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Abstract: Plants and animals have evolved various potential mechanisms to surmount the 

adverse effects of heavy metal toxicity. Plants possess low molecular weight compounds 

containing sulfhydryl groups (-SH) that actively react with toxic metals. For instance, 

glutathione (γ-Glu-Cys-Gly) is a sulfur-containing tripeptide thiol and a substrate of 

cysteine-rich phytochelatins (γ-Glu-Cys)2–11-Gly (PCs). Phytochelatins react with heavy 

metal ions by glutathione S-transferase in the cytosol and afterwards they are sequestered 

into the vacuole for degradation. Furthermore, heavy metals induce reactive oxygen species 

(ROS), which directly or indirectly influence metabolic processes. Reduced glutathione 

(GSH) attributes as an antioxidant and participates to control ROS during stress. 

Maintenance of the GSH/GSSG ratio is important for cellular redox balance, which is crucial 

for the survival of the plants. In this context, sulfurtransferases (Str), also called rhodaneses, 

comprise a group of enzymes widely distributed in all phyla, paving the way for the transfer 

of a sulfur atom from suitable sulfur donors to nucleophilic sulfur acceptors, at least in vitro. 

The best characterized in vitro reaction is 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 have multi-protein families (MPF) of Str. Despite the presence of Str 

activities in many living organisms, their physiological role has not been clarified 
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unambiguously. In mammals, these proteins are involved in the elimination of cyanide 

released from cyanogenic compounds. However, their ubiquity suggests additional 

physiological functions. Furthermore, it is speculated that a member of the Str family acts as 

arsenate reductase (AR) and is involved in arsenate detoxification. In summary, the role of 

Str in detoxification processes is still not well understood but seems to be a major function 

in the organism. 
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1. Introduction 

Sulfurtransferases (Str), also called rhodaneses, catalyzes the transfer of a sulfur atom from suitable 

sulfur donors to nucleophilic sulfur acceptors [1]. The most studied and best characterized Str is bovine 

liver rhodanese that catalyzes in vitro the transfer of a sulfane sulfur atom from thiosulfate (TS) to 

cyanide, leading to the formation of sulfite and thiocyanate by forming a Rhod-S intermediate, which is 

characterized by a persulfide bond at the sulfhydryl group of the essential cysteine residue 247  

(Scheme 1) [2]: 

S2O3
2− + Rhd →SO3

2− + Rhd-S 

Rhd-S + CN− → Rhd + SCN− 

Scheme 1. A sulfurtransferase reaction catalyzed by rhodanese. 

Rhodanese activity has been detected in all major phyla [3]. Str/rhodanese domains can be found as 

tandem repeats hosting the active cysteine residue in the C-terminus, as single domain proteins, and in 

combination with distinct proteins domains. The prototype for a single domain Str protein is found in 

Escherichia coli (GlpE) that often interacts with thioredoxins [4,5]. It has been reported that single 

rhodanese domain proteins are involved in reactions to stress defense, such as the Drosophila 

melanogaster heat shock protein 67B2, the E. coli phage shock protein PspE [6] or the Vibrio cholerae 

shock protein q9KN65 [7]. In plants, proteins with single rhodanese domains are associated with the 

process of leaf senescence, for example in Arabidopsis thaliana, Nicotiana tabacum and Raphanus 

sativus (Sen1, Ntdin and Din1, respectively) [8,9]. However, the mode of action in response to stress or 

senescence processes is not yet known. The proteins, composed of two rhodanese domains with the 

catalytic cysteine in the C-terminal rhodanese domain, are represented by the bovine mitochondrial 

rhodanese [10] and the Azotobacter vinelandii rhodanese (RhdA) [11]. The amino acid composition of 

the active site loop containing the active cysteine residue affects the substrate recognition and  

specificity [12]. Notably, changing of the active site loop by one additional amino acid influences the 

substrate specificity of A. vinelandii RhdA from sulfate- to phosphate-containing compounds [13,14].  

In the N-terminal domain, the cysteine residue is often replaced by aspartic acid or glycine and found to 

be associated with other protein domains such as MAPK phosphatases [15]. Certain stress response 

proteins and several ubiquitinating enzymes are also proposed to share the non-catalytic rhodanese 
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homology [14,16]. Therefore, it has been suggested that the inactive rhodanese domain could be involved 

in signaling [12] but more experimental evidence is needed. 

Sulfurtransferases or Str-like proteins have been identified in different subcellular compartments. In 

rats, 3-mercaptopyruvate Str was identified in the cytoplasm and in mitochondria. It has been suggested 

to be involved in cyanide detoxification in the cytoplasm and to protect cytochrome c oxidase in 

mitochondria [17]. There are 20 different Strs or Str-like proteins in A. thaliana [18,19]. These have 

been classified into six groups based on their amino acid sequence similarities [20]. In wheat, Str was 

found to be involved in the resistance against the fungal pathogen Erysiphe graminis [21]. In another 

study, a cadmium-induced A. thaliana Str9 (AtStr9) homologue was identified in Datura innoxia, 

indicating a role of this Str in heavy metal stress [22]. Str/rhodanese domains are structurally similar to 

the catalytic subunit of arsenate reductase and Cdc25 phosphatase [14]. The high abundance of Str 

proteins in A. thaliana and other plant species [1] in different cellular compartments is speculated to 

pave the way for several specific biological functions, especially in abiotic and biotic stress defense. 

