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Abstract

A heterodisulfide reductase-like complex (sHdr) and novel lipoate-binding pro-
teins (LbpAs) are central players of a wide-spread pathway of dissimilatory sul-
fur oxidation. Bioinformatic analysis demonstrate that the cytoplasmic sHdr—
LbpA systems are always accompanied by sets of sulfur transferases (DsrE pro-
teins, TusA, and rhodaneses). The exact composition of these sets may vary
depending on the organism and sHdr system type. To enable generalizations,
we studied model sulfur oxidizers from distant bacterial phyla, that is, Aquifi-
cota and Pseudomonadota. DsrE3C of the chemoorganotrophic Alphaproteo-
and DsrE3B from the
Gammaproteobacteria Thioalkalivibrio sp. K90mix, an obligate chemolitho-

bacterium  Hyphomicrobium  denitrificans

troph, and Thiorhodospira sibirica, an obligate photolithotroph, are homotri-
mers that donate sulfur to TusA. Additionally, the hyphomicrobial rhodanese-
like protein Rhd442 exchanges sulfur with both TusA and DsrE3C. The latter
is essential for sulfur oxidation in Hm. denitrificans. TusA from Aquifex aeoli-
cus (AqTusA) interacts physiologically with AqDsrE, AqLbpA, and AqsHdr
proteins. This is particularly significant as it establishes a direct link between
sulfur transferases and the sHdr-LbpA complex that oxidizes sulfane sulfur to
sulfite. In vivo, it is unlikely that there is a strict unidirectional transfer
between the sulfur-binding enzymes studied. Rather, the sulfur transferases
form a network, each with a pool of bound sulfur. Sulfur flux can then be
shifted in one direction or the other depending on metabolic requirements. A
single pair of sulfur-binding proteins with a preferred transfer direction, such
as a DsrE3-type protein towards TusA, may be sufficient to push sulfur into
the sink where it is further metabolized or needed.
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1 | INTRODUCTION

In the cytoplasm of prokaryotes, as in most (if not all)
other biological contexts, reduced sulfur is normally
handled in a protein-bound state due to its reactivity
(Dahl, 2015; Gojon, 2020; Kessler, 2006; Mueller, 2006;
Tanabe et al., 2019). Often, multiple sulfur transferases
form a network to direct the sulfur to the correct meta-
bolic pipeline or its target molecule. In these networks,
individual sulfur-trafficking proteins may provide sulfur
to multiple target reactions/proteins. Such networks are
not only important for the biosynthesis of sulfur-
containing cellular components but also essential in
many bacteria and archaea, which carry out dissimila-
tory sulfur oxidation with energy conservation via respi-
ratory or photosynthetic electron transport (Dahl, 2017;
Dahl, 2020). Here, the enzymatic production of persul-
fide sulfur, the successive transfer of sulfur as a persul-
fide between multiple proteins, and the oxidation of
sulfane sulfur in protein-bound form are all crucial
steps. Rhodaneses, TusA, and DsrE-like sulfur transfer-
ases are central and common elements in these pro-
cesses. They have an established role in the rDsr
pathway of sulfur oxidation where they work together to
transfer sulfur as a cysteine persulfide to DsrC, which
ultimately presents the sulfur to the oxidizing enzymatic
unit, dissimilatory sulfite reductase, DsrAB (Dahl, 2020;
Stockdreher et al., 2012, 2014). In the model organism
Allochromatium vinosum, sulfur atoms are successively
transferred from the rhodanese Rhd 2599 to TusA
(Stockdreher et al., 2014), then to a conserved cysteine
residue of DsrE, the active site subunit of the hetero-
hexameric DsrE,F,H, complex (Dahl et al., 2008), and
from there to DsrC (Stockdreher et al., 2012). The func-
tion of the AvDsrE2A protein, another sulfur transferase
involved in this enzymatic relay, remains unclear
(Stockdreher et al., 2014).

Recently, the sulfur-oxidizing heterodisulfide
reductase-like sHdr complex and novel lipoate-binding
proteins (LbpAs) have been identified as central players
of an additional widespread sulfur oxidation pathway
(Cao et al., 2018; Koch & Dahl, 2018; Tanabe et al., 2023).
The sHdr-LbpA system exists in a significant group of
organisms that comprise the volatile organic sulfur com-
pound degrader Hyphomicrobium denitrificans, along
with many chemo- and photolithoautotrophic bacteria
and archaea, that include several environmentally rele-
vant sulfur oxidizers, such as Acidithiobacillus sp.,
Thioalkalivibrio or Sulfobacillus species, and the hyper-
thermophile Aquifex aeolicus. Two types of shdr gene
clusters can be differentiated (Figure 1): Type I with an
shdrC1BIAHC2B2 arrangement and type II with an

shdrC1B1AHB3-etfAB-emo arrangement (Cao et al., 2018;
Justice et al., 2014; Kiimpel et al., 2024). Based on the
copurification of sHdrA, B1, B2, C1, and C2 from Agq. aeo-
licus (Boughanemi et al., 2016), the crystal structure of
the sHdrA homodimer from Hm. denitrificans (Ernst
et al., 2021), and the heterohexameric HdrA,B,C, struc-
ture of the heterodisulfide reductase from methanogenic
archaea (Wagner et al., 2017), a sHdrAA'C1B1C2B2 stoi-
chiometry was predicted for the type I sHdr complex
from sulfur oxidizers (Ernst et al., 2021). Type II sHdr
complexes are proposed to have a similar composition
with sHdrC2B2 being replaced by sHdrB3, which is
essentially a fusion of the former two subunits (Kiimpel
et al., 2024). While the importance of the type I system
for sulfur dissimilation has been proven (Cao et al., 2018;
Koch & Dahl, 2018; Tanabe et al., 2023), less is known
for type II, although prokaryotes encoding the type II sys-
tem are known sulfur oxidizers (Justice et al., 2014). Irre-
spective of the type of gene cluster, the shdr-lbpA genes
are conspicuously often associated with genes for acces-
sory sulfur transferases similar to but not identical with
those that fuel the rDsr pathway (Figure 1) (Cao
et al., 2018; Koch & Dahl, 2018).

Biochemical information regarding sulfur transfer-
ases associated with sHdr is extremely limited. The only
sHdr-associated sulfur transferases studied thus far
come from the archaeon Metallosphaera cuprina. Its
DsrE3A protein has been biochemically characterized as
a thiosulfonate transferase (Liu et al., 2014). Bound thio-
sulfate is transferred from DsrE3A to TusA but not vice
versa (Liu et al., 2014) implying that DsrE3A functions
as a thiosulfate donor to TusA in vivo. The DsrE2A-type
sulfur transferases, which are encoded in certain shdr
gene clusters (Figure 1), have been proposed as potential
membrane anchors for the sHdr-like complex
(Boughanemi et al., 2016).

Here we set out to shed more light on sulfur transfer
to the sHdr system. Initially, we analyze the potential
correlation between the prevalence of shdr and sulfur
transferase genes. To enable generalizations, we concen-
trate on the type I sHdr system in bacteria and our model
organisms stem from two distant phyla: the Aquificota
(Aquifex aeolicus) and the Pseudomonadota, which are
represented by sulfur oxidizers from two different classes,
the Alphaproteobacteria (Hyphomicrobium denitrificans)
and the Gammaproteobacteria (Thiorhodospira sibirica
and Thioalkalivibrio sp. K90mix). From these organisms,
we investigate the proteins Rhd442, TusA, DsrE3B, and
DsrE3C to determine whether and how they mobilize
and transfer sulfur. In the genetically accessible Hm.
denitrificans, we gather information on the importance of
DsrE3C in vivo.
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FIGURE 1 Representative shdr gene clusters in sulfur oxidizers. The KEGG/NCBI locus tag identifiers for the first and last genes are shown
below each cluster. For Ts. sibirica, locus tags are given according to JGI IMG. Genes for TusA, DsrE2, DsrE3A, DsrE3B, and DsrE3C are indicated in
dark blue, light blue, yellow, orange, and dark red, respectively. Genes for probable components of the sulfur-oxidizing heterodisulfide reductase-like
(sHdr) complex are shaded in gray. EMO, ETF:(methyl)menaquinone oxidoreductase; Etf, electron transfer protein. EtfAB and EMO have been
proposed to direct electrons stemming from sulfane sulfur oxidation to menaquinone (Kiimpel et al., 2024). LbpA, lipoate-binding protein; SLpl(AB),
lipoate: protein ligase; LipS1/S2, lipoyl synthase; LipT, FAD-binding NAD(P)H-dependent oxidoreductase possibly delivering electrons for the LipS1/
S2-catalyzed sulfur insertion step (Kiimpel et al., 2024; Tanabe et al., 2023); Rhd, rhodanese; SbdP, sulfur-binding-donating protein.

