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Abstract Sulfurtransferases/rhodaneses (ST) are a group of
enzymes widely distributed in all three phyla that catalyze the
transfer of sulfur from a donor to a thiophilic acceptor sub-
strate. All ST contain distinct structural domains, and can exist
as single-domain proteins, as tandemly repeated modules in
which the C-terminal domain bears the active site, or as mem-
bers of multi-domain proteins. We identified several ST in Ara-
bidopsis resembling the C-terminus of the Arabidopsis two-
domain ST1 and the single-domain GIpE protein from Esche-
richia coli. Two of them (accession numbers BAB10422 and
BAB10409) were expressed in E. coli and purified. Both proteins
showed thiosulfate-specific ST enzyme activity.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Sulfurtransferases/rhodaneses (ST) catalyze the transfer of a
sulfur atom from suitable sulfur donors to a nucleophilic ac-
ceptor. The most studied and best characterized ST is bovine
rhodanese (thiosulfate:cyanide ST, EC 2.8.1.1) which cata-
lyzes, in vitro, the transfer of a sulfane-sulfur atom from thi-
osulfate to cyanide, leading to the formation of sulfite and
thiocyanate [1]. ST contain structural well-defined modules.
They are found as tandem repeats, with the C-terminal do-
main hosting the active site cysteine residue, as single-domain
proteins or as members of multi-domain proteins [2]. Al-
though in vitro assays show ST activity associated with rhoda-
nese or rhodanese-like domains, specific biological roles for
most members of this homology superfamily have not been
established [3]. Proposed roles include cyanide detoxification
[4], sulfur metabolism [5], and mobilization of sulfur for iron—
sulfur cluster biosynthesis or repair [6].

In the Escherichia coli genome eight open reading frames
encoding proteins containing a rhodanese domain bearing the
potentially catalytic cysteine have been identified. One of the
genes encodes the 12 kDa protein GIpE; relative to the two-
domain rhodanese enzymes of known three-dimensional struc-
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ture, GIpE displays substantial shortening of loops connecting
o-helices and B-sheets resulting in radical conformational
changes surrounding the active site. Sequence searches
through completed genomes indicate that GIpE can be con-
sidered to be the prototype structure for the ubiquitous single-
domain rhodanese module [3].

In all eukaryotic and prokaryotic species investigated so far
3-mercaptopyruvate- and thiosulfate-specific ST were identi-
fied [1,7-9]. So far two Arabidopsis cDNA sequences encoding
ST proteins were isolated and characterized [10-13]. Both
protein sequences resemble the 3-mercaptopyruvate ST from
mammals with respect to decisive amino acid residues. The
search for thiosulfate ST in Arabidopsis showing homology to
the mammalian thiosulfate ST by cDNA library screening had
not been successful so far. In the meantime the complete se-
quence of the Arabidopsis genome has become available. A
comprehensive database screening revealed the existence of
at least 18 Arabidopsis proteins containing rhodanese do-
mains. We were interested to identify thiosulfate ST among
these proteins and to prove the occurrence of single-domain
ST in Arabidopsis. We could demonstrate that at least two
single-domain ST possess thiosulfate ST activity.

2. Materials and methods

2.1. DNA cloning techniques

The EST clones 149L5T7 and 211017T7 were ordered from the
Arabidopsis stock center at the Ohio State University and sequenced
on both strands using the BIG-Dye Terminator with an ABI 310
(Applied Biosystems). The following primer pair was used to amplify
a 411 bp coding sequence from EST 149L5T7: primer 104 (5'-CGG
ATC CTC TCA ATC AAT CTC CTC C-3’) extended by a BamHI
restriction site and primer 105 (5’-CAA GCT TAT TAG CAG ATG
GCT CCT C-3') extended by a HindIII restriction site. For the am-
plification of the 423 bp coding sequence from EST 211017T7 primer
108 (5'-GGA TCC GCG GAC GAG AGC AGA GT-3') extended by
a BamHI restriction site and primer 109 (5'-CCT GCA GTT GAA
GAA GAA GGA GAC G-3’) extended by a PsI restriction site were
used. A 549 bp cDNA for AAA80303 was amplified from an Arabi-
dopsis cDNA library by primer 110 (5'-CGG ATC CGA AAC CAC
TGC TTT TAA C-3') extended by a BamHI restriction site and prim-
er 111 (5'-CCT GCA GCT CTT CTA CCG GCA GCT-3’) extended
by a Pstl restriction site.

