A member of the Methanobacteriaceae family was
found but at a very low relative abundance of 0.16% of all archaea. Members of this
family are hydrogenotrophic methanogens that are not known to perform aceticlastic
methanogenesis. Hydrogenotrophic methanogens encode ACS enzymes that might be
used for assimilation (36). Methanothermobacter marburgensis has been reported to
assimilate acetate in the presence of CO, and H, with up to 65% of the cell carbon
derived from acetate (35). However, we cannot exclude that '*C-labeled acetate may
have been converted into '3C-labeled CO, by heterotrophic bacteria, after which it could
be converted into 3C-labeled methane by hydrogenotrophic methanogens. The required
cosubstrate hydrogen was not added to the culture. However, we cannot exclude that
hydrogen is produced by fermenting, H,-producing bacteria such as Ignavibacterium that
are present at low abundances in the ANME-2d enrichment culture.

Conclusion. Overall, we provide insights into the acetate and acetyl-CoA metabo-
lism of ANME-2 anaerobic methanotrophs. We found that ANME-2d ACD is active only
in the direction of acetate formation and might enable ANMEs to generate ATP from
excess acetyl-CoA while producing acetate, e.g., during the turnover of PHA. The ACS
enzymes from ANME-2a and -2d catalyze a reversible reaction but are more active in
the direction of acetate conversion. Both ACS enzymes are thus likely to be used for
the conversion of acetate to acetyl-CoA, but the use of acetate can most likely be used
only for anabolism and not for energy conservation by ANMEs. Furthermore, the batch
cultivation experiment with '3C-labeled acetate indicated that “Ca. Methanoperedens”
may be able to convert acetate into methane. The ACS enzyme and the culture showed
a low rate of acetate turnover, suggesting that in situ methane formation from acetate
by ANME-2d is not ecologically relevant and rather is a side effect of anabolic acetate
assimilation.

MATERIALS AND METHODS

Phylogenetic analysis of ACS enzymes. A multiple-sequence alignment of acetyl-CoA synthetases
was performed using MegaX and the built-in Muscle algorithm. The tree was generated with MegaX (39)
using the maximum likelihood method and the Jones-Taylor-Thornton (JTT) matrix-based model (1,000
ultrafast bootstraps). The amino acid sequences were retrieved from the NCBI. For some microorgan-
isms, sequences were not available in the NCBI database; for these microorganisms, the sequences were
retrieved from the DOE Joint Research Institute (JGI)-IMG. For the sequences obtained from the JGI, the
gene identifier is shown in the tree; these sequences were translated into amino acid sequences by
using protparam (https://web.expasy.org/protparam/).

Cloning. Analysis of the metagenome-assembled genomes (MAGs) from ANME-2a and ANME-2d
revealed the presence of putative ACS- and ACD-encoding genes (16, 27, 33, 40). The ANME-2a MAG
was obtained from enrichment cultures from the Captain Aryutinov Mud Volcano (Spain) (40), and the
ANME-2d MAG was obtained from an in-house culture seeded with Ooijpolder (Netherlands) sediments
(16, 41, 42). Two acetyl-CoA synthetase genes (acs) and one acetate ligase gene (acd) were heterolo-
gously expressed in E. coli. acs genes from ANME-2d BLZ2 (MPEBLZ_01103) (1,959 bp) and ANME-2a
(taxon identifier 2565956544; IMG/N gene identifier 2566126471) (1,965 bp) archaea were codon optimized,
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synthesized, and delivered in pUC57%®" plasmids (Baseclear, Leiden, Netherlands), with Bsal restriction en-
donuclease sites inserted at each end of the gene, enabling the cloning of the inserts into pASK-IBA3+
expression vectors (IBA GmbH, Gottingen, Germany). The recombinant plasmids pACS-ANME2a and pACS-
ANME2d were transformed into E. coli BL21 and stored as glycerol stocks at —80°C. In the case of ACD, the
genes of the two ACD subunits from ANME-2d BLZ2 (NCBI RefSeq accession numbers WP_097298476.1
and WP_097298477.1) were amplified by using DNA that was extracted from an enrichment culture domi-
nated by “Ca. Methanoperedens BLZ2" (41). The DNA fragment consisting of the B and « subunits was
amplified by using forward primer 5'-CGCATATGAATGTAATGCTGTCTTCTATATTCGAACC-3" and reverse
primer 5'-TTGCGGCCGCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCTTCTTCCACCATCGCTCTTGC-3' so
that the restriction sites (Ndel and Notl) and a C-terminal Strep-tag were added. The PCR product was puri-
fied using a QlAquick PCR purification kit (Qiagen, Hilden, Germany). The FastDigest restriction enzymes
Ndel and Notl were used according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham,
MA, USA). Ligation of the restricted PCR product into the pET30a plasmid was performed overnight at
16°C using T4 DNA ligase (Thermo Fisher Scientific, Waltham, MA, USA), resulting in plasmid pACD-
ANME2d, and the ligation product was transformed into E. coli DH5« cells. For the transformation of the
plasmid, the ligation product and DH5« cells were incubated on ice for 1 h, after which the mixture was
incubated at 42°C for 90 s and cooled on ice for 3 min. Subsequently, LB medium containing 10 g tryp-
tone, 5 g yeast extract, and 10 g NaCl per L was used to allow the cells to recover at 37°C for 1 h at
200 rpm. The transformed cells were grown on plates using the same LB medium supplemented with
kanamycin (50 mg L™"). Colonies were transferred into LB medium supplemented with kanamycin (50 mg
L™"). After incubation of the cultures overnight at 37°C, the plasmids were extracted using the GeneJET
plasmid miniprep kit (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced to verify the correctness
of the cloned DNA sequence. For heterologous expression, the produced plasmids pACD-ANME2d, pACS-
ANME2a, and pACS-ANME2d were transformed into E. coli BL21(DE3) cells as described above.