2 | RESULTS categories (Cao et al., 2018; Justice et al., 2014; Kiimpel
et al., 2024) (Figures 1 and 2). The type I and type II sHdr
2.1 | Distribution of the sHdr system systems share several core proteins, namely the

Fe/S-flavoprotein sHdrA, the electron carrier protein

Clusters of genes encoding the sHdr pathway for sulfane = sHdArC1, that binds two cubane [4Fe-4S] clusters and the
sulfur oxidation in the cytoplasm fall into two distinct proposed catalytic subunit sHdrBl1 that probably
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Taxonomic distribution of type I or type II sHdr systems in sulfur-oxidizing prokaryotes. The distribution of TusA, Rhd442,

and DsrE-type sulfur transferases is also visualized. The data underlying the figure is provided in Table S1.

coordinates two noncubane Fe/S clusters (Ernst
et al., 2021). sHdrC2 is another ferredoxin-like electron
carrier. sHdrB2 has the potential to bind two classical
noncubane Fe/S clusters and probably acts as a disulfide
reductase (Ernst et al.,, 2021). Organisms with type II
sHdr systems encode a protein that we term sHdrB3. This
is a fusion of sHdrC2 and sHdrB2, albeit it can bind only
one noncubane Fe/S cluster (Kiimpel et al., 2024). Elec-
tron transfer protein EtfAB and ETF:(methyl)menaqui-
none oxidoreductase EMO are encoded within type II
shdr clusters and have been proposed to direct electrons
stemming from sulfane sulfur oxidation to menaquinone
(Kiimpel et al., 2024).

Of the entire GTDB representative genome collec-
tion (release R207), 397 assemblies from 20 phyla con-
tain core shdr genes. For 353 of these assemblies, the
concatenated sequences for 16 ribosomal proteins could
be used as phylogenetic markers to compute a species
tree (Hug et al., 2013; Jaffe et al., 2020), that served as
the basis for mapping the distribution of type I and II

sHdr systems using HMSS2 (Tanabe & Dahl, 2023)
(Figure 2, Table S1). Among the Bacteria, the Pseudo-
monadota, the Aquificota, and the phylum SZUA-79
have exclusively the type I system. Among the Archaea,
the type I shdr gene set occurs in the Thermoproteota, a
phylum harboring well-established sulfur oxidizers like
Sulfolobus sp. and Acidianus sp. The type II sHdr system
is found in 130 assemblies from one archaeal and 12 bac-
terial phyla. The majority of the respective bacterial
assemblies belong to the Chloroflexota, Actinobacter-
iota, and Bacillota. In some bacterial phyla, there are
species that have either type I or type II sHdr systems
(e.g., Marinisomatota or Chloroflexota). All sHdr-
containing members of the Bacillota contain the type II
system. In addition, four Sulfobacillus species, which are
well-established sulfur oxidizers (Justice et al., 2014,
Norris et al.,, 1996; Watanabe et al, 2019; Zhang
et al., 2017), and one further member of the order Sulfo-
bacillales bear the genetic capacity for both sHdr sys-
tems (Figure 2, Table S1).
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2.2 | Distribution of sHdr-associated
sulfur transferases

Here, we intended to further illuminate the general asso-
ciation of shdr gene clusters with genes for different sul-
fur transferases (Cao et al., 2018; Dahl, 2015; Kiimpel
et al., 2024; Liu et al., 2014) (TusA, DsrE-type sulfur
transferases, rhodanese Rhd442). In order to do so, we
first needed to clearly describe and validate the various
classes of proteins using sequence similarity networks
(SSN). Clusters in SSNs reflect phylogenetic clades
(Atkinson et al., 2009).

TusA family proteins are a central hub in sulfur
transfer during various anabolic and catabolic processes
(Tanabe et al.,, 2019). In Escherichia coli, the three
homologous TusA-family proteins, TusA, YedF, and
YeeD have distinct functions and cannot substitute for
each other (Dahl et al., 2013). Besides contributing to
tRNA thiolation (Ikeuchi et al., 2006), TusA mediates
sulfur transfer for molybdenum cofactor biosynthesis

(a)

YedF

YeeD sHdr/Dsr TusA

© - @

DsrE2 — DsrES

%,g DsrE/TusD

FIGURE 3
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and affects iron-sulfur cluster assembly as well as the
activity of major regulatory proteins (Dahl et al., 2013;
Ishii et al., 2000; Yildiz & Leimkiihler, 2021). YeeD is a
component of thiosulfate uptake for sulfur assimilation
(Ikei et al., 2024; Tanaka et al., 2020). YedF in some
way affects flagella formation and motility (Balleste-
Delpierre et al., 2017). We retrieved all sequences clus-
tering with these three proteins from Uniprot and sub-
jected them to a SSN analysis together with TusA-like
proteins that are genetically linked with sulfur-
oxidation systems. Indeed, TusA, YedF, and YeeD each
form distinct clusters of similar sequences (Figure 3a).
In addition, three further clusters are clearly discern-
ible. Two of them consist of TusA-like proteins linked
with rDsr systems and a third comprises TusAs linked
with sHdr and rDsr systems. In summary, TusAs geneti-
cally associated with sulfur oxidation systems can be
confidently distinguished from classical TusA, YedF,
and YeeD and form distinct phylogenetic clades
(Figure 3a).

(b)
| AvRhd_2599
¥ | TsRhd
R

pfam004273

5 \
y // i ™~
Dsr TusA ' -\.\
N
pfam00581 AN
\\\ Treescale: 1
Bac. DsrE4
Ar. Q}EE‘ *—
.G,", 4 B, = nd
DsrE3A DsrE3B DsrE3C  DsrES

Sequence similarity network (SSN) and phylogenetic analyses for sulfur transferases relevant for dissimilatory sulfur

oxidation. (a) SSN for the TusA family (pfam01206) members clustering at 50% identity with TusA, YedF, and YeeD from E. coli and TusA-
like proteins that are genetically linked with sHdr and/or Dsr sulfur-oxidation systems. Connections below a threshold score of 100 were
removed. (b) Maximum likelihood tree for ~100-aa single domain rhodaneses that are encoded in synteny with DsrE2 and TusA or that are
related to Rhd442 from Hm. denitrificans X". Bootstrap values exceeding 95% are indicated by dots. (c) SSN for all DsrE-type sequences from
the representative genomes of GTDB (release R207). (d) SSN for all DsrE homologs associated with rDsr and/or sHdr systems, excluding the
divergent TusD/DsrE proteins. Connections below a threshold score of 135 were removed. Ar, Archaea; Bac., Bacteria.
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Rhodaneses were originally identified and named on
the basis of their ability to catalyze the transfer of a sul-
fane sulfur atom from thiosulfate to cyanide yielding
SCN™ (rhodanide, thiocyanate) as the product
(Westley, 1973). Rhodaneses and rhodanese-like proteins
are very widespread (Bordo & Bork, 2002) and therefore
we did not consider it useful to create an SSN analysis
spanning all prokaryotes, but instead limited ourselves to
sulfur oxidizers with rDsr and/or sHdr systems. Within a
first group of these, the corresponding gene is present in
a syntenic cluster with genes for DsrE2 and TusA (e.g., in
Ts. sibirica, Figure 1). A second group contains proteins
related to rhodanese Rhd442 encoded in the vicinity of
the shdr gene cluster in Hm. denitrificans X (Figure 1).
By establishing a phylogenetic tree (Figure 3b), it became
apparent that the DsrE2-TusA associated rhodaneses
belong to a different clade than the Rhd442-related pro-
teins (Figure 3b). The former belong to a protein family
(pfam00581) that also encompasses Rhd_2599 from Ac.
vinosum (Stockdreher et al., 2014) and SbdP from Ag.
aeolicus (Aussignargues et al., 2012). While the first is
part of the relay delivering sulfur to the rDsr pathway of
sulfur oxidation (Stockdreher et al., 2014), SbdP can load
long sulfur chains and interacts with sulfur reductase
and sulfur oxygenase reductase, that is, key enzymes of
sulfur energy metabolism (Aussignargues et al., 2012).
Rhd442 belongs to a separate protein family, pfam004273
(DUF442) that forms a monophyletic group in the rhoda-
nese tree presented in Figure 3b.

Originally, the DsrE family has been categorized into
five well distinguishable phylogenetic groups, DsrE,
DsrE2, DsrE3 (with subgroups DsrE3A, DsrE3B, and
DsrE3C), DsrE4, and DsrE5 (Boughanemi et al., 2016;
Liu et al., 2014; Tanabe & Dahl, 2022). Here, we clustered
all DsrE-type sequences from the representative genomes
of GTDB (release R207) by sequence similarity network
(SSN) analysis. In a first approach, the proteins were not
filtered for association with dissimilatory sulfur oxida-
tion. Classical TusD/DsrE were clearly distinguishable
and only distantly related to the sulfur transferases from
the other subclasses (Figure 3c). In a second approach,
an SSN was calculated with all DsrE homologs associated
with rDsr and/or sHdr systems, excluding the divergent
TusD/DsrE proteins (Figure 3d). For DsrE2, DsrE3, and
DsrE4 robust clades mirroring the original DsrE groups
and subgroups were retrieved (Liu et al., 2014). DsrE3A
formed two robust phylogenetic clades, containing
archaeal and bacterial sequences, respectively
(Figure 3d). DsrE5 proteins present an exception as they
do not cluster as a coherent group due to high sequence
dissimilarity. While functional predictions for this group
are not available, members of the DsrE4 group are pro-
posed to play a role in detoxification of reactive sulfur

species (Liu et al., 2014). As already pointed out, archaeal
DsrE3A is an established thiosulfonate carrier whereas
DsrE3B and DsrE3C have not been studied on a bio-
chemical level yet. Although a genetic association indi-
cates a function in the sHdr system, the mechanism and
specific roles of DsrE3B and DsrE3C have not been
described so far.

