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Abstract Sulfurtransferases/rhodaneses (Str) comprise a

group of enzymes widely distributed in all phyla which

catalyze in vitro the transfer of a sulfur atom from suitable

sulfur donors to nucleophilic sulfur acceptors. The best

characterized Str is bovine rhodanese (EC 2.8.1.1) which

catalyses in vitro the transfer of a sulfane sulfur atom from

thiosulfate to cyanide, leading to the formation of sulfite

and thiocyanate. Plants as well as other organisms contain

many proteins carrying a typical rhodanese pattern or

domain forming multi-protein families (MPF). Despite the

presence of Str activities in many living organisms, the

physiological role of the members of this MPF has not been

established unambiguously. While in mammals these pro-

teins are involved in the elimination of toxic cyanogenic

compounds, their ubiquity suggests additional physiologi-

cal functions. In plants, Str are localized in the cytoplasm,

mitochondria, plastids, and nucleus. Str probably also

transfer reduced sulfur onto substrates as large as peptides

or proteins. Several studies in different organisms demon-

strate a protein–protein interaction with members of the

thioredoxin MPF indicating a role of Str in maintenance of

the cellular redox homeostasis. The increased expression of

several members of the Str MPF in various stress condi-

tions could be a response to oxidative stress. In summary,

data indicate that Str are involved in various essential

metabolic reactions.

Keywords Arabidopsis thaliana � 3-Mercaptopyruvate �
Oxidative stress � Thioredoxin � Thiosulfate

Abbreviations

Acc. no. Accession number

AR Arsenate reductase

CAS b-Cyano-L-alanine synthase

Cys Cysteine

E. coli Escherichia coli

3-MP 3-Mercaptopyruvate

3-MP Str 3-Mercaptopyruvate Str

Str Sulfurtransferase(s)

TS Thiosulfate

TS Str Thiosulfate sulfurtransferase

Introduction

Sulfurtransferase/rhodanese (Str) enzymes catalyze the

transfer of a sulfur atom from suitable sulfur donors to

nucleophilic sulfur acceptors. The most studied and best

characterized Str is bovine rhodanese which catalyzes in vitro

the transfer of a sulfane sulfur atom from thiosulfate (TS) to

cyanide, leading to the formation of sulfite and thiocyanate.

Rhodanese, from the German word for thiocyanate, ‘‘Rhod-

anid’’, is a widespread enzyme. Rhodanese activity has

been detected in all major phyla (http://www.ncbi.nlm.

nih.gov/cgi-bin/COG, COG0607). Bovine liver rhodanese

has been the object of numerous functional investigations

(Westley 1973, 1981). According to the generally accepted

mechanism, during catalysis the enzyme cycles between two

distinct forms, the free enzyme (Rhod), and a covalent

enzyme–sulfur intermediate (Rhod-S):
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The original crystal structure of bovine liver rhodanese

(Ploegman et al. 1978; Russell et al. 1978) and other

independent crystallographic investigations (Gliubich et al.

1996) have shown that the Rhod-S intermediate is

characterized by a persulfide bond at the sulfhydryl group

of the essential cysteine (Cys) residue 247. The shape and

properties of the proteins surface in the proximity of the

active site are considered essential for substrate binding

(Luo and Horowitz 1994). In this respect the alignment of

the known amino acid sequences of rhodanese enzymes

indicates a high overall sequence homology. The tertiary

structure of bovine rhodanese is composed of two domains

which are characterized by very similar three-dimensional

folds in spite of a negligible overall sequence homology.

The structural similarity of the two rhodanese domains has

been considered as the prototype of divergent evolution

from a common ancestor protein which, after gene

duplication and under the constraint of tertiary structure

conservation, led to the almost complete obliteration of

sequence similarity between the N- and the C-terminal

halves (Ploegman et al. 1978; Bordo et al. 2000).

It was shown that rhodanese domains are structural

modules found as one-domain proteins, as tandemly repe-

ated modules in which the C-terminal domain only bears the

properly structured active site, or as members of multi-

domain proteins. More than 8,000 sequences containing a

rhodanese domain (PF00581) have been classified so far.

In Escherichia coli (E. coli) several genes encoding proteins

consisting of (or containing) a rhodanese domain bearing the

potentially catalytic Cys have been identified. After the

crystal structure of one of these proteins, the 12-kDa GlpE

protein, has been solved, it can be considered to be the

prototype structure for the ubiquitous one-domain rhodanese

module (Ray et al. 2000; Spallarossa et al. 2001).

In many prokaryotes and eukaryotes 3-mercaptopyru-

vate (3-MP) Str activity was discovered. Both Str proteins,

3-MP Str and rhodanese, isolated from the same organism

(here: rat) accepted 3-MP and TS but the ratios of their

respective enzyme activities differed. The purified as well

as the recombinant rat 3-MP Str revealed Km values for 3-

MP in the low millimolar range. This review focuses on

enzymes in the categories EC 2.8.1.1, EC 2.8.1.2, and EC

2.8.1.3 (http://us.expasy.org/enzyme/).

General description of plant sulfurtransferases

Members of this protein family were described quite early

in the biochemical history. Already in 1938 rhodanese

activity was found to be present in plants (Gemeinhardt

1938), however, closer investigations were undertaken

much later. Str activity was compared in crude extracts of

cyanogenic and non-cyanogenic plants (Chew 1973; Kakes

and Hakvoort 1992). Diurnal variation of cyanogenic glu-

cosides, thiocyanate and rhodanese activity was measured

in the cyanogenic plant, Manihot esculenta (Okolie and

Obasi 1993). In 1984 Schmidt et al. started first attempts to

purify 3-MP Str (Schmidt 1984) and TS Str (Schmidt et al.

1984) from photosynthetic organisms. Three different

fractions containing Str activity were analyzed from

the green alga Chlorella fusca (Schmidt et al. 1984).

In Chlamydomonas reinhardtii TS reductase and rhodanese

activities were postulated to be catalyzed by one enzyme

(Prieto et al. 1997).

Sequencing of the complete Arabidopsis genome

accelerated the analysis of plant Str on the molecular level.

