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The microbial production of methane from organic matter is an
essential process in the global carbon cycle and an important source of
renewable energy. It involves the syntrophic interaction between
methanogenic archaea and bacteria that convert primary fermenta-
tion products such as fatty acids to the methanogenic substrates
acetate, H,, CO,, or formate. While the concept of syntrophic methane
formation was developed half a century ago, the highly endergonic
reduction of CO, to methane by electrons derived from p-oxidation of
saturated fatty acids has remained hypothetical. Here, we studied
a previously noncharacterized membrane-bound oxidoreductase
(EMO) from Syntrophus aciditrophicus containing two heme b cofac-
tors and 8-methylmenaquinone as key redox components of the re-
dox loop-driven reduction of CO, by acyl-coenzyme A (CoA). Using
solubilized EMO and proteoliposomes, we reconstituted the entire
electron transfer chain from acyl-CoA to CO, and identified the trans-
fer from a high- to a low-potential heme b with perfectly adjusted
midpoint potentials as key steps in syntrophic fatty acid oxidation.
The results close our gap of knowledge in the conversion of bio-
mass into methane and identify EMOs as key players of
p-oxidation in (methyl)menaquinone-containing organisms.

syntrophy | microbial methane formation | diheme oxidoreductase |
methylmenaquinone | redox loop

he microbial conversion of natural polymers into methane

plays an important role in the global carbon cycle and accounts
for more than one-half of all methane produced on Earth per year
(1, 2). Methane is formed in anoxic environments, including marine
and freshwater sediments, but also in biogas reactors of wastewater
treatment plants and other engineered systems. A complex syn-
trophic association between fermenting bacteria and methanogenic
archaea is involved in the degradation of biomass to CH4 and CO,.
Primary fermenting bacteria hydrolyze complex polymers into
monomers and degrade them mainly into short chain fatty acids
(scFA) and alcohols. Secondary fermenting bacteria then oxidize
these products to the methanogenic substrates acetate, H,, CO,,
and formate that are finally converted into methane by hydro-
genotrophic or acetotrophic archaea (Fig. 14) (3). The reduction
of CO, to CH,4 depends on interspecies electron transfer from
secondary fermenting bacteria to methanogenic archaea usually via
the diffusible low-potential carriers formate and/or H, (3-5) or, as
recently proposed, directly via nanowires (6).

The oxidation of scFA to acetate coupled to the reduction of
H* or CO, is endergonic under standard conditions (+48 kJ/mol
butyrate) but becomes clearly exergonic at an H, partial pressure
below 10 Pa (3, 7). On the other side, the H, threshold partial
pressure of hydrogenotrophic methanogenesis is around 8 Pa
corresponding to E'(2H*/Hy) ~ —290 mV or around 10 uM for-
mate, resulting in similar values for the CO,/formate redox couple
(2). The syntrophic oxidation of the scFA model compound bu-
tyrate to acetate is accomplished by gram-positive Firmicutes
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(model organism Syntrophomonas wolfei) or gram-negative
Deltaproteobacteria (model organism Syntrophus aciditrophicus)
(3, 4, 7). It proceeds via two unequal p-oxidation steps (SI Ap-
pendix, Fig. 1) (8, 9): 1) Butyryl-CoA is oxidized to crotonyl-CoA
by an acyl-CoA dehydrogenase (DH) (E* ~ —10 mV) (10) with an
electron-transferring flavoprotein (ETF) serving as electron ac-
ceptor, and 2) the 3-hydroxybutyryl-CoA formed by crotonase is
subsequently oxidized to acetoacetyl-CoA by 3-hydroxybutyryl-CoA
DH (AE” = -250 mV) (11) using NAD" as acceptor. The re-
duction of H" or CO, by the NADH formed is feasible under
syntrophic conditions, whereas butyryl-CoA oxidation coupled to
H* or CO, reduction has to overcome a gap of AE ~ —280 mV,
giving AG” ~ +54 kJ - mol™" (3-5). Considering that only one ATP
is gained via substrate-level phosphorylation, the energy metabo-
lism of syntrophic butyrate oxidation has remained enigmatic.
Omics-based studies have led to the proposal of models for
energy coupling processes during syntrophic scFA oxidation
(12-16). The redox loop model is based on the identification of a
putative membrane-bound gene product (DUF224) (14-16). It
proposes that electrons are transferred from acyl-CoA via ETF,
DUF224, and menaquinone (MK) to a membrane-bound formate
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Fig. 1. Syntrophic degradation of organic matter to methane. (A) Major metabolic processes involving primary fermenters, secondary fermenters, and
methanogenic archaea (for simpler presentation, acetogenic conversion of monomers is not depicted here). (B) Model for syntrophic p-oxidation of butyrate
to two acetates coupled to the reduction of protons or CO,. The enzyme mediating electron transfer from reduced ETF to FDH has not been studied before
and was assigned to noncharacterized DUF224 based on omics-based predictions.