The PCR contained 0.2 mM dNTPs (Roth, Karlsruhe, Germany),
0.4 uM of each primer (MWG, Ebersberg, Germany), | mM MgCl,
(final concentration, respectively), 0.75 ul RedTag DNA-Polymerase
(Sigma, Taufkirchen, Germany) and about 1 pg template DNA in a
final volume of 50 pl. Before starting the first PCR cycle, the DNA
was denatured for 180 s at 94°C followed by 28 PCR cycles of 45 s at
94°C, 45 s at 55°C, and 45 s at 72°C. The process was finished with an
elongation phase of 420 s at 72°C. The amplified PCR fragments were
ligated into the expression vector pQE-30 (Qiagen, Hilden, Germany)
and introduced into E. coli strain XLI-blue.

0014-5793/02/$22.00 © 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0014-5793(02)03723-7


mailto:jutta.papenbrock@botanik.uni-hannover.de

428

2.2. Expression and purification of the ST proteins in E. coli

The recombinant proteins were expressed according to the follow-
ing protocol: after growth of the respective E. coli cultures at 37°C to
an ODg of 0.6 in Luria—Bertani medium (10 g/l tryptone, 5 g/l yeast
extract, 10 g/l NaCl) (Roth) containing ampicillin (100 pg/ml) (Appli-
Chem, Darmstadt, Germany) induction was carried out for 3 h with
1 mM (final concentration) of isopropyl-p-p-galactoside (AppliChem).
Cell lysis was obtained by adding lysozyme (final concentration 1 mg/
ml) (Roth) and vigorous homogenizing using a glass homogenizer and
a pestle. The recombinant proteins were purified under non-denatur-
ing or denaturing conditions by affinity chromatography with the
nickel affinity resin according to the manufacturer’s instructions (Qia-
gen), dialyzed overnight and directly used for enzyme activity mea-
surements. The purity of the protein preparations was checked by
SDS-PAGE [14] and subsequent silver staining. The ST1 protein
from Arabidopsis (accession number CAB64716) and the N-terminal
domain of ST1 (ST1N-term) were expressed and purified as described
[12,15].

2.3. Enzyme activity measurements

The enzyme assays with recombinant proteins were set up as de-
scribed [12,15]. In general, 1 pug purified recombinant protein was used
in each reaction. The determination of the K, values was done in 1 ml
assays under the following conditions: 0.1 M Tris-HCl pH 9.0, 60
mM KCN, and 5 mM 2-mercaptoethanol (Fluka, Taufkirchen, Ger-
many) using 12 different substrate concentrations in the range of 50
uM-50 mM of 3-mercaptopyruvate (ICN, Eschwege, Germany) or
thiosulfate (Fluka).

2.4. Miscellaneous

Protein contents were determined according to Bradford [16] using
bovine serum albumin (Roth) as a protein standard. The DNA and
amino acid sequence analyses and prediction of the molecular masses
were performed with the programs MapDraw and Protean in DNAS-
TAR (Madison, WI, USA). For the identification of protein domains
several programs in http://www.expasy.ch were used. For the predic-
tion of the protein localization different programs were applied
(PSORT, Predator and TargetP, http://www.expasy.ch/tools). The
multiple sequence alignment was done by ClustalW (http://www.ebi.
ac.uk/clustalw). Statistical analysis was performed using the Student
method (SigmaPlot for Windows version 7.0). The K, values were
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calculated from the non-linear Michaelis—-Menten plot using an en-
zyme kinetic program (SigmaPlot 7.0).