Once the sulfur transferases could be confidently cat-
egorized, their co-occurrence in sHdr-containing organ-
isms was studied using HMSS2 (Tanabe & Dahl, 2023).
In addition, they were mapped onto the phylogenetic tree
shown in Figure 2. Of all 397 studied assemblies,
387 encode at least one TusA and 302 of the shdr clusters
are directly linked to tusA genes. The dsrE2 gene is pre-
sent in 345 (87%) assemblies and in 199 (50.1%) of the
shdr gene clusters, making it the second most frequently
occurring gene. The dsrE3A (200), dsrE3B (132), and
dsrE3C (223) genes are less prevalent. However, when
these genes are present, 70%, 90%, and 52%, respectively,
are located in the immediate vicinity of shdr core genes.
The rhodanese-encoding gene rhd442 is present in only
three shdr gene clusters from the family Hyphomicrobia-
ceae (Alphaproteobacteria).

The distribution of DsrE-type sulfur transferases
appears to relate to the type of sHdr system (Figure 2).
Archaea with type I sHdr system particularly often con-
tain shdr genes linked with tusA, dsrE3A, and dsrE4.
This is different in bacteria with type I sHdr system,
where a tusA/dsrE3C combination occurs in the same
genome at a notably high frequency. Other DsrE-type
sulfur transferases may be present but are less abun-
dant. Some members of the Pseudomonadota and Aqui-
ficota simultaneously encode DsrE3A and DsrE3B. The
highest number of different sulfur transferases is found
in genomes from the gammaproteobacterial orders
Acidithiobacillales, Acidiferrobacterales, and Ectothior-
hodospirillales (here in the genus Thioalkalivibrio and
in the family Acidihalobacteraceae). These organisms
have the genetic potential for DsrE2, DsrE3A, DsrE3B,
DsrE3C, and DsrE4. Type II sHdr systems are predomi-
nantly associated with TusA and DsrE3A, while DsrE3B
and DsrE3C are only very rarely present (Figure 2).
Among the type II-containing archaea of the phylum
Thermoplasmatota, the sulfur transferase DsrE3B is the
only transferase present and is genetically associated
with the shdr cluster.

2.3 | Properties of sHdr associated TusA

The TusA proteins from Hm. denitrificans (HdTusA),
Thioalkalivibrio sp. K90mix (TkTusA), Ts. sibirica
(TsTusA), and Aq. aeolicus (AqTusA), all of which are
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encoded in type I shdr gene clusters, were selected as
model proteins for further analysis. All four proteins con-
tain a highly conserved cysteine within an N-terminal
CPXP motif, which is characteristic for the active site of
TusA proteins (Figure 4a). Leucine and isoleucine have
been described at the X position for TusA proteins
involved in sulfur oxidation (Tanabe et al., 2019). A sec-
ond cysteine is present at equivalent positions in
AqTusA, HdTusA and E. coli TusA (Figure 4a). This cys-
teine is not involved in sulfur transfer in E. coli (Shi
et al., 2010).

Recombinant HdTusA, TkTusA, TsTusA, and
AqTusA were purified in the absence of reducing agents.
Mass spectrometry verified the masses without initiator
methionine for all recombinant TusA proteins (Tables 1
and S2). AqTusA was found to be glutathionylated to a
small extent. This is likely a heterologous production arti-
fact because the genes for the enzymes for biosynthesis of
glutathione do not occur in the Aq. aeolicus genome
(Deckert et al., 1998). Upon native PAGE under non-
reducing conditions, at least two bands were observed for

B

all TusAs. In accordance, McTusA has been reported to
occur both as monomers and dimers (Liu et al., 2014).
Reduction with DTT resulted in the formation of faster
migrating bands partially for AqQTusA and TkTusA and
completely for HdTusA and TsTusA. These bands likely
represent monomeric TusA.

To elucidate the capacity of TusA from our four sHdr-
containing model sulfur oxidizers for sulfur mobilization
from inorganic and organic sulfur compounds, the puri-
fied proteins were incubated with 5 mM polysulfide
("SS,S7), thiosulfate (S,0;°7), tetrathionate (S,0¢° ),
and oxidized glutathione (GSSG) and analyzed by
MALDI-TOF mass spectrometry. All reacted with poly-
sulfide, resulting in mass increases of 32, 64, or 96 Da,
corresponding to the addition of one to three sulfur
atoms (Tables 1 and S2). After incubation with tetrathio-
nate, mass increases corresponding to addition of one or
two sulfur atoms, a thiosulfonate group (—SSO;™), or
—SSSO; ™ were detected. With oxidized glutathione, mass
increases of 305 Da were observed for TkTusA, AqTusA,
and HdTusA, which corresponds to covalently bound
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a
(a) v v
HdTusA MA--—-—--- DLTVDAKGTNCPIPILKAKKAITTLPKGAVLEILATDPGALPDFQAFCRSTG 52
AqTusA MATI--TPDKVLDTSGLNCPLPVLKTKKALEELQPGQILEVISTDPGSKADIPAFCQRTG 58
sHdr TkTusA MA----NFDQELDASGLNCPLPILRAKKALAAMESGQVLHIIATDPGAVKDFQAFAKQTG 54
TsTusA MA----NFDLELDASGLNCPLPILRAKKSLATLESGQVLRIIATDPGSVKDFQAFAKQTG 54
McTusA MAQDV-KITKTLDVKGMYCPGPVMETAKAIKQINVGEVLEVLATDPAAKPDIEAWARRTG 59
rDsr {:AvTusA MA----DFDQELDASGLNCPLPILRAKKTLNAMSSGQVLHVIATDPGSVKDFDAFAKQTG 54
EcTusA MTDLFSSPDHTLDALGLRCPEPVMMVRKTVRNMQPGETLLIIADDPATTRDIPGFCTFME 60
EcYedF MKNI--VPDYRLDMVGEPCPYPAVATLEAMPQLKKGEILEVVSDCPQSINNIPLDARNHG 58
EcYeeD MV-—-—-—-—-— IKKLDVVTQVCPFPLIEAKAALAEMVSGDELVIEFDCTQATEAIPQWAAEEG 54
*  k *k *x [ . * * . .
(b) ()
X
/\5 S /\5 /\5 Aq Hd Ts Tk
S L & TusA TusA TusA TusA
[kDa] ™M -+ -+ -+ - o+
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25 — | — —
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FIGURE 4 (a) Alignment of a portion of TusA and related proteins from sulfur oxidizers and E. coli. Ec, E. coli (TusA, b3470, YedF,

b1930, YeeD, and b2012); Ts, Ts. sibirica (ThisiDRAFT_0966, according to JGI IMG); Tk, Thioalkalivibrio sp. K90mix (TK90_0631); Av, Ac.
vinosum (Alvin_2600); Hd, Hm. denitrificans (Hden_0698); Aq, Aq. aeolicus (Aq_388a); Mc, Ms. cuprina (Mcup_0683). Triangles indicate the
cysteines that were exchanged to serine in this work. Asterisk, fully conserved residues; colon, conservation between groups of strongly
similar properties; dot, conservation between groups of weakly similar properties. (b) 20% SDS-PAGE of recombinant TusAs HdTusA,
TkTusA, TsTusA, and AqTusA reduced with DTT. (c) 20% native PAGE of 3.5 pg recombinant TusAs HdTusA, TkTusA, and TsTusA and

AqTusA as purified (—) and reduced with 5 mM DTT (+).
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TABLE 1 Sulfur loading of native and variant TusA and DsrE3 proteins.

Protein

HdTusA + polysulfide

HdTusA Cys'*Ser + polysulfide

HdATusA + S,06%~

AqTusA + polysulfide

AqTusA Cys'’Ser + polysulfide
AqTusA Cys*Ser + polysulfide

AqTusA + S,06>~

AqTusA Cys'’Ser + S,06>~
AqTusA Cys™Ser + S,06>~

HdDsrE3C + polysulfide
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HdDsrE3C Cys®*Ser + polysulfide

HdDsrE3C Cys®**Ser + polysulfide

HdDsrE3C + S,04%~

HdDsrE3C + GSSG

TkDsrE3B + polysulfide

TsDsrE3B + polysulfide

Note: Numbers in parentheses represent mass increases. -, no modification. Further information is available in Table S2.

Expected masses [Da]
9149

9135
9149

9610

9595
9595

9610

9595
9595

15,520

15,504

15,504
15,520

15,520

17,201

16,619

Detected masses [Da]

9149

9180 (A31)
9208 (A60)
9238 (A90)
9135

9150

9148 (A34)
9212 (A62)
9262 (A112)
9296 (A146)
9612

9643 (A31)
9595

9596

9627 (A 31)
9610

9642 (A32)
9724 (A114)
9755 (A145)
9595

9597

9630 (A33)
9710 (A113)
15,524

15,561 (A38)
15,588 (A64)
15,621 (A98)
15,503

15,535 (A32)
15,503

15,517

15,610 (A93)
15,629 (A112)
15,658 (A141)
15,518

15,824 (A 305)
17,205

17,236 (A 31)
17,320 (A115)
16,619

16,653 (A34)
16,683 (A64)
16,736 (A117)

Modification

-S
-S,
-Ss

-$-S05~
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glutathione. The mobilization abilities for the bacterial
TusAs AqTusA, TkTusA, TsTusA, and HdTusA differed
from those reported for archaeal TusA, which only mobi-
lized thiosulfonate from tetrathionate but not sulfane sul-
fur from polysulfide. Like McTusA (Liu et al., 2014),
none of the studied bacterial TusA proteins were modi-
fied by thiosulfate.