dehydrogenase (FDH) or hydrogenase driven by the translocation
of protons to the cytoplasm, resulting in two energetically unequal
half reactions:

Acyl-CoA + MK - Enoyl-CoA + MKH, AG”
= +12.5kI mol”’

CO, + MKH, — Formate + H* + MK AG’ = +41.5kJ mol ™.

In agreement, a protonophore inhibited formation of H, from
butyrate in whole-cell suspension of S. wolfei (17), and MK was
reported in S. wolfei and S. aciditrophicus (12, 17). In an alterna-
tive model, an electron-confurcating ETF couples endergonic re-
duction of NAD* by ETF,q to the exergonic reduction of NAD*

Table 1. Specific electron transfer activities in S. aciditrophicus

by reduced ferredoxin (Fd,eq ) (18). The NADH formed then may
serve as an electron donor for a cytoplasmic FDH. Biochemical
evidence for either of the two models is lacking.

Here, we study the missing membrane components that link fatty
acid oxidation to CO, reduction during syntrophic methane pro-
duction. We provide biochemical evidence that a membrane-bound
diheme oxidoreductase and a modified methylmenaquinone with
perfectly adjusted redox potentials are the key players of this process.
We further propose that related enzymes play a previously over-
looked role in the lipid catabolism of the majority of microorganisms.

Results and Discussion

The Acyl-CoA DH/ETF System of S. aciditrophicus Supports a Redox
Loop Model. To shed light on the hypothetical processes involved
in syntrophic fatty acid oxidation, we opted for cyclohexane
carboxylate degradation in S. aciditrophicus as a model system

Donor — acceptor Preparation Specific activity (nmol - min™" - mg™)

Direction: acyl-CoA — CO,
CHCoA — ETF CHCoA DH, ETF 200*
CHCoA — EMO (high-potential heme b) CHCoA DH, ETF, solubilized EMO 32 + 8*
EMO (low-potential heme b) - TMN CHCoA DH, ETF, solubilized EMO 84 + 10t
CHCoA — EMO (high-potential heme b) CHCoA DH, ETF, EMO proteoliposomes 5.5 + 1.0*
B-hydroxybutyryl-CoA — NAD* Soluble cell extract 730 + 50*
NADH — CO, Soluble cell extract 23+ 6°

Direction: formate/H, — enoyl-CoA
Formate — DMN Membrane protein fraction 4,200 + 400*
Formate — DMN Solubilized mFDH 8,000 + 2,000%
Formate — ETF Membrane protein fraction, ETF 16 + 6%
Formate — CHeneCoA Membrane protein fraction, ETF, CHCoA DH 3.5 + 1.5¢
H, — DMN Membrane protein fraction <1
TMNH, — ETF Solubilized EMO 260 + 160t
Formate — NAD* Soluble protein fraction 251 + 36*
H, - NAD* Soluble protein fraction 290 + 130*
Activities are presented as mean value + SD from at least three biological replicates.

*CHCoA DH.

'EMO.

*Total protein.

SmFDH.

20f6 | PNAS Agne et al.

https://doi.org/10.1073/pnas.2111682118

The missing enzymatic link in syntrophic methane formation from fatty acids


https://doi.org/10.1073/pnas.2111682118

MMK;
0.08 0
5 03 %m0
<L
5 =
< 0.06- é 0.2
£ &
0.1 M5
& -
S 0.04- < 00
= 250 300 350 400
> MMK, Wavelength [nm]
2 0.02-
s %
8
0.00 - T : : - - !