2. Detoxification of Cyanide 

Plants are exposed to cyanide from different exogenous and endogenous sources. The largest source 

of cyanide in the environment comes from anthropogenic activities, like soil contaminated by various 

industrial wastes containing up to 11,000 mg cyanide kg−1 DW soil [23]. Some natural exogenous 

sources including bacteria, fungi, algae, and neighboring plants are also responsible for cyanogenesis in 

significant amounts. The endogenous source of cyanide in plants is mainly the conversion of  

1-amino-cyclopropane-1-carboxylic acid to ethylene that produces cyanide in equimolar amounts as 

ethylene and is drastically increased during fruit ripening and senescence [24]. Cyanide is also a potent 

inhibitor of respiration by inhibiting cytochrome c oxidase. Plants can readily take up cyanide and 

metallocyanides when present in the root zone [25]. Cyanide induces the formation of reactive oxygen 

species (ROS) and also triggers the production of hydrogen peroxide (H2O2) in embryonic axes of 

sunflower (Helianthus annuus L.) by stimulating NADPH oxidase and inhibiting antioxidant enzymes 

for instance catalase [26]. In higher plants, two metabolic pathways are involved in the detoxification 

and assimilation of excess cyanide. The first one is the Str pathway, also observed in bacteria and 

mammalians. In mammals, Strs play the crucial role in catalysis of cyanide and in the formation of the 

less toxic thiocyanate that is primarily excreted in the urine [27]. In Pseudomonas aeruginosa, 

mitochondrial rhodanese has been proved to be involved in the protection of aerobic respiration from 

cyanide poisoning by transferring sulfane sulfur from thiosulfate to cyanide and yielding less toxic 

thiocyanate [28]. In plants, the contribution of Str to cyanide detoxification may be negligible or 

incidental [29]. Most recently, it was observed that the β-cyano-L-alanine (β-CAS) pathway is the 

principal mechanism for maintaining cyanide homeostasis in higher plants [30]. Previously, it was 

already suggested that β-cyano-L-alanine synthase (CAS) plays a more important in cyanide detoxification 

than Str activity in A. thaliana [29]. At first, cyanide is substituted for the sulfhydryl group of cysteine 

to form β-CAS with the release of hydrogen sulfide [31]. Subsequently, the β-CAS is hydrolyzed by the 

gene product of NIT4, a dual enzyme with nitrilase and nitrile hydratase activity, yielding asparagine, 

aspartate and ammonia, respectively [30,32]. However, this study also explained, that the minor contribution 

of Str in cyanide detoxification could be based on methodological problems in the determination of 
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volatile hydrogen cyanide and cyanogenic compounds in plant tissue. Future work is needed to finally 

clarify the role of Str in cyanide detoxification in different environmental and developmental conditions. 

3. Detoxification of Reactive Oxygen Species 

Different cellular compartments such as chloroplasts (photosystems I and II), mitochondria  

(complex I, ubiquinone, and complex III of the electron transport chain), and peroxisomes are the major 

sites of formation of ROS [33]. Despite of those compartments, heavy metal ions mediate reactions (e.g., 

Fenton reaction) that exert an effect on the production of ROS leading to a decreased level of available 

antioxidant reserves [23]. Reactions with ROS damage proteins, lipids, carbohydrates, and DNA, 

ultimately yield in oxidative stress. Against this backdrop, plants possess an antioxidant defensive 

machinery to protect against stress damage. The tripeptide glutathione is an important antioxidant in 

many organisms preventing damage to important cellular components caused by ROS such as free 

radicals and peroxides (Scheme 2) [34]. Glutathione in its reduced and oxidized forms, GSH and GSSG, 

plays a significant role within the cellular redox state by maintaining sulfhydryl (-SH) groups. 

Sulfurtransferases, for example thiosulfate-thiol Str, are enzymes that participate in GSH metabolism 

and homeostasis [34]. 

 

Scheme 2. A flow chart of ROS formation and its detoxification. GSH (glutathione), GSSH 

(oxidized glutathione), AA (ascorbic acid) and DHA (dehydroascorbate) [35]. 

Various enzymes, such as superoxide dismutase, catalase, glutathione reductase, and glutathione  

S-transferase (GST) work in concert to control the oxidative damage by scavenging ROS [36]. 

Glutathione reductase found in prokaryotes and eukaryotes plays a pivotal role in the defense system 

against ROS, and it is localized predominantly in chloroplasts, but small amounts were found in 

mitochondria and the cytosol. Glutathione reductase is involved in the maintenance of the ascorbate-GSH 

cycle and NADPH-dependent reaction of disulphide bond recovery of GSSH by sustaining the reduced 

status of GSH [37]. Glutathione peroxidase provides an alternative means of detoxifying activated 

oxygen by using GSH to reduce hydrogen peroxide, which then yields GSSG [35]. It has been observed 

that glutathione reductase activities increase in the presence of cadmium in A. thaliana, Vigna mungo, 

Triticum aestivum, and Brassica juncea. In another study, transgenic Nicotiana tabacum with 30%–70% 

less glutathione reductase activity showed enhanced sensitivity to oxidative stress. Likewise, GSH 

concentrations were also elevated with heavy metal induced oxidative stress [38,39]. Plant GSTs have a 

crucial role to remove cytotoxic or genotoxic compounds. They have been found in maize, soybean, and 

A. thaliana. GSTs have been noticed to reduce peroxides by the assistance of GSH and yield scavengers 

of cytotoxic and genotoxic compounds [40]. 
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Str might play a role in the control of redox homeostasis in the different subcellular compartments in 

a protein-protein interaction with thioredoxin. In this process, Str might act as a thioredoxin peroxidase 

with the intermediate formation of a sulfenate at the active-site cysteine as summarized in [1]. 