Protein production and purification. The recombinant proteins were purified by Strep-tag affinity
chromatography. Six 1-L shake flasks containing 600 mL LB medium supplemented with kanamycin
(50 mg L") were inoculated with the expression strain (E. coli BL21 with pACD-ANME2d). These cultures
were grown overnight for 17 h, after which the biomass was harvested by centrifugation for 10 min at
8,000 rpm at 4°C. For the other two expression strains, precultures supplemented with ampicillin
(100 mg L") were grown overnight; next, for each expression strain (pACS-ANME2a and pACS-
ANME2d), five 1-L shake flasks containing 600 mL LB medium supplemented with ampicillin (100 mg
L") were inoculated. The cultures were grown until an optical density at 600 nm (ODy,,) of 0.4 was
reached, and protein production was induced by the addition of anhydrotetracycline (200 ng mL™") and
incubation for another 4 h. The biomass was harvested by centrifugation for 10 min at 8,000 rpm at 4°C.
Buffer W (100 mM Tris-HCl, 150 mM NaCl [pH 8.0]) was added to the pellet, and the cells were lysed by
sonication with 1-s pulses at an amplitude of 50%, with a 5-s break and a total run time of 5 min. The
lysed cells were centrifuged for 30 to 45 min at 20,000 x g, and the supernatant was filtered using
0.2-um syringe filters (Whatman, Maidstone, UK) and used for purification with a Strep-Tactin XT
Superflow column (IBA Life Sciences, Gottingen, Germany). The Strep-Tactin column was washed with
buffer W, and the protein extract was then loaded onto the column, after which the column was again
washed with buffer W and the protein was eluted using buffer W supplemented with biotin (50 mM)
and EDTA (1 mM) in different fractions of 0.5 mL, 1.5 mL, and 1 mL. All enzymes were purified aerobi-
cally. ACS from ANME-2a was purified anaerobically once, but the enzyme did not show higher activity
for converting acetate into acetyl-CoA. SDS-polyacrylamide gel electrophoresis (PAGE) was performed
according to the method described previously by Laemmli (43), with a 15% resolving gel and a 4% stack-
ing gel. SDS (4x) loading buffer (250 mM Tris-Cl [pH 6.8], 8% SDS, 40% glycerol, 20% B-mercaptoetha-
nol, 0.02% bromophenol blue) was used to dilute the protein samples. Prior to loading, the samples
were heated at 95°C for 5 min. A total of 7.5 ug was added to each lane. The molecular masses of the
proteins were determined by comparison with a PageRuler prestained protein ladder (Thermo Fisher,
Waltham, MA, USA). The proteins were visualized by Coomassie staining. A Bradford assay (44) was used
to determine the concentration of the purified enzyme using Bio-Rad (Hercules, CA, USA) protein assay
dye. Blue native (BN) PAGE was performed according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA), using a 2 to 12% BN gradient gel (4% stacking gel) (Thermo Fisher Scientific, Waltham,
MA, USA). Ten micrograms of protein was added to each lane after the addition of glycerol (10% final con-
centration) and 1 ulL of sample additive per 10 uL (750 mM 6-aminocaproic acid, 5% Coomassie brilliant
blue G-250). The molecular masses of the proteins were determined by comparison with a NativeMark
unstained protein standard (Thermo Fisher Scientific, Waltham, MA, USA). Part of the same samples was
incubated with 4x SDS loading buffer at 96°C for 5 min to denature the proteins as a comparison. Gels
were run at 100 V. In the first stage, 1x NativePAGE cathode buffer (900 mL deionized water, 50 mL 20x
NativePAGE running buffer, and 50 mL 20x NativePAGE cathode additive) was added to the upper buffer
chamber, while 1x NativePAGE anode buffer (950 mL deionized water, 50 mL 20x NativePAGE running
buffer) was added to the lower buffer chamber. When the dye front reached the middle of the gel, the
cathode buffer was replaced by anode buffer. The proteins were visualized by Coomassie staining.