0 5 10 15 20 25 30
Retention time [min]

D 100 0.22V -0.081 V
80 -

g 60-

2

=

w

2 404
20+

0
-0.30

T T T
-0.15 -0.10 -0.05

Redox potential [V]

T T
-0.25 -0.20

0.00

0.05

@]
»
P
&
=

— oxidized
0.4+
N — +dithionite
116 -==
66w W <« 5 03
=
45 4. s
8 0.24
35- - °
<
560 580
25- - 0.1 —
18- =
D'o L] ] L] L] 1
14- @ 350 400 450 500 550 600
Wavelength [nm]
E ETF &
0.2- CHDH CHCoA dithionite - 0.04

= 0.03

- 0.02

Absorptiongs.47nm [AU]
[ny] “M08s 095y 0)3daosqy

= 0.01

Time [min]

Fig. 2. Analysis of the quinone and EMO from S. aciditrophicus. (A) Ultra-performance liquid chromatography analysis of quinones with identical UV/vis spectra
as 8-MKK (Inset). (B) Sodium dodecyl sulfate polyacrylamide gel electrophoresis of enrichment of EMO (the minor band below is most probably an EMO pro-
teolysis product). M, mass standard; SE, size exclusion chromatography. (C) UV/vis spectra of solubilized EMO in the oxidized (as isolated) and dithionite-reduced
form. (D) Redox titration of the heme b cofactors in the presence of redox dyes. Data points are fitted to two Nernst curves with n = 1 and midpoint potentials as
indicated. (E) Reduction of solubilized EMO by CHCoA in the presence of ETF and CHCoA DH. Excess CHCoA reduced approximately one heme b equivalent. Light
brown circles represent data points of differences in absorption 413 nm minus 427 nm and khaki diamonds of difference absorption 560 nm minus 580 nm.

because this bacterium uses the same enzyme inventory during
growth under syntrophic or axenic conditions without substrate-
specific gene regulation (12, 19, 20). The p-oxidation of the
cyclohexane-carboxyl-CoA (CHCoA) intermediate is initiated
by the dehydrogenation to cyclohex-1-ene-1-carboxyl-CoA
(CHeneCoA) catalyzed by CHCoA DH (21) (SI Appendix, Fig.
S1). We determined a midpoint potential of —89 mV of this re-
action by titration in the presence of CHCoA DH and redox dyes
(SI Appendix, Fig. S2).

The genome of S. aciditrophicus contains a single copy of etfAB
genes (SYN_02636-7), and we enriched the corresponding ETF
complex from wild-type cells (SI Appendix, Fig. S34). It con-
tained 0.95 + 0.19 flavin adenine dinucleotide (FAD) and 1.1 +
0.2 AMP per EtfAB heterodimer as determined by ultra-
performance liquid chromatography. The oxidation of reduced
ETF by CHeneCoA/CHCoA DH proceeded via the red semi-
quinone (SI Appendix, Fig. S3C) (Table 1). The presence of only
one FAD, the only marginal NADH:iodonitrotetrazoliumchlorid
oxidoreductase activity (<0.5 nmol - min™" - mg™"), and the one-
electron reduction to the red semiquinone state are all typical
properties of a nonelectron-bifurcating ETF (22). These results
exclude the possibility that an electron-confurcating ETF drives
the endergonic reduction of NAD™* by acyl-CoA to the exergonic
reduction of NAD™ by Fd,.q". Instead, they support a redox loop

Agne et al.
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model involving a transmembrane electrochemical potential,
generated by proton pumping ATP synthase or pyrophosphatase.
To test the prerequisites for such a scenario, inner membrane
vesicles of S. aciditrophicus cells were prepared for analyzing ApH
by the pH-sensitive permeable dye 9-amino-6-chloro-2-methoxy
acridine. Indeed, the ATP- or, to a minor extent, PP;-dependent
formation of a ApH was observed, whereas quenching was negli-
gible in the presence of ApH-uncoupling agents like nigericin
(SI Appendix, Fig. S4).