To identify the sulfur-binding cysteine with cer-
tainty, the cysteine of the CPXP motif was replaced by
serine in both, HdTusA and AqTusA, as was the
C-terminal partially conserved cysteine of AqTusA. No
additional peaks were observed when AqTusA Cys'’Ser
or HdTusA-Cys'*Ser were incubated with sulfur com-
pounds. AqTusA Cys>*Ser reacted with polysulfide and
tetrathionate just as wild type AqTusA. The cysteine of
the CPXP motif was thus confirmed as the sulfur-
binding cysteine.

24 |
Rhd442

Properties of sHdr-associated

The ability of rDsr associated rhodanese Rhd_2599 to
transfer sulfur to the TusA protein encoded next to its
gene has already been demonstrated for Ac. vinosum
(Stockdreher et al., 2014) and there is no reason to
doubt that closely related enzymes from other sulfur
oxidizers (Figure 3b) exert the same function. All
these proteins are single domain rhodaneses featuring
a classical CRXGC[R/T] motif (Bordo & Bork, 2002).
On the other hand, information about the putative
single domain rhodanese Rhd442 encoded in the
vicinity of hyphomicrobial type I shdr -clusters
(Figure 1) is limited. Rhd442 has been described as a
domain fused to sulfide: quinone oxidoreductase
(SQR), for example, in Cupriavidus pinatubonensis
and that domain (CpRhd442) was shown to have rho-
danese activity (Xin et al.,, 2016). The activity
depended on the cysteine residue in the CRXGXR
motif that the domain shares with classical rhodanese
(Bordo & Bork, 2002; Ran et al., 2022). A sequence
reminiscent of that motif is also present in sHdr-
associated Rhd442 (Figure 5a). The Alphafold models
of HdRhd442 and CpRhd442 are similar (Figure 5b)
and there is also high consistency with the crystal
structure of a non-classical phosphatase from Neis-
seria meningitidis (PDB 2F46 (Krishna et al., 2007))
(Figure 5c). Recombinant HdRhd442 catalyzed sulfur
transfer from thiosulfate to cyanide with a maximum
specific activity of 360 mU/mg in the assay described
by Ray et al. (2000). Furthermore, the protein proved
able to mobilize sulfur from polysulfide as shown by
characteristic mass increases (Figure 5d,e).
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2.5 | Function and properties of sHdr-
associated DsrE proteins

Analysis of recombinant DsrE3B from Thioalkalivibrio
sp. K90mix and DsrE3C from Hm. denitrificans by gel
permeation chromatography showed two peaks, one cor-
responding to the monomeric size and the other corre-
sponding to a trimer (Figure 6a). Applying HdDsrE3C to
native PAGE revealed a ladder of bands corresponding
to higher oligomers (Figure 6b). Reduction of DsrE3C
with 5 mM DTT resulted in a shift of the band pattern
towards lower oligomers in relation to the non-reduced
protein (Figure 6b). The structure of the trimeric complex
was modeled by Alphafold (Figure 6c). Notably, the
attempt to predict a hexamer for HdDsrE3C resulted in a
complex which oligomerized by protein-protein interac-
tion at the surface of only two subunits of each trimer,
leaving two subunits for further docking with other units.

Recombinant DsrE3C and DsrE3B had masses corre-
sponding to the polypeptides without the N-terminal
starting methionine. In all cases of DsrE3B, modified spe-
cies were detected that correspond to glycosylated deriva-
tives (+178 Da) (Table 1, Figures S3 and 7b). This is due
to the well documented addition of glucose to the His-tag
of the recombinant proteins produced in E. coli
(Geoghegan et al., 1999). Sulfur mobilization assays
showed reaction of HdDsrE3C with polysulfide, tetrathio-
nate, and GSSG but not with thiosulfate. The DsrE3B
proteins were persulfidated upon incubation with poly-
sulfide. Oxidized species also occurred, probably due to
the presence of oxygen. DsrE3C from Hm. denitrificans
has an additional cysteine (Cys®®) residing right next to
the conserved cysteine (Cys®*). To unambiguously iden-
tify the active site sulfur binding cysteine, both cysteines
of HdDsrE3C were replaced with serine. While the Cys®*
Ser mutation did not significantly affect the sulfur bind-
ing properties of HdDsrE3C, the HdDsrE3C Cys**Ser
variant was no longer persulfidated by polysulfide. In
conclusion, Cys® of HdDsrE3C was identified as the
sulfur-binding cysteine.

Hm. denitrificans is accessible to genetic manipulation
and indeed, the analysis of a mutant strain lacking
dsrE3C provided important information. The deletion
was established in the Hm. denitrificans AtsdA reference
strain (Koch & Dahl, 2018; Li, Koch, et al., 2023) that
completely oxidizes thiosulfate via the sHdr-pathway
(Figures 6d and S1). Compared with the reference strain,
Hm. denitrificans AtsdA AdsrE3C oxidized thiosulfate
with a significantly decreased specific oxidation rate
(Figure 6d). Thus, DsrE3C is crucial for the functionality
of the sHdr system. In addition, the importance of the
conserved Cys® and the non-conserved Cys® of
HdDsrE3C was studied in vivo by replacing them with
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(a)

HdRhd442 IINNQPETDEDLLMTPNEVATEAESVGLSYVHIPVEGRNPLEKDVRRFHDALTSLPPPIFAFCKTGGRSASLWAMASVADLDTETLISRCHH
HsRhd442 IINNQPDSDDGLLMLGSEVAAREAGAVGLSYLHIPVEGRNPLEKDVRRFGHALETLPGPIFAYCRTGGRSASLWAMASVHLNDTEALIAQCRQ
AWRhd442 LINNRPDGEKDSPMTSAEAEAVASSLGLAYMHIPVEGRNPLEKDVRAFAQALKALPQPIYAFCOSGGRSAALWALASVTEATTEALVTTCAR

CsRhd442SQR LICNRPDGEGPDQPGFQEIERKAFALGLQVHYLPVESGKVSDEQAQAFGQLLDSLPKPVLAYCRTGTRSATLWALSQSARRPLPDIIERAAA
CpRhd442SQR LICNRPDGEGPDQPNFQEIERKASALGLQAHYLPVESGKVSDEQAQAFGOLLDSLPKPVLAYCRTGTRSATLWALSQSVIRPLPDIIERARA

PaRhd442SQR VICNRPDGEGSDQPLFAEIKRAADAVGIEAHYLPAESGKVTDEQGIAFGELLETLPKPVLAYCRSGMRSTTMWALSQAGQHDLPHIVESAKK

ek ek . * EEEEE ..k *l . PR * Y ekk ke adke ek ke oekds s

(b)

(d) ()

a.i.

(]
] 19526 (Rhd442) +16 (Rhd442-5)
. 1 9763 | 431 (Rhd442-s,)
19400 19900 9700 9800 9900
m/z m/z

FIGURE 5 (a) Alignment of single domain Rhd442 from Hm. denitrificans (Hd), Hyphomicrobium sp018242215 (Hs), and

43-135
43-135
56-148
31-123
31-123
31-123

AWTP1-13-sp008933705 (AW) with Rhd442 domains fused to sulfide: quinone oxidoreductase (SQR) from Cupriavidus sp. amp6 (Cs),
Cupriavidus pinatubonensis (Cp), Pseudomonas veronii (Pa) (Xin et al., 2016). Partially and fully conserved cysteines are highlighted in
yellow. Sequences conforming to the rhodanese active site sequence logos (Ran et al., 2022) are shaded in gray. Asterisk, fully conserved

residues; colon, conservation between groups of strongly similar properties; dot, conservation between groups of weakly similar properties.

(b) HdRhd442 Alphafold structure (green) overlayed with Rhd442 domain of Cv. pinatubonensis SQR (brown) and (c) non-classical

phosphatase from Ns. meningitidis (PDB 2F46, purple). (d) Mass spectrum of recombinant HdRhd442 as isolated. (¢) HdRhd442 mass
spectrum after incubation with 0.5 mM polysulfide. Note that a distinguishable signal for Rhd442 and its persulfidated species was only

observable for the double ionized protein.
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Function and properties of DsrE3B and DsrE3C proteins. (a) Gel permeation chromatography of HdDsrE3C and TkDsrE3B

on Hiload 16/60 Superdex 75. (b) Native-PAGE of 3.5 pg HdDsrE3C as purified (—) and reduced with 5 mM DTT (+). (c) Alphafold model of
the HdDsrE3C trimer. (d) Specific thiosulfate (TS) oxidation rates for Hm. denitrificans AtsdA (light gray columns) and Hm. denitrificans
AtsdA AdsrE3C (dark gray columns) at the indicated initial thiosulfate concentrations. The corresponding growth curves are provided in
Figure S1. Precultures contained 2 mM thiosulfate. (e) Specific thiosulfate oxidation rates of Hm. denitrificans AtsdA compared to a strain
lacking the complete dsrE3C gene and two strains carrying dsrE3C genes encoding the indicating cysteine to serine exchanges grown with
2.5 mM thiosulfate. Note that specific thiosulfate oxidation rates are not fully comparable to the experiments shown in (d) because the

growth experiments shown here were performed in a plate reader.

serine. Both exchanges resulted in significantly decreased
specific thiosulfate oxidation rates compared to the refer-
ence strain (Figure 6e). We conclude that, although it is
not involved in sulfur binding, Cys®® is important for
DsrE3C function in vivo.