Enzymatic assays. Enzymatic assays were performed for the conversion of acetate into acetyl-CoA
and the reverse reaction. The formation of acetyl-CoA from acetate was determined using a discontinu-
ous colorimetric assay adapted from methods described previously by Jones and Lipmann and Brown et
al. (45, 46). The assay mixture for each reaction contained 50 mM Tris-HCl at various pH values, 100 mM
hydroxylamine hydrochloride (pH 7.5), 5 mM MgCl,, various concentrations of sodium acetate, 10 mM
ATP, 1 mM acetyl-CoA trilithium salt, 5 mM glutathione, and the purified enzyme in an assay mixture vol-
ume of 1 mL. For ACS from ANME-2a and ACD from ANME-2d, 50 ng enzyme was used, while for ACS
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from ANME-2d, 100 n.g enzyme was used as the enzyme activity was lower. Samples (110 ulL) were taken
at different time points, added directly to 110 uL 10% trichloroacetic acid (TCA), and incubated for
5 min, after which 110 uL 2.5% (wt/vol) FeCl, - 6H,0 was added. The absorbance was measured at
520 nm using a Cary 60 spectrophotometer (Agilent, Santa Clara, CA, USA). For ACS, the optimal temper-
ature and pH for acetyl-CoA formation were determined; these were 50°C and pH 7.5 to 8.0 for ACS from
ANME-2a and 55°C and pH 7.5 for ACS from ANME-2d (see Fig. S3 and S4 in the supplemental material).
For ANME-2d ACD, these parameters were obtained using the reverse reaction, namely, 60°C and pH 7.5
(Fig. S3 and S4). The optimal temperature and pH were used to obtain the K, and V, . values for all three
enzymes. The formation of acetate from acetyl-CoA was determined using Ellman’s thiol reagent [5'5-
dithiobis(2-nitrobenzoic acid) (DTNB)] and measured at 412-nm wavelength (g,,, = 13.6 mM~' cm™")
according to methods described previously by Brasen and Schonheit (19), with some adaptations. The
assay mixture contained 50 mM Tris-HCl, 5 mM MgCl,, 0.1 mM DTNB (2 mM stock solution dissolved in
100 mM Tris-HCl), various concentrations of acetyl-CoA, T mM ADP or AMP, 1 mM pyrophosphate (for
assays with AMP), 40 ng enzyme, and 5 mM KH,PO, (for assays with ADP and for the assay for ACS from
ANME-2a). An assay mixture volume of 400 uL was used.

Feeding an ANME-2d culture with "*C-labeled acetate. Batch incubations with acetate as a carbon
source were performed to investigate whether “Ca. Methanoperedens” is capable of aceticlastic metha-
nogenesis. A biomass from an enrichment culture originating from Ooijpolder, the Netherlands, was
used and was previously described by Ettwig et al. (42). Metagenomic sequencing reads from this bio-
reactor from April 2021 are available under NCBI BioProject accession number PRINA850006 and
BioSample accession number SAMN31357808. These data show that “Ca. Methanoperedens” was 33%
enriched. Three different conditions were tested in batch incubations with 170 mg of the biomass in a
final volume of 40 mL per experiment and in triplicate in 120-mL serum bottles closed with butyl stop-
pers and crimp sealed: (i) labeled acetate was used as a carbon source to test the aceticlastic methano-
genesis potential of “Ca. Methanoperedens,” (ii) no carbon source was added (negative control), or (iii)
methane was used as a carbon source and nitrate was used as an electron acceptor (positive control to
validate that the enrichment culture was active at the start of the experiment). The medium contained
0.07 g MgSO, - 7H,0, 0.1 g CaCl, - 2H,0, 0.05 g KH,PO,, 2.38 g HEPES, 0.0267 g NH,Cl, 10 mM sodium ac-
etate ('3C,-labeled) (only for the conditions with acetate), and 1 mM NaNO, (only for the positive con-
trol) (pH 7.30 [+0.1]) per L and was made anoxic by gassing for 10 min with argon. Samples from the
enrichment culture were handled in an anaerobic chamber to keep the cultures anoxic and washed
three times using anaerobic medium without acetate. In our laboratory, “Ca. Methanoperedens” enrich-
ment cultures are successfully maintained without the addition of reducing agents. Fifty-microliter gas
samples were taken to measure '*C-labeled methane and total methane. Labeled methane was meas-
ured using an Agilent 6890 series gas chromatograph coupled to an Agilent 5975C mass spectrometer
equipped with a Porapak Q column heated at 80°C (Agilent 5975 inert MSD). Total methane was meas-
ured using a gas chromatograph with a flame ionization detector and a Porapak Q100 column (catalog
number 5890; Hewlett Packard, Palo Alto, CA, USA). At the end of the experiment (8 days after inocula-
tion), samples were taken for DNA extraction using the PowerSoil DNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions except for an extra bead-beating step at 50 s for 10 min.
16S rRNA gene amplicon sequencing was performed by Macrogen (Amsterdam, Netherlands) using the
lllumina MiSeq next-generation sequencing platform. Paired-end libraries were constructed using the
Illumina (Eindhoven, Netherlands) Herculase Il fusion DNA polymerase Nextera XT index kit V2. General
primers Arch349F (5'-GYGCASCAGKCGMGAAW-3') and Arch806R (5'-GGACTACVSGGGTATCTAAT-3') were
used to target the archaeal 16S rRNA gene (47).

Data availability. The raw reads obtained from 16S rRNA amplicon sequencing were deposited in
the NCBI database under BioProject accession number PRINA924223.
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