
FEBS Open Bio 5 (2015) 832–843
journal homepage: www.elsevier .com/locate / febsopenbio
Sulfurtransferase and thioredoxin specifically interact as demonstrated
by bimolecular fluorescence complementation analysis and biochemical
tests
http://dx.doi.org/10.1016/j.fob.2015.10.001
2211-5463/� 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: Str(s), sulfurtransferase(s); Trx(s), thioredoxin(s); YFP, yellow
fluorescent protein
⇑ Corresponding author. Tel.: +49 511 762 3788; fax: +49 511 762 19262.

E-mail address: Jutta.Papenbrock@botanik.uni-hannover.de (J. Papenbrock).
1 Current address: Molecular Biology Unit, Department of Experimental Oncology,

Fondazione IRCCS, Istituto Nazionale per lo Studio e la Cura dei Tumori, Milan, Italy.
2 Current address: Start Up Unit, Molecular Targeting Unit, Fondazione IRCCS,

Istituto Nazionale per lo Studio e la Cura dei Tumori, Milan, Italy.
Melina Henne a, Nicolas König b, Tiziana Triulzi a,1, Sara Baroni c,2, Fabio Forlani c, Renate Scheibe b,
Jutta Papenbrock a,⇑
a Institute of Botany, Leibniz University Hannover, Herrenhäuserstr. 2, D-30419 Hannover, Germany
bUniversity Osnabrück, Department for Plant Physiology, Barbarastraße 11, D-49076 Osnabrück, Germany
cDipartimento di Scienze per gli Alimenti, la Nutrizione e l’Ambiente, Università degli Studi di Milano, Via Celoria, 2, 20133 Milano, Italy
a r t i c l e i n f o

Article history:
Received 6 May 2015
Revised 6 October 2015
Accepted 6 October 2015

Enzymes: sulfurtransferase (EC 2.8.1.-);
thioredoxin (EC 1.6.4.5)

Keywords:
Arabidopsis thaliana
Bimolecular fluorescence complementation
Protein interaction
Thioredoxin
a b s t r a c t

Sulfurtransferases (Strs) and thioredoxins (Trxs) are members of large protein families. Trxs are
disulfide reductases and play an important role in redox-related cellular processes. They interact
with a broad range of proteins. Strs catalyze the transfer of a sulfur atom from a suitable sulfur
donor to nucleophilic sulfur acceptors in vitro, but the physiological roles of these enzymes are
not well defined. Several studies in different organisms demonstrate protein–protein interactions
of Strs with members of the Trx family. We are interested in investigating the specificity of the inter-
action between Str and Trx isoforms. In order to use the bimolecular fluorescence complementation
(BiFC), several Str and Trx sequences from Arabidopsis thalianawere cloned into the pUC-SPYNE and
pUC-SPYCE split-YFP vectors, respectively. Each couple of plasmids containing the sequences for the
putative interaction partners were transformed into Arabidopsis protoplasts and screened using a
confocal laser scanning microscope. Compartment- and partner-specific interactions could be
observed in transformed protoplasts. Replacement of cysteine residues in the redox-active site of
Trxs abolished the interaction signal. Therefore, the redox site is not only involved in the redox reac-
tion but also responsible for the interaction with partner proteins. Biochemical assays support a
specific interaction among Strs and certain Trxs. Based on the results obtained, the interaction of
Strs and Trxs indicates a role of Strs in the maintenance of the cellular redox homeostasis.
� 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rhodanese activity, the transfer of a reduced sulfur from thio-
sulfate to cyanide, was found in many organisms. The main phys-
iological function of these rhodanese/sulfurtransferase (Str)
proteins was described to be cyanide detoxification [43]. Later
bioinformatic analysis demonstrated that proteins containing a
Str/rhodanese domain are present in all three domains of life [8].
In addition, in most organisms protein families with a large num-
ber of members have been identified. This high abundance of Str
sequences makes the sole function as cyanide detoxification
enzymes questionable. The protein family of Strs in Arabidopsis
thaliana consists of 20 proteins containing one or two rhodanese
domains, and they are located in different cellular compartments
[31]. For some of the recombinant Str proteins from Arabidopsis
(AtStr) an in vitro substrate specificity could be shown, either for
thiosulfate (TS) or for 3-mercaptopyruvate (3-MP). However, the
function of most Strs in plants remains unresolved so far. In recent
years, the results of several independent research approaches indi-
cate that Strs interact specifically with different proteins [13,1], but
mainly with thioredoxins (Trxs), regulatory proteins involved in
cysteine-thiol disulfide exchange [27,26,37]. All together more
than 40 Trxs and Trx-like proteins were identified in Arabidopsis
containing a five amino acid redox site with two cysteine residues
(WCXXC) and being also located in the different compartments of
the cell. Unlike animal and yeast counterparts, the function of Trxs
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in plant mitochondria is largely unknown [22]. There are two
major questions: (1) why are there so many Trxs and Trx-like pro-
teins in plants in comparison to other taxa, and (2) what is the bio-
chemical basis for their target-protein specificity [19]. Therefore,
more information about the redox interactome is needed.

First results indicating a Str/Trx interaction came from enzyme
activity measurements in different species. Bacterial and mam-
malian Strs from mitochondria catalyze the direct oxidation of
reduced Trx demonstrating that Trxs could be a physiological sub-
strate for Strs [27,33]. In animals, at least one Str/rhodanese iso-
form could serve in the detoxification of intra-mitochondrial
oxygen free radicals [28]. The redox state regulates 3-MP-
dependent Str activity from rat at the enzymatic level and 3-MP
Str was shown to maintain the cellular redox homeostasis [25].
This hypothesis was supported by a proteomic affinity approach
demonstrating an interaction of Trx with 50 mitochondrial pro-
teins, among them AtStr1 [2]. In the background of published
results one can speculate that Str might act as a Trx peroxidase
with the formation of a sulfenate at the active-site cysteine.
Cysteine-sulfenate is very stable and has even a more negative
redox potential than glutathione [25,26].