2.6 | Interactions of sHdr-associated
sulfur transferases

The persulfidated DsrE3 proteins from our proteobacter-
ial model organisms Ts. sibirica, Thioalkalivibrio sp. K90
and Hm. denitrificans were used as donors for the TusA
proteins from the same organism, resulting in sulfur
transfer as shown by mass spectrometry (Figures 7a, S2a,
S3a, and Table S3). Quantitative comparison of MALDI-

TOF MS data from different samples is difficult and
prone to errors (Szajli et al., 2008), however, we can con-
fidently state that a significant proportion of the detected
TusA molecules received sulfur from TsDsrE3B. In con-
trast, in the opposite direction, when TusA acted as a
donor for the DsrE3 proteins, only a minority of the
DsrE3 molecules detected by MALDI-TOF MS were per-
sulfidated, if any sulfur was added at all (Figures 7b, S2b,
S3b, and Table S3). These in vitro results point at DsrE3
proteins transferring sulfur to TusA in vivo, whereas the
opposite direction is unfavorable. Neither recombinant
HdTusA-Cys"Ser nor HdDsrE3C-Cys®**Ser accepted sul-
fur from the native persulfidated donor proteins, whereas
HdDsrE3C-Cys®*Ser accepted sulfur from persulfidated
HdTusA (Table S3). The Cys®**Ser mutation did not signif-
icantly affect the sulfur transfer properties of HdDsrE3C,
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while the HdDsrE3C Cys*'Ser variant was persulfidated
neither by polysulfide (see above) nor by HdTusA.

Persulfidated HdRhd442 was tested as sulfur donor
for HdTusA and HdDsrE3C. Sulfane sulfur from
HdDsrE3C was efficiently transferred to HdRhd442
(Figure 7c). Transfer from HdDsrE3C to HdRhd442 was
also efficient (Figure 7d). With HdTusA as the acceptor
molecule for HdRhd442, the transfer was inefficient as
the intensity of the signal corresponding to the sulfidated
species was low compared to the signal for the unmodi-
fied protein (Figure S4a). Upon transfer in the opposite
direction, the majority of Rhd442 detected by MALDI-
TOF MS was persulfidated (Figure S4b).

2.7 | TusA and DsrE3C, DsrE3B and
DsrE2 from Agq. aeolicus interact

Agq. aeolicus is an excellent model organism for identify-
ing interactions between sHdr-associated sulfur transfer-
ases and other proteins. Membrane fractions, cell
extracts, and partially purified proteins from this hyper-
thermophile have repeatedly served as the basis for cross-
linking, co-purification and co-migration approaches,
which have enabled the identification of physiological
protein partners (Aussignargues et al., 2012; Boughanemi
et al., 2016; Prioretti et al., 2023). Here, we incubated
pure recombinant His-tagged AqTusA with Aq. aeolicus
soluble extracts, prepared from cells that had been grown
in the presence of thiosulfate and hydrogen (Boughanemi
et al., 2016) at room temperature as specified in Section 5.
In all these experiments, recombinant AqTusA showed a
mass gain of 32 Da, indicating a bound sulfane sulfur
after re-purification from the cell extract. This may be
attributed to a transfer of sulfur originating from the cell
extract since the heterologously produced AqTusA did
not exhibit such masses after purification (Tables 1
and S2).

In a first approach, all proteins that were co-purified
with recombinant AqTusA from Agq. aeolicus cell extract
were analyzed. Cell extract and recombinant AqTusA
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were incubated at room temperature for 30 min, followed
by the re-purification of AqTusA from the extract by
affinity chromatography and identification of all co-
purified proteins by mass spectrometry. Cell extract with-
out the addition of His-tagged TusA served as negative
control and was similarly applied to affinity chromatogra-
phy and mass spectrometry. The comparison of the puri-
fied proteins from both samples revealed 253 proteins
that were exclusively present after re-purification of the
recombinant AqTusA. Among them, AqDsrE3C (aq_390)
was identified with one of the highest scores (Table S4).
AqDsrE2A (aq_389) also eluted specifically in the

(©
Aq TusA Aq TusA
M [kDa] +
E 50
=20
|- 30 :

—|=25

~20 3
| — 15
#==—-10

SDS-PAGE SDS-PAGE Native PAGE

FIGURE 8 Re-purification experiments of recombinant

AqTusA after incubation with Aq. aeolicus soluble extract in
different conditions. (a) Proteins eluted after 30 min incubation of
AqTusA with Aq. aeolicus soluble extract and separated on a 18%
SDS-PAGE. ‘-’ corresponds to the proteins retained in the control
experiment lacking AqTusA (extract only, negative control). ‘4’
corresponds to retained proteins after incubation of soluble cell
extract with recombinant AqTusA. Equal volumes of elution
fractions, corresponding to 2 and 10 pg of total protein, were loaded
into the lanes. Proteins in bands 1 and 2 were analyzed by mass
spectrometry (Table S5). (b) Proteins (6 pg) eluted after 10 min
incubation of AqTusA with Ag. aeolicus soluble extract and
separated on a 18% SDS-PAGE. (c) Proteins (6 pg) eluted after

10 min incubation of AqTusA with Aq. aeolicus soluble extract and
separated on a 15% native PAGE. Proteins in band 3 were analyzed
by mass spectrometry (Table S6). Molecular weight markers (kDa)
for the SDS gels are shown in lanes ‘M.

FIGURE 7

Sulfur transfer between TusA, DsrE3 proteins, and Rhd442. Sulfur transfer reaction between TusA and DsrE3B from Ts.

sibirica and between Rhd442 and DsrE3C from Hm. denitrificans are shown as examples. The full set of experiments is available as

Figures S2, S3, and S4. (a) Left panels: TsDsrE3B as persulfidated donor after treatment with polysulfide and unmodified reduced TsTusA as
acceptor; right panels: DsrE3B (donor) and TusA (acceptor) after the transfer reaction. The TsDsrE3B species exhibiting additional 178 Da
are due to glucosylation of the His-Tagged protein (Geoghegan et al., 1999). (b) Left panels: TsTusA as persulfidated donor after treatment
with polysulfide and unmodified reduced TsDsrE3B as acceptor; right panels: TsTusA and TsDsrE3B after the transfer reaction. (c) Left
panels: HARhd442 as persulfidated donor after treatment with polysulfide and unmodified reduced HdDsrE3C as acceptor. Right panels:
HdRhd442 (donor) and HdDsrE3C (acceptor) after the transfer reaction. (d) Left panels: HdDsrE3C as persulfidated donor after treatment
with polysulfide and unmodified reduced HdRhd442 as acceptor. Right panels: HADsrE3C (donor) and HdRhd442 (acceptor) after the
transferreaction. Note that the spectrum on the far right shows the doubly charged ion.
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presence of TusA but was identified with lower score and
peptide number. The sHdrB1, sHdrB2, and sHdrC1 sub-
units of the sHdr complex were also captured in this
experiment (Table S4). The polypeptides sHdrA and
sHdArC2 as well as LbpA2 (aq_402) were identified, but
were also present in the control sample (Table S4). Of the
remaining proteins, 85 were associated with protein bio-
synthesis and degradation, and 24 were related to known
or proposed functions of TusA other than sulfur oxidation,
such as tRNA modification, molybdopterin cofactor bio-
synthesis and regulation (Dahl et al, 2013; Ikeuchi
et al., 2006; Li, Torkel, et al., 2023). To gain further insight
into the interaction partners of AqTusA, the re-purified
samples were applied to SDS-PAGE (Figure 8a). Bands
that were present exclusively in the TusA-containing sam-
ple were analyzed by mass spectrometry. In one of these
bands, AqDsrE2A (aq_389) was found together with
LbpA3 (aq_1657), a putative thiol peroxidase (aq_488),
and 14 additional proteins (Figure 8a, band 1, Table S5).
AgDsrE3C and AqLbpA2 were unambiguously detected
by mass spectrometry in another band that also contained
AqgDsrE3B (Aq_401) and 25 other proteins, the majority of
which were either uncharacterized proteins, ribosomal
proteins or chaperones (Figure 8a, band 2, Table S5).

In the next set of experiments, we increased sensitiv-
ity by reducing the incubation time of recombinant
AqTusA with cell extract to 10 min. After re-purification
and SDS-PAGE, the sample showed a similar band pat-
tern as that of the previous experiment (Figure 8b). To
more specifically analyze the interaction partners of
AqTusA, we then tested co-migration in native PAGE
(Figure 8c). Analysis of a prominent band revealed the
presence of TusA together with AqDsrE3C (Aqg_390) and
AqLbpA2 (Aq_402) alongside 12 other proteins
(Figure 8c, band 3, Table S6).