Independently, three groups isolated and analyzed two Str

from Arabidopsis and called them either TS Str (Hatzfeld

and Saito 2000) or 3-MP Str (Nakamura et al. 2000;

Papenbrock and Schmidt 2000a, b). Both sequences coding

for Str1 and Str2 from Arabidopsis (AtStr1, AtStr2)

evolved probably by gene duplication. Database mining

revealed the existence of 20 different Str or Str-like pro-

teins of different length in Arabidopsis (Bauer and

Papenbrock 2002; Bartels et al. 2007b; Table 1). Next to

Arabidopsis, the first sequence from plant Str DNA

sequences was published from Datisca glomerata, a

Datiscaceae living in symbiosis with nitrogen-fixing bac-

teria (Okubara and Berry 1999). Then a full length Str

sequence from wheat was annotated in the database

(Accession number (Acc. no.) AAK64575) which shows

62% identity and 78% similarity to AtStr1. Meanwhile,

members of the rhodanese family were identified in various

plants by the use of databases (e.g. http://smart.embl-

heidelberg.de/). In comparison to Arabidopsis (AtStr1) the

Brassica napus Str shows an identity of 75.1% and a

similarity of 81.4% in an alignment (http://www.ebi.ac.uk/

Tools/emboss/align/), Brassica oleracea 76.9%/86.5%,

Arabidopsis (AtStr.2) 68.6%/76%, Populus trichocarpa

70.8%/81.5%, Vitis vinifera 71.4%/82.8%, Dactisca

glomerata 69.5%/79.7%, Oryza sativa 61.1%/72.2%, Zea

mays 50.0%/63.5%, Physcomitrella patens 42.1%/55%,

Ostreococcus lucimarinus 34%/47.5%, Ostreococcus tauri

35.4%/49.1%, Chlamydomonas reinhardtii 32.6%/49.2%,

and Picea sitchensis 53.9%/68.4%. A phylogram (http://

www.ebi.ac.uk/Tools/clustalw2/) estimated with these

sequences shows three main groups (Fig. 1). Group 1

consists of two subgroups, namely Liliopsida (1a) and

eudicotyledons (1b), group 2 comprises green algae and the

moss Physcomitrella patens, and group 3 consists of only

Picea sitchensis, belonging to the Coniferophyta reflecting
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the taxonomy and the average number of sequences in each

taxon.

The multi-protein Str family in Arabidopsis

Since in December 2000 the complete sequence of

Arabidopsis was published (The Arabidopsis Genome Ini-

tiative 2000) a comprehensive characterization of the

multi-protein family (MPF) could be started. In addition to

the 18 Str identified previously (Bauer and Papenbrock

2002), recent data mining of Arabidopsis databases

revealed the appearance of two more sequences containing

one typical rhodanese domain. Therefore, the phylogenetic

tree of AtStr had to be expanded by two members, AtStr4a

and AtStr17a. All AtStr proteins have been classified in to

six groups according to their amino acid sequence

homologies (Bartels et al. 2007b; Table 1). Rhodanese

domains are visualized within the Str protein sequences

(Acc. No. SM00450) (http://smart.embl-heidelberg.de/). In

Fig. 2 schematic diagrams of representative Str proteins

occurring in Arabidopsis and containing rhodanese

domain(s) are shown.

Localization of Str in Arabidopsis cells

The knowledge about the localization of a protein in the

organism and in the cell often helps to elucidate its function.

Compartmentalization plays an important role in regulation

and communication of cellular processes, especially in

plants (Papenbrock and Grimm 2001). In contrast to cells of

heterotrophic eukaryotes, plant cells contain, besides mito-

chondria, one additional type of semi-autonomous organ-

elles enveloped by two membranes, the plastids. The

bacterial Str analyzed so far are localized either in the per-

iplasm or in the cytoplasm. The GlpE protein from E. coli is

a cytoplasmic protein (Ray et al. 2000). A rhodanese-like

protein from Synechococcus sp. strain PCC 7942 is localized

in the periplasm (Laudenbach et al. 1991). In mammalian

cells 3-MP Str was found both in mitochondria and in

cytoplasm whereas the subcellular localization of rhodanese

proteins was exclusively in the mitochondria (Westley 1973;

Jarabak and Westley 1978; Nagahara et al. 1998). A tar-

geting sequence for the rat rhodanese was elucidated which

forms an amphipathic a-helix. However, after the protein

has been transported into the mitochondrial matrix space the

targeting sequence is not cleaved (Waltner and Weiner

1995). Rat 3-MP Str contains also a putative targeting signal;

the retention in the cytoplasm might be controlled by

posttranslational modification, such as phosphorylation/

dephosphorylation (Nagahara et al. 1999).

Different regions of the N-terminal parts of AtStr1 and

AtStr2 were fused to the green fluorescent protein (GFP)T
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(Nakamura et al. 2000). The results demonstrated a sub-

cellular localization for AtStr1 and AtStr2 in the cytoplasm

and in mitochondria, in agreement with immunoblots done

in parallel. Some regions of AtStr1 fused to the green

fluorescent protein were found to target not only in mito-

chondria, but also in the chloroplasts, suggesting that the

regions of the targeting sequence recognized by protein

import systems of mitochondria and chloroplasts are not

identical (Nakamura et al. 2000). Other groups using the

same methodology demonstrated the localization of AtStr1

in mitochondria and of AtStr2 in the cytoplasm (Hatzfeld

and Saito 2000; Bauer et al. 2004).

AtStr14 and AtStr16 are localized in the chloroplasts,

whereas AtStr18 remains in the cytoplasm (Bauer et al.

2004). The localization of AtStr15 protein is unusual.

It was not clear if the protein was outside the chloroplast,

on the chloroplast envelope or attached to the thylakoid

membrane. A higher magnification indicated an association

of AtStr15 with the thylakoid membrane confirmed by

immune gold labeling approaches (Bauer et al. 2004). In a

modified three-phase partitioning approach to isolate thy-

lakoid membrane proteins, 4 out of 242 proteins contained

a rhodanese domain (At4g01050, AtStr4; At3g25480,

AtStr4a with one membrane spanning region; At2g42220,

AtStr9; At4g27700, AtStr14) (Peltier et al. 2004). These

results are in agreement with predictions by programs and

with experimental results obtained with GFP fusions

(Bauer et al. 2004; Table 1). In summary, for 14 out of 20

AtStr the localization was experimentally determined (for

some proteins still preliminary) by different means (e.g.

Bauer et al. 2004).