3. Results

3.1. Identification of single-domain ST with a rhodanese
signature in Arabidopsis

All members in the ST protein family in eubacteria, ar-
chaea, and eukaryotes are unified by characteristic well-de-
fined sequence domains. In PROSITE two signatures were
developed for this family: consensus pattern 1 [FY]-x(3)-H-
[LIV]-P-G-A-x(2)-[LIVF] (PROSITE accession number
PS00380) and consensus pattern 2 [AV]-x(2)-[FY]-[DEAP]-
G-[GSAJ-{WF]-x-E-[FYW] (Prosite access number PS00683).
Pattern 1 is located in the N-terminal part of two-domain ST,
pattern 2 at the C-terminal extremity of the enzyme. Only the
C-terminal signature can be found in all ST proteins. We
could identify 18 proteins in Arabidopsis containing a rhoda-
nese signature. According to their sequence homology they
can be classified into six groups (Table 1). In this work we
analyzed only members of group VI, which comprises four
closely related proteins and includes one less similar protein.
The proteins in this group contain only the C-terminal pattern
2 and therefore possess similarity to the single-domain ST
from bacteria (Fig. 1).

The four closely related proteins with the accession num-
bers AAA80303, BAB10409, AAD03573, and BAB10422 were
characterized in more detail. The results of the global align-
ment using the Needleman—Wunsch algorithm underlines the
high similarities (on average 50%) between the four proteins
analyzed (Fig. 1). For comparison the C-terminal part of the
ST1 (ST1C-term) protein without the linker sequence was in-
cluded in the analysis; the average similarity to ST1C-term is
about 30%. The active site cysteine, the rhodanese signature

Table 1
Summarizing table containing the members of the ST/rhodanese multi-protein family from Arabidopsis

Gene identification  Description No. ESTs No. aa Mol. mass (kDa) Acc. no.
Group 1
1 Atlgl6460 thiosulfate sulfurtransferase (ST2) 8 318 34.7 CAB53639
2 Atl1g79230 thiosulfate sulfurtransferase (ST1) 14 379 41.9 CAB55306
Group 11
3 At5g23060 similar to unknown protein 24 387 41.3 BAB09823
4 At4g01050 hypothetical protein 20 457 499 CABS80914
Group 111
5 At5g03455 putative protein - 132 14.8 CABS83305
6 At1g09280 At1g09280/T12M4_1 9 581 64.7 AAKS82550
7 At2g40760 unknown protein 4 522 57.9 AAD32803
8 Atlgl7850 contains a rhodanese-like PF|00581 domain 1 423 48.3 AAF97265
Group 1V
9 At2g42220 hypothetical protein 3 234 25.5 AABS88647
10 At3g08920 unknown protein 2 214 23.8 AAF(07833
11 At4g24750 putative protein 4 260 28.7 CAA22988
Group V
12 At5g19370 putative peptidyl-prolyl cis—trans isomerase 2 299 33.0 AAK43980
13 At5g55130 molybdopterin synthase sulfurylase 5 464 50.6 AADI18050
Group VI
14 At4g27700 hypothetical protein 2 237 26.3 CAB38282
15 At4g35770 senescence-associated protein 58 182 20.1 AAA80303
16 At5g66040 senescence-associated protein senl-like protein; 12 120 12.7 BAB10409

ketoconazole resistance protein-like

17 At2gl7850 putative senescence-associated rhodanese protein - 150 17.5 AADO03573
18  At5g66170 senescence-associated protein senl-like protein 6 136 14.9 BAB10422

