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transfer from DsrE3A to TusA.

\_

(Bacl(ground: The dsrE3A-dsrE2B-tusA cluster from Metallosphaera cuprina encodes putative sulfur-trafficking proteins
and is flanked by genes encoding a heterodisulfide reductase-like complex and dihydrolipoamide dehydrogenase.
Results: DsrE3A and TusA react with tetrathionate, yielding protein Cys-S-thiosulfonates, triggering irreversible thiosulfate

Conclusion: DsrE3A and TusA are important players during dissimilatory sulfur and tetrathionate oxidation.
Significance: Protein-mediated transfer of thiosulfonate is unprecedented in sulfur oxidizers.

J

Conserved clusters of genes encoding DsrE and TusA
homologs occur in many archaeal and bacterial sulfur oxidizers.
TusA has a well documented function as a sulfurtransferase in
tRNA modification and molybdenum cofactor biosynthesis in
Escherichia coli, and DsrE is an active site subunit of the DsrtEFH
complex that is essential for sulfur trafficking in the pho-
totrophic sulfur-oxidizing Allochromatium vinosum. In the
acidothermophilic sulfur (S°)- and tetrathionate (S,02™)-oxi-
dizing Metallosphaera cuprina Ar-4, a dsrE3A-dsrE2B-tusA
arrangement is situated immediately between genes encoding
dihydrolipoamide dehydrogenase and a heterodisulfide reduc-
tase-like complex. In this study, the biochemical features and
sulfur transferring abilities of the DsrE2B, DsrE3A, and TusA
proteins were investigated. DsrE3A and TusA proved to react
with tetrathionate but not with NaSH, glutathione persulfide,
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polysulfide, thiosulfate, or sulfite. The products were identi-
fied as protein-Cys-S-thiosulfonates. DsrE3A was also able to
cleave the thiosulfate group from TusA-Cys'8-S-thiosulfonate.
DsrE2B did not react with any of the sulfur compounds tested.
DsrE3A and TusA interacted physically with each other and
formed a heterocomplex. The cysteine residue (Cys'®) of TusA is
crucial for this interaction. The single cysteine mutants
DsrE3A-C?3S and DsrE3A-C'°'S retained the ability to transfer
the thiosulfonate group to TusA. TusA-C'8S neither reacted
with tetrathionate nor was it loaded with thiosulfate with
DsrE3A-Cys-S-thiosulfonate as the donor. The transfer of thio-
sulfate, mediated by a DsrE-like protein and TusA, is unprece-
dented not only in M. cuprina but also in other sulfur-oxidizing
prokaryotes. The results of this study provide new knowledge on
oxidative microbial sulfur metabolism.

Elemental sulfur (S°) and reduced inorganic sulfur com-
pounds serve as energy sources and electron donors for a num-
ber of chemo- and photolithotrophic bacteria such as Acidi-
thiobacillus species (1-3) and Allochromatium vinosum (4).
Dissimilatory sulfur oxidation also occurs in the archaeal
domain of prokaryotes and is well known for chemolithotro-
phic acidophiles such as Sulfolobus, Acidianus, and Metal-
losphaera. Species of the genus Metallosphaera typically grow
by aerobic respiration on CO, with S°, pyrite, and tetrathionate
(S,0%7) as electron donors (5, 6). The best characterized
archaeal enzyme involved in sulfur oxidation is probably sulfur
oxygenase reductase, identified in Acidianus and present also in
some Sulfolobus species. In vitro the enzyme catalyzes dispro-
portionation of S° into sulfide, sulfite, and thiosulfate (7-9).
Sulfur oxygenase reductase is not present in Metallosphaera
(10, 11).
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Thiosulfate and tetrathionate are important intermediates
that play key roles during sulfur oxidation by bacteria and
archaea. Although the periplasmic Sox multienzyme for thio-
sulfate degradation is widespread in bacterial sulfur oxidizers, it
is not found in acidophilic sulfur-oxidizing archaea (12, 13).
Instead, in organisms such as Acidianus ambivalens two thio-
sulfate molecules are oxidatively condensed to tetrathionate in
a reaction catalyzed by the membrane-bound cytoplasmically
oriented thiosulfate:quinone oxidoreductase (TQO)> (14).
Although TQO is also present in a few bacteria, the main cata-
lyst of tetrathionate formation in the Bacteria domain appears
to be the soluble, periplasmic c-type cytochrome TsdA (15, 16).
Sulfide:Quinone oxidoreductase is a widespread sulfide-oxidiz-
ing enzyme not only in bacteria but also in archaeal sulfur
oxidizers like Metallosphaera cuprina (11). In the genera Acidi-
anus and Metallosphaera, electrons from sulfide as well as from
thiosulfate are thus fed into the quinone pool and coupled to
ATP generation via oxidative phosphorylation (17).

Many sulfur-oxidizing bacteria form conspicuous sulfur
globules as intermediates during the oxidation of sulfide, poly-
sulfides, or thiosulfate. The sulfur globules are deposited either
extracellularly or intracellularly in the periplasm (e.g. in Allo-
chromatium (18) or Beggiatoa (19) species). In A. vinosum, the
degradation of the sulfur globules involves essential steps in the
cytoplasm and is catalyzed by soluble and membrane-bound
proteins of the Dsr system (18, 20 —22). It is well established that
the Dsr mechanism involves transport of sulfur into the cyto-
plasm and an extensive sulfur trafficking network. DsrC is the
final sulfur-accepting protein, and in its persulfurated form it
serves as a direct substrate for dissimilatory sulfite reductase
(DsrAB), the enzyme that catalyzes the formation of sulfite.
DsrC receives sulfur from DsrEFH, which in turn is sulfurated
by TusA. Sulfane sulfur is mobilized from low molecular weight
persulfides and transferred to TusA by a rhodanese-like pro-
tein. Furthermore, the whole process possibly involves a DsrE-
like protein, termed DsrE2, encoded in the same gene cluster
(rhd-tusA-dsrE2) (23, 24). Notably, an rhd-tusA-dsrE2 or at
least a tusA-dsrE2 arrangement also occurs in many photo- and
chemotrophic sulfur oxidizers that do not contain DsrC and the
Dsr pathway (25, 46). Those sulfur oxidizers include archaeal
sulfur oxidizers such as Acidianus hospitalis (26), Sulfolobus
tokodaii (27), Metallosphaera sedula (28), and M. cuprina (11),
as well as bacterial sulfur oxidizers such as members of the
family Aquificaceae (29, 30) and the genera Acidithiobacillus
(31) and Thioalkalivibrio (32) (Fig. 1). Inevitably, in this group
the putative tusA-dsrE2 genes are linked with the gene clus-
ter hdrC1B1AhyphdrC2B2 that encodes a possible heterodisul-
fide-reductase complex. This complex has been predicted to be
responsible for the oxidation of organic persulfides to sulfite in
Acidithiobacillus ferrooxidans based on the observation that
the tusA-dsrE2-hdr genes were transcriptionally up-regulated
when elemental sulfur was utilized as energy source (25). Addi-
tionally, transcription of dsrE2-, tusA-, or hdr-like gene was also

° The abbreviations used are: TQO, thiosulfate:quinone oxidoreductase; 1,5-
I-AEDANS, N-(iodoacetyl)-N’-(5-sulfo-1-naphthyl)ethylenediamine; PDB,
Protein Data Bank.
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FIGURE 1. Organization of dsrE-tusA-like genetic clusters in diverse
archaeal and bacterial groups. Amino acid sequence identities (numbers
are shown in each gene) of DsrE-like and TusA-like proteins. Different genes
are represented by colors. Mcup, Metallosphaera cuprina Ar-4 (NC_015435);
Msed, Metallosphaera sedula DSM 5348 (NC_009440); Ahos, Acidianus hospi-
talis W1 (NC_015518); Sso, Sulfolobus solfataricus P2 (NC_002754); Sto, Sul-
folobus tokodaii str.7 (NC_003106); Saci, Sulfolobus acidocaldarius DSM 639
(NC_007181); Aae, Aquifex aeolicus VF5 (NC_000918); Hydth, Hydrogenobac-
ter thermophilus TK-6 (NC_017161); Atc, Acidithiobacillus caldus SM-1
(NC_015850); Afe, Acidithiobacillus ferrooxidans ATCC 23270 (NC_011761);
Alvin, Allochromatium vinosum DSM 180 (NC_013851); Tvi, Thiocystis violas-
cens DSM 198 (NC_018012); Plut, Chlorobium luteolum DSM 273 (NC_007512);
Ppha, Pelodictyon phaeoclathratiforme BU-1 (NC_011060).

up-regulated in M. sedula when S° or tetrathionate was pro-
vided as an electron donor (28).

This study aimed at gaining information about the function
and biochemical properties of DsrE- and TusA-like proteins in
the acidothermophilic archaeon M. cuprina (6). To this end, a
bioinformatics approach was combined with in vitro studies
that demonstrated not only tight interaction but also transfer
of thiosulfate between archaeal TusA and one of the DsrE
homologs.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, Media, and Growth Conditions—Bacterial
strains and plasmids used in this study are listed in Table 1.
M. cuprina Ar-4 was cultivated at 65 °C and pH 3.0 in modified
Allen medium with 1 g/liter yeast extract (6, 33). Escherichia
coli DH5a was used for molecular cloning of genes (Table 1).
E. coli BL21(DE3)/pLysRARE was used for overproduction of
recombinant proteins. All E. coli strains were grown in Luria-
Bertani medium at 37 °C. The antibiotics used were at 100
pg/ml for ampicillin and 25 pg/ml for chloramphenicol.

Genetic Cloning and Site-directed Mutagenesis—The tar-
geted genes were PCR-amplified with Pfu DNA polymerase
using genomic DNA of M. cuprina Ar-4 as template. Primers
are listed in Table 1. The PCR product was purified after diges-
tion and was cloned into vectors pET15b (Novagen, Darmstadt,
Germany) and pPRIBA1 (IBA GmbH, Géttingen, Germany).
Positive recombinant plasmids were selected and verified by
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TABLE 1
Archaeal and bacterial strains, plasmids, and primers used in this study

Sites that recognize restriction enzyme are underlined. The italic nucleotides are codons for serine.

Strain, plasmid, or primer Description Reference or source

Strains
E. coli DH5« F~ ¢80d lacZAM15A (lacZYA-argF)U169 recAlendAl hsdR17 (ry my ") supE44 N™"/ thi-1 gyrA relAl Ref. 49
E. coli BL21(DE3) F~ ompT hsdSg (ry~ my~) gal dem (DE3) Novagen
M. cuprina Ar-4 JCM 15769" Ref. 6

Plasmids
pET15-dsrE3A Amp*, T7 promoter, N-terminal His tag, Xhol/BamHI fragment of amplified dsrE3A This work
pET15-dsrE3A-C*S Amp*, T7 promoter, N-terminal His tag, Xhol/BamHI fragment of amplified dsrE3A-C**S This work
pET15-dsrE3A-C'°'S Amp", T7 promoter, N-terminal His tag, Xhol/BamHI fragment of amplified dsrE3A-C'*'S This work
pET15-dsrE3A-C*3S/C''S  Amp", T7 promoter, N-terminal His tag, Xhol/BamHI fragment of amplified dsrE3A-C**S/C'*'S This work
pET15-dsrE2B Amp", T7 promoter, N-terminal His tag, Ndel/BamHI fragment of amplified dsrE2B This work
pET15-dsrE2B-C*S Amp', T7 promoter, N-terminal His tag, Ndel/BamHI fragment of amplified dsrE2B-C*°S This work
pET15-TusA Amp*, T7 promoter, N-terminal His tag, Ndel/BamHI fragment of amplified tusA This work
pET15-TusA-C'®S Amp*, T7 promoter, N-terminal His tag, Ndel/BamHI fragment of amplified tusA-C'*S This work
pPRIBA1-TusA Amp*, T7 promoter, C-terminal Strep-tag, Ndel/Eco47I1I fragment of amplified tusA This work

Primers
15b-3A-for TGAGGGCTCGAGATGGCACAAACC This work
15b-3A-rev CAAATTGGATCCGTATCAGAAGAACAG This work
15b-2B-for GATATACTGGTGAACATATGGCAGG This work
15b-2B-rev CGTAGGATCCTCAAATGAACAGAG This work
15b-tusA-for ATACATATGGCTCAAGATGTAAAG This work
15b-tusA-rev TAAAATAGGATCCGTTACTTCGCTCTC This work
Strep-tusA-rev TAAAATAGCGCTCTTCGCTCTCTTCAC This work
C**S-for GATGTACGTAAGTGTACAAAG This work
C»S-rev CTTTGTACACTTACGTACATC This work
C''S-for GGACATGAGTCATATGAACG This work
C''S-rev CGTTCATATGACTCATGTCC This work
C»S-for TCTACGCTAGCTCAACCAC This work
C”S-rev GTGGTTGAGCTAGCGTAGA This work
C'8S-for GGAATGTATAGTCCAGGTCC This work
C'®S-rev GGACCTGGACTATACATTCC This work
pET15b-for GACTGGAGGTGGCAACGC This work
pET15b-rev CTCTCAAGGATCTTACCGC This work
pPRIBA1-for CCTCGCTCTGCTAATCCTG This work
pPRIBA1-rev GCCACCTAAATTGTAAGCG This work

nucleotide sequencing. Plasmids used in this study are listed in
Table 1.

Replacements of cysteine residue by serine residue (site-di-
rected mutations) were performed with gene splicing by over-
lap extension (34). Plasmids carrying targeted genes were used
as PCR template. Forward and reverse primers (Table 1) com-
plementary to the plasmid sequence (pET15b or pPRIBAI)
were 700—-1000 bp upstream or downstream from the target
gene. The double mutant dsrE3A-C**S/C'°'S was constructed
by introducing the C'°'S mutation to pET15b-dsrE3A-C*3S.
All of the genetic constructions were sequenced to exclude any
PCR amplification errors.

Molecular Evolutionary Analysis—A molecular evolutionary
analysis was performed using MEGAG®6 software (35). The phy-
logeny test was executed with UPGMA (unweighted pair group
method with arithmetic mean) (36), a statistical method that
applies a bootstrap test with 10,000 replicates (37). The evolu-
tionary distances were computed using the Poisson correction
method (38).

Overproduction and Purification of the Recombinant Pro-
teins—Recombinant DsrE2B, DsrE3A, and TusA were pro-
duced in E. coli BL21(DE3)/pLysRARE. Overnight precultures
were used to inoculate fresh LB medium with a ratio of 1:60
(v/v). Synthesis of recombinant proteins in cells was induced by
the addition of 0.1 mm IPTG when the culture reached an
ODyg,, of 0.6-0.8 and was further incubated for 2.5 h at 37 °C
before harvesting. Cells were pelleted at 3000 X g for 10 min,
and were resuspended in buffer containing 50 mm Tris-HCl and
150 mm NacCl (pH 7.5). Cells were broken by sonification. Cel-
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lular lysate was centrifuged at 17,000 X g for 20 min at 4 °C. The
supernatant was incubated in a water bath at 65 °C for 10 min,
and the denatured proteins were removed by centrifugation at
17,000 X g for 20 min. The supernatant containing the recom-
binant protein was filtered with a 0.45-um filter membrane
(Millipore, Darmstadt, Germany) before being loaded to the
gravity flow column for purification. His-tagged and Strep-
tagged proteins were purified with TALON metal affinity resin
(Clontech) and Strep-Tactin Superflow (IBA), respectively,
according to protocols provided by the suppliers.

Visualization of Cysteine Modifications by N-(lodoacetyl)-
N'-(5-sulfo-1-naphthyl)ethylenediamine (1,5-1-AEDANS) Gel
Assays—The principle of 1,5-I-AEDANS gel assays has been
described by Zheng et al. (39). Protein was treated with 5 mm
DTT at 37 °C for 20 min to break down any disulfide bonds and
to release cysteine residues. DTT was then removed by using
PD MiniTrap G-25 columns (GE Healthcare). In a typical assay,
each protein was incubated at 65 °C for 30 min with 5 mm sub-
strate in buffer (pH 7.5) containing 50 mm Tris-HCl and 150
mM NaCl. In parallel, a reference test was run at identical con-
ditions but without substrate. Excessive substrate was removed
by using PD MiniTrap G-25 columns. Six substrates were
tested in this study: sodium hydrosulfide (NaSH), glutathione
persulfide (GSSH), polysulfide (S>7), thiosulfate (5,03 ), tetra-
thionate (S,027), and sulfite (SO37). GSSH was synthesized
according to the method of Rohwerder and Sand (40) as speci-
fied in Stockdreher et al. (24). Proteins were concentrated to
~0.4 mm with Sartorius Vivaspin 500 centrifugal concentrators
(5000 Da).
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A Alvin 2601 14 SLDWAYPPFILASTAAA 70 aa ASIEELRELCQEAEVKMIACQMTVDLEDMPK
Tsib_DsrE 13 GTDLWAYPPFILASTAA 67 aa APLEELRELCIEAEVKMVACQMTVDLFDMST
Atc 2353 14 TLDWGYPPFILASTAAA 68 aa ASLEELRELCVEAEVRMIACQMTVDLFEFDT
Ppha 2326 15 SLDWAYPPFILASTAAA 79 aa ATIEQLRGMCQEFGVRFIACQMTMEVFGFEK
Plut 0031 15 TLDWAYPPFILASTAAA 79 aa ATVEQLREMCQEAGVRFIACQMTMEVFGFEFSK
Hydth 1867 14 TLDMAYPPLIIASTAAS 85 aa ASIPELIEACKEAEVKLIPCOMTMELFGYKY
Mcup_ 0682 14 TVDKLMPVGILASGAAA 49 aa MWHQLVKEAKDVGEVKVYACSTTMEFFGIKK
Saci_ 0336 17 TIDKLMPVGILSSAAAA 51 aa MWHQLVQQAKEVGEVKVYACSTTMEFFGVKR
Ahos 1698 5 TIDKLMPVGILTSGAAA 49 aa TWDQLIMQAKEVGEVKVYACSTTMEFFGLKR
Mcup_ 0681 27 DLDRTYAPLFMASISAS 30 aa NPFIHFFDMAKDNNVKMYVCVQSLKDMCHMN
Ahos 1699 23 DLDRTYAPLFMASIAAS 30 aa NPFIHFFDMARDNGVKMYVCIQSLKDMCHMN
Saci_0337 27 DIDRTYAPLFMASISAS 30 aa NPFIRFFDMAKENGVKMYVCVQSLKDMCHMN
Hydth 1857 15 TPWRCASPFYIAALMAA 40 aa KTVYDFMKDAKQAGVKFYSCKQAVDSLGLTR
Atc 2345 24 TAHRCATPFYLGALLSS 31 aa KKVIEFIRDAKNAGVEIHVCRPALPGYEIPA
TK90 0639 27 TPHRCATPFYLGAVMAS 31 aa KLIKDFIQDAKRAGVRLHVCQPALPGYRIDA
Mcup 1724 11 ELDRVAYAGMHALIAAS 38 aa NVFEHFKKAKKSGKLKILACSYASKIHGLDK
Saci 0332 11 ERSRLTYAAMNSVISSS 39 aa DFTGLFKKAKKSGKVKIYACSYASKLFEFNYSK
Mcup 1706 13 DEEKVMMGVITAIGYAS 32 aa KYYLDNLFELAGEDLEITACEFGMRVKDVHE
Alvin 1253 11 QHQASDSAYQFAKAALE 29 aa HIVNRWAELAEQYELDMVVCVAAAQRRGIVD
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Visualization of cysteine modification of cystein residues by
1,5-I-AEDANS proceeded as follows. 5-10 ul of the concen-
trated sample was treated with 3 ul of 2 mm 1,5-I-AEDANS at
4.°C for at least 1 h before adding 2 ul of 8 mm L-cysteine at
room temperature for 30 min to react with the excessive 1,5-1-
AEDANS. 1 pul of 100 mm DTT was added to the reaction mix-
ture as described (41). Our results indicated that treatment with
DTT did not affect reaction of proteins with 1,5-I-AEDANS.
Native loading buffer was applied to the sample followed by
electrophoresis on 15% Tris-glycine SDS-polyacrylamide gels
in the dark. The fluorescence of 1,5-AEDANS was detected
under UV light, and proteins were stained with Coomassie Bril-
liant Blue R-250.

Determination of Thiosulfate Transfer—In a typical thiosul-
fate transfer assay, 1.5 nmol of thiosulfate donor proteins
(DsrE3A or TusA after reaction with substrate) was incubated
with equal amounts of thiosulfate acceptor proteins (TusA or
DsrE3A) at 65 °C for 30 min. Thiosulfate transfer was evaluated
by determination of cysteine modification, and visualization of
cysteine modification was carried out as described above.

MALDI-TOF Mass Spectrometry—For MALDI-TOF MS, the
matrix was sinapinic acid in 50% acetonitrile and 0.1% trifluo-
roacetic acid solution. The buffer of protein samples was
exchanged for 0.1% trifluoroacetic acid by using a PD MiniTrap
G-25 column. About 10-pmol samples were detected in the
positive linear mode with a Biflex III (Bruker Daltonics GmbH,
Leipzig, Germany) or AB SCIEX TOF/TOF 5800 (AB SCIEX,
Framingham, MA).

Strep-tag® Pulldown Assay—During the Strep-tag pulldown
assay, 10 nmol of Strep-tagged proteins and 30 nmol of non-
Strep-tagged proteins were incubated together with 0.75 ml of
Strep-Tactin Superflow on ice for 1 h. The mixture was then
loaded to the gravity flow column to continue the pulldown
assay. Reference tests were run in parallel under identical con-
ditions, but only the non-Strep-tagged protein was incubated
with Strep-Tactin Superflow.

Surface Plasmon Resonance— A Biacore 3000 instrument (GE
Healthcare) was equipped with a CM5 sensor chip (GE Health-
care) at 25 °C. DsrE3A (26 ug/ml) proteins (ligand) in 10 mm
acetic acid (pH 5.5) were covalently immobilized to the chip
according to the protocol provided by the supplier, and the
resonance units reached about 1500. PBST buffer (PBS contain-
ing 0.005% Tween 20 (pH 7.4)) was used as the running buffer
with a flow rate of 30 ul/min. TusA proteins (analyte) in PBST
buffer was injected for 2 min at a flow rate of 30 ul/min. Disso-
ciation of protein-protein complexes on the sensor surface pro-
ceeded for 8 min by flowing PBST buffer over the sensor sur-
face. A blank injection with PBST buffer was used as the

control. The surface was regenerated with 5-60 ul of 10 or
20 mm NaOH. A control surface without ligand was used as a
reference.

Gel Filtration—DsrE3A and TusA were incubated on ice for
at least 1 h before being injected with a 2-ml sample loop to
AKTA™ purifier equipped with a HiLoad 16/60 Superdex 200
prep grade column (GE Healthcare). A solution of 50 mm Tris-
HCl (pH 7.5) and 150 mMm NaCl was used as the running buffer,
and the flow rate was kept constant at 1.0 ml/min. Proteins were
incubated with or without 25 um Tris(2-carboxyethyl)phos-
phine (TCEP) at room temperature for 1 h before injection to
the AKTA™ purifier with a 0.5-ml sample loop for oligomeri-
zation analysis. The column used in these cases was a HiLoad
16/60 Superdex 75 prep grade column (GE Healthcare). 50 mm
Tris-HCI (pH 7.5) and 150 mm KCl was used as the running
buffer with a flow rate 0.5 ml/min. Blue dextran (2000 kDa),
bovine catalase (240 kDa), bovine albumin (67 kDa), egg albu-
min (45 kDa), chymotrypsinogen A (25 kDa), equine myoglobin
(17 kDa), and cytochrome ¢ (12.3 kDa) were used for
calibration.

RESULTS

Occurrence, Genetic Environment, and Grouping of Archaeal
DsrE Proteins—The genome of M. cuprina encodes four differ-
ent DsrE-like proteins: Mcup_0681, Mcup_0682, Mcup_1706,
and Mcup_1724. All of these proteins contain cysteine residues
corresponding to the active cysteine residue of DsrE from
A. vinosum (Fig. 2A), which had been demonstrated experi-
mentally (23). With the exception of only Mcup_0681, the
M. cuprina dsrE-like genes reside close to genes encoding TusA
homologs. All of the archaeal dsrE-like genes reside amid genes
connected to oxidative sulfur metabolism. Mcup_1706 and
Mcup_1724 are part of a “sulfur island” comprising TQO genes
(Mcup_1712 and Mcup_1713) and a gene for a protein with a
sulfate transporter domain, as well as the gene for a potential
sulfide:quinone oxidoreductase (Mcup_1723) and TusA (Mcup_
1722). Mcup_0682 and a further tusA homolog (Mcup_0683)
immediately precede the hdrCiBI1AhyphdrC2B2 cluster
(Fig. 2B). Mcup_0681 is transcribed in the opposite direction to
Mcup_0682 and resides upstream of a genetic cluster that encodes
a putative dihydrolipoamide dehydrogenase (Mcup_0680), a
hypothetical protein (Mcup_0679), and a putative thioredoxin
(Mcup_0678). Notably, alipoamide-binding protein resembling
protein H of the glycine cleavage system (Mcup_0662) and several
proteins responsible for the biosynthesis of lipoamide-contain-
ing proteins (Mcup_0671-0673) are also encoded in the vicin-
ity of these genes (Fig. 2B). In fact, related genes are also part of
or reside in the immediate vicinity of all the tusA-dsrE-hdr

FIGURE 2. Alignment of DsrE homologous sequences (A), comparison of gene clusters containing dsrE, tusA, and hdr genes in A. caldus SM-1 and
M. cuprina Ar-4 (B), and phylogenetic tree for DsrE orthologs from the Bacteria and Archaea domains (C). The DsrE homologous sequences in A are from
the following orders: Chromatiales: A. vinosum DSM 180 (Alvin), Thiorhodospira sibirica ATCC 700588 (Tsib), and Thioalkalivibrio sp. K90mix (TK90); Acidithio-
bacillales: A. caldus SM-1 (Atc); Chlorobiales: C. luteolum DSM 273 (Plut) and P. phaeoclathratiforme BU-1 (Ppha); Aquificales: H. thermophilus TK-6 (Hydth); and
Sulfolobales: M. cuprina Ar-4 (Mcup), A. hospitalis W1 (Ahos), and S. acidocaldarius DSM 639 (Saci). The sequences are identified by their locus tags. The active
site cysteine conserved in all sequences is labeled with an asterisk. For clarity, only those parts of the alignments are shown that contain conserved cysteine
residues. The complete alignment served as the basis for the tree shown in C. In , the evolutionary history was inferred using the UPGMA method. The optimal
tree with the sum of branch length = 7.16951712 is shown. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap
test (10,000 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site. The analysis involved the 19 amino acid sequences aligned in A.
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genetic clusters in other genome-sequenced archaeal and bac-
terial sulfur oxidizers. As an example, the organization of the
respective genes in Acidithiobacillus caldus is compared with
that in M. cuprina in Fig. 2B.

Sequence alignments and phylogenetic analyses provided us
with the basis for grouping DsrE homologs into the following
five categories (Fig. 2C). 1) The DsrE group consists of subunits
of DsrEFH (prototype Alvin_1253). 2) The DsrE2 group con-

CK NaSH GSSH S 8,09 8,08 CK SO

[ — l.
CK NaSH GSSH S 2

S> S0 0 CK SO

- e D > W

CK NaSH GSSH S2> S,0% CK S,0% SO

FIGURE 3. Detection for DsrE3A, DsrE2B, and TusA modification by NaSH,
GSSH, polysulfide (S27), thiosulfate (S,027), tetrathionate (S,027), and
sulfite (S027) by 1,5-1-AEDANS gel assays. CK, without any substrates. The
gels were exposed to UV light (upper panel for each protein) or stained with
Coomassie Brilliant Blue (lower panel for each protein).
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sists of members that are genetically or functionally linked with
Dsr or Hdr systems. Subgroup DsrE2A (prototype Alvin_2601)
contains two strictly conserved cysteines. The prototype of sub-
group DsrE2B is Mcup_0682. 3) The genes of the DsrE3 group
are either immediately linked with genes for dihydrolipoamide
dehydrogenase (DsrE3A, prototype Mcup_0681) or with genes
for lipoamide-binding proteins (DsrE3B, prototype Atc_2345).
The proteins of group DsrE3A contain two conserved cysteine
residues in a Cys-X,-Cys motif with the first cysteine corre-
sponding to the established DsrE active site cysteine (Fig. 24).
4) The members of the DsrE4 group are encoded downstream
of sulfide:quinone oxidoreductase (prototype Mcup_1724). 5)
Group DsrES5 is represented by Mcup_1706.

Similar genetic organizations (i.e. dsrE-tusA) were observed
in sulfur-oxidizing species of the families Sulfolobaceae, Aquifi-
caceae, Acidithiobacillaceae, Chromatiaceae, and Chlorobi-
aceae (Fig. 1). It appears that the dsrE gene might have been
duplicated (as dsrE3A and dsrE2B) in members of the Sulfolo-
baceae and Aquificaceae. Genes encoding proteins or enzymes
that are involved in reversible reduction of heterodisulfide
bonds coupled with energy conservation (Hdr complex) or in
sulfur oxidation (rhodanese (Rdh)-like protein) were found in
conjunction with the dsrE-tusA cluster as shown in Fig. 1. The
DsrE3A of M. cuprina Ar-4 had 24% (89% coverage) and 41%
(47% coverage) identity to the DsrE2A (AFE_2556) of A. fer-
rooxidans and DsrE2A (Alvin_2601) of A. vinosum, respec-
tively. DsrE2B of M. cuprina Ar-4 had 34% (100% coverage) and
35% (86% coverage) identity to AFE_2556 and Alvin_2601,
respectively. TusA (Mcup_0683) of M. cuprina Ar-4 has 39%
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FIGURE 4. Detection for DsrE3A (A and B) and TusA (C and D) modification by tetrathionate with MALDI-TOF mass spectrometry. DsrE3A (B) and TusA
(D) were modified by thiosulfate group(s) after reaction with tetrathionate. The observed protein masses without any modifications are 131 Da smaller than the
corresponding theoretical masses. This is due to the cleavage of the first methionine residue when it precedes glycine residues (47, 48). The 4-Da difference was
attributed to measurement error in the positive linear mode by the MALDI-TOF MS instruments.
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(88% coverage) and 34% (91% coverage) identity to TusA
(AFE_2557) of A.ferrooxidans and TusA (Alvin_2600) of
A. vinosum, respectively.

Cloning, Site-directed Mutagenesis, and Expression of dsrE2B,
dsrE3A, and tusA from M. cuprina in E. coli—N-terminally His-
tagged DsrE3A (Mcup_0681), DsrE2B (Mcup_0682), and TusA
(Mcup_0683) as well as TusA carrying a carboxyl-terminal
Strep-tag were produced in E. coli BL21(DE3)/pLysRARE and
purified by affinity chromatography. In all cases, the apparent
molecular masses matched the theoretical masses for DsrE3A,
DsrE2B, and TusA (His-tagged) at 17,697, 17,480, and 10,895
Da, respectively, with TusA Strep-tagged at 9,930 Da. In addi-
tion, six mutants (DsrE3A-C3S, DsrE3A-C!°'S, DsrE3A-C3S/
C01S, DsrE2B-C*?S, and TusA-C*®S with His-tags and TusA-
C'8S with a Strep-tag) were produced, of which potentially
important cysteine residues were replaced by serine residues.

The purified DsrE3A molecules as well as all derivatives
occurred in homotrimers as indicated by gel filtration. It was
not clear whether DsrE2B and DsrE2B-C®°S were homodimers
or homotrimers (data not shown). The oligomerization of

TABLE 2

MALDI-TOF MS detection of protein molecular masses changes after
incubation with tetrathionate

Numbers in parentheses represent mass increases. NM, no modification.

DsrE3A and DsrE2B as trimers matches the structures depos-
ited in the Protein Data Bank (PDB) for the corresponding pro-
teins from Sulfolobus solfataricus P2 (DsrE3A: SSO1125, PDB
ID 3MC3; DsrE2B: SSO1126, PDB ID 2QS7). TusA of M.
cuprina occurred both as monomers and dimers. The mutant
protein TusA-C"®S occurred only in the monomeric state, sug-
gesting that dimer formation depended on the presence of the
Cys'® residue of wild-type TusA (data not shown).

DsrE3A and TusA React with Tetrathionate and Form
Protein-Cys-S-thiosulfonate—To investigate their functions,
DsrE3A (Mcup_0681), DsrE2B (Mcup_0682), and TusA
(Mcup_0683) were incubated separately with six different sul-
fur-containing compounds: NaSH, GSSH, polysulfide, thiosul-
fate, tetrathionate, and sulfite. The untreated proteins and the
proteins treated with sulfur-containing compounds were
reacted with the fluorescent thiol-reactive reagent 1,5-I-
AEDANS. Subsequent incubation with DTT was performed to
cleave off possible covalently attached persulfides as 1,5-
AEDANS-sulfide conjugates (i.e. persulfurated proteins would
finally not be visible under UV light). The covalently attached
protein-thiosulfonate groups are not reactive per se with 1,5-1-
AEDANS. As evident from Fig. 3, DsrE2B was uniformly 1,5-
AEDANS-labeled irrespective of pretreatment, implying that
the protein did not react with any of the tested compounds in

Theoretical Observed
molecular molecular Expected TABLE 3
Protei dificati . .
roeins mass mass modiications Detection of thiosulfate transfer between DsrE3A and TusA
Da Da . . . .
DscE3A 17,566 17,792 (226) DsrE3A-Cys-S- (S-S0,), Numbers in parentheses represent mass increases. NM, no modification.
DsrE3A-C*3S 17,550 17,658 (108) DsrE3A-Cys'**-5-5-SO, Observed Expected
DsrE3A-C°'S 17,550 17,660 (110) DsrE3A-Cys”*-S-S-SO, Proteins molecular mass modifications
DsrE3A-(C*3S/C™'S) 17,534 17,533 NM Da
TusA 10,764 10,874 (110) TusA—Cysl8—S—S—SO3 D 101 18
18 srE3A-Cys'?1-S-S-SO, 10,873 (109) TusA-Cys'®-S-5-SO,
TusA-CS 10,748 10,748 NM and TusA 17,659 (109) DstE3A-Cys'®-$-5-SO,
DsrE3A-Cys**-S-S-SO, 10,874 (110) TusA-Cys'®-S-5-SO,
Cys*-SH and TusA 17,658 (108) DsrE3A-Cys”-S-S-SO,
) ] DsrE3A-(C23S/C'S) 10,765 NM
DsrE3A + 2[;0S-5-5-505] and TusA 17,533 NM
Cys'"'-SH DsrE3A-Cys-S-(S-SO;), 10,747 NM
and TusA-C'®S 17,790 (224) DsrE3A-Cys-S- (S-SO,),
TusA-Cys'8-$-5-SO, 10,763 NM
and DsrE3A 17,564 NM
5 TusA-Cys'8-S-S-SO, 10,763 NM
Cys*-S-S-50; and DsrE3A-C**S 17,554 NM
+ 2[S-S0] TusA-Cys'®-S-S-SO, 10,764 NM
o : and DsrE3A-C191S 17,553 NM
Cys!"'-8-§-50; TusA-Cys'®-$-5-SO, 10,877 (113) TusA-Cys'®-5-S-SO,
93, 101
SCHEME 1 and DSrEBA-(C S/C S) 17,533 NM
A B TusA-Cys'$-S-S-S0,
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FIGURE 5. Detection of thiosulfate transfer from DsrE3A-Cys-S-thiosulfonate to TusA by 1,5-1-AEDANS gel assay (A) and MALDI-TOF MS (B). In B, an
unidentified peak at 11,033 m/z was observed; this does not correspond to any second modification of TusA by thiosulfate. CK, represents a test with free
DsrE3A and TusA. 2 nmol of DsrE3A or DsrE3A-Cys-S-thiosulfonate was loaded to the respective lanes.
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vitro. DsrE3A and TusA were not modified by NaSH, GSSH,
polysulfide, thiosulfate, or sulfite, but they reacted with tetra-
thionate. As shown in Fig. 3, fluorescence was not seen for tet-
rathionate-incubated DsrE3A and was substantially lower than
after treatment with the other tested sulfur group donors for
TusA. The residual fluorescence of tetrathionate-treated TusA
might be either due to partial reactivity of TusA or a greater
susceptibility of the TusA-Cys'®-S-thiosulfate to hydrolysis.
Control experiments showed that the tetrathionate-treated
proteins were a priori unable to react with 1,5-I-AEDANS,
pointing to a modification of cysteines with sulfonate or S-thio-
sulfonate rather than sulfane groups. This conclusion was ver-
ified by an independent experimental approach. Mass changes
arising after incubation with the different tested sulfur com-
pounds were analyzed by MALDI-TOF mass spectrometry
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FIGURE 6. DsrE3A cleaved the thiosulfate group from TusA-Cys'2-S-thio-
sulfonate (A), but DsrE3A-C°3S/C"°"'S was not able to do so (B).
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(Fig. 4). Upon incubation with tetrathionate, DsrE3A gained a
mass of 226 Da, which corresponded to a tetrathionate group or
two thiosulfate groups (Fig. 4, A and B). The protein harbors
two conserved cysteine residues, Cys” and Cys'®'. Mutants
DsrE3A-C*3S (DsrE3A-Cys'®") and DsrE3A-C'°'S (DsrE3A-
Cys®?) retained the ability to interact with tetrathionate, and
each mutant protein covalently attached a group of 112 = 4 Da,
matching the molecular mass of thiosulfate (Table 2). The
DsrE3A-C?3S/C''S derivative lacking Cys®® as well as Cys'®*
stayed unmodified after incubation with tetrathionate (Table
2). Thus, both cysteine residues, Cys93 and Cysml, are individ-
ually and independently modified by attachment of a thiosul-
fate group upon incubation with tetrathionate as shown in
Scheme 1.

TusA from M. cuprina was also proven by mass spectrome-
try to form a Cys-S-thiosulfonate derivative upon incubation
with tetrathionate (Fig. 4, C and D). A mass increase of 111 Da
suggested that TusA also covalently attached a thiosulfate
group. Because the mutant protein TusA-C'®S lost the ability to
react with the tetrathionate, it is deduced that the conserved
cysteine residue of TusA played a key role in the reaction with
tetrathionate (Table 2).

DsrE3A-Cys-S-Thiosulfonate Transfers a Thiosulfate Group
to TusA—Our previous experiments described above estab-
lished that DsrE3A and TusA were capable of mobilizing thio-
sulfate from tetrathionate. In the next step we set out to inves-
tigate whether DsrE3A-Cys-S-thiosulfonate could serve as a
thiosulfate donor for TusA.

DsrE3A-Cys-S-thiosulfonate and TusA were mixed at molar
ratio of 3:2 and incubated at 65 °C for 30 min. Visualization of
TusA with 1,5-I-AEDANS was not successful (Fig. 5A4).
MALDI-TOF MS confirmed thiosulfate transfer from DsrE3A-
Cys-S-thiosulfonate to TusA (Fig. 5B). Not only were the peaks
representing TusA and DsrE3A-Cys-S-thiosulfonate observed,
but a newly emergent peak matched the mass of TusA-Cys'®-
S-thiosulfonate, which was deduced to be a product resulting
from the transfer of a thiosulfate group from DsrE3A-Cys-S-
thiosulfonate to TusA.

Mutants of DsrE3A were also assayed. The results (Table 3)
showed that the mutated protein carrying a single replacement

TusA monomer

TusA dimer
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FIGURE 7. DsrE3A and TusA form a heterocomplex. The protein components of the fractions were determined with SDS-PAGE, and the results are shown

below the elution curve.
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of cysteine residues, ie. DsrE3A-C**S or DsrE3A-C'°'S,
retained its ability to transfer thiosulfate to TusA.

TusA-Cys"'®-S-Thiosulfonate Does Not Transfer Thiosulfate
to DsrE3A, and DsrE3A Cleaves TusA—Cysw—S—Thiosulfonate—
We further determined whether TusA-Cys'®-S-thiosulfonate
was able to transfer its thiosulfate group to DsrE3A. The thio-
sulfate group of TusA-Cys'®-S-thiosulfonate did not transfer to
DsrE3A, but no trace of it was detected in the MALDI mass
spectrum after incubation (Fig. 6A4). Thus, we deduced that
DsrE3A cleaved the TusA-Cys'®-S-thiosulfonate and released
free TusA. Additional experiments (Fig. 6B) showed that the
double replacement mutant DsrE3A-C?*S/C'°'S lost the ability
to cleave the thiosulfate group from TusA-Cys'®-S-thiosulfo-
nate, suggesting that cysteine residues of DsrE3A played an
important role during cleavage.

We also tested whether DsrE3A-Cys-S-thiosulfonate and
TusA-Cys'8-S-thiosulfonate were able to transfer their thiosul-
fate groups to DsrE2B. Thiosulfate transfer to DsrE2B was not
observed (data not shown).

DsrE3A and TusA Interact Physically with Each Other and
Form a Heterocomplex—As demonstrated above, DsrE3A and
TusA both reacted with tetrathionate resulting in DsrE3A-Cys-
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FIGURE 8. Determination of association and dissociation between
DsrE3A and TusA by surface plasmon resonance. RU, resonance unit.
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S-thiosulfonate and TusA-Cys'®-S-thiosulfonate. In addition,
DsrE3A cleaved TusA-Cys'®-S-thiosulfonate. These results
invoked the idea that DsrE3A and TusA might interact physi-
cally with each other. Pulldown assays were conducted for
DsrE3A plus Strep-tagged TusA with Strep-Tactin Superflow
gravity flow columns. In a control experiment, DsrE3A did not
bind to the affinity matrix, whereas a considerable portion was
retained on the column in the presence of Strep-tagged TusA
and co-eluted with it (data not shown). DsrE3A did not interact
with TusA-C'®S, in which the active site cysteine was replaced
by serine, showing that Cys'® of TusA is indispensable for the
interaction. Analysis by gel permeation chromatography
showed that DsrE3A and TusA formed a heterocomplex after
they were incubated together (Fig. 7). These results suggested a
specific interaction between DsrE3A and TusA. Using the same
methods, interactions were not observed between DsrE2B and
TusA or DsrE3A.

Moreover, surface plasmon resonance was applied to quan-
titatively evaluate the affinity between DsrE3A and TusA (Fig.
8). DsrE3A was covalently immobilized on a CM5 sensor chip.
TusA at different concentrations flowed over the chip surface.
The equilibrium dissociation constant (Kj,) according to the
fitted model was 0.1 nm. The very low value of K, demonstrated
a strong interaction between DsrE3A and TusA.

DISCUSSION

This work demonstrated that proteins DsrE3A and TusA
from the acidothermophilic archaeon M. cuprina Ar-4 have the
ability to mobilize thiosulfate from tetrathionate. Moreover,
thiosulfate transfer from DsrE3A-Cys-S-thiosulfonate to TusA
was shown. To our knowledge, proteins that react with tetra-
thionate and form protein-Cys-S-thiosulfonates have thus far
not been reported in sulfur oxidizers. Thus, DsrE3A and TusA
from M. cuprina Ar-4 represent the first pair of proteins with
such novel properties. Although both DsrE3A and TusA were
able to react with tetrathionate, we observed that DsrE3A-Cys-
S-thiosulfonate further transferred its thiosulfate group to
TusA. This observation might imply that DsrE3A functions as a
thiosulfate donor to TusA in vivo. Thiosulfonated TusA could
then serve as the substrate for other enzymes such as the
hdrC1B1AhyphdrC2B2-encoded proteins (Fig. 9). We envision
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FIGURE 9. Proposed roles of DsrE3A and TusA in dissimilatory sulfur metabolism in M. cuprina. Systems for transport of thiosulfate and tetrathionate into
the cytoplasm have thus far not been identified in M. cuprina. TetH, tetrathionate hydrolase.
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that the sulfonate group is first released, either hydrolytically as
sulfate or reductively as sulfite, by an as yet unknown mecha-
nism. The sulfane group remaining on TusA could then be oxi-
dized and finally also released.

The close genomic linkage of the TusA-encoding gene
(Mcup_0683) with hdr-like genes and the DsrE3A-encoding
gene (Mcup_0681) with a lipoamide dehydrogenase-encoding
gene, not only in M. cuprina but also in other sulfur-oxidizing
archaea and bacteria (Figs. 1 and 2B), opens the possibility of a
functional linkage of these systems. This idea is corroborated by
the tight interaction of archaeal TusA and DsrE3A proven in
this work by several independent experimental approaches.
Involvement of a lipoamide-binding protein as a potential sul-
fur carrier and linkage to lipoamide dehydrogenase could even
result in transfer of some of the electrons arising from sulfane
sulfur oxidation to NAD ™,

In addition to the reaction with tetrathionate that leads to
binding of a thiosulfonate group, we showed that DsrE3A is able
to release thiosulfate from TusA-Cys'8-S-thiosulfonate. This
reaction requires two electrons. In principle, such a mechanism
resembles the reverse of the oxidative binding of thiosulfate to a
cysteine of the SoxYZ protein, which occurs as the first step of
thiosulfate oxidation catalyzed by the Sox system (42). We envi-
sion that the electrons required stem from the formation of an
intramolecular disulfide between the two conserved cysteine
residues of DsrE3A or from the formation of an intermolecular
disulfide between two molecules of DsrE3A. The formation of
an intermolecular disulfide is supported by the observation
that single cysteine replacement mutants DsrE3A-C*>S and
DsrE3A-C'°'S retained the ability to release thiosulfate from
TusA-Cys'®-S-thiosulfonate.

Our results demonstrated that TusA is involved in thiosul-
fate transfer. Based on the finding that TusA reacts with tetra-
thionate and that DsrE3A cleaves a thiosulfate group from
TusA-Cys'8-S-thiosulfonate, we propose that TusA is involved
in dissimilatory oxidation of tetrathionate in M. cuprina Ar-4
when grown with tetrathionate as energy source, a role distinct
from the function of TusA as a sulfurtransferase in tRNA mod-
ification (43) and molybdenum cofactor biosynthesis (44) in
E. coli. TusA of M. cuprina Ar-4 functions as a dissimilatory
protein, just as has been reported for TusA from the purple
sulfur bacterium A. vinosum (24).

As an alternative function, or even in addition to the model
elaborated above, archaeal TusA could generate thiosulfate in
the cytoplasm, which would be further oxidized by TQO (Fig.
9). TQO oxidizes thiosulfate and transfers electrons via caldari-
ellaquinone (14). Genes coding for TQO are present in the
genome of M. cuprina Ar-4 (11), and the active site of TQO in
A. ambivalens has been suggested to face toward the cytoplasm
(45). Tetrathionate produced by TQO is thus released to the
cytoplasm, where DsrE3A is located, and further converts tet-
rathionate (Fig. 9).
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