3 | DISCUSSION

When bound to a large molecule like a protein, persulfi-
dic sulfane sulfur can be handled with high specificity
(Kessler, 2006). The sulfur transferases examined in this
work perfectly illustrate this concept. Several indepen-
dent lines of evidence have been combined to strongly
suggest an important function for TusA- and DsrE3-type
sulfur transferases in sulfur-oxidizing prokaryotes utiliz-
ing the sHdr pathway. First, the respective genes not only
frequently occur in this physiological group (Figure 2),
but in the majority of cases they co-localize with shdr
genes (Figures 1 and 2), similar to what has been
observed for the second well-established cytoplasmic oxi-
dation pathway in sulfur-dependent lithotrophs, rDsr
(Stockdreher et al., 2014). Rhodanese Rhd442 is present

in only a small number of sulfur oxidizers and therefore
appears to be of minor importance. Second, deletion of
the gene for DsrE3C from Hm. denitrificans resulted in a
thiosulfate oxidation-negative phenotype, emphasizing
the importance of the sulfur transferase. Third, the stud-
ied proteins all demonstrated the ability to bind sulfur
upon incubation with inorganic polysulfide and transfer
it to interaction partners, therefore acting as components
of a sulfur trafficking cascade or network.

The investigated DsrE3B and DsrE3C proteins from
bacteria were characterized as stable homotrimers in
solution that have a tendency to assemble into higher
oligomers, particularly hexamers. This is consistent with
the available data on DsrE3A proteins from archaea. The
homotrimeric form of the protein is observed in solution
for the Ms. cuprina protein, and the Saccharolobus solfa-
taricus (SSO1125) protein crystallizes as a trimer (PDB ID
3MC3). The DsrE2B sulfur transferases from the same
archaea also form homotrimers (PDB ID 2QS7) (Liu
et al., 2014). In sulfur oxidizers utilizing the rDsr path-
way, the heterohexameric DsrE,F,H, complex plays a
vital role in the sulfur relay system, which supplies the
oxidizing enzyme rDsrAB. The subunits are arranged in
two stacked DsrEFH rings, each resembling the trimeric
rings observed in DsrE3A crystals (PDB ID 3MC3) and
DsrE3C Alphafold models (Figure 6c). DsrE, DsrF,
and DsrH are related to each other (Dahl et al., 2008). In
summary, the formation of trimers is a general and com-
mon property of DsrE and DsrE3-type proteins, that has
been conserved throughout evolution. It is probable, that
the three distinct subunits in DsrEFH have evolved due
to gene duplications and specialization of ancestral DsrE-
type proteins. In fact, from an evolutionary perspective,
the DsrE3 proteins are older than the DsrE in DsrEFH
(Neukirchen et al., 2023). Filamentation has not been
reported for the DsrEFH complex nor for any other
DsrE-type; it is a novel characteristic of DsrE3C from
Hm. denitrificans. As previously stated, all DsrE-like pro-
teins possess a single conserved cysteine residue (Cys® in
HdDsrE3C). The importance of the equivalent cysteine
for sulfur binding and transfer has so far only been
shown in vitro for the Ms. cuprina protein DsrE3A and
both in vivo and in vitro for the distantly related DsrE
from the A. vinosum DsrEFH complex. Here, we prove
the crucial role of this residue through in vivo and
in vitro studies on DsrE3C from Hm. denitrificans. Fur-
thermore, we show that the adjacent Cys®’ is important
for DsrE3C function in vivo, even though it does not par-
ticipate in sulfur binding.

Just like archaeal McDsrE3A (Liu et al., 2014), all
DsrE3B, DsrE3C, and TusA proteins from bacteria that
were examined in this study displayed reaction with tet-
rathionate in vitro. Indeed, Ms. cuprina utilizes
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tetrathionate as an electron donor (Liu et al., 2011, 2014).
However, it is impossible that thiosulfonates derived
from tetrathionate are the physiologically relevant form
of sulfur processed in the cytoplasm of the bacteria stud-
ied here. Neither Hm. denitrificans (Koch & Dahl, 2018)
nor Thioalkalivibrio sp. K90mix (Muyzer et al., 2011), Ag.
aeolicus (Boughanemi et al, 2020) or Ts. sibirica
(Bryantseva et al., 1999) can metabolize tetrathionate. If
we seek a type of sulfur that every organism studied can
use as a cytoplasmic sulfur currency, then only polysul-
fide or sulfane sulfur is left, as Ts. sibirica cannot oxidize
thiosulfate either (Figure 9). In addition, HdTusA and
HdDsrE3C are unable to mobilize sulfane sulfur from
thiosulfate in vitro.

In dissimilatory sulfur oxidizers, the oxidation of
sulfide and thiosulfate is always initiated outside of the
cytoplasm (Dahl, 2015; Dahl, 2020). In many cases, sul-
fane sulfur is then imported into the cytoplasm where it
is further oxidized (Figure 9). It is not yet clear how this
import is accomplished. Hm. denitrificans possesses two
candidate transporters (SoxT1A and SoxT1B, Figure 1)
encoded in close proximity to the genes encoding Sox
proteins that are involved in the initial steps of thiosul-
fate oxidation and the genes for the cytoplasmic sHdr sys-
tem (Li, Koch, et al.,, 2023; Li, Torkel, et al., 2023).
However, evidence supporting the proposed sulfur
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transport has yet to be presented. Related transporters
are not encoded in Aq. aeolicus and Ts. sibirica such that
they cannot be of general importance. Rhodanese-like
sulfur transferases including Rhd442, with its compara-
tively narrow distribution, are potential primary sulfur
acceptors and distributors in the cytoplasm. They occur
in all examined organisms (Figures 1, 2, and 9) and have
well established sulfur transfer activity. HdRhd442 was
shown here to interact with HdDsrE3C. This protein, in
turn, was established as an indispensable component of
the sulfur-handling cascade that feeds the type I sHdr
system of Hm. denitrificans. In vitro, both HdDsrE3C and
the DsrE3B proteins from gammaproteobacterial model
organisms shuttle sulfane sulfur to TusA (Figures 7 and
9). Efficient sulfur transfer to TusA from the same organ-
ism was observed with HdDsrE3C, TkDsrE3B, and
TsDsrE3B. With DsrE proteins as donors, up to half of
the TusA proteins that were detected by mass
-spectrometry were persulfidated after the transfer. In the
opposite direction, transfer to HdDsrE3C was never
detectable, while negligible amounts of TkDsrE3B and
TsDsrE3B were modified. Unidirectional transfer has also
been observed for DsrE3A and TusA from Ms. cuprina,
where a thiosulfonate group is moved from DsrE3A to
TusA but not vice versa (Table S7) (Liu et al., 2014). In
the absence of a DsrE3C homolog, as in Thioalkalivibrio

Aquifex aeolicus
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Thioalkalivibrio sp. K90mix

DsrE2

-Ssns Cys-! SS Cys- SS Cys-! SS
HS' 'S-SO;' X sHdr- prA system
SD Cys-S™
5-
Periplasm Cytoplasm

Sulfur relay systems in the four bacterial model organisms studied in this work. Hm. denitrificans oxidizes thiosulfate and

dimethyl sulfide. Thiosulfate is an intermediate of DMS oxidation (Cao et al., 2018; Koch & Dahl, 2018). Aq. aeolicus (Deckert et al., 1998)
and Thioalkalivibrio sp. K90mix (Muyzer et al., 2011) metabolize a wide range of inorganic sulfur substrates including thiosulfate, whereas

Ts. sibirica is unable to oxidize thiosulfate (Bryantseva et al., 1999). It was originally predicted that DsrE2A from Agq. aeolicus (Aq_389) is

bound to the membrane via two transmembrane segments. However, recent deep-learning based programs like DeepTMHMM (Hallgren

et al., 2022) challenge this view not only for the Aquifex protein but also for the corresponding enzymes found in Ts. sibirica and

Thioalkalivibrio sp. K90mix.
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sp. K90mix, the sulfur transferase DsrE3B may function-
ally substitute for DsrE3C. It is very important to note
that each sulfur transferase may interact with multiple
partners as illustrated by TusA from Agq. aeolicus which
was purified along with three DsrE, two AqLbpA and
several sHdr proteins. This finding is particularly signifi-
cant as it establishes a direct link between sulfur transfer-
ases and the sHdr-LbpA complex where sulfane sulfur is
oxidized to sulfite (Cao et al., 2018; Ernst et al., 2021;
Koch & Dahl, 2018).

4 | CONCLUSIONS

We conclude that cytoplasmic sHdr systems for sulfane
sulfur oxidation are always accompanied by sets of sulfur
transferases. The exact composition of these sets may
vary (Figure 9). In vivo, a strict unidirectional transfer of
sulfur between the components is unlikely. Rather, it can
be assumed that a network of sulfur-binding proteins
exists, each with a pool of bound sulfur. Sulfur flux can
be shifted in one direction or the other depending on the
metabolic requirements. A single pair of sulfur-binding
proteins with a preferred transfer direction, such as a
DsrE3-type protein towards TusA, may well be sufficient
to push sulfur into the sink where it is further metabo-
lized or needed. Multiple possible interactions are most
easily exemplified for the TusA protein. In organisms
such as Hm. denitrificans, which differ from E. coli by
containing just one tusA gene, the same protein must
likely fulfill a variety of functions, including providing
substrate for sulfur oxidation, and supplying sulfur for
tRNA thiolation and biosynthesis of cofactors and Fe/S
clusters.