The proteins were grouped according to their amino acid sequence similarities using the ClustalW program. An update of the database mining
was done on 8 March 2002. Proteins 1 and 2 in group I were analyzed previously [12,13,15]. Proteins 15-18 in group VI were analyzed in this
study. No., number; aa, amino acids; Mol. mass, molecular mass; Acc. no., accession number in the EMBL database.
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AAD03573 -MSE-—------ PKVITIDVNQAQKLLDSGYTFLDVRTVEEFK-—-——-—-——-— KGHVDS 40
BAB10422 -MSQSISSSTKAEEVVSVDVSQAKTLLOSGHQYLDVRTQDEFR-—-———=—=-— RGHCEA 48
AAAB80303 -AAEA---—-- VKIPTSVPVRVARELAQAGYRYLDVRTPDEFS-——-——-—-—=— IGHPTR 42
BAB10409 -MAEE---—-— SRVPSSVSVTVAHDLLLAGHRYLDVRTPEEFS———-—-——-—— QGHACG 42
ST1C-term PISFQT---KFQPHLVWTLDOVKNNMEDPTYQHIDARSKARFDGTAPEPRKGIRSGHIPG 57

. . - . .
AAD03573 ENVFNVPYWLYTPQGQEINPNFLKHVSS-LCNQTDHLILGCKSGVRSLHATKFLVSSGFK 99
BAB10422 AKIVNIPYMLNTPQGRVKNQEFLEQVSS-LLNPADDILVGCQSGARSLKATTELVAAGYK 107
AAAS80303 --AINVPYMYRVGSGMVKNPSFLRQVSS-HFRKHDEI I IGCESGOMSFMASTDLLTAGFT 99
BAB10409 --AINVPYMNRGASGMSKNPDFLEQVSS-HFGOSDNIIVGCQSGGRSIKATTDLLHAGEFT 99
ST1C-term SKCIPFPQMFDSCNTLLPAEELKKRFDQEDISLDKPIMASCGTGVTACILAMGLERLGKT 117
* . . .. * .k . . * *
AAD03573 TVRNMDGGY IAWVNK-RFPVKVEHKE LKEMKKWADRPMKLQHRQCMYSRRYI 150
BAB10422 KVRNVGGGYLAWVDH-SFPINTEEEEPSAN-—-——-———————————————— 136
AAAB80303 ATITDIAGGYVAWTEN-ELPVEE-—=-——-—-—————————— oo 120
BAB10409 GVKDIVGGYSAWAKN-GLPTKA=——=—=——=—=———————————— o 120
ST1C-term DVPIYDGSWTEWATQPDLPIESVESSS-———————————————————————— 144

DVPIYDGSWTEWATQPDLPIESVESSS
. * . K. . k.

Fig. 1. Alignment of single-domain ST sequences from Arabidopsis. The sequence of the mature protein AAA80303, the C-terminal part of the
ST1 protein (accession number CAB64716, STIC-term) and the full-length protein sequences of AAD03573, BAB10422, and BAB10409 were
aligned using the global alignment algorithm in ClustalW. Identical amino acid residues are marked with an asterisk, similar residues with sin-
gle dots. The active site cysteine residue and the rhodanese signature are underlined.

and 12 further conserved amino acids are the unifying ele-
ments. In the global alignment the GIpE protein in E. coli
shows 20.7% identity and 29.7% similarity with ST1C-term
(144 aa), 16.9% identity and 31.8% similarity with STIN-
term (154 aa) whereas the complete ST1 protein (378 aa)
has only 7.4% and 13.8% similarity.

According to the number of EST clones isolated so far the
four genes differ in their expression levels: for AAA80303 58
EST were identified, for BAB10409 12, for BAB10422 six. For
AADO03573 no EST clone is available; therefore the encoding
DNA could be a pseudogene. For AAA80303 the existence of
an N-terminal extension as transit peptide for plastids was
predicted by several programs, whereas the in silico analysis
for the cell localization of the other proteins was ambiguous.

3.2. Specific activities of the single-domain ST
Our aim was the expression, purification and determination
of ST activity of all four group members. However, for
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Fig. 2. Enzyme activities of the recombinant proteins. The recombi-
nant STs with the accession numbers BAB10422, BAB10409, and
ST1 were purified as described in Section 2. One pg of recombinant
protein was used routinely in each assay. Either thiosulfate (black
bars) or 3-mercaptopyruvate (gray bars) was used as sulfur donor.
At least two independent isolates were examined and the activity
measurements were done in duplicate or triplicate. The mean values
of four or six replicates are shown, the bars represent the respective
standard deviation.