To postulate a functioning redox cycle of Str and Trx, the latter
has to be first reduced and then oxidized again by a Trx reductase
as indicated in the scheme shown in Fig. 1. There exists a family of
six NADP-Trx reductases in Arabidopsis [22]. In the plastids three
out of four proteins are ferredoxin-dependent Trx reductases, in
the cytoplasm and the mitochondria the proteins are NADP-
dependent Trx reductases [18].

The goal of this study is to analyze whether there are interac-
tions among Str and Trx proteins, to explore the specificity of the
interactions, and to frame the molecular basis thereof. We concen-
trated on the analysis of a selection of Str that had been previously
localized by GFP fusions [5]. With respect to the Trxs representa-
tive members have been chosen that are present in different com-
partments of the cell. Several fundamentally different methods
were applied to clarify this postulated interaction. These methods
are based on close physical proximity as a prerequisite in bimolec-
ular fluorescence complementation (BiFC) as discussed in Bracha-
Drori et al. [10] and Walter et al. [42]. In the biochemical tests
the interaction could either be a protein–protein interaction or a
weaker, transient substrate-channeling interaction. Results indi-
Fig. 1. Schematic reaction cycle of Str, Trx, and NADP-dependent Trx reductase
(modified after [28].
cate a compartment- and partner-specific protein–protein interac-
tion for some Str/Trx pairs and will help to elucidate the in vivo
functions of Str proteins in plants.

2. Results

2.1. Sulfurtransferase interacts with thioredoxin as demonstrated by
bimolecular fluorescence studies

Different combinations of pUC-SPYNE and pUC-SPYCE vectors
carrying mitochondrial (AtStr1, Trxo1), cytoplasmic (AtStr2,
AtStr18, Trxh1, Trxh3), or plastidic (AtStr14, AtStr15, AtStr16,
Trxy1, Trxm1, Trxm4, Trxf1, Lil5) Str and Trx and mutated variants
thereof were transiently transformed into protoplasts isolated
from Arabidopsis leaves (Table 1). Proteins that are postulated to
interact were fused to unfolded complementary fragments of the
yellow fluorescent reporter protein and expressed in living cells.
Interaction of these proteins will bring the YFP fragments within
proximity, allowing the reporter protein to reform in its native
three-dimensional structure and emit its fluorescent signal [16].
The co-transformed protoplasts were analyzed using a CLSM.
Bright field images, YFP emission and overlayed autofluorescence
of chlorophyll and YFP emission were taken (Fig. 2). As control
for the experimental set up two parts of the tobacco 14-3-3 tran-
scription factor protein T14-3c coupled to YFP were used [42]
and a clear signal in the nucleus was visible (Fig. S1). Control
experiments using each protein for co-transformation with an
empty vector did not reveal any fluorescence (Fig. S2; data not
shown). All results of protein pairs tested by BiFC are summarized
in Table 2.

All positive interaction pairs were localized in the same com-
partment as was previously shown or predicted for the single pro-
teins [5,22]. The interaction of Str and Trx is compartment-specific.
Each Str tested interacted with at least one Trx localized in the
same compartment (mitochondrion: AtStr1/Trxo1; cytoplasm:
AtStr2/Trxh1, AtStr18/Trxh3; plastid: AtStr14/Trxf1; AtStr16/
Trxy1). The analysis of AtStr16/Trxy1 (Fig. 2C) is possibly repre-
senting a physical interaction, but precise localization of the
Str16/y1 complex will need additional investigations. Only AtStr15
showed a positive signal with several Trx in the plastid (Trxy1,
Trxm1, Trxf1, Lilium5). We are aware that interaction partners
are transported into the respective compartments due to their tar-
get sequence (mitochondria, plastid) or remain in the cytoplasm.
Therefore, the cytoplasmic Trxh1 was fused with the transit pep-
tide of Trxy1 (TPTrxy1withTrxh1) but neither with the cytoplasmic
AtStr2 nor with the plastidic AtStr15 a positive signal was
obtained, although the cytoplasmic Trxh1 usually shows an inter-
action with AtStr2. Except Trxm4, all investigated Trx proteins
interacted with at least one AtStr. Trxm4 did not show any interac-
tion with the offered plastidic proteins AtStr14, AtStr15, and
AtStr16. Including their transit peptides Trxm1 and Trxm4 share
only 46% identity and 65% similarity. Their redox site is identical
(WCGPC) but the features around the protein disulfides differ.

Biologically significant protein–protein interactions are charac-
terized by the involvement of essential amino acid residues in the
contact zones of both interaction partners. Mutant variants that are
affected in these critical residues might support the biological sig-
nificance of the interaction. We assumed that the cysteine residues
in the redox site of Trx proteins mediate the contact among Str and
Trx proteins. Therefore, each and both of the respective cysteine
residues in the redox site of Trxo1, Trxh1, and Trxy1 (Table 3) were
replaced by serine residues (WCGPC: WSGPC/WCGPS/WSGPS).