4. Detoxification of Heavy Metals 

Lead, cadmium, and mercury are profoundly toxic to tissue, cells and cellular components. It is known 

that the sulfur-containing endogenous compounds play a pivotal role in various physiological processes 

in organisms, such as the stabilization of protein structure and regulation of enzymatic activity, in 

addition to their role in redox reactions as described above. Notably, Str (rhodanese, 3-mercaptopyruvate 

Str and γ-cystathionase) plays an important role in the metabolism of L-cysteine [41]. The catalytic 

activity of these enzymes are decreased via heavy metals binding with -SH groups of cystenine residues [42]. 

Consequently, changes in the level of sulfane sulfur-containing compounds, products of L-cysteine 

desulfuration and glutathione, are observed. An alteration in the activity of Str after exposure to lead, 

cadmium, and mercury was noticed in kidneys, liver, heart, brain, and skeletal muscle of Marsh frog [42]. 

 

Figure 1. Diagram illustrating the mechanisms involved in cadmium chelation and 

compartmentalization in the vacuole (modified from ref. [43]). Phytochelatins are 

synthesized from GSH by the enzyme phytochelatin synthase. Exposure to cadmium 

stimulates synthesis of phytochelatins, which rapidly form a “low molecular weight” (LMW) 

complex with cadmium and a “medium molecular weight” (MMW) complex characterized 

by cadmium prevalently bound to phytochelatins with a higher polymerization level. At the 

tonoplast level, these complexes acquire acid-labile sulfur (S2−) and form a “high molecular 

weight” (HMW) complex with a higher affinity towards cadmium ions. Thus, particularly 

the HMW complex, highly stabilized by S2− groups, seems to be decisive in cadmium 

detoxification. “LMW”, low molecular weight; “MMW”, medium molecular weight; 

“HMW”, high molecular weight; GSH, glutathione; PC, phytochelatins; apo-PC,  

apo-phytochelatins; S2−, acid-labile sulfur; org. ac., organic acids. 
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Abiotic stress factors, such as exposition to heavy metals, induce the expression of sulfate 

assimilation and sulfate transporter genes [44]. In plants, cysteine and GSH can be synthesized in all 

tissues but higher biosynthetic activities of enzymes involved in cysteine and GSH production were 

observed in A. thaliana trichomes, where presumably also phytochelatins are produced for heavy metal 

detoxification (Figure 1) [45]. 

To alleviate oxidative stress, GSH functions as a direct antioxidant and also as a reducing agent for 

other antioxidants such as ascorbic acid [35]. Cysteine is essential for GSH synthesis. Sulfur assimilation 

is also regulated by the cellular oxidative state. For example, an isoform of 5-adenylyl-sulfate (APS) 

reductase is activated by oxidation of two SH-groups of cysteine residues in the enzyme into a disulfide 

bond by oxidized glutathione [46]. It has been suggested that enzymes of sulfur metabolism and GSH 

synthesis are post-translationally modified and activated after consumption of reduced GSH by oxidative 

stress mitigation [47]. 

4.1. Sulfurtransferases with Arsenate Reductase Activity 

Several plants species have been identified to accumulate arsenic in their plant tissues, for example 

the ferns Pteris vittata and Pityrogamma calomelanos [48]. The actual mechanisms of arsenic uptake 

and the manner in which plants detoxify these pollutants are not well known. Arsenate reductases (AR) 

are enzymes that catalyse the essential reduction reaction in the process of arsenic phytoremediation. 

Their active site contains a pair of cysteine residues that are essential for its catalytic action. One residue 

is part of the highly conserved sequence: Cys-(X)5-Arg. The mechanism of enzymatic reduction by AR 

involves formation of a thioester bond between the cysteine and As (V). The arginine residue assists in 

the stabilization of the intermediate [49]. 

Arsenate reductase activity was determined in an arsenate-hyperaccumulating fern. The reaction 

mechanism was very similar to the previously reported activity of Acr2p from yeast, using GSH as the 

electron donor. A T-DNA knockout mutant of A. thaliana with disruption in the homologous Acr2 gene 

showed no AR activity [50]. Recently, it has been suggested that one member of the Str family also acts 

as AR in A. thaliana. According to the nomenclature by Bartels et al. [18], the orthologous protein in  

A. thaliana corresponds to AtStr5 (At5g03455), one of the 20 existing proteins containing a rhodanese 

domain grouped along with three other Str into “Group III”. It is predicted to be localized in the nucleus 

and contains a cysteine residue in the active centre [1]. The active site loop of AtStr5 has also a  

His-Cys-(X)5-Arg motif. Interestingly, the same protein was shown to act as Cdc25 dual-specificity 

tyrosine-phosphatase that is involved in the progression of the cell cycle by the removal of inhibitory 

phosphate residues from target cyclin-dependent kinases (CDKs) [20,51]. Notably, the His-Cys-(X)5-Arg 

motif coincides with the protein tyrosine phosphatase signature motif,, but the regulatory N-terminal 

domain is absent in AtStr5 unlike human Cdc25 [52]. Thus, the rhodanese domain with seven amino 

acid loop is able to bind to substrates containing phosphorous or in a similar way to arsenic, whereas the 

rhodanese-like domains with the six amino acid loop interact with substrates containing reactive sulfur 

or in some cases selenium [53]. 

Arsenate reductase from Saccharomyces cerevisiae Acr2p (or ScAcr2p) and Pteris vittata (PvACR2) 

has been predicted to have three-dimensional structure related to members of rhodaneses/Cdc25 

superfamily and share the Cdc25 active site motif His-Cys-(X)5-Arg. They do not exhibit significant 
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phosphatase activity, although ScAcr2p can be converted from reductase to a phosphatase by a small 

number of mutations [54–56]. In contrast, AtStr5 (also named as AtACR2), OsACR2 from rice Oryza 

sativa, and LmACR2 from the parasitic protozoan Leishmania major showed both arsenate reductase 

and phosphatase activities [50,57,58]. In another study, AtStr5 over-expressing A. thaliana lines were 

found to resemble wild-type plants without any indication of over-proliferation or increased cell cycle 

rates [59]. In the same study, the AtStr5 T-DNA insertion knockout mutants and AtStr5 over-expressing 

lines were tested for altered behavior after auxin and cytokinin treatment, but no altered hormone 

response was observed. This contradicted the role of the A. thaliana Cdc25 homolog, the AtStr5 protein, 

as a regulator of the cell cycle progression. 

4.2. AtStr5 as Arsenate Reductase: Possible Role in Arsenic Phytoremediation 

Arsenic occurs in the environment mainly in its inorganic form, as arsenite [As (III)] and arsenate 

[As (V)]. Figure 2 gives the structures of the main inorganic forms of arsenic, arsenate and arsenite. 

 

Figure 2. Inorganic forms of arsenic. 

Both these forms of arsenic are toxic to organisms. However, As (III) is considered to be more toxic 

than the As (V) form. Both forms interrupt biological functions in a different manner. Arsenite binds to 

proteins with sulfhydryl groups interfering with their functions. It inhibits respiration by binding to 

vicinal thiols in pyruvate dehydrogenase and 2-oxo-glutarate dehydrogenase [60]. Arsenite does not act 

directly as a mutagen but induces intra-chromosomal homologous recombination [61] and generates 

ROS [62], whereas As (V) interferes with oxidative phosphorylation and ATP synthesis [63]. 

The arsenic hyperaccumulator plants are potential candidates for arsenic phytoremediation. The 

process by which the plant accumulates arsenic is illustrated in Figure 3. The As (V) uptake occurs via 

phosphate transporters, whereas As (III) influx takes place in its neutral As(OH)3 form through 

aquaglyceroporins. The majority of arsenic found in the soil is in the arsenate form bound to different 

elements with different solubility, also dependent on the pH of the soil. The As (V) taken up is then 

reduced to As (III) by the enzyme AR. The next process is arsenite complexation with free thiol groups 

in order to detoxify the compound. This is followed by the vacuolar compartmentalization and storage 

of the arsenite-thiolate complex, thus completing the arsenic phytoremediation process [64]. 

The mechanism of enzymatic reduction by AR involves the formation of a thioester bond between 

the cysteine and As (V), and the arginine residue assists in the stabilization of the intermediate. The 

reduced form of AR is its active form, and the reducing agent involved in the generation of the active 

form of AR is either a thioredoxin or a glutaredoxin [65]. For example, AR encoded by ArsC gene from 

Staphylococcus aureus utilizes thioredoxin as its reducing agent, while the AR from E. coli R773 
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(encoded by ArsC gene) and S. cerevisiae (encoded by Acr2p gene) utilize glutathione and glutaredoxin 

as reducing agents [66]. 

 

Figure 3. Mechanism of arsenic phytoremediation (modified from [25]). 

So far the AR activity could not be confirmed for the recombinant AtStr5 A. thaliana protein. 

However, the comparison of growth of A. thaliana AtStr5-expressing E. coli cells and negative control 

cells cultured on media containing varying levels of arsenate (125 to 1000 µM) showed that AtStr5 

positive E. coli transformants were resistant to arsenate (Papenbrock and co-workers, unpublished 

results). These observations further pointed towards the role of AtStr5 as an AR, maybe in an interaction 

process with thioredoxins. 

In another study, the AR activity was observed in root extracts of T-DNA knockout AtStr5 mutant 

plants unexposed to arsenate. Furthermore, it was confirmed that the AR activity of AtStr5 represents 

36% of the total activity and is inducible by arsenate in A. thaliana roots [57]. In a similar study on plants 

grown under low arsenate exposure levels, the AtStr5 mRNA was silenced using an RNAi construct. 

This increased the shoot arsenic accumulation 10–16 fold more than the roots of wild-type plants grown 

under identical conditions [59]. In contrast, the T-DNA insertion mutants of AtStr5 accumulated less 

arsenic in shoots than wild-type plants over a range of arsenate concentrations [57]. Despite all these 

studies, the actual functional significance of AtStr5 is still a mystery. Discrepancy of these studies and 

broad physiological functions make AtStr5 a protein of further research interest.  

A distance phylogenetic tree (ClustalW tool from EBI based on Neighbor Joining) of 

rhodanese/Cdc25 superfamily members demonstrates the relationships among putative AR proteins 

(Figure 4). AtStr5 shows 55% identity and 79% similarity with Oryza sativa Cdc25 (OsCdc25), and 42% 

identity and 61% similarity with Pteris vittata AR. Although AtStr5 shares the same active site region 

as the human Cdc25 isoforms (A, B and C), it was seen that they have less overall identity. This may be 

considered as another indication for the possibility that AtStr5 may not act as a phosphatase but may 
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have an important role in arsenate reduction. AtStr6 is similar to the human Cdc25 isoform A 

(huCdc25A) and since huCdc25A has no AR activity, the same can be expected of AtStr6. AtStr7 and 

AtStr8 form an entirely different clade in the phylogenetic tree, suggesting that they are not functionally 

related to AtStr5. Therefore, the other Str from group III, except AtStr5, may not show AR activity. 

 

Figure 4. Phylogenetic tree obtained by using the Neighbor Joining method. The sequences 

selected for phylogenetic analysis are: Human Cdc25A (huCdc25A; NP_001780.2), Human 

Cdc25B (huCdc25B; NP_068658.1), Human Cdc25C (huCdc25C; NP_073720.1), 

Ostreococcus tauri Cdc25 (OtCdc25; AAQ16122.1), Oryza sativa Cdc25 (OsCdc5; 

AAX54896.1), Itsy bitsy phosphatase 1(iBP1p; Q8WZK3.1), Saccharomyces cerevisiae 

arsenate reductase (ScArr2p; NP_015526.1), Pteris vittata arsenate reductase (PvACR2; 

ABC26900.1), Leishmania major arsenate reductase (LmACR; AAS73185.1), Arabidopsis 

thaliana Group III sulfurtransferases (AtStr5; AAO39886.1, AtStr6; ABO38777.1, AtStr7; 

ABF57279.1, AtStr8; NP_564039.6), Arabidopsis thaliana 3-MP sulfurtransferase (MSTIAT; 

CAB64716.1), Datisca glomerata TS sulfurtransferase (TSTDAT; AAD19957.1),  

Homo sapiens 3-MP sulfurtransferase (MSTHUMAN; P25325.3), Bovine taurus TS 

sulfurtransferase (TSTBOVIN; P00586.3), Azotobacter vinelandii TS sulfurtransferase 

(TSTAZOVI; P52197.1). 3-MP, 3-mercaptopyruvate; TS, thiosulfate. 

4.3. Phytoremediation 

Phytoremediation is virtually considered as a potential solution to mitigate arsenic pollution. Certain 

plants known as hyperaccumulators or metallophytes have the ability to reduce heavy metal 

contamination by accumulating higher than normal levels of toxic heavy metals in their above-ground 

parts [64]. The over-expression of two bacterial proteins, AR encoded by the arsC gene and the  

γ-glutamylcysteine synthase, has been studied in A. thaliana in an attempt to yield a transgenic arsenic 

hyperaccumulator. Notably, AR catalyzes the reduction of arsenate to arsenite (AsO3
3−) in the stem and 

leaves. The γ-ECS is involved in the first step of the phytochelatin synthesis pathway.  

γ-Glutamylcysteine complexes are formed with As (III) via its thiol groups, consequently detoxifying 

and preparing them for being stored away in vacuole, supporting the idea that the transgenic plants were 
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able to accumulate 2–3 times more arsenic than wild-type plants [59]. However, the means by which 

arsenite-thiolate compounds are transported into the vacuole is still unknown. 

5. Conclusions 

Various heavy metal ions trigger the overproduction of ROS or free radicals in plants which are toxic 

and highly sensitive to proteins, lipids, carbohydrates and DNA, and ultimately results in oxidative 

stress. Against this backdrop, cells are evolved with sophisticated antioxidant defense mechanisms to 

detoxify the deleterious consequences of ROS. These antioxidant defenses could be non-enzymatic (e.g., 

glutathione, proline, carotenoids and flavonoids) or enzymatic (e.g., superoxide dismutase, GR and 

GSTs). There is profound evidence that cyanide leads to the yield of ROS and to escalate hydrogen 

peroxide (H2O2) by stimulating NADPH oxidase. In this context, β-CAS pathway has been profoundly 

accepted for maintaining cyanide homeostasis in higher plants. On the other hand, Str in animals has 

been well described as means of detoxifying cyanide. Nevertheless, Str activities are present in many 

living organisms, but their physiological role hare still ambiguously. Their ubiquity suggests additional 

physiological functions. Furthermore, it was suggested that one member of Str mimic as AR which is 

involved in arsenic phytoremediation and might be a promising candidate for successful removal of 

arsenic from soil. Henceforth, development of abiotic stress-tolerant crop via over-expression of  

ROS-scavenging enzymes and enzymes containing reactive sulfur groups, such as Str, may be useful. 

Acknowledgments 

We would like to thank the DAAD for financial support of P.M. 

Author Contributions 

The basic ideas and the structure were thought by J.P. Both authors, P.M. and J.P., contributed equally 

to the single paragraphs. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Papenbrock, J.; Guretzki, S.; Henne, M. Latest news about the sulfurtransferases of higher plants. 

Amino Acids 2010, 41, 53–57. 

2. Gliubich, F.; Gazerro, M.; Zanotti, G.; Delbono, S.; Bombieri, G.; Berni, R. Active site structural 

features for chemically modified forms of rhodanase. J. Biol. Chem. 1996, 27, 21054–21061. 

3. Westley, J. Rhodanese. Adv. Enzymol. Relat. Areas Mol. Biol. 1973, 39, 327–368. 

4. Ray, W.K.; Zeng, G.; Potters, M.B.; Mansuri, A.M.; Larson, T.J. Characterization of a 12-kilodalton 

rhodanese encoded by glpE of Escherichia coli and its interaction with thioredoxin. J. Bacteriol. 

2000, 182, 2277–2284. 



Molecules 2015, 20 1420 
 

 

5. Spallarossa, A.; Donahue, J.L.; Larson, T.J.; Bolognesi, M.; and Bordo, D. Escherichia coli GlpE 

is a prototype sulfurtransferase for the single-domain rhodanese homology superfamily. Structure 

2001, 9, 1117–1125. 

6. Adams, H.; Teertstra, W.; Koster, M.; Tommassen, J. PspE (phage shock protein E) of Escherichia coli 

is a rhodanese. FEBS Lett. 2002, 518, 173–176. 

7. Heidelberg, J.F.; Eisen, J.A.; Nelson, W.C.; Clayton, R.A.; Gwinn, M.L.; Dodson, R.J.; Haft, D.H.; 

Hickey, E.K.; Peterson, J.D.; Umayam, L.A., et al. DNA sequence of both chromosomes of the 

cholera pathogen Vibrio cholerae. Nature 2000, 406, 477–483. 

8. Azumi, Y.; Watanabe, A. Evidence for a senescence-associated gene induced by darkness.  

Plant Physiol. 1991, 95, 577–583. 

9. Oh, S.A.; Lee, S.Y.; Chung, I.K.; Lee, C.H.; Nam, H.G. A senescence-associated gene of 

Arabidopsis thaliana is distinctively regulated during natural and artificially induced leaf 

senescence. Plant Mol. Biol. 1996, 30, 739–754. 

10. Ploegman, J.H.; Drent, G.; Kalk, K.H.; Hol, W.G. Structure of bovine liver rhodanese. I. Structure 

determination at 2.5 A resolution and a comparison of the conformation and sequence of its two 

domains. J. Mol. Biol. 1978, 123, 557–594. 

11. Bordo, D.; Deriu, D.; Colnaghi, R.; Carpen, A.; Pagani, S.; Bolognesi, M. The crystal structure of 

a sulfurtransferase from Azotobacter vinelandii highlights the evolutionary relationship between the 

rhodanese and phosphatase enzyme families. J. Mol. Biol. 2000, 298, 691–704. 

12. Bordo, D.; Bork, P. The rhodanese/Cdc25 phosphatase super family: Sequence structure and 

functions relations. EMBO Rep. 2002, 3, 741–746. 

13. Forlani, F.; Carpen, A.; Pagani, S. Evidence that elongation of the catalytic loop of the Azotobacter 

vinelandii rhodanese changed selectivity from sulfur-to phosphate-containing substrates. Protein Eng. 

2003, 16, 515–519. 

14. Hofmann, K.; Bucher, P.; Kajava A.V. A model of Cdc25 phosphatase activity catalytic domain 

and Cdk-interaction surface based on the presence of a rhodanese homology domain. J. Mol. Biol. 

1998, 282, 195-208. 

15. Farooq, A.; Chaturvedi, G.; Mujtaba, S.; Plotnikova, O.; Zeng, L.; Dhalluin, C.; Ashton, R.; Zhou, M.M. 

Solution structure of ERK2 binding domain of MAPK phosphatase MKP-3: Structural insights into 

MKP-3 activation by ERK2. Mol. Cell 2001, 7, 387–399. 

16. Fauman, E.B.; Cogswell, J.P.; Lovejoy, B.; Rocque, W.J.; Holmes, W.; Montana, V.G.; Rink, M.J.; 

Piwnica-Worms, H.; Saper, M.A. Crystal structure of the catalytic domain of the human cell cycle 

control phosphatase, Cdc25A. Cell 1998, 93, 617–625. 

17. Nagahara, N.; Ito, T.; Minami, M. Mercaptopyruvate sulfurtransferase as a defense against cyanide 

toxification: Molecular properties and mode of detoxification. Histol. Hispathol. 1999, 14, 1277–1286. 

18. Bartels, A.; Mock, H.P.; Papenbrock, J. Differential expression of Arabidopsis sulfurtransferases 

under various growth conditions. Plant Physiol. Biochem. 2007, 45, 178–187. 

19. Bauer, M.; Papenbrock, J. Identification and characterization of single-domain thiosulfate 

sulfurtransferases from Arabidopsis thaliana. FEBS Lett. 2002, 532, 427–431. 

20. Landrieu, I.; da Costa, M.; de Veylder, L.; Dewitte, F.; Vandepoele, K.; Hassan, S.; Wieruszeski, J.M.; 

Corellou, F.; Faure, J.D.; van Montagu, M.; et al. A small CDC25 dual-specificity tyrosine-phosphatase 

isoform in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2004, 101, 13380–13385. 



Molecules 2015, 20 1421 
 

 

21. Niu, J.S.; Yu, L.; Ma, Z.-Q.; Chen, P.-D.; Liu, D.-J. Molecular cloning, characterization and 

mapping of a rhodanese like gene in wheat. Acta Genet. Sin. 2002, 29, 266–272. 

22. Louie, M.; Kondor, N.; Dewitt, J.G. Gene expression in cadmium-tolerant Datura innoxia: 

Detection and characterization of cDNAs induced in response to Cd2+. Plant Mol. Biol. 2003, 52, 

81–89. 

23. Henny, C.J.; Hallock, R.J.; Hill, E.F. Cyanide and migratory birds at gold-mines in Nevada, USA. 

Ecotoxicology 1994, 3, 45–58. 

24. Yip, W.-K.; Yang, S.F. Cyanide metabolism in relation to ethylene production in plant tissues.  

Plant Physiol. 1988, 88, 473–476. 

25. Doucleff, M.; Terry, N. Pumping out the arsenic. Nat. Biotechnol. 2002, 20, 1094–1096. 

26. Oracz, K.; El-Maarouf-Bouteau, H.; Kranner, I.; Bogatek, R.; Corbineau, F.; Bailly, C. The 

mechanisms involved in seed dormancy alleviation by hydrogen cyanide unravel the role of reactive 

oxygen species as key factors of cellular signaling during germination. Plant Physiol. 2009, 150, 

494–505. 

27. Ressler, C.; Tatake, J.G. Vicianin, prunasin, and β-cyanoalanine in common vetch seed as sources 

of urinary thiocyanate in the rat. J. Agric. Food Chem. 2001, 49, 5075–5080. 

28. Cipollone, R.P.; Ascenzi, P.; Tomao, F.; Imperi, P.; Visca, P. Enzymatic detoxification of cyanide: 

Clues from Pseudomonas aeruginosa Rhodanese. J. Mol. Microbiol. Biotechnol. 2008, 15, 199–211. 

29. Meyer, T.; Burow, M.; Bauer, M.; Papenbrock, J. Arabidopsis sulfurtransferases: Investigation of 

their function during senescence and in cyanide detoxification. Planta 2003, 217, 1–10. 

30. Machingura, M.; Ebbs, S.D. Functional redundancies in cyanide tolerance provided by β-cyanoalanine 

pathway genes in Arabidopsis thaliana. Int. J. Plant Sci. 2014, 175, 346–358. 

31. Hatzfeld, Y.; Maruyama, A.; Schmidt, A.; Noji, M.; Ishizawa, K.; Saito, K. β-cyanoalanine synthase 

is a mitochondrial cysteine synthase-like protein in spinach and Arabidopsis. Plant Physiol. 2000, 

123, 1163–1172. 

32. Piotrowski, M.; Schonfelder, S.; Weiler, E.W. The Arabidopsis thaliana isogene NIT4 and its 

orthologs in tobacco encode β-cyano-L-alanine hydratase/nitrilase. J. Biol. Chem. 2001, 276,  

2616–2621. 

33. Moller, I.M. Plant mitochondria and oxidative stress: Electron transport, NADPH turnover, and 

metabolism of reactive oxygen species. Annu. Rev. Plant Physiol. Mol. Biol. 2001, 52, 561–591. 

34. Uhteg, L.C.; Westley, J. Purification and steady-state kinetic analysis of yeast thiosulfate reductase. 

Arch. Biochem. Biophys. 1979. 195, 211–222. 

35. Slater, A.; Scott, N.W.; Fowler, M.R. Plant Biotechnology: The Genetic Manipulation of Plants, 

2nd ed.; Oxford University Press: Oxford, UK, 2008; p. 231. 

36. Mittler, R.; Vanderauwera, S.; Gollery, M.; van Breusegem, F. Reactive oxygen gene network of 

plants. Trends Plant Sci. 2004, 9, 490–498. 

37. Chalapathi Rao, A.S.V.; Reddy, A.R. Glutathione Reductase: A Putative Redox Regulatory System 

in Plant Cells. Sulfur Assimilation and Abiotic Stresses in Plants; Khan, N.A., Singh, S., Umar S., 

Eds.; Springer: Heidelberg, Berlin, 2008; pp. 111–147. 

38. Ding, S.; Lu, Q.; Zhang, Y.; Yang, Z.; Wen, X.; Zhang, L.; Lu, C. Enhanced sensitivity to oxidative 

stress in transgenic tobacco plants with decreased glutathione reductase activity leads to a decrease 

in ascorbate pool and ascorbate redox state. Plant Mol. Biol. 2009, 69, 577–592. 



Molecules 2015, 20 1422 
 

 

39. Foyer, C.H.; Noctor, G. Redox homeostasis and antioxidant signaling: A metabolic interface 

between stress perception and physiological responses. Plant Cell 2005, 17, 1866–1875. 

40. Dixon, D.P.; Davis, B.G.; Edwards, E. Functional divergence in the glutathione transferase super-family 

in plants: Identification of two classes with putative functions in redox homeostasis in Arabidopsis 

thaliana. J. Biol. Chem. 2002, 277, 30859–30869. 

41. Toohey, T.I. Sulphane sulfur in biological systems: A possible regulatory role. Biochemistry 1989, 

264, 625–632. 

42. Kaczor-Kamińska, M.; Sura, P.; Wróbel, M. Changes in activity of three sulfurtransferases in 

response to exposure to cadmium, lead and mercury ions. J. Environ. Prot. 2013, 4, 19–28. 

43. Tomsett, A.B.; Thurman, D.A. Molecular biology of metal tolerances of plants. Plant Cell Environ. 

1988, 11, 383–394. 

44. Nocito, F.F.; Pirovano, L.; Cocucci, M.; Sacchi, G.A. Cadmium-induced sulfate uptake in maize 

roots. Plant Physiol. 2002, 129, 1872–1879. 

45. Gutiérez-Alcalá, G.; Gotor, C.; Meyer, A.J.; Fricker, M.; Vega, J.M.; Romeo, L.C. Glutathione 

biosynthesis in Arabidopsis trichome cells. Proc. Natl. Acad. Sci. USA 2000, 97, 11108–11113. 

46. Bick, J.A.; Setterdahl, A.T.; Knaff, D.B.; Chen, Y.; Pitcher, L.H.; Zilinskas, B.A.; Leustek, T. 

Regulation of the plant-type 5-adenylsulfate reductase by oxidative stress. Biochemistry 2001, 40, 

9040–9048. 

47. Kazuki, S. Sulfur assimilatory metabolism: The long and smelling road. Plant Physiol. 2004, 136, 

2443–2450. 

48. Peer, W.A.; Baxter, I.R.; Richards, E.L.; Freeman, J.L.; Murphy, A.S. Phytoremediation and 

hyperaccumulator plants. In Molecular Biology of Metal Homeostasis and Detoxification; Tamás, M.J., 

Martinoia, E., Eds.; Springer: Heidelberg, Berlin, Germany, 2005; Volume 14, pp. 299–330. 

49. Fernandes, A.P.; Holmgren, A. Glutaredoxin: Glutathione-dependent redox enzymes with functions 

far beyond a simple thioredoxin backup system. Antioxid. Redox Signal. 2004, 6, 63–74. 

50. Duan, G.L.; Zhu, Y.G.; Tong, Y.P.; Cai, C.; Kneer, R. Characterization of arsenate reductase in the 

extract of roots and fronds of Chinese brake fern, an arsenic hyperaccumulator. Plant Physiol. 2005, 

138, 461–469. 

51. Sorrell, D.A.; Chrimes, D.; Dickinson, J.R.; Rogers, H.J.; Francis, D. The Arabidopsis CDC25 

induces a short cell length when overexpressed in fission yeast: Evidence for cell cycle functions. 

New Phytol. 2005, 165, 425–428. 

52. Landrieu, I.; Hassan, S.; Sauty, M.; Dewitte, F.; Wieruszeski, J.M.; Inzé, D.; de Veylder, L.; 

Lippens, G. Characterization of the Arabidopsis thaliana Arath; CDC25 dual-specificity tyrosine 

phosphatase. Biochem. Biophys. Res. Commun. 2004, 322, 734–739. 

53. Ogasawara, Y.; Lacourciere, G.; Stadtman, T.C. Formation of a selenium-substituted rhodanese by 

reaction with selenite and glutathione: Possible role of a protein perselenide in a selenium delivery 

system. Proc. Natl. Acad. Sci. USA 2001, 98, 9494–9498. 

54. Mukhopadhyay, R.; Shi, J.; Rosen, B.P. Purification and characterization of ACR2p, the 

Saccharomyces cerevisiae arsenate reductase. J. Biol. Chem. 2000, 275, 21149–21157. 

55. Mukhopadhyay, R.; Rosen, B.P. The phosphatase C(X)5R motif is required for catalytic activity of 

the Saccharomyces cerevisiae Acr2p arsenate reductase. J. Biol. Chem. 2001, 276, 34738–34742. 



Molecules 2015, 20 1423 
 

 

56. Mukhopadhyay, R.; Zhou, Y.; Rosen, B.P. Directed evolution of a yeast arsenate reductase into a 

protein-tyrosine phosphatase. J. Biol. Chem. 2003, 278, 24476–24480. 

57. Bleeker, P.M.; Hakvoort, H.W.; Bliek, M.; Souer, E.; Schat, H. Enhanced arsenate reduction by a 

Cdc25-like tyrosine phosphatase explains increased phytochelatin accumulation in arsenate-tolerant 

Holcus lanatus. Plant J. 2006, 45, 917–929. 

58. Zhou, Y.; Bhattacharjee, H.; Mukhopadhyay, R. Bifunctional role of the leishmanial antimonate 

reductase LmACR2 as a protein tyrosine phosphatase. Mol. Biochem. Parasitol. 2006, 148, 161–168. 

59. Dhankher, O.P.; Rosen, B.P.; McKinney, E.C.; Meagher, R.B. Hyper-accumulation of arsenic in 

the shoots of Arabidopsis silenced for arsenate reductase, ACR2. Proc. Natl. Acad. Sci. USA 2006, 

103, 5413–5418. 

60. Leonard, A.; Lauwerys, R. Carcinogenicity, teratogenicity, and mutagenicity of arsenic. Mutat. Res. 

1980, 75, 49–62. 

61. Helleday, T.; Nilsson, R.; Jenssen D. Arsenic (III) and heavy metal ions induce intrachromosomal 

homologous recombination in the hprt gene of V79 Chinese hamster cells. Environ. Mol. Mutagen. 

2000, 35, 114–122. 

62. Chou, W.C.; Jie, C.; Kenedy, A.A.; Jones, R.J.; Trush, M.A.; Dang, C.V. Role of NADPH oxidase 

in arsenic-induced reactive oxygen species formation and cytotoxicity in myeloid leukemia cells. 

Proc. Natl. Acad. Sci. USA 2004, 101, 4578–4583. 

63. Carbonell, A.A.; Aarabi, M.A.; Delaune, R.D.; Grambrell, R.P.; Patrick, W.H. Arsenic in  

wetland vegetation: Availability, phytotoxicity, uptake and effects on plants growth and nutrition. 

Sci. Total Environ. 1998, 217, 189–199. 

64. Shah, K.; Nongkynrih, J.M. Metal hyperaccumulation and bioremediation. Biol. Plant. 2007, 51, 

618–634. 

65. Li, R.; Haile, J.D.; Kennelly, P.J. An arsenate reductase from Synechocystis sp. strain PCC 6803 

exhibits a novel combination of catalytic characteristics. J. Bacteriol. 2003, 185, 6780–6789. 

66. Shipley, S.; Nordin, A.B.; Tang, C.G.; Kim, S.K. Phytoremediation for arsenic contamination: 

Arsenate reductase. The Pulse 2008, 6, 1–12. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