Pattern and profiles in Arabidopsis Str

The most important and unifying amino acid in all mem-

bers of the Str MPF is a Cys residue in the C-terminal

domain surrounded by a certain environment to form the

active site. In addition, all proteins in the Str family are

unified by well-defined highly conserved sequence

domains. Because of the ubiquitous distribution of Str in

eubacteria, archaea, and eukaryotes a large number of Str

sequences are available. The search algorithms for typical

conserved sequence domains were defined already some

time ago and could be proven and improved in many

approaches. In PROSITE two patterns were developed for

the rhodanese family: consensus pattern 1 (FY)-x(3)-H-

(LIV)-P-G-A–x(2)-(LIVF) (Acc. No. PS00380) and con-

sensus pattern 2 (AV)-x(2)-(FY)-(DEAP)-G-(GSA)-(WF)-

Fig. 1 The phylogram was obtained using the following protein

sequences of two-domain Str in the Clustalw2 program (http://www.

ebi.ac.uk/Tools/clustalw2/, method: neighbor-joining): Arabidopsis
thaliana (L.) Heynh. (AtStr1: O64530; AtStr2: Q9S7Y9), Brassica
napus L. (Papenbrock unpublished), Brassica oleracea L. (B2D2I1),

Populus trichocarpa Torr. & A. Gray (A9PCY9), Vitis vinifera
L. (A5B8K7), Dactisca glomerata K. Presl Baill. (Q9ZPK0), Oryza

sativa (LOC_Os12g41500, http://rice.plantbiology.msu.edu/), Zea
mays L. (B4FPY3), Triticium aestivum L. (Q94C43), Physcomitrella
patens (Hedw.) Bruch & Schimp. (A9SGZ1), Ostreococcus luci-
marinus strain CCE9901 (A4S6Y9), Ostreococcus tauri C. Courties

& M.-J. Chrétiennot-Dinet (Q00VJ9), Chlamydomonas reinhardtii
P.A. Dangeard (A8JB06), and Picea sitchensis (Bong.) Carr.

(9NWI8)

Fig. 2 Schematic diagrams of representative Str proteins containing

rhodanese domain(s) occurring in Arabidopsis. The accession number

for the rhodanese domain in SMART is SM00450 (http://smart.

embl-heidelberg.de/)
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x-E-(FYW) (Acc. No. PS00683). They are based on highly

conserved regions, one is located in the N-terminal region,

the other at the C-terminal extremity of the protein

(http://www.expasy.ch). Only the rhodanese C-terminal

pattern can be identified in all Str-like proteins.

In InterPro two entries were developed (http://www.ebi.

ac.uk/interpro/): IPR001307 recognizes only TS Str (rho-

danese-like, matches 1475 proteins, 12th November 2009),

whereas in the pattern defined in IPR001763 (Rhodanese/

Cdc25 fold, matches 11334 proteins, 12th November 2009)

two rhodanese domains can be identified. This entry

comprises similarities to the catalytic domain of Cdc25

phosphatase, the non-catalytic domains of eukaryotic dual-

specificity MAP-kinase phosphatases, the non-catalytic

domains of yeast PTP-type MAP-kinase phosphatases, the

non-catalytic domains of yeast Ubp4, Ubp5, Ubp7, the

non-catalytic domains of mammalian Ubp-Y, the Dro-

sophila heat shock protein HSP-67BB, several bacterial

cold-shock and phage-shock proteins, plant senescence-

associated proteins, and catalytic and non-catalytic

domains of rhodanese.

In two-domain Str the N- and C-terminal domains are

connected by a linker. In plant Str the linker sequence is

exceptionally longer than in sequences from other species

(Burow et al. 2002). The one-domain Str from bacteria are

fully active and show high similarity to the C-terminal

domain of two-domain Str. These facts raise the question

whether each domain of the two-domain AtStr might form

an active Str enzyme by itself: Enzymatic activity of the

AtStr1 resides in the C-terminal domain but is boosted by

the N-terminal domain and the linker peptide in the full

length enzyme (Burow et al. 2002). In Arabidopsis a

number of proteins with one rhodanese domain were

identified (Bauer and Papenbrock 2002; Bartels et al.

2007b). At least three of the small one-domain Str-like

proteins similar to the one-domain Str from bacteria

showed high TS Str activity (Bauer and Papenbrock 2002;

Bartels 2006).

Besides many similarities, such as the conserved Cys

residue, the characterized two-domain plant Str differ in

their structure from the two-domain mammalian TS and

3-MP Str. The number and positions of Cys residues, and

consequently maybe also the function in plant Str, are

different from known Str sequences in other organisms

(Burow et al. 2002). In spectroscopic analyses of recom-

binant AtStr1C332S it could be shown that the reported

loss of Str activity in this mutant (Burow et al. 2002) is due

not only to the loss of the persulfuration site but also due to

conformational changes of the whole protein structure

(Bartels et al. 2007a). Of the five Cys residues in AtStr1 a

second Cys (C339) close to the catalytic C332 was sug-

gested to be involved in catalysis. The Str activity of the

AtStr1C339V mutant was shown to be reduced to 25%

using TS as sulfur donor substrate and slightly but signif-

icantly using 3-MP (Burow et al. 2002). The substitution of

C339 by valine did not alter the conformation of the protein

as shown by spectroscopic analyses (Bartels et al. 2007a),

thus supporting a catalytic rather than a structural role of

C339. The Cys residue might act in recognizing and

binding of the acceptor molecule in close vicinity to the

active site. Determination of the three-dimensional struc-

ture of the AtStr1C339V mutant might clarify the role of

C339 unambiguously.

The activity of a AtStr1 derivative with a shortened

linker sequence was reduced by more than 60% in com-

parison to the wild-type activity, probably because of a

drastically reduced protein stability (Burow et al. 2002).

The mutant was demonstrated to be far more prone to

proteolytic digestion by trypsin than the wild-type AtStr1

(Bartels et al. 2007a). The interdomain linker connecting

both domains may have a role in positioning of the two

domains to each other to provide an appropriate confor-

mation for substrate binding. The plant-specific elongation

of the interdomain linker sequence in AtStr1 was suggested

to provide an extended hydrophobic environment sur-

rounding the substrate binding site, enabling the protein to

bind substrates as large as proteins. If this is true, the plant

two-domain Str might act in the regulation of other proteins

by the direct transfer of sulfane sulfur (Burow et al. 2002;

Bartels et al. 2007a).

Analysis of three-dimensional Str structures

The tertiary structure of bovine rhodanese is composed of

two domains which, in spite of a negligible sequence

homology, are characterized by very similar three-dimen-

sional folds connected by a loop at the surface of the

molecule. Each domain displays a/b topology, with a

central parallel five-stranded b-sheet surrounded by

a-helices on both sides. The structural similarity of the two

rhodanese domains has been considered as the prototype of

divergent evolution from a common ancestor protein,

which, after gene duplication and under the constraint

of tertiary structure conservation, led to the almost com-

plete obliteration of sequence similarity between the N-

and the C-terminal halves (Russell et al. 1978; Bordo et al.

2000).

The Azotobacter RhdA protein was crystallized and its

structure solved (Bordo et al. 2000). In spite of a strong

similarity of an overall conserved protein in comparison to

bovine rhodanese, the crystallographic investigations show

that the process of substrate recognition in Azotobacter

RhdA is based on a widely mutated active site environ-

ment. The activity is essentially dependent on the main-

chain conformation of the active site loop and on the effect

of an ensuing positive electrostatic field on the pKa of the
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catalytic residue C230. Side-chains from the active site

loop, as well as from the surrounding regions, are supposed

to be important for the process of substrate selectivity

(Bordo et al. 2000). The crystal structure of 3-MP Str from

E. coli, the SseA protein, displays conformational variation

of the rhodanese active site loop, hosting the catalytic Cys

residue. This structure may support a new sulfur transfer

mechanism involving C237 as the nucleophilic species and

H66, R102, and R262 as residues assisting catalysis

(Spallarossa et al. 2004).

The 3-MP Str from Leishmania major is a crescent-

shaped molecule comprising three domains. The N-termi-

nal and central domains are similar to the TS Str and create

the active site containing a persulfurated catalytic C253

and an inhibitory sulfite coordinated by R74 and R185.

A serine protease-like triad, comprising D61, H75, and

S255, is near C253 and represents a conserved feature that

distinguishes 3-MP Str from TS Str. During catalysis, S255

may polarize the carbonyl group of 3-MP to assist thio-

philic attack, whereas R74 and R185 bind the carboxylate

group. The L. major 3-MP Str is unusual with an 80-amino

acid C-terminal domain, bearing remarkable structural

similarity to the FK506-binding protein class of pepti-

dylprolyl cis/trans-isomerase. This domain may be

involved in mediating protein folding and Str–protein

interactions (Alphey et al. 2003).

The three-dimensional structure of the Arabidopsis

protein encoded by At5g66040 (AtStr16) was determined

by nuclear magnetic resonance (NMR) spectroscopy.

AtStr16 contains a central b-sheet flanked on both sides by

a-helices. The striking distinctive feature of the AtStr16

structure is an extra b-hairpin connecting the b1a1b2a2

b3b4 and a3b7a4b8a5b9 which may play an important

role in binding a specific substrate (Cornilescu et al. 2006).

The three-dimensional structure of the rhodanese homol-

ogy domain of At4g01050 (amino acid 175–295) (AtStr4)

from Arabidopsis was also determined. Conventional

sequence alignment did not display significant homology

with proteins of known structure or function. But more

sensitive algorithms provided evidence that this sequence

may have a rhodanese fold. Structural analyses by NMR

show a small a/b domain with a central five-stranded

b-sheet surrounded by four a-helices (Pantoja-Uceda et al.

2005). For Arabidopsis AtStr proteins more work to ana-

lyze the three-dimensional structure by NMR or X-ray

crystallography has to be done, especially elucidation of

the two-domain AtStr including the substrate or a substrate

analog.

Determination of in vitro activities of Str

A number of molecules can serve as sulfur donors in the Str

reaction, such as TS, thiosulfonates, persulfides, and 3-MP.

Several compounds, such as cyanide, thiols, and dithiols,

can act as acceptors (Fig. 3). The term sulfane sulfur des-

ignates sulfur atoms that are bonded covalently in chains

only to other sulfur atoms. Examples are the outer sulfur of

TS (-SO3S-) and thiosulfonate ions (RSO3S-), the inter-

nal chain sulfurs of organic and inorganic polysulfides

(RSSnSR), where R represents an anion or organic group,

persulfides (RSS-), polythionates (-O3SSnSO3
-), and

elemental sulfur (S8) (Wood 1987).

Most scientists use the enzyme assay described by Sörbo

(1955). In the meantime, a number of alternative assays

were successfully developed: the analysis of thiocyanate by

capillary electrophoresis has been introduced (Glatz et al.

1999), a continuous assay was described based on the

continuous determination of the sulfite product (Cannella

et al. 1984), and recently the very sensitive 1H NMR assay

was developed (Melino et al. 2003). Some ideas exist

about the nature of enzymes which synthesize the sub-

strates for Str, such as 3-MP and TS. To understand the

function of an enzyme in the metabolic network of the cell

the enzymes around the protein of interest have to be

identified. For example, in the case of 3-MP Str in plants

one has to postulate enzymes which catalyze the synthesis

of 3-MP (Fig. 4). In animals 3-MP is presumably formed

by transamination of Cys; Cys transaminase could catalyze

the formation of L-glutamate and 3-MP from 2-oxoglutar-

ate and L-Cys. Theoretically, 3-MP could also be synthe-

sized from L-Cys by parallel release of H2O2 and

ammonium catalyzed by an amino acid oxidase or by a Cys

dehydrogenase releasing 3-MP, ammonium, and protons.

In any case 3-MP is a derivative of Cys and production of

3-MP might also be involved in regulation of the Cys pool.

Up to now, most of the metabolic pathways suggested still

remain hypothetical and more work needs to be done

(Westley 1973; White 1982; Huang et al. 1998).

Besides a high homology of several short motifs in Str

even the positions of single amino acids are conserved in

all species investigated. It was assumed that these amino

acids are relevant for the specificity of substrate binding.

Fig. 3 Reaction scheme for 3-MP Str and TS Str. 3-MP 3-mercap-

topyruvate, DTE dithioerythritol (modified from Papenbrock and

Schmidt 2000a)
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The role of non-Cys residues with respect to either 3-MP or

TS specificity was investigated by mutagenesis studies

(Luo and Horowitz 1994; Nagahara et al. 1995; Nagahara

and Nishino 1996). A number of amino acids are indis-

pensable for substrate binding and substrate specificity for

3-MP or TS, respectively. In both Str enzymes, 3-MP Str

and rhodanese, from rat at least two amino acids in the

active site are conserved, both enzymes accept 3-MP and

TS but the ratio of their respective enzyme activities dif-

fers. C247 represents the catalytic site (formation of a

persulfide) and R187 the substrate binding site. R187 and

R196 of rat 3-MP Str are critical residues in determining

substrate specificity for 3-MP, while R185, R247, and

K248 of rat rhodanese are critical residues in determining

substrate specificity for TS.

The purified as well as the recombinant rat 3-MP Str

reveal Km values for 3-MP in the low millimolar range.

This Km of the rat 3-MP Str for 3-MP is quite high, but also

the kcat is high; therefore 3-MP Str could be active at low

physiological concentrations of 3-MP. 3-MP Str deficiency

in the inherited human disease mercaptolactate-Cys disul-

fidurea results in alternative metabolism of 3-MP (Naga-

hara et al. 1995; Nagahara and Nishino 1996). Km values

for 3-MP of 0.2 mM have been reported for 3-MP Str from

L. major using a thiol as the sulfur acceptor substrate

(Williams et al. 2003). The 3-MP Str from E. coli (SseA)

has a high affinity for 3-MP with a Kd value of 5 lM

(Colnaghi et al. 2001). These observations support a role

for 3-MP as the in vivo substrate for these 3-MP Str.

The reaction mechanism of rhodanese follows a ping-

pong pattern (Westley and Heyse 1971). The reaction

mechanism for 3-MP Str was reported to follow a

sequential pattern based on the results of steady state

kinetics (Jarabak and Westley 1978; Nagahara and Nishino

1996). It is still an open question whether the donor and

acceptor substrates enter the active site in order.

Also the formation of selenium-substituted rhodanese by

reaction with selenite and glutathione was shown. A sele-

nium-bound rhodanese could be used as the selenium donor

by reaction with selenite and glutathione in the in vitro

selenophosphate synthetase assay. Selenophosphate is the

active selenium-donor compound required by bacteria and

mammals for the specific synthesis of SeCys-tRNA, the

precursor of seleno-Cys in selenoenzymes (Ogasawara

et al. 2001).

The two-domain AtStr resemble the 3-MP Str from

mammals. In both proteins the residues which are impor-

tant for binding 3-MP are conserved while putative resi-

dues necessary for TS binding have been replaced during

evolution (Nakamura et al. 2000; Papenbrock and Schmidt

2000a, b). Due to the fact that AtStr1 has to activated by a

thiol, such as 2-mercaptoethanol (Fig. 3), it was speculated

that reduced sulfur is bound to both Cys residues, C332 and

C339, and both sulfur atoms are involved in the reaction

mechanism. The replacement of each Cys residue resulted

in mutant forms which differed significantly in their sta-

bility, specific Str activities, and kinetic parameters which

were determined for 3-MP as well as for TS as sulfur

substrates: mutation of the putative active site Cys (C332)

essentially abolished activity; for C339 a crucial role at

least for the turnover of TS could be delineated (Burow

et al. 2002; Bartels et al. 2007a). The function of C339

awaits further clarification in the future. The comparison of

the kinetic parameters revealed that the specific activity of

Fig. 4 Putative reactions

catalyzed by Str
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AtStr1 was much higher when 3-MP was used as sulfur

donor in comparison to TS. However, the Km value for TS

was much lower and finally the kcat/Km value was higher

than with 3-MP. Both substrates could be metabolized

naturally, but the physiological levels of 3-MP are rather

low in comparison to the Km determined in vitro (Papen-

brock and Schmidt 2000a); the kinetic data may therefore

indicate that better substrates still need to be found (Burow

et al. 2002).

Mobilization of the sulfur of Cys as persulfide is the

first step of sulfur transfer into thiamine, molybdopterin,

4-thiouridine, biotin, and lipoic acid, but the pathways

diverge completely. For the first three compounds, one or

several proteinic persulfides are involved, ending in the

nucleophilic attack of a sulfur, persulfide, sulfide, or thio-

carboxylate on a carbonyl equivalent (Schievelbein et al.

1969). ThiI, a protein originally suggested to be involved in

thiamine biosynthesis (Thi operon), is an enzyme common

to the biosynthetic pathways leading to both thiamine and

4-thiouridine in tRNA. The E. coli enzyme contains a

C-terminal extension displaying sequence similarity to

rhodanese. The C456 of ThiI aligns with the active site Cys

residue of rhodanese, mutation impaired Str activity, and

the generation of 4-thiouridine in tRNA. Only the ThiI

proteins from E. coli and H. influenza possess the sequence

of limited similarity to rhodanese (Donadio et al. 1990;

Palenchar et al. 2000).

One of the Str (AtStr12) is annotated as peptidyl-prolyl

cis–trans isomerase-like protein. However, to our knowl-

edge no experimental evidence for this enzyme activity

neither in vitro nor in vivo has been demonstrated.

Recently, a reaction chain consisting of three enzymes

was shown to be involved in sulfide oxidation in animals.

A membrane-bound sulfide: quinone oxidoreductase con-

verts sulfide to persulfides and transfers the electrons to

the ubiquinone pool. Subsequently, a sulfur dioxygenase

in the mitochondrial matrix oxidizes one persulfide mol-

ecule to sulfite, consuming molecular oxygen. The final

reaction is catalyzed by a Str, which adds a second per-

sulfide from the sulfide: quinone oxidoreductase to sulfite,

resulting in the final product TS. This role in sulfide

oxidation is an additional physiological function of the

mitochondrial Str in animals (Hildebrandt and Grieshaber

2008). The plant Str might be involved in a similar

reaction chain producing TS in its reverse reaction.

However, so far the other partners have not been identi-

fied in plant mitochondria.

The labile sulfane sulfur atom has been shown to have

effects in biochemical systems which suggests that it may

have several regulatory functions (Toohey 1989; Wróbel

et al. 2009). This conclusion is supported by evidence

that sulfane sulfur is generated by partially known meta-

bolic pathways, that carrier proteins for stabilizing and

transporting are widely distributed, and that it is effective

in vitro at very low concentration in regulating the activi-

ties of many enzymes. Its properties of a very high potency

and short half-life are consistent with a role as a finely

tuned regulator (Toohey 1989).

A role in redox homeostasis: interaction of Str and

thioredoxins

Several lines of evidence support the hypothesis that Str

are involved in the maintenance of redox homeostasis by

interacting with thioredoxins. First, results came from

enzyme activity measurements in different species. The

recombinant mammalian rhodanese catalyzes the direct

oxidation of reduced thioredoxin evidently by reactive

oxygen species. It was suggested that at least one Str

isoform is involved in the detoxification of intramito-

chondrial oxygen-free radicals (Nandi et al. 2000).

Kinetic analysis revealed that catalysis by purified GlpE

from E. coli occurs by way of an enzyme–sulfur inter-

mediate utilizing a double-displacement mechanism

requiring an active site Cys. The Km for TS was deter-

mined to 78 mM, the Km for cyanide to 17 mM. When

thioredoxin was used as acceptor the Km was only 34 lM

when TS was near its Km, suggesting that thioredoxin or

related dithiol proteins could be physiological substrates

for Str (Ray et al. 2000).

Recently, the rat Str was suggested to be involved in the

maintenance of the redox homeostasis by interacting with

thioredoxin. Oxidative stress decreased 3-MP Str activity

and increased the amount of Cys, a precursor of thiore-

doxin or glutathione. Furthermore, these cellular reductants

restore the activity. Thus, the redox state regulates 3-MP

Str activity at the enzymatic level, and on the other hand,

3-MP Str controls redox to maintain cellular redox

homeostasis. As an intermediate the very stable formation

of Cys-sulfenate was shown having even a lower redox

potential than glutathione (Nagahara and Katayama 2005).

In the same rat system Cys32 of E. coli thioredoxin reacted

with two redox-active Cys of rat 3-MP Str by forming an

intersubunit disulfide bond and a sulfenyl Cys247. A con-

secutively formed disulfide bond between thioredoxin and

3-MP Str must be cleaved for the activation. E. coli C32S

thioredoxin, however, did not activate 3-MP Str. Reduced

thioredoxin turns on a redox switch for the enzymatic

activation of 3-MP Str which contributes to the mainte-

nance of cellular redox homeostasis in rat cells (Nagahara

et al. 2007).

Also in mammalian cells interaction of Str and thiore-

doxin plays an important role in the balance of the

metabolism. The organo-sulfane sulfur compound, sodium

2-propenyl TS, was found to induce inhibition of Str

activity in tumor cells. The activity of the enzyme was
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restored by thioredoxin in a concentration- and time-

dependent manner. The results suggest an involvement of

the thioredoxin–thioredoxin reductase system in cancer cell

cytotoxicity by organo-sulfane sulfur compounds and

highlight the correlation between apoptosis induced by

these compounds and the damage to the mitochondrial

enzymes involved in the repair of the Fe–S cluster and in

the detoxification system (Sabelli et al. 2008).

The increasing knowledge about redox regulation in

plants shows more and more its importance in maintenance

of the metabolism. In recent years the efforts to identify the

major players in redox regulation by different methods are

tremendous, including the characterization of thioredoxins.

In a proteomic affinity approach an interaction of thiore-

doxin with 50 mitochondrial proteins was found, among

them AtStr1 (Balmer et al. 2004). In a comparative pro-

teomic approach cytosolic thioredoxin h3 from Arabidop-

sis was used in three methods for the identification of

interacting proteins (Marchand et al. 2006). All together 73

interacting proteins could be identified, however, none of

the cytoplasmic Str. All together more than 40 thioredoxins

and thioredoxin-like proteins were identified in Arabidop-

sis (Meyer et al. 2005). Since a long time it is known that

plants possess two thioredoxin systems, a cytoplasmic

system including several thioredoxins and an NADPH-

dependent thioredoxin reductase, and a specific chloro-

plastic system characterized by a ferredoxin-dependent

thioredoxin reductase. Recently, also a functional plant

mitochondrial system could be identified consisting of two

thioredoxins and two NADPH-dependent thioredoxin

reductases with dual-targeting (Laloi et al. 2001). As was

discussed above also Str are localized in these

compartments.

Spectroscopic studies using AtStr1 and mutants thereof

suggest also a larger peptide or protein as substrate (Bartels

et al. 2007a). Based on these enumerated results an

investigation to analyze the interaction of several Arabid-

opsis thioredoxins with a number of Str by bimolecular

fluorescence complementation (BiFC) (Bracha-Drori et al.

2004; Walter et al. 2004) was started. Specific interactions

among a mitochondrial thioredoxin with mitochondrial

AtStr1, among a plastidic thioredoxin with plastidic AtS-

tr16, and a cytosolic thioredoxin with cytosolic AtStr2 was

demonstrated (Holtgrefe and Papenbrock, unpublished

results). It is still an open question how the specificity of

the interactions among thioredoxins and target proteins can

be explained. More information about the redox interac-

tome is needed. In the background of published results one

can assume that Str might act as a thioredoxin peroxidase

with the formation of a sulfenate at the active site Cys.

Therefore, plant Str might play a role in the control of

redox homeostasis in the different subcellular compart-

ments (Papenbrock et al. 2009).

For several Str the in planta function is still not clear

Despite the presence of Str activity in many living organ-

isms, the physiological role of these enzymes has not yet

been established unambiguously. While in mammals Str

may be involved in the elimination of toxic cyanogenic

compounds (Vennesland et al. 1982; Nagahara et al. 1999)

its ubiquity suggests additional physiological functions.

It has been proposed that Str detoxify oxygen radicals, e.g.

by acting as a thioredoxin oxidase in mitochondria (Nandi

et al. 2000), are involved in sulfate assimilation (Donadio

et al. 1990), transport-specific sulfur compounds (Lau-

denbach et al. 1991), and may act as a sulfur invertase in

the formation of prosthetic groups in Fe–S cluster proteins,

such as ferredoxin (Bonomi et al. 1977; Pagani et al.

1984).

The biosynthesis of several vitamins, enzymes, and

cofactors includes a step of sulfur transfer and the incor-

poration of sulfur into the respective substrate molecule.

This could be carried out by Str as was shown for the

biosynthesis of thiamine and thiouridine in E. coli

(Palenchar et al. 2000) and for the synthesis of the

molybdenum cofactor in E. coli and humans (Leimkuehler

and Rajagopalan 2001; Matthies et al. 2004). Especially

one-domain Str proteins have been associated with specific

stress conditions (Bordo and Bork 2002). In general, Str

might further activate or deactivate distinct proteins by

direct transfer of sulfane sulfur and thus fulfill a regulatory

role in the organism (Toohey 1989).

One of the Arabidopsis proteins containing one rhoda-

nese domain is involved in the biosynthesis of the

molybdenum cofactor synthesis (AtStr13, Fig. 2). Four

plant enzymes depend on molybdenum: nitrate reductase,

sulfite oxidase, xanthine dehydrogenase, and aldehyde

oxidase. To gain biological activity and fulfill its function

in enzymes, molybdenum has to be complexed by a pterin

compound thus forming the molybdenum cofactor.

Molybdenum cofactor synthesis protein 3 (AtStr13/Cnx5)

is essential during biosynthesis of the molybdenum

cofactor. After molybdopterin synthase has transferred two

sulfur atoms to precursor Z, it has to be resulfurated to

reactivate the enzyme for the next reaction cycle of pre-

cursor Z conversion. This resulfuration is catalyzed by

AtStr13/Cnx5 involving an adenylation of molybdopterin

synthase followed by sulfur transfer (Matthies et al. 2004).

AtStr13/Cnx5 is a two-domain protein consisting of an

N-terminal domain responsible for adenylating molyb-

dopterin synthase and a C-terminal rhodanese domain

where the sulfur is bound to a conserved Cys in the form of

persulfide (Matthies et al. 2004; Mendel 2007).

The detoxification of cyanide was suggested as the main

function of Str in plants. The widespread occurrence of

ethylene synthesis suggests that this pathway is the
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principle source of endogenous cyanide in many plants

although cyanide can be produced by other metabolic

processes, e.g. hydrolysis of cyanogenic glycosides and in

amino acid oxidase reactions (Kende 1993). Ethylene is

produced during ripening of fruits and also during senes-

cence processes in leaves (Abeles et al. 1992). During

ethylene biosynthesis, one molecule of cyanide is produced

for each molecule of ethylene by the oxidation of 1-ami-

nocyclopropane-1-carboxylic acid in the presence of iron

and oxygen (Blumenthal et al. 1968; Manning 1988).

Cyanide is highly toxic for the cell, especially as a potent

inhibitor of metalloenzymes, and needs to be detoxified

immediately. In plants, at least two protein families could

act in its detoxification, Str and b-cyano-L-alanine synthase

(CAS, EC 4.4.1.9). Str catalyze the formation of the less

toxic thiocyanate. In mammals this compound is mainly

excreted in urine (Nagahara et al. 1999); for plants thio-

cyanate-degrading enzymes are unknown although they

have to be postulated. CAS catalyzes the formation of

b-cyano-L-alanine from Cys in the presence of cyanide

(Blumenthal et al. 1968). b-cyano-L-alanine is further

metabolized by the gene product of NIT4 acting as nitrilase

or hydratase to asparagine and aspartic acid, respectively,

or can be conjugated to c-glutamyl-b-cyano-L-alanine

(Piotrowski et al. 2001). A number of experiments have

been done to prove the hypothetical involvement of Str in

cyanide detoxification in plants. Thus far, the evidence for

a role of plant Str in cyanide detoxification is rather low:

Str activity was detected in the same order of magnitude in

cyanogenic and non-cyanogenic plants (Chew 1973) The

results were confirmed in the way that no correlation

between cyanogenesis and rhodanese activity was found

(Kakes and Hakvoort 1992). An involvement of AtStr1 in

cyanide detoxification as in animals appears rather unlikely

since the expression level of AtStr1 and Str activity in total

protein extracts remained unchanged in cyanide treated

plants (Meyer et al. 2003).

A function in providing reduced sulfur for Fe–S cluster

was investigated with contradictory results. Pagani et al.

(1984) demonstrated the transfer of reduced sulfur into the

Fe–S cluster of ferredoxin in spinach. Whereas the pre-

liminary analysis of an atStr1 T-DNA insertion mutant

showed that the mutation had no effect on the activity

levels of Fe–S cluster containing proteins, suggesting that

AtStr1 is not directly involved in Fe–S cluster assembly

(Nakamura et al. 2000). However, Fe–S cluster are very

sensitive to oxidative stress. Therefore, decreasing oxida-

tive stress by regulation of redox homeostasis as thiore-

doxin peroxidase could also protect Fe–S cluster stability.

In radish and tobacco dark-inducible, senescence-asso-

ciated homologs of AtStr15 encoded by Rsdin1 and Ntdin,

respectively, were identified that accumulated upon pro-

longed darkness, ethylene, cytokinin, and heat stress

(Azumi and Watanabe 1991; Shimada et al. 1998; Yang

et al. 2003). Due to similarity to this proteins most group

VI AtStr have been annotated in the databases as senes-

cence-associated proteins. The proteins share similarity to

the C-terminal domain of AtStr1, to the GlpE protein in

E. coli (Ray et al. 2000) as well as to other distinct stress-

related proteins, such as sulfide dehydrogenase from

Wolinella succinogenes (Klimmek et al. 1999), phage-

shock protein PspE from E. coli (Adams et al. 2002), and

to the hsp67B2 from Drosophila (Shimada et al. 1998).

In agreement with the database annotations the expres-

sion of AtStr15, AtStr16, and AtStr18 as well as Str activity

in total protein extracts have been shown to increase with

progressing age (Bartels et al. 2007b). In contrast, the

expression of AtStr14 decreased in 5-week-old Arabidopsis

plants and also at low sulfate supply, indicating a distinct

role in sulfur metabolism. While the 3-MP Str activity in

total protein extracts increased continuously with pro-

gressing age of the plants, the TS Str activity was strongly

induced from week 5 to the end of the experiment after

6 weeks. The expression patterns of AtStr16 and AtStr18 as

well as that of the senescence-associated SAG13, used as a

marker for senescence in a previous work (Meyer et al.

2003), paralleled with the pattern of TS Str activity (Bartels

et al. 2007b). AtStr16 (At5g66040) and AtStr18

(At5g66170) have been identified as TS Str proteins (Bauer

and Papenbrock 2002) and are likely to play a role in

senescence.

The most interesting and by far best characterized of the

six proteins in group VI is AtStr15 (AtSEN1). The senes-

cence-associated AtStr15 gene is induced commonly dur-

ing senescence caused by several senescence inducing

factors including age, darkness, and phytohormones as well

as by inoculation with diverse pathogens (Oh et al. 1996;

Chung et al. 1997; Weaver et al. 1998; Schenk et al.

2005). AtStr15 expression was clearly induced at nutri-

tional stress conditions (low sulfate or phosphate, added

TS) and in darkness, and increased with age (Bartels et al.

2007b). In contrast to the results obtained by Bartels et al.

(2007b), the expression of AtStr15 was slightly reduced in

leaves and roots at low phosphate in a recent microarray

analysis (Misson et al. 2005). Despite all these information

the biological function of the AtStr15 gene product could

not be determined yet. In tobacco, a homolog of AtStr15,

Ntdin1, was recently shown to be involved in molybdenum

cofactor biosynthesis (Yang et al. 2003). According to

results from Bartels (2006) a role of AtStr15 in molybde-

num cofactor biosynthesis could be excluded. This was

confirmed by recent results on the function of AtStr15/

AtSEN1 (Schenk et al. 2005). Taking together the infor-

mation obtained on AtStr15/AtSEN1 thus far, the protein

may have a function in general stress response of the plant

caused by various biotic and abiotic triggers. AtStr13
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(At5g55130) in group V was shown to act as molybdop-

terin synthase sulfurylase (Mendel 2007). The AtStr12/

SIR1 protein is composed of a rhodanese-like domain and

an ubiquitin-activating enzyme E1-like domain. SIR1 is a

regulator of many auxin-inducible genes. The sir1 mutant

was resistant to sirtinol, a small molecule activating many

auxin-inducible genes, and displays auxin-related devel-

opmental phenotypes. An involvement of the protein in the

propagation of auxin-signals in Arabidopsis was suggested

(Zhao et al. 2003).

Another putative activity of a rhodanese-containing

Arabidopsis protein was found by chance. Arsenate

reductase (AR) activity was determined in an arsenate-

hyperaccumulating fern. The reaction mechanism was very

similar to the previously reported activity of Acr2p from

yeast, using glutathione as the electron donor. A T-DNA

knockout mutant of Arabidopsis with disruption in the

putative Acr2 gene had no AR activity (Duan et al. 2005).

According to the nomenclature by Bartels et al. (2007b) the

orthologous protein in Arabidopsis corresponds to AtStr5

(At5g03455), a nuclear protein with a Cys in the active

center. So far the AR activity could not be confirmed for

the recombinant Arabidopsis protein (Papenbrock, unpub-

lished results). Interestingly, the same protein was shown to

act as Cdc25 dual-specificity tyrosine-phosphatase (Land-

rieu et al. 2004). Therefore, further experiments are needed

to clarify the cellular function of AtStr5.

In a proteome-wide characterization of seed aging, it

was shown that a loss in seed vigor is associated with a

decreased level of 3-MP Str, highlighting further the

importance of sulfur metabolism and homeostasis in seeds.

As yet unknown important role(s) of Str in seed physiology

and quality is predicted (Rajjou et al. 2008).

Str might be involved in defence mechanisms against

pathogens

It is known since antiquity that sulfur has protective effects

against pests and diseases. Sulfur supply thus influences

plant resistance. In a recent study the increased disease

susceptibility of sulfur deficient Brassica napus plants

toward distinct fungal and bacterial pathogens was shown

to be caused at least partially by a reduction of sulfur-

dependent phytoanticipins (Dubuis et al. 2005). Elemental

sulfur, glutathione, sulfite, H2S, and TS can be products of

specific Str reactions. Besides other sulfur containing

compounds like Cys-rich antifungal proteins, glucosino-

lates and phytoalexins, these substances might play

important roles in plant disease resistance (Cooper et al.

1996; Williams et al. 2002; Cooper and Williams 2004;

Williams and Cooper 2004; Rausch and Wachter 2005).

There are hints that Str proteins might also play a role in

pathogen defence reactions of the plant. In a suppression

subtractive hybridization of non-infected and with Verti-

cillium dahlia infected tomato plants a tomato Str homolog

to AtStr1 could be isolated (Jonathan Howarth, Rotham-

sted, UK, personal communication). In a differential dis-

play analysis aiming to isolate genes related to resistance

toward the powdery mildew fungus Erysiphe graminis in

wheat (Triticum aestivum L.) a Str gene displaying simi-

larity to AtStr1 was identified that might be involved in

pathogen resistance against E. graminis in wheat (Niu

et al. 2002). A rhodanese-like protein displaying similarity

to AtStr17 was identified in phloem exudates of Curcubita

maxima Duch. by two-dimensional gel electrophoresis and

subsequent mass spectrometry. The protein is suggested to

be involved in stress and defence responses of the plant by

acting as phytohormone and/or in signaling (Walz et al.

2004). Since Str proteins have been proposed to detoxify

reactive oxygen species in mammals (Nandi et al. 2000)

one could speculate about a possible protective function of

the AtStr proteins during pathogen defence by protecting

healthy tissue from oxidative damage, again by regulation

of redox homeostasis as thioredoxin peroxidase.

Are Str a relict in evolution?

Some authors consider rhodanese as a biochemical relic of

a time when the earth’s atmosphere contained large

amounts of hydrogen cyanide (Pagani et al. 1987). But this

is a rather pessimistic view of such an ubiquitous enzyme

(Hama et al. 1994). It is thought, on the basis of the amino

acid sequence evolution around the catalytic Cys that the

C-terminal catalytically active domain of prokaryotic TS

Str is an ancestral protein of the rhodanese family and the

duplicated molecule is an 3-MP Str precursor (Nagahara

2007). A change of 3-MP Str occurred in the oxidizing

atmosphere of the earth after the appearance of cyano-

bacteria. In this process a leucine residue was replaced with

a Cys residue to regulate cellular redox homeostasis in the

new oxidizing earth atmosphere. Because plants evolved

under reducing conditions, there is a leucine residue at the

redox-sensing switch. In a phylogenetic evolution life

forms acquired the redox-sensing switch in 3-MP Str in

adaptation to the oxidizing atmosphere in the earth

(Nagahara 2007).

Conclusions

Str belong to a very exciting protein family and we are just

at the beginning to elucidate their functions in the organ-

ism. It was shown already that Str are involved in regula-

tion of metabolism including protein biosynthesis,

co-factor biosynthesis, protection against biotic and abiotic

stress, regulation of redox homeostasis, seed development
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among others. Probably from the current systematic anal-

ysis of Arabidopsis mutants we will be able to learn about

many more functions in plants and maybe also in other

organisms.
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Wróbel M, Lewandowska I, Bronowicka-Adamska P, Paszewski A

(2009) The level of sulfane sulfur in the fungus Aspergillus
nidulans wild type and mutant strains. Amino Acids 37:565–571

Yang SH, Berberich T, Miyazaki A, Sano H, Kusano T (2003) Ntdin,

a tobacco senescence-associated gene, is involved in molybde-

num cofactor biosynthesis. Plant Cell Physiol 44:1037–1044

Zhao Y, Dai X, Blackwell HE, Schreiber SL, Chory J (2003) SIR1, an

upstream component in auxin signaling identified by chemical

genetics. Science 301:1107–1110

Latest news about the sulfurtransferase protein family 57

123


	Latest news about the sulfurtransferase protein family of higher plants
	Abstract
	Introduction
	General description of plant sulfurtransferases
	The multi-protein Str family in Arabidopsis
	Localization of Str in Arabidopsis cells
	Pattern and profiles in Arabidopsis Str
	Analysis of three-dimensional Str structures
	Determination of in vitro activities of Str
	A role in redox homeostasis: interaction of Str and thioredoxins
	For several Str the in planta function is still not clear
	Str might be involved in defence mechanisms against pathogens
	Are Str a relict in evolution?

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