5 | MATERIALS AND METHODS
5.1 | Bacterial strains, plasmids, primers,
and growth conditions

Table S8 lists the bacterial strains, and plasmids that
were used for this study. Escherichia coli strains were
grown on complex lysogeny broth (LB) medium
(Bertani, 2004) under aerobic conditions at 37°C unless
otherwise indicated. E. coli 10p was used for molecular
cloning. E. coli BL21 (DE3) was used for recombinant
protein production. Hm. denitrificans strains were culti-
vated in minimal media kept at pH 7.2 with 24.4 mM
methanol and 100 mM 3-(N-morpholino) propanesulfo-
nic acid (MOPS) buffer as described before (Koch &
Dahl, 2018; Li, Koch, et al., 2023). Thiosulfate was
added as needed. Antibiotics for E. coli and Hm.

denitrificans were used at the following concentrations
(in pg/mL): ampicillin, 100; kanamycin, 50; streptomy-
cin, 200; and chloramphenicol, 25.

5.2 | Recombinant DNA techniques
Standard techniques for DNA manipulation and cloning
were used unless otherwise indicated (Ausubel
et al., 1997). Restriction enzymes, T4 ligase and Q5 poly-
merase were obtained from New England Biolabs
(Ipswich, UK) and used according to the manufacturer's
instructions. Oligonucleotides for cloning were obtained
from Eurofins MWG (Ebersberg, Germany). Plasmid
DNA from E. coli was purified using the GenJET
Plasmid Miniprep Kit (Thermo Scientific, Waltham,
USA). Chromosomal DNA from Hm. denitrificans, Ts.
sibirica, and Thioalkalivibrio strains was prepared using
the Simplex easy DNA kit (GEN-IAL GmbH, Troisdorf,
Germany). Total DNA from 20 mg of Aq. aeolicus cells
was extracted using the phenol-chloroform extraction
method. Cells were resuspended in 150 pL of TEN buffer
(10 mM Tris pH 8, 150 mM NaCl, and 10 mM EDTA)
and 300 pL of SDS-EB (100 mM Tris pH 8, 400 mM Nacl,
40 mM EDTA, and 2% SDS). 2 L of RNAse A solution
(4 mg/mL) (Promega) were added before incubation at
37°C  for 15min. 350pL  phenol/chloroform-
isoamylalcohol (25:24:1 mixture, Biosolve) were added
and the mixture was vortexed for 30 s and spun for 3 min
at 14,000 x g. The upper phase was transferred to a new
tube with 300 pL of chloroform-isoamylalcohol, vortexed
and spun again. The upper phase was then incubated
with 600 pL isopropanol for 30 min at —25°C and spun at
4°C for 30 min. The DNA pellet was washed with 70%
ethanol, left to air dry and dissolved in 100 pL H,O for
30 min at 65°C. 1 pL was used for 25 pL PCR reaction.

5.3 | Construction of Hm. denitrificans
mutant strains

For markerless deletion of the Hm. denitrificans dsrE3C
(Hden_0688) gene by splicing overlap extension (SOE)
(Horton, 1995), PCR fragments were constructed using
the primers Hden0688_Up_Fw, Hden0688_Up_Rev,
Hden0688_Down_Fw, Hden0688_Down_Rev (Table S1).
The resulting 2.08 kb SOE PCR fragment was cloned into
the Xbal and PstI sites of pK18mobsacBC-Tc. The final
construct pK18mobsacB_Tc_AdsrE3C was electroporated
into H. denitrificans AtsdA and transformants were
selected using previously published procedures (Cao
et al., 2018; Koch & Dahl, 2018). Single crossover recom-
binants were Cm" and Tc". Double crossover
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recombinants were Tc® and survived in the presence of
sucrose due to loss of both, the vector-encoded levansucrase
(SacB) and the tetracycline resistance gene. For chromosomal
integration of the genes encoding DsrE3C Cys*’Ser and
DsrE3C Cys®Ser, the modified genes and upstream as well
as downstream sequences were amplified by SOE PCR using
primers Hden0688_Up_Fw, Hden0688_Down_Rev,
Hden0688_C83S_Fw, Hden0688 C83S_Rev, and Hde-
n0688_Up_Fw, Hden0688_Down_Rev, Hden0638_C84S_Fw,
Hden0688_C84S_Rev (Table S1), respectively. The final plas-
mids pk18mobsacB-Tc-dstE3C-C83S and pk18mobsacB-Tc-
dsrE3-CC84S were transferred into Hm. denitrificans AtsdA
AdsrE3C and double crossover recombinants were selected
as described previously (Koch & Dahl, 2018). The genotypes
of the Hm. denitrificans mutant strains generated in this
study were confirmed by PCR.

54 | Characterization of phenotypes and
quantification of sulfur compounds

Growth experiments with Hm. denitrificans were run in
Erlenmeyer flasks with media containing 24.4 mM meth-
anol and varying concentrations of thiosulfate as neces-
sary (Li, Koch, et al., 2023). Thiosulfate and sulfite
concentrations and biomass content were determined by
previously described methods (Dahl, 1996; Li, Koch,
et al., 2023). All growth experiments were repeated three
to five times. Representative experiments with two bio-
logical replicates for each strain are shown. All quantifi-
cations are based on at least three technical replicates.
Alternatively, growth experiments were run in 48-well
microtiter plates. Plates were continuously shaken at
200 rpm and growth was followed by measuring optical
density at 600 nm every 5 min using an Infinite 200Pro
(Tecan, Crailsheim, Germany) plate reader. Samples for
thiosulfate determination were taken as previously
described (Li, Koch, et al., 2023).

5.5 | Cloning, site-directed mutagenesis,
overproduction, purification, and size
exclusion chromatography of recombinant
proteins

The 378-bp dsrE3C gene was amplified from Hm. denitri-
ficans genomic DNA with the primers Hden0688
(dsrE3C)_Ndel_fw and Hden0688 (dsrE3C)_BamHI_rev
(Table S1) and cloned between the Ndel and BamHI sites
of pET15b(+), resulting in pET15b-Hd-DsrE3C. Analo-
gous procedures were followed for dsrE3B from Thioalka-
livibrio sp. K90mix which was cloned between the Ndel
and BamHI sites and dsrE3B from Ts. sibirica which was
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cloned between the Xhol and Ndel sites generating the
plasmids pET15b-TkDsrE3B and pET15b-TsDsrE3B. The
tusA genes were amplified from Hm. denitrificans,
Thioalkalivibrio sp. K90mix or Ts. sibirica genomic DNA
with primers adding a sequence for a C-terminal Strep-
tag and cloned between the Ndel and EcoRI sites of pET-
22b(+). The tusA gene from Agq. aeolicus (aq_388a, coding
for the protein WP_024015099.1) was amplified from
genomic DNA with primers Aq388a_Ndel fw and
Aq388a_Xhol_rev (Table S1) introducing at the
C-terminal position of the protein the two amino acids
Leu and Glu directly followed by a 6xHis-tag, and cloned
into the pET24a expression plasmid to generate the plas-
mid pET24a-AqTusA. Cysteine to serine exchanges were
implemented to HdDsrE3C by SOE PCR using primers
sets Hden0688_Ndel fw and Hden0688_BamHI rev,
Hden0688_C83S_Fw, Hden0688_C83S_Rev and
Hden0688_Ndel fw and Hden0688_BamHI _rev,
Hden0688_C84S_Fw, Hden0688_C84S_Rev, respectively,
resulting in plasmids pET15b-DsrE3C-C83S and pET15b-
DsrE3C-C84S. A cysteine to serine exchange was intro-
duced into Hm. denitrificans TusA using the same
method and the primers listed in Table S8. The Quik-
Change Site-Directed Mutagenesis Kit (Stratagene) was
used to generate the Aq. aeolicus tusA mutated genes
(coding for AqTusA Cys'’Ser and AqTusA Cys>*Ser) with
the primers Aq388a_C17S_fw, Aq388a_C17S_rev and
Aq388a_C54S_fw, Aq388a_C54S_rev using the pET24a-
AqTusA plasmid.

Recombinant DsrE3B, DsrE3C, and TusA proteins
were produced in E. coli BL21(DE3). Overnight precul-
tures were used to inoculate fresh LB medium with a
ratio of 1:50 (v/v). Synthesis of recombinant proteins was
induced by the addition of 0.1 or 1 mM (for AqTusA)
IPTG when cultures had reached an OD600 of 0.6-0.8,
followed by incubation for 2.5 h at 37°C. Cells were har-
vested by centrifugation (11,000 x g, 20 min, 4°C). Strep-
tagged proteins were resuspended in 50 mM Tris-HCl
buffer (pH 7.5) containing 150 mM NaCl. His-tagged pro-
teins were resuspended in buffer containing 20 mM
sodium-phosphate (20 mM Tris-HCl for AqTusA),
500 mM NaCl and 50 mM imidazole (pH 7.4). Cells were
lysed by sonication (or with a cell disruptor for AqQTusA).
Insoluble cell material was subsequently removed by cen-
trifugation (16,100 x g, 30 min, 4°C). His-tagged and
Strep-tagged proteins were purified with Ni-NTA Agarose
(Jena Bioscience, Jena, Germany) (except for AqQTuA that
was purified with a HiScreen Ni FF column (Cytiva,
Freiburg, Germany)) and Strep-Tactin Superflow (IBA
Lifesciences, Gottingen, Germany), respectively, accord-
ing to the manufacturer's instructions. The proteins
were then transferred to salt-free 50 mM Tris-HCI
buffer (pH 7.5) or to 20 mM Tris-HCI buffer pH 7.4 for
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AqTusA and stored at —70°C. Size exclusion chromatog-
raphy on HiLoad 16/60 Superdex™ 75 (Cytiva, Freiburg,
Germany) was performed as described in Li, Torkel,
et al. (2023).