Membrane-Bound and Cytoplasmic FDHs and Hydrogenases of S.
aciditrophicus. S. aciditrophicus may use formate and/or hydrogen
as an interspecies electron carrier during the syntrophic conver-
sion of fatty acids to methane (4). The genome contains genes
encoding two versions of putative three-subunit, membrane-bound,
molybdopterin-cofactor, and selenocysteine-containing FDH
(SYN_00602-5 and SYN_00632-5, 63% sequence identity of cat-
alytic a-subunits). Both contain a twin arginine translocation
transport signal sequence in the a-subunit and four transmembrane
helices in the y-subunit. In contrast, no genes encoding membrane-
bound NiFe-hydrogenases are found, whereas genes putatively
encoding soluble, NADH-dependent versions of hydrogenases and
FDHs exist (7). These findings suggest that CO, serves as an ex-
clusive acceptor in the predicted redox loop-mediated oxidation of

PNAS | 30of6
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[CoA]

Model of syntrophic scFA oxidation coupled to CO, reduction in S. aciditrophicus. The model scFA butyrate is oxidized to two acetates coupled to the

reduction of two CO, to formate. Alternatively, the NADH formed by 3-hydroxybutyryl-CoA DH is regenerated by a soluble hydrogenase, and the H, formed
diffuses across the membrane without the involvement of a transporter. Protons that contribute to proton motive force (pmf) generation are shown in green; those
that diminish pmf are shown in red. Note that transport of protons during uptake and excretion is based on assumptions and has not been studied in this work.

acyl-CoA/ETF. However, this suggestion is in contrast to previous
results where membrane-bound hydrogenase activities have been
reported in S. aciditrophicus grown axenically and syntrophically
(4). We therefore reinvestigated FDH and hydrogenase activi-
ties in the membrane fraction after two washing steps and in the
soluble fractions using various electron acceptors. With the MK
analog dimethylnaphthoquinone (DMN), we identified FDH but
no hydrogenase activity in washed membrane preparations
(Table 1). We solubilized and enriched membrane-bound FDHs
(mFDHSs) (SI Appendix, Fig. S3B) with a high specific activity of
8 + 2 pmol - min~' - mg™!, which is close to values reported for
purified Escherichia coli FDH-N with ubiquinone as acceptor
(12.2 pmol - min™' - mg™) (23). With NAD™ as acceptor, both
hydrogenase and FDH activities were measured in the soluble
fraction (Table 1). Soluble FDH also acted as CO, reductase,
thereby regenerating the NADH formed by p-hydroxybutyryl-CoA
DH (Table 1 and Fig. 1).

In Vitro Electron Transfer from Formate to ETF and Enoyl-CoA. To
demonstrate the electronic connection of CHCoA DH to
mFDH, we followed the formate-dependent reduction of ETF
to the red semiquinone in the presence of washed membrane
fraction by ultraviolet-visible (UV/vis) spectroscopy (Table 1).
When CHCoA DH was added to this assay, we observed the
formate-dependent reduction of CHeneCoA to CHCoA (S
Appendix, Fig. S3D). The activity was diminished by 60% in the
presence of 60 pM of the quinone antagonist 2-n-heptyl-
4-hydroxyquinoline-N-oxide (24), supporting the assumption that
a quinone is involved in the electron transport between the redox
couples enoyl-CoA/acyl-CoA and CO,/formate.

Methylmenaquinone Is the Only Quinone in S. aciditrophicus
Synthesized from MK by a Radical S-Adenosyl Methionine (SAM)
Methyltransferase. To identify the quinone involved in the sug-
gested redox loop, we analyzed S. aciditrophicus membranes and
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identified species with UV/vis absorbance maxima at 345 nm
characteristic for 8-methylmenaquinone (8-MMK) (25, 26) (Fig.
24). MS analyses identified 8-MMK; (with seven isoprenoid
units) as the dominating form (S Appendix, Fig. S5), whereas no
MK was found. The formation of the low-potential 8-MMK
(E” = 156 mV) from MK is catalyzed by a class C radical SAM
methyltransferase designated MenK or MqnK (26). We identified
a corresponding gene in S. aciditrophicus (SYN_01802), which was
expressed in E. coli BL21(D3). The quinone profile of these cells
showed an additional quinone that was identified as 8-MMKsg,
supporting the function of SYN_01802 as 8-MMK-forming
methyltransferase (SI Appendix, Fig. S6).