The single replacements of the first cysteine residue Trx-
o1_C118S, the second cysteine residue Trxo1_C121S or of both cys-
teine residues Trxo1_C118S_C121S prevent an interaction with
AtStr1. The respective amino acid replacements in Trxh1, Trx-



Table 1
The table includes the names of the proteins, AGI numbers, and primer sequences. The underlined bases were the exchanged ones for the mutagenesis. Number of base pairs
amplified by PCR and the predicted molecular masses of the encoded proteins including the 6�-His tag are given. TP, targeting peptide.

Protein name AGI No. Primer sequence Bp Mr (kDa)

AtStr1 At1g79230 TCTAGAATGGCCTCGACCCTT 950 41.90
CTCGAGTGAAGAAGATTCAAC

AtStr2 At1g16460 TCTAGAATGGCTTCTTCTGGA 950 34.71
CTCGAGTGAAGAAGAACCCAC

AtStr14 At4g27700 TCTAGAATGGCTTCACTTACT 700 2487
CTCGAGGTCTTCTTCAATTGT

AtStr15 At4g35770 TCTAGAATGGAAACCACTGCT 549 20.04
CTCGAGCTCTTCTACCGGCAG

AtStr16 At5g66040 GGATCCATGGCGGAGGAGAGCAGA 423 12.68
CTCGAGAGCCTTTGTAGGAAG

AtStr18 At5g66170 TCTAGAATGTCTCAATCAATC 411 14.71
CTCGAGATTAGCAGATGGCTC

Trxy1 At1g76760 TCTAGAATGGCGTCAATTTCT 516 19.25
CTCGAGTGGCTTCACTTTTAG

Trxy1_C93S TCTAGAATGGCGTCAATTTCT 516 19.23
CTCGAGTGGCTTCACTTTTAG
GCAACCTGGTCTGGTCCTTGC
GCAAGGACCAGACCAGGTTGC

Trxy1_C96S TCTAGAATGGCGTCAATTTCT 516 19.23
CTCGAGTGGCTTCACTTTTAG
TGTGGTCCTAGCCAGTTCATG
CATGAACTGGCTAGGACCACA

Trxy1_C93S_C96S TCTAGAATGGCGTCAATTTCT 516 19.22
CTCGAGTGGCTTCACTTTTAG
ACCTGGTCTGGTCCTAGCCAG
CTGGCTAGGACCAGACCAGGT

Trxy1_C93S_C96S without TP TCTAGAATTGAAGCCAAGAAGCAG 330 12.55
CTCGAGTGGCTTCACTTTTAG

TPTrxy1 TCTAGAATGGCGTCAATTTCT 186 6.67
TTCTTCCGAAGCACGTCGAGGAGT

Trxm1 At1g03680 CCGCTCGAGCAAGAATTTGTTGATGCTGGTTGC 537 19.67
GCTCTAGAATGGCTGCTTACACGTGTACTTC

Trxm4 At3g15360 CCGCTCGAGCTCGACCAAGAATCTTTCTATAG 579 21.17
GCTCTAGAATGGCGTCGTTACTCGATTCC

Trxf1 At3g02730 GCTCTAGAATGGCTGGAGTTGTGCGAT 534 19.33
CCGCTCGAGACTTGATGCAGCTGGTTTG

Lilium5 At4g26160 GCTCTAGAATGGCTGGAGTTGTGCGAT 663 24.35
CCGCTCGAGACTTGATGCAGCTGGTTTG

Trxo1 At2g35010 TCTAGAAAGGGAAATTGGTCG 585 21.19
CTCGAGTCACTTGTAGAGCTG
GGATCCAAGGGAAATTGGTCG
AAGCTTCTTGTAGAGCTGTTC

Trxo1_C118S TCTAGAAAGGGAAATTGGTCG 585 21.17
CTCGAGTCACTTGTAGAGCTG
CGCCTGGTCTGGACCATGCAG
CTGCATGGTCCAGACCAGGCG

Trxo1_C121S TCTAGAAAGGGAAATTGGTCG 585 21.17
CTCGAGTCACTTGTAGAGCTG
GTGTGGACCATCCAGGTTTATCTC
GAGATAAACCTGGATGGTCCACAC

Trxo1_C118S_C121S TCTAGAAAGGGAAATTGGTCG 585 21.16
CTCGAGTCACTTGTAGAGCTG
GCCTGGTCTGGACCATCCAGGTTT
AAACCTGGATGGTCCAGACCAGGC

Trxh1 At3g51030 TCTAGAGCTTCGGAAGAAGGA 342 12.67
CTCGAGTTAAGCCAAGTGTTT
GGAATTCCATATGGCTTCGGAAGAAGGACAAGTG
CGGGATCCTTAAGCCAAGTGTTTGGCAATG

Trxh1_C40S TCTAGAGCTTCGGAAGAAGGA 342 12.66
CTCGAGTTAAGCCAAGTGTTT
GCTTCTTGGTCTGGACCATGTC
GACATGGTCCAGACCAAGAAGC
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Table 1 (continued)

Protein name AGI No. Primer sequence Bp Mr (kDa)

Trxh1_C43S TCTAGAGCTTCGGAAGAAGGA 342 12.66
CTCGAGTTAAGCCAAGTGTTT
TGTGGACCATCTCGTTTCATC
GATGAAACGAGATGGTCCACAC

Trxh1_C40S_C43S TCTAGAGCTTCGGAAGAAGGA 342 12.64
CTCGAGTTAAGCCAAGTGTTT
CTTGGTCTGGACCATCTCGTTTC
GAAACGAGATGGTCCAGACCAAG

Trxh1withTPTrxy1 TCTAGAATGGCGTCAATTTCT 528 19.34
CTCGAGTTAAGCCAAGTGTTT

Trxh3 At5g42980 GGAATTCCATATGGCCGCAGAAGGAGAAGTTAT 354 13.11
CGGGATCCTCAAGCAGCAGCAACAACTG
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h1_C40S, Trxh1_C43S, and Trxh1_C40S_C43S, abolished the interac-
tion with AtStr2. And also the interaction of Trxy1 with AtStr15
was completely abolished in all three mutant variants. The results
clearly demonstrate that each cysteine residue is essential for the
interaction with Str proteins. However, the cysteine residues in
the redox sites are not the only feature for the specificity of the
interaction based on the negative results of several plastidic Trx
with one of the three Str proteins.