5.6 | Protein—protein interaction in cell
extracts

To detect interaction between AqTusA and DsrE-like
proteins, TusA from Agq. aeolicus (200 pg) was incubated
with crude soluble extract of Aq. aeolicus at room temper-
ature and re-purified via His tag affinity-chromatography
(HisTrap FF 1 mL column, Cytiva) according to the man-
ufacturer's instructions. Soluble extracts were prepared as
previously described (Boughanemi et al., 2020) except
that cells were resuspended in 50 mM Tris—-HCI, pH 7.3.
Two different experiments were run: in the first one,
purified AqTusA was incubated for 10 min with 500 pL
of an extract obtained from cells grown with excess of
hydrogen in the presence of thiosulfate (called 100% H,)
as described previously (Boughanemi et al., 2016); in the
second trial, the protein was incubated for 30 min with
2 mL of extract prepared from cells grown with a lower
amount of H, in the presence of thiosulfate (referred as
30% H,, condition in which the Hdr amount in cells is
higher (Boughanemi et al., 2016)). In both cases, the
AqTusA-extract mixtures were immediately frozen in lig-
uid nitrogen after incubation and thawed just prior to
purification. Proteins were eluted with a buffer contain-
ing 50 mM Tris—-HCI pH 7.3, 150 mM NaCl, and 250 mM
imidazole. A control experiment was run with the same
extract but without TusA. After dialysis on a Vivaspin
concentrator (molecular mass cutoff 3000 Da) with 50 mM
Tris-HCl pH 7.3, eluted proteins from both columns
underwent 18% SDS-PAGE or 15% Tris-Glycine native
PAGE (without any reducing agent) (Guiral et al., 2009).
Resulting bands were cut out of the gel and analyzed by
LC-MS as described previously (Boughanemi et al., 2016).
For the second experiment, total proteins in the elution
fraction of the column were identified after the proteins
were introduced in a 5% acrylamide stacking gel, as
described in Prioretti et al. (2023) under the name “stack-
ing method”. Protein concentrations were determined
with the BCA protein assay kit from Sigma-Aldrich.

5.7 | Sulfur binding and transfer
experiments

For sulfur binding experiments with the recombinant sul-
fur transferases from Hm. denitrificans, Thioalkalivibrio
sp. K90mix, and Ts. sibirica, 1.5 nmol of the proteins were
incubated  with 5mM  polysulfide, thiosulfate,

tetrathionate, or GSSG in 20 pL 50 mM Tris-HCI, pH 7.5.
The polysulfide stock solution needed for these experi-
ments was prepared, diluted, and used as previously
described (Ikeda et al., 1972; Li, Torkel, et al., 2023). For
sulfur transfer experiments, 1.5 nmol of the putative
sulfur-donating proteins were incubated with 0.5 mM
polysulfide for 30 min at room temperature in 20 pL
50 mM Tris-HCl, pH 7.5. Acceptor proteins were reduced
with 1 mM DTT under the same conditions. Excess of
polysulfide or DTT was removed with micro Bio-Spin 6 col-
umns (GE Healthcare, Munich, Germany) equilibrated
with 50 mM Tris-HCI, pH 7.5. Efficient removal of poly-
sulfide was confirmed by adding a filtered protein-free
polysulfide solution to an acceptor protein, which was
then tested for persulfidation via mass spectrometry.
Donor and acceptor proteins were mixed in a 1:1 ratio to a
final volume of 40 pL and incubated for 30 min at room
temperature. The mixtures were then stored at —70°C. For
mass spectrometry, samples of 20 pL were desalted by Zip-
TipC4 Pipette tips (Merck Millipore, Darmstadt,
Germany), crystallized in a 2',6'-dihydroxyacetophenon
matrix and measured by MALDI-TOF (matrix-assisted
laser desorption ionization-time-of-flight) mass spectrome-
try at the Core Facility Protein Synthesis & BioAnalytics,
Pharmaceutical Institute, University of Bonn.

For sulfur loading of AqTusA, 2 pg of protein was
incubated for 30 min at 65°C, with 5 mM (final concen-
tration) of the tested sulfur compound, in a final volume
of 5pL in 50 mM Tris-HCl pH 7.3. If reduction was
desired, samples were incubated, with 10 mM DTT (final
concentration) for 45 min at room temperature after the
sulfur loading. Samples were immediately frozen in lig-
uid nitrogen and stored at —80°C until further use.
Before MALDI-TOF mass spectrometry analysis, the sam-
ples were desalted and concentrated with ZipTip C18
(Merck Millipore) using 0.1% trifluoroacetic acid (TFA)
as desalting solution and 70% acetonitrile/0.1% TFA as
elution solution. One microliter of samples (~41 pmol)
mixed with 1 pL of matrix a-cyano-4-hydroxycinnamic
acid were analyzed using the mass spectrometer Micro-
flex II (Bruker). Three micrograms of AqTusA, incubated
with cell extracts and re-purified on a HisTrap column
(see Section 5.6), was diluted in 50 mM Tris-HCI pH 7.3
in a volume of 5 pL, desalted with ZipTipC18 and ana-
lyzed by MALDI-TOF as previously described (Guiral
et al., 2009).

5.8 | Generation of datasets for
phylogenetic and similarity network
analyses

Archaeal and bacterial genomes were downloaded from
Genome Taxonomy Database (GTDB, release R207). In
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GTDB, all genomes are sorted according to validly pub-
lished taxonomies, they are pre-validated and have high
quality (completeness minus 5*contamination must be
higher than 50%). One representative of each of the cur-
rent 65,703 species clusters was analyzed. Open reading
frames were determined using Prodigal (Hyatt et al., 2010)
and subsequently annotated for sulfur related proteins via
HMSS2 (Tanabe & Dahl, 2023). Annotation was extended
by HMMs from TIGRFAMs (Li et al.,, 2021) and Pfam
(Mistry et al., 2021) databases representing the 16 syntenic
ribosomal proteins RpL2, 3, 4, 5, 6, 14, 15, 16, 18, 22, and
24, and RpS3, 8, 10, 17, and 19. A type I sHdr system was
considered to be present if the core genes
shdrC1BIAHC2B2 were present in a syntenic gene cluster.
For a type II sHdr system gene cluster shdrC1BIAHB3 and
etfAB had to be present in a single syntenic gene cluster
(Cao et al., 2018; Justice et al., 2014).

5.9 | Phylogenetic tree inference and
structural modeling

For phylogenetic tree inference, proteins were aligned using
MAFFT (Katoh & Standley, 2013) and trimmed with BMGE
(Criscuolo & Gribaldo, 2010) (entropy threshold = 0.95, min-
imum length =1, and matrix = BLOSUM30). Alignments
were then used for maximum likelihood phylogeny inference
using IQ-TREE v1.6.12 (Nguyen et al., 2015) implemented
on the “bonna” high performance clusters of the University
of Bonn. The best-fitting model of sequence evolution was
selected using ModelFinder (Kalyaanamoorthy et al., 2017).
Branch support was then calculated by SH-aLRT (2000 repli-
cates) (Guindon et al, 2010), aBayes (2000 replicates)
(Anisimova et al., 2011) and ultrafast bootstrap (2000 repli-
cates) (Hoang et al., 2018). Finally, trees were displayed using
iTol (Letunic & Bork, 2021). For species tree inference,
results for each ribosomal protein were individually aligned,
trimmed, and subsequently concatenated before they were
used for phylogenetic tree construction. Structural models of
proteins and protein complexes were generated using Alpha-
fold2 (Jumper et al., 2021).

510 |
analysis

Sequence similarity network

Amino acid sequences for the sequence similarity net-
work were derived from the search of the GTDB dataset
with HMSS2 (Tanabe & Dahl, 2023). Groups were cho-
sen based on their sequence similarity and genomic con-
text, which depended on the specific question being
investigated. From all selected sequences a meaningful
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and diverse set was derived via dereplication with
mmseqs2 linclust (Steinegger & Soding, 2017) with
default settings. Sequence similarity analysis was per-
formed by an all versus all comparison with mmseqs2
search (Mirdita et al., 2019; Steinegger & S6ding, 2017).
The similarity matrix was modified in cytoscape and
edges were filtered stepwise until optimal clustering was
observed. This status was characterized as the minimum
number of clusters while maintaining the highest num-
ber of connectivity within a group of annotated proteins,
visualizing the grouping of proteins on a deep branching
level.
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