The Membrane-Bound Diheme ETF:8-MMK Oxidoreductase Links Fatty
Acid p-Oxidation to the 8-MMK Pool. To unravel the function of
DUF224, we solubilized and highly enriched a monomeric
75-kDa protein in the presence of detergents (Fig. 2B) that was
identified as SYN_02638 by mass spectrometric analysis of
tryptic peptides. The preparation showed a UV/vis spectrum
typical for oxidized heme b (Fig. 2C). Metal cofactor analyses
determined a 1.7-mol heme b and 12.4 + 0.7 mol nonheme
iron per mol protein, indicating the presence of two heme b and
three [4Fe-4S] cofactors. Redox titration monitored by UV/vis
spectroscopy resulted in a data set that readily fitted to two distinct
Nernst curves (n = 1) with E” values of —81 and —220 mV. They
are assigned to the one-electron redox transitions of a high- and a
low-potential heme b (Fig. 2D). Solubilized SYN_02638 catalyzed
the electron transfer from the soluble MMK analog 2,3,6-trime-
thylnaphthoquinol (TMNH,) to ETF (Table 1); we therefore refer
to it as ETF:MMK oxidoreductase (EMO). In the presence of
CHCoA DH and ETF, maximally half of the EMO heme b co-
factors were reduced (Fig. 2E and Table 1). This finding fits to the
redox potential of the CHeneCoA/CHCoA couple, which is suf-
ficiently negative to reduce the high- but not the low-potential
heme b. In the physiologically relevant forward direction, 50%
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Fig. 4. Phylogenetic analysis of emo genes in prokaryotes. EMO from S. aciditrophicus served as query sequence during BLASTp analysis. The presence of
conserved His ligands of heme b and the genomic context with regard to etf and p-oxidation genes are indicated. Syntrophic bacteria are highlighted by bold
typeface. The numbers refer to bootstrap values; the scale bar indicates the number of substitution per site. Red crosses mark selected pathogenic bacteria.

of heme b cofactors of dithionite-reduced EMO were oxidized by
equimolar 2,3,6-trimethylnaphthoquinone (TMN), suggesting that
TMN accepts electrons only from the reduced low- but not from
the reduced high-potential heme b. These results provide evidence
that EMO is competent for electron transfer to/from 8-MMK/8-
MMKH, (low-potential heme b) and to/from ETFyeq (high-
potential heme b). To study EMO function in a detergent-free
environment, we prepared EMO-containing liposomes. Indeed, such
liposomes catalyzed the CHCoA, CHCoA DH-, and ETF-dependent
reduction of the high-potential heme b (SI Appendix, Fig. S7).

Bioinformatics analyses revealed a two-domain structure of
EMO: 1) an N-terminal cytochrome b membrane domain be-
longing to the nitrate reductase y-subunit (Narl) family with five
transmembrane helices and 2) a C-terminal GlpC (anaerobic
glycerol-3-phosphate DH subunit C) family domain with two
typical Fd-like [4Fe-4S] cluster motifs and a cysteine-rich motif
binding a further FeS cluster (SI Appendix, Fig. S84). Using
E. coli Narl as a template, we created a homology structure
model of the membrane domain (SI Appendix, Fig. S94) con-
taining proximal and distal heme b binding sites. The latter site
lacks one of the histidine ligands found in diheme-containing
enzymes (27), and we propose that the resulting cavity serves
as an 8-MMK binding site near the periplasm (SI Appendix, Fig.
9B). Intriguingly, EMO and mFDH (modeled accordingly) show
complementary surface charges that suggest a possible interac-
tion between EMO and mFDH (SI Appendix, Fig. 9C).

Biochemical Evidence-Based Model for Syntrophic CO, Reduction
Coupled to Fatty Acid Oxidation. The identification of EMO as a
key component in the endergonic electron transfer from acyl-CoA
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to CO; closes the gap of knowledge in the conversion of biomass
into methane. The syntrophic conversion of fatty acids to meth-
anogenic substrates is often referred to as “life at thermodynamic
equilibrium,” and syntrophic cultures have been frequently used to
define the minimal free energy increment to sustain life (12, 28).
In this context, the redox properties of EMO and the membranous
electron carrier MMK act as a perfectly fine-tuned redox system.
First, the replacement of MK by MMK divides the redox gap
between acyl-CoA and CO; into two energetically equal two-
electron transfer reactions (~27 kJ - mol™"). Second, AE be-
tween the high- and low-potential heme b differ by 140 mV,
perfectly fitting to the anticipated membrane potential.

The functional characterization of EMO now provides a solid
basis for a model of syntrophic CO, reduction coupled to scFA
oxidation (Fig. 3). Endergonic electron transfer from acyl-CoA
to CO; results in the net translocation of 4 H* into the cyto-
plasm. Though transport was not studied here, we assume that
the uptake of scFA growth substrates and export of the acetate
end product will cotransport protons, respectively. Consumption
of external acetate by methanogenic partners might facilitate
diffusion-driven acetate export. The intracellularly formed for-
mate is likely cotransported with a proton by a FocA-like for-
mate channel (SYN_1200) (29). It is interesting to note that the
SYN_1200 gene product shows high amino acid sequence iden-
tities (>80%) to FocA-like proteins from other syntrophs but
also to those from methanogens (here referred to as FdhC) (30).
Only one of the two acetyl-CoAs is available for ATP generation.
The FyF;-ATP synthase from S. aciditrophicus may translocate
three to four H* per ATP across the cytoplasmic membrane.
Consequently, the entire system allows for the net translocation
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of one to two H* to the periplasm per butyrate oxidized. Assuming
AG ~=20 kJ - mol™" per proton translocated, this value fits well to
the theoretically calculated AG of —22 kJ - mol™ for the conversion
of butyrate to two acetates under syntrophic conditions (3).

EMO Is a Key Enzyme in (M)MK-Containing Prokaryotes Competent
for p-Oxidation of Lipids. Endergonic electron transfer from acyl-
CoA to (M)MK pools is a thermodynamic problem for all (M)
MK-containing organisms growing with lipids. As the majority of
prokaryotes contain (M)MK (31), we analyzed the occurrence of
EMO-like proteins with the following criteria for reliable BLASTp
(basic logical alignment search tool for proteins) application: 1) an
E-value below 3¢, 2) the presence of a Narl-like domain with
five transmembrane helices and at least two conserved histidines
involved in heme b binding, and 3) the presence of a GlpC-like
domain. The analysis revealed that emo-like genes are highly
abundant in the majority of bacterial and archaeal lineages (Fig. 4)
and are often located in close vicinity to effAB and genes encoding
f-oxidation enzymes, supporting the general role of EMO in lipid
catabolism. Mycobacterium tuberculosis, the causative agent of
tuberculosis, contains MK as only quinone (32), and a single
version of a putative emo gene was identified in the genome
(Rv0338c, E-value 2¢™'°'; SI Appendix, Fig. S8B). It is well
established that the persistence of M. tuberculosis depends on
host-derived fatty acids and cholesterol (33). Consequently, a
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wealth of studies have been carried out to identify inhibitors of
lipid degradation (34) and MK biosynthesis (35) in M. tuberculosis.
In light of this, we propose that the single copy of emo in M. tu-
berculosis is essential for pathogenicity, and its product serves as a
previously overseen potential target for antimycobacterial drug
development.

Materials and Methods

Detailed information on sources and detailed protocols for experimental
procedures can be found in the S/ Appendix. These include media and
conditions for small- and large-scale cultivation of cells as well as the het-
erologous expression of genes and the enrichment of the gene products by
chromatographic methods. Furthermore, it contains detailed descriptions of
activity assays, quinone- and flavin-cofactor analyses, redox potential deter-
minations, proton motif force determinations, and proteoliposome assays. The
devices, programs, and protocols used for liquid chromatography-mass spec-
trometry analyses of proteins and quinone cofactors as well as for bio-
informatics analyses are described.

Data Availability. All study data are included in the article and/or S/ Appendix.
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