2.2. Enzyme activity of recombinant proteins

Based on the reaction scheme shown in Fig. 1 the biochemical
assays were designed to evaluate if interaction between specific
AtStr and Trx pairs is functional in the generation of H2S. Func-
tional intactness of the single AtStr and Thr recombinant proteins
was verified by independent biochemical assays.

The activity of the recombinant Str proteins was measured by
the formation of thiocyanate from 3-MP or TS in the presence of
cyanide according to Papenbrock and Schmidt [29]. The Km values
of both substrates are in the low millimolar range for all AtStrs
used in this study [29,30,6]. However, it was found that the H2S
releasing assay was not functioning at millimolar substrate con-
centrations and also when TS was used as substrate. Therefore,
thiocyanate formation was determined at different 3-MP (5 lM,
50 lM, 500 lM, 5 mM) concentrations to find a compromise
between optimal substrate concentration for Str activity (Fig. S1)
and technical limitations of the H2S releasing assay (see below).
Finally, the best working concentration was set to 500 lM sub-
strate (Fig. 3). Str activity of the two-domain Str proteins was
higher with 3-MP, whereas the one-domain proteins showed
higher activity with TS in agreement with published results [6]
(Fig. 3). Five AtStr proteins were expressed and purified as soluble
proteins whereas several attempts and trials (expression, induction
and purification conditions, different expression vector, purifica-
tion under denaturing conditions and subsequent re-folding) to
obtain active AtStr15 protein were not successful.

Recombinant Trx proteins were analyzed by the insulin assay
[15]. In short, in the presence of DTT Trx catalyzes the reduction
of insulin disulfides. The rate of insulin reduction can be followed
spectrophotometrically at 650 nm as turbidity formation from the
precipitation of the free insulin B chain (Fig. 4). Four Arabidopsis
Trx-isoforms were expressed and purified. The Escherichia coli Trx
was included in the analysis to investigate the specificity of the
reaction partners in the functional assay and because has been
used in previous experiments [26,28]. All recombinant Trx proteins
with the exception of TrxO1 were functioning (Fig. 4). In the insulin
activation assay all proteins tested, Trxh3, Trxh1, Trxy1, and the
E. coli Trx, showed similar activities as indicated by the same slopes
of the curves (Fig. 4) whereas Trxo1 was not active, also after sev-
eral attempts to modify the expression conditions. In pre-tests the
influence of the NADP-dependent NTR species origin was analyzed
(data not shown). The origin and therefore sequence of the NTR,
either from E. coli or from Triticum aestivum, did not influence
the assay at all, although the E. coli enzyme is a selenocysteine pro-
tein with a molecular mass of 54.7 kDa and the T. aestivum protein
has only 34.9 kDa [39].

All active AtStr and Trx proteins were used in the H2S-releasing
test according to the scheme shown in Fig. 1. The activity of Str in
the H2S-releasing assay was tested at three different 3-MP concen-
trations: 10 lM (Fig. S2), 50 lM (Fig. S3), and 500 lM (Fig. 5). As
shown in Figs. S4 and S5 the assay is very sensitive to 3-MP and
the non-enzymatic activity in the absence of Str or Trx protein is
high, especially in the presence of TCEP (Fig. S5).

In general, the H2S-releasing activity was highest in the pres-
ence of AtStr1 in comparison to the other AtStrs whereas the influ-
ence of the Trx proteins on the activity was small. E. coli Trx
increased only the H2S-releasing activity of AtStr1 but not of the
other AtStr proteins. Trxh1 showed high activities with AtStr1,
AtStr18, and AtStr14. Plastidic Trxy1 enhanced the H2S-releasing
activity of AtStr18. The mutant AtStr1_C339S shows a reduced Str
activity [11] and it was speculated that this indicates a binding site
of a larger peptide or protein as substrate instead of small mole-
cules such as TS or 3-MP [4]. The mutant protein was used in the
H2S-releasing assay with Trxh3 as interaction partner. The activity
was even higher than the wild-type activity of AtStr1 (data not
shown). The cysteine residue C339 of AtStr1 does not seem to play
a role as binding partner of Trx.

2.3. In vitro interaction between AtStr and Trx

Crosslinking of proximate proteins [44,36] represents one of the
most utilized methods in the investigation of protein–protein
interactions being sensitive, easy and with short analysis time.