AADO03573 there is no EST clone available and the amplifi-
cation trials from cDNA libraries have not been not success-
ful. The other three proteins were expressed in E. coli to high
levels, purified by nickel affinity chromatography via the fused
6 X His tag. BAB10422 and BAB10409 could be purified under
native conditions, while AAA80303 was purified under dena-
turing conditions. In the silver-stained SDS gels only single
bands were detected in agreement with the predicted sizes
(data not shown). Both BAB10422 and BAB10409 were
highly active using thiosulfate as sulfane-sulfur donor and
cyanide as sulfur acceptor in the classical rhodanese reaction
(Fig. 2). The activities with the substrate 3-mercaptopyruvate
were very low or almost undetectable. Up to now refolding of
AAAS80303 back to its active form has not been successful.
The kinetic parameters revealed that both single-domain ST
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Fig. 3. Combination of the recombinant proteins with the N-termi-
nal domain of the ST1 protein. The enzyme activities of the re-
combinant proteins (see Fig. 2) were determined without (three col-
umns on the left) and with increasing amounts of the N-terminal
domain of the CAB64716 protein (STIN-term) (1-5 times in a ug
protein to ug protein ratio). The calculation of the specific activities
has been referred to the protein contents of the recombinant full-
length proteins. STIN-term has been expressed separately in E. coli
and purified as described [15]. The specific activity of ST1 was de-
termined using 3-mercaptopyruvate as sulfur donor (black bars)
whereas the activities of proteins BAB10422 and BAB10409 were
determined with thiosulfate as sulfur donor (white and gray bars,
respectively).
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Table 2
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Determination of the K, values for the substrates 3-mercaptopyruvate and thiosulfate, the catalytic constants k¢, and the quotients kca /K us-

ing the recombinant ST proteins

Protein Mol. mass (kDa) 3-Mercaptopyruvate Thiosulfate

Km (mM) kcat (Sil) kcat/Km Km (mM) kcat (Sil) kcal/Km
ST1 35.5 3.7 54.0 14.6 0.7 2.8 4.3
BAB10422 14.9 354 1.2 0.03 1.1 10.7 9.7
BAB10409 12.7 51.7 0.7 0.01 7.4 4.0 0.5

Enzyme assays were done as described in Section 2; each determination was done four times. The molecular masses (Mol. mass) were calcu-

lated for the recombinant proteins excluding the 6 X His tag.

are true thiosulfate ST (Table 2). The Ky, values of BAB10422
and BAB10409 for 3-mercaptopyruvate are unphysiologically
high because the abundance of 3-mercaptopyruvate in the cell
is very low, at least lower than the calculated K, value as was
shown and discussed by our group previously [13]. The veloc-
ity of product formation given by the catalytic constant kg,
differs for all three ST investigated and characterizes ST1 as a
3-mercaptopyruvate ST and BAB10422 as a thiosulfate ST.
The catalytic efficiency kcat/Ky includes both the enzyme ac-
tivity and substrate affinity. The results indicate that although
BAB10409 accepted almost exclusively thiosulfate as sulfur
donor, the ST1 protein has the potential to function as a
better thiosulfate ST than BAB10409. One has to search for
a better substrate for BAB10409.

3.3. The influence of the STIN-term on the activity of
single-domain ST

As mentioned above both thiosulfate ST contain only the
C-terminal rhodanese pattern 2; one could ask the question
whether the addition of ST1N-term increases the activity of
the single-domain ST. Increasing amounts of the purified
STIN-term [15] were added to the ST1C-term and the thio-
sulfate ST (1 pg ST1C-term or thiosulfate ST plus 1, 2, or 5 ug
ST1N-term). As was shown previously the enzyme activity of
the STI1C-term could be increased [15] whereas the activity of
the single-domain thiosulfate ST remained unchanged (Fig. 3).
Here the activity of the single-domain ST could not be in-
creased by addition of a protein containing rhodanese pat-
tern 1.

4. Discussion

The multi-protein family of ST/rhodaneses in Arabidopsis
comprises at least 18 members including two- and single-do-
main ST. In our previous experiments we characterized a
couple of two-domain ST and demonstrated specificity for
3-mercaptopyruvate [12,13]. In this study the biochemical
characterization of two single-domain ST from Arabidopsis
allowed the identification of thiosulfate-specific ST. So far
single-domain ST have been identified and characterized
only in bacteria [3,9,17]. A prediction of substrate specificity
based on the amino acid stretch around the active site cysteine
(CRKGVTA for thiosulfate ST and CGS(T)GVTA for 3-mer-
captopyruvate ST) as suggested by Colnaghi et al. [9] could
not be applied for the proteins analyzed here. However, the
four ST aligned are unified by another highly conserved
stretch of amino acids around the active site cysteine residue:
[LIJ-[IL]-[LIV]-G-C-[KQE]-S-x-[RM]-S. All other Arabidopsis
ST containing a rhodanese pattern differ in their amino acid
sequence in this region (Papenbrock, unpublished). In con-
trast to the two-domain ST isolated from eukaryotes previ-

ously the thiosulfate-specific ST do not contain a second cys-
teine which was suggested to be involved in acceptor binding
close to the active site cysteine [15]. Obviously the reaction
mechanisms differ.

It was shown previously that the enzymatic activity of the
Arabidopsis ST1 resides in the C-terminal domain but is
boosted by the N-terminal domain and the linker peptide in
the full-length enzyme [15]. Therefore it was tempting to ana-
lyze the effect of additional STIN-term molecules on the en-
zyme activity of the single-domain proteins. So far the role of
the N-terminal domain and the kind of interactions between
both domains are not known; however, the activities of the
single-domain proteins could not be enhanced. It was assumed
that the two-domain ST evolved from a gene duplication
event before the appearance of the Arabidopsis genus [10].
Obviously, both types could evolve independently in the Ara-
bidopsis organism.

When comparing the kinetic parameters one has to keep in
mind the putative different localizations of the proteins in the
cell and different concentrations of the respective substrates.
The ST1 protein was shown to be localized in mitochondria
[12] whereas the predictions for the Arabidopsis single-domain
ST are plastids, cytosol or nucleus. Currently, we are testing
the in silico predictions in fusion experiments with the green
fluorescent protein.

The more ST with different substrate specificities are iden-
tified in diverse organisms the stronger are the demands to
clarify their function in the organism. The AAA80303 protein
was identified previously as senescence-associated protein
(Senl) [18]. A homologous protein was isolated from radish
(Dinl) and was suggested to be the first gene for a chloroplast
protein which is negatively controlled by light [19]. All mem-
bers show high similarities to a variety of small stress-related
proteins such as sulfide dehydrogenase from Wolinella succi-
nogenes [20], the 11 kDa PspE protein encoded in the phage-
shock protein operon [21], and the 12 kDa GIpE protein, a
member of the sn-glycerol 3-phosphate regulon of E. coli [17].
Recently, for the latter proteins rhodanese activity was dem-
onstrated.

It could be shown that the promoter of the gene Senl en-
coding AAA80303 contains sequence motifs resembling con-
served motifs among stress-inducible genes. Examination of
the expression patterns of the Sen/ gene under various senesc-
ing conditions revealed that Senl and STI gene expressions
are associated with Arabidopsis leaf senescence [13,18] and
Senl is also strongly induced in leaves by abscisic acid or
ethephon [18]. These lines of evidence have to be followed
systematically using gene-specific probes.

Recent investigations have shown that the rhodanese signa-
tures are structurally related to the catalytic subunit of Cdc25
phosphatase enzymes [22] and that the two enzyme families
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are likely to share a common evolutionary origin. An increas-
ing number of reports indicate that rhodanese modules are
versatile sulfur carriers that have adapted their function to
fulfill the need for reactive sulfane-sulfur in distinct metabolic
and regulatory pathways [2]. The high number of expressed
ST in Arabidopsis indicates their important role in the organ-
ism.
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