In the reaction mixtures, BS3 was applied as an uncleavable
amine-to-amine crosslinker. Both AtStr16 and AtStr18 were incu-
bated with Trxy1, Trxh1 or Trxh3. As shown in Fig. 6A, when incu-
bations were carried out with AtStr16 and Trxy1, a band with
Mr �30,000 was readily detected after 1 min of incubation. This
Mr is consistent with the 1:1 protein stoichiometry in a covalent
heterodimer complex AtStr16/Trxy1. In contrast, no additional
incubation-dependent bands were observed in crosslinking exper-
iments carried out in the presence of AtStr16 and Trxh1 or Trxh3
(Fig. 7A) validating the presence of interaction only between
AtStr16 and Trxy1. When crosslinking experiments were per-
formed using AtStr18 in the presence of Trxh3, a band with Mr

�35,000 consistent with the complex AtStr18/Trxh3 was evident
suggesting that a crosslinked heterodimer AtStr18/Trxh3 was
formed (Fig. 6B). Band co-migrating with a crosslinked product



Fig. 2. Exemplary results of positive BiFC interaction. (A) AtStr1/Trxo1, (B) AtStr2/Trxh1, (C) AtStr14/Trxf1, (D) AtStr15/Trxm1, (E) AtStr15/Trxy1, and (F) AtStr16/Trxy1. Left:
Bright field image; middle: YFP emission; right: overlay of autofluorescence and YFP emission. Each pair was tested between four and six times with the same interaction
results.
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was not detectable in the incubations containing AtStr18 and Trx-
h1, and was not clearly evident in the incubations containing
AtStr18 and Trxy1 (Fig. 7B). Control experiments were carried
out in the absence of the crosslinker reagent showing that no
incubation-dependent band was observed (data not showed).
Moreover, no incubation-dependent band was observed in
crosslinking mixtures containing the single proteins, thus suggest-
ing that none of the tested proteins is able to form crosslinked
homomultimers (Fig. 8). All results obtained are summarized in
Table 4. Taking together, the results of the crosslinking experi-



Table 2
Summary of the results of BiFC analysis. + interaction observed, � no interaction observed. If there is no sign the interaction has not been investigated. Mit, mitochondrium; Cyt,
cytoplasm; Pl, plastid.

Localization AtStr1 AtStr2 AtStr18 AtStr14 AtStr15 AtStr16
Mit Cyt Cyt Pl Pl Pl

Trxo1 Mit + � �
Trxo1_C118S Mit �
Trxo1_C121S Mit �
Trxo1_C118S_C121S Mit �
Trxh1 Cyt � + � �
Trxh1_C40S Cyt �
Trxh1_C43S Cyt �
Trxh1_C40S_C43S Cyt �
Trxh3 Cyt � + �
Trxy1 Pl � � � + +
Trxy1_C93S Pl �
Trxy1_C96S Pl �
Trxy1_C93S_C96S Pl �
Trxh1withTPTrxy1 Pl � �
Trxm1 Pl � + �
Trxm4 Pl � � �
Trxf1 Pl + + �
Lilium5 Pl � + �

Table 3
Motif of the redox site and substrate recognition site of Trxs used in this study. Amino
acids different from Trxh1 are highlighted in bold because this motif sequence was
used by Maeda et al. [20].

Thioredoxin Amino acid motif

Trxo1 WCGPC-AVP-VGA

Trxh1 WCGPC-AMP-VGA

Trxh3 WCPPC-AMP-VGA

Trxy1 WCGPC-ALP-EGA

Trxm1 WCGPC-SIP-IGA

Trxm4 WCGPC-SVP-IGA

Trxf1 WCGPC-VVP-TGA

Lilium5 WCGSC-VLP-CSL

E. coli Trx WCGPC-GIP-VGA

Fig. 3. Sulfurtransferase activity of different recombinant Str proteins using 3-
mercaptopyruvate (3-MP) (0.5 mM) and thiosulfate (TS) (0.5 mM) as substrates.
The activity test was performed according to Papenbrock and Schmidt [29]. One
hundred ng of the recombinant proteins were used for the Str activity test. The
amount of rhodanide formed was quantified spectrophotometrically. Black bars
show the Str activity with 3-MP as substrate and white bars show the activity with
TS as substrate. The standard deviation of three independent measurements is
shown by error bars.

Fig. 4. Activity assay of recombinant Trx proteins demonstrated by their activation
of insulin. The incubation mixture (300 ll) contained 1.5 lM each Trx and 0.14 mM
insulin in 0.05 M Tris/HCl, pH 8.0. The reaction was started by adding 0.67 mM DTT.
Blank (DTT omission) was subtracted in the reported plots. The A. thaliana Trxs,
Trxo1 (square), Trxh1 (triangle), Trxh3 (cross) and Trxy1 (star), and the E. coli Trx
(rhomb) were tested. The error bars show the standard deviation of three
independent measurements.
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ments showed that none of the analyzed AtStr and Trx are present
as homodimers whereas AtStr16 forms heterodimeric complex
preferentially with Trxy1, and AtStr18 with Trxh3, respectively.
3. Discussion

3.1. Sulfurtransferase interacts with thioredoxin as shown by
bimolecular fluorescence complementation studies

Several pairs of Str and Trx proteins from Arabidopsis showed
interactions in split-YFP assays. BiFC significantly facilitate the
visualization of the subcellular sites of protein interactions under
conditions that closely reflect the normal physiological environ-
ment [42]. Localization results from previous GFP-coupled proteins
[5] and the co-transformed proteins in this BiFC analysis reveal
identical localization compartments and patterns. This confirma-
tion underlines the significance of the BiFC interactions results.
In addition, one could perform a transformation experiment using
the two BiFC constructs and the complete protein bound to another
fluorescent protein (triple transformation), e.g. RFP. After superim-
posing the images taken at different channels one would expect
identical coverage. Another suggestion is to grow the plants at dif-
ferent conditions (control and stress) and compare whether stress
influences protein localization.



Fig. 5. Combined enzyme assay using different recombinant Str and Trx proteins and 500 lM 3-MP as substrate. The H2S assay of E. coli Trx (A), Trxh1 (B), Trxh3 (C), Trxy1 (D)
in the presence of different tested Strs. One lM of different recombinant Strs, except AtStr1 (0.025 lM only), 4 lM of different recombinant Trxs, and TCEP were incubated in
100 mM Tris/HCl, pH 8.0. After adding Trx reductase, NADPH, and 3-MP the formed H2S was quantified spectrophotometrically. The error bars show the standard deviation of
three independent measurements.

Fig. 6. SDS–PAGE analysis of AtStr16/Trxy1 and AtStr18/Trxh3 interactions,
respectively. AtStr16 and Trxy1 (A) and AtStr18 and Trxh3 (B) in 20 mM NaH2PO4,
pH 7.0, were incubated in the presence of the crosslinker bis(sulfosuccinimidyl)-
suberate (BS3). The protein samples, obtained after different incubation times, were
submitted to SDS–PAGE (15% polyacrylamide gel) under reducing conditions.
Incubation times (min) are indicated above the respective gel lanes. *indicates the
position of the band co-migrating with the AtStr/Trx heterodimer complexes.
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We assume that negative complementation results are the con-
sequence of missing interaction of the Str/Trx pairs based in fol-
lowing evidence: The transient transformations were repeated
several times over a long experimental period in different condi-
tions by different scientists, always with the same results. To fur-
ther support our results opposite cloning orientation of each
partner could be tested. In previous studies, differences in the
expression of the two partners, demonstrated by YFP-antibody
experiments, have been detected, mainly when protein partners
had significantly different molecular masses [10,42]. Here the dif-
ferences in molecular masses are relatively small, especially among
the one-domain Strs and Trxs. In a comparative proteomic experi-
ment based on different biochemical traits for the identification of
interacting proteins using cytosolic Trxh3, none of the cytoplasmic
Strs have been identified [21]. However, the complementarity and
efficiency of the biochemical screening methods was low [21]. We
also used the database STRING which records protein–protein
interactions based on various parameters such as experimental,
co-expression, genetic context (http://string-db.org/). However,
neither for Strs nor for Trxs from Arabidopsis meaningful interac-
tion partners were indicated. One could use yeast two hybrid
assays?

3.2. Specificity of the interaction: The WCXXC redox site acts as a
contact site

In the introduction we asked two questions of more general
interest, (1) why is there such a high number of Trx proteins found
in plants in comparison to other taxa, and (2) how is their target
protein specificity determined. Both questions can be at least par-
tially answered, mainly with the help of Trx mutants. The availabil-
ity of several genomes of vascular and nonvascular plants allowed
the establishment of a clear classification of the Trx genes and the

http://string-db.org/


Fig. 7. SDS–PAGE analysis displaying results of crosslinking reactions of AtStr16
with Trxh1 or Trxh3 (A), and AtStr18 with Trxy1 or Trxh1 (B). Reaction conditions
are reported in the legend of Fig. 6. Incubation times are indicated above the
respective gel lanes.

Table 4
Summary of protein crosslinking results. �, absence of incubation-dependent band; +,
presence of crosslinking products; +/�, no clear-cut presence of crosslinking products.
Cyt, cytoplasm; Pl, plastid.

Localization AtStr16
Pl

AtStr18
Cyt

Trxh1 Cyt � �
Trxh3 Cyt � +
Trxy1 Pl + +/�
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chronology of their appearance during plant evolution [23]. Puta-
tive Trx target proteins are involved in all aspects of plant growth,
including basal metabolism, iron/sulfur-cluster formation, devel-
opment, adaptation to the environment, and stress responses
[23]. During the evolution of green plants there was obviously a
demand for many different, partially highly specific Trx proteins
with many different or with only a few interacting partners, reveal-
ing the high plasticity of the redox systems in plants.

Another aspect of the high abundance of members of the Trx
family in plants is the differential expression. It was shown that
Trxf and Trxm in Pisum sativum reductively activate plastidial
fructose-1,6-bisphosphatase (FBPase) and malate dehydrogenase
(MDH), respectively. Both Trx proteins show a different spatial pat-
tern, as shown by immunocytochemistry. Whilst PsTrxm was
localized to vascular tissues of all the organs analyzed (leaves,
stems, and roots), PsTrxf was localized to more specific cells next
to xylem vessels and vascular cambium [41].

It is known that biologically significant protein–protein interac-
tions are characterized by the involvement of essential amino acid
Fig. 8. SDS–PAGE analysis reporting results of the crosslinking experiments in the presen
Trxh3 (E). Reaction conditions are reported in the legend of Fig. 6. Incubation times are
residues in the contact zones of both interaction partners. Mutant
variants that are affected in these critical residues and that result
in loss of the interaction coincident with an altered plant pheno-
type are therefore suitable controls to verify the biological signifi-
cance of a protein–protein interaction [7]. The mutant analysis of
three Trx isoforms localized in different compartments fully sup-
ports the results obtained: Replacement of even one out of the
two cysteine residues in the redox and putative contact site abol-
ishes interaction. Maybe the cysteine residue fixes or stabilizes a
‘‘dynamic” interaction that is driven by factors other than the
redox traits, for example the overall three-dimensional structure
of the protein. One could speculate that even a disulfide bridge is
formed between the Str and Trx proteins.

The redox sites of the Trx proteins used in this study consist of
the amino acids WCGPC in the Trxf1, h1, m1, m4, o1, and y1, of
WCGSC in the Trx Lilium5, and of WCPPC in Trxh3. We replaced
only the cysteine residues in the redox site WCGPC but we assume
that the replacement of the cysteine residues in the redox sites
with slightly different sequences leads to identical results, abolish-
ment of interaction. One could also speculate that cysteine resi-
dues outside of the redox site are involved in the interaction. All
Trx proteins analyzed in this study contain more than two cysteine
residues (plastidic: Trxy1, 4; Trxm1, 4; Trxm4, 3; Trxf1, 6; Lilium5,
6; mitochondrial: Trxo1, 3; cytosolic: Trxh1, 3; Trxh3, 3). However,
the positions of the cysteine residues are not conserved and each
single cysteine residue is distributed over the complete sequence
as can be deduced from alignments of the respective protein
sequences (data not shown).

Probably, amino acids in addition to the redox site are respon-
sible for the specificity of the Trx-protein interaction. The structure
of Trxh2 from barley (Hordeum vulgare) was elucidated in a reac-
tion intermediate complex with a protein substrate, barley alpha-
amylase/subtilisin inhibitor (BASI). HvTrxh2 has the typical fold
of Trx with a five-stranded b-sheet surrounded by four a-helices
in a babababba topology. The overall fold of HvTrxh2 is represen-
tative for Trx proteins, as the Ca atoms can be superimposed on the
crystal structures of oxidized Trxs from other species. The crystal
structure of this mixed disulfide shows a conserved spatially
defined motif (45WCGP48-87AMP89-104VGA106) in HvTrxh1 interact-
ing with a sequence of residues from BASI through van der
ce of AtStr or Trx single proteins. AtStr16 (A), AtStr18 (B), Trxy1 (C), Trxh1 (D), and
indicated above the respective gel lanes.
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Waals-contacts and backbone-backbone hydrogen bonds. The
observed structural complementarity suggests that the recognition
of features around protein disulfides plays a major role in the
specificity and protein disulfide reductase activity of HvTrxh1
[20]. We analyzed the hydrophobic motif, containing the redox site
and the substrate recognition site motif, in AtTrxh1 in comparison
to the other Trx proteins used in this study (Table 3). Two Trxs vary
only in one amino acid residue in comparison to AtTrxh1, three
Trxs in two amino acid residues, one Trx in three amino acid resi-
dues and one Trx in six amino acid residues. Therefore, the speci-
ficity seems to be based only on a small number of amino acid
residues in the Trx redox site and substrate recognition site motif.
The counterpart of the specificity criteria is based on the fold of the
partner protein. BASI is recognized by HvTrxh1 primarily by a cys-
teine residue and two immediately preceding residues. This DWC
motif is stabilized by the spatially defined motif, the substrate
recognition motif, on the HvTrxh1 surface and three structural
loops. In BASI a common right-handed disulfide bridge is formed
between the cysteine residue and the cysteine residue in WCGP.
Similar structures are probably found in Str proteins and other pro-
teins interacting with Trx. Comparison with structurally related
proteins shows that Trx shares a mechanism with glutaredoxin
and glutathione transferase for correctly positioning substrate cys-
teine residues at the catalytic groups but possesses a unique struc-
tural element that allows recognition of protein disulfides [20].
Several non-Trx interaction partners of Strs have been suggested
[35]. Probably other molecular mechanisms are responsible for
the specificity. This has to be analyzed in the future in a similar ele-
gant experimental set-up as used by Maeda et al. [20]. The reactiv-
ity of the proteins and substrates involved makes the analysis via
classical enzyme assays very difficult. Maybe the analysis of the
reaction partners by mass spectrometry helps to show the directly
involved reaction intermediates and products.

The cytoplasmic Trxh1 was fused with the transit peptide of
Trxy1 but neither with the cytoplasmic AtStr2 nor with the plas-
tidic AtStr15 positive signals were obtained (Table 2). The result
supports that there is a specificity of protein pair interactions:
Although AtStr15 reacts with four different plastidic Trx proteins,
it does not accept the newly designed cytoplasmic protein includ-
ing the plastidic target peptide. One could assume that the overall
three-dimensional structure of Trxh1 changes, when an unusual
transit peptide is attached and the substrate recognition loop motif
is not correctly structured any more. Spectroscopic studies using
AtStr1 und mutants thereof suggest also a larger peptide or protein
as substrate instead of small molecules such as TS or 3-MP [4].

3.3. Impact of the Trx–Str interaction on the putative function of Strs in
redox homeostasis

There are several indications that Strs take part in the mainte-
nance of the redox homeostasis in cells in an interplay with Trx
[25]. Strs might act as a Trx (per)oxidase with the formation of a
sulfenate at the active site cysteine [28]. Cysteine-sulfenate is very
stable and has even a more negative redox potential than glu-
tathione [25]. A cysteine residue of E. coli Trx reacted with two
redox-active cysteine residues of rat 3-MP Str by forming an
inter-subunit disulfide bond and a sulfenyl cysteine. A consecu-
tively formed disulfide bond between Trx and 3-MP Str must be
cleaved for the activation. The mutated E. coli Trx_C32S however,
did not activate 3-MP Str. Reduced Trx turns on a redox switch
for the enzymatic activation of 3-MP Str which contributes to the
maintenance of cellular redox homeostasis in rat cells [26]. It
was also shown that the rhodanese RhdA helps the nitrogen-
fixating bacterium Azotobacter vinelandii in maintaining the
cellular redox balance [34,35]. Our results from the BiFC analysis
indicate that Strs in specific interaction with certain Trx proteins
might play a role in the control of the redox homeostasis in each
single subcellular compartment. Interestingly, regularly the defor-
mation of protoplasts transformed with AtStr1 and Trxo1 was
observed during the BiFC experiments. One could assume that
the transformed mitochondria suffer oxidative stress. It was sug-
gested that Trxs acts as a sensor and enables mitochondria to
adjust key reactions in accord with the prevailing redox state. By
sensing the redox state in chloroplasts and mitochondria, Trx
enables the two organelles to communicate by means of a network
of transportable metabolites [38]. In this way, light absorbed and
processed by means of chlorophyll can be perceived and function
in regulating fundamental mitochondrial processes akin to its
mode of action in chloroplasts [2]. For the plastidic Trxf1 and
Trxm1 it is well known that they mediate light regulation of carbon
metabolism through the activation of Calvin-cycle enzymes.
Recently, it was shown that both Trx proteins are regulated by
the transcription factor CCA1, part of the circadian clock, on the
transcriptional level [3], indicating circadian-controlled redox
regulation.

Recently, it was demonstrated that 3-MP-specific Str produces
H2S from 3-MP. Although a reducing substance is required for an
intermediate persulfide at the active site of 3-MP Str to release
H2S, the substance has not been identified. Trx and dihydrolipoic
acid (DHLA) associate with 3-MP Str to release H2S [24]. Other
reducing substances, such as NADPH, NADH, GSH, cysteine and
CoA, did not have any effect on the reaction [24]. It was also shown
that 3-MP Str produces H2S from TS. The study of Mikami et al. [24]
provides a new insight into a mechanism for the production of H2S
by 3-MP Str. Therefore, in addition to the cellular redox homeosta-
sis the production of H2S after the formation of the Str/Trx pair as
signal molecule and/or a toxic agent against microorganisms
[32,14] can be postulated.

4. Outlook

The results of the BiFC show that there is a functional interac-
tion between certain Trxs and Strs in the plant cell. Among the
tested Trx and AtStr proteins, a preference in the interaction
between specific Trxs and AtStrs was shown in the cell by BiFC.
Based on the results obtained so far the interaction of Strs and Trxs
indicates a role of Strs in the maintenance of the cellular redox
homeostasis. Screening of trx/str Arabidopsis double mutants could
be used to proof this hypothesis.

5. Materials and methods

5.1. Chemicals

All chemicals were obtained from Roth (Karlsruhe, Germany),
Sigma (Taufkirchen, Germany) or Applichem (Darmstadt, Ger-
many) if not otherwise stated.

5.2. Growth and harvest of plants

Seeds of A. thaliana (L.) Heynh., ecotype Columbia, were origi-
nally obtained from the Arabidopsis stock center at the Ohio State
University. After two days of stratification seeds were sown on soil
and grown for six weeks in a climate chamber under following con-
ditions: Short-day photoperiod with a quantum rate of
120 lmol m�2 s�1 (sodium vapor lamp, SON-T Agro 400, Philips)
and 21 �C during the day and 19 �C during night.

5.3. Isolation of protoplasts

The lower epidermis of about ten leaves of Arabidopsis plants
was peeled off with a piece of glue strip [45]. With the peeled
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surface downwards, the leaves were put into a Petri dish with
enzyme buffer I (0.4 M mannitol, 20 mM KCl, 20 mM MES,
10 mM CaCl2, 0.1% (w/v) bovine serum albumin, pH 5.7). Buffer I
was removed with a Pasteur pipette and buffer II [1.5% (w/v) cellu-
lase Onozuka R-10 (Serva, Heidelberg, Germany) and 0.4% macero-
zyme R-10 (Serva) dissolved in buffer I] was added. The leaves
were incubated for 40 min at 25 �C and slow orbital shaking
(30 rpm). The protoplast suspension without the leaves was cen-
trifuged at 100�g for 3 min. The pellet was washed carefully with
W5 buffer (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES
(pH 5.7), 5 mM glucose). After removal of the buffer the pellet
was resuspended in 6 ml W5 buffer. Incubation for 30 min on ice
followed by a centrifugation for 1 min at 4 �C at 100�g. The super-
natant was discarded and the pellet resuspended in MMG buffer
(0.4 M mannitol, 15 mM MgCl2, 4 mM MES, pH 5.7) and incubated
on ice for 20 min.

5.4. Transformation of protoplasts

Eighty lg plasmid DNA encoding Strs and Trxs, respectively,
were transformed into the protoplasts with the following method.
The plasmid DNA was put carefully in 200 ll protoplast suspen-
sion. Stepwise 220 ll PEG buffer [40% PEG 4000 (Merck, Darm-
stadt, Germany), 0.2 M mannitol, 100 mM CaCl2] was pipetted
slowly and carefully to the protoplasts and incubated for 15 min
at room temperature (RT). After adding 0.5 ml, 1 ml, 2 ml, and
4 ml, respectively, W5 buffer, the solution was mixed carefully
and incubated for 15 min at RT. An overnight incubation in dark-
ness followed. The supernatant was discarded till only a small
amount was left. The protoplasts were investigated using a confo-
cal laser scanning microscope (CLSM) (LSM 510 Meta, Zeiss, Jena,
Germany).

5.5. Cloning procedures

The plasmids pUC-SPYNE (4616 bp) and pUC-SPYCE (4,832 bp)

(abbreviation for split YFP N-terminal/C-terminal fragment expres-
sion) were used as described [42]. All primer pairs and templates
are summarized in Table 1. When necessary cDNA was prepared
by RT-PCR using the First Strand cDNA Synthesis Kit (Fisher Scien-
tific, Schwerte, Germany).

For the amplification of the wild-type Str and Trx DNA frag-
ments the PCR tubes contained 0.2 mM dNTPs, 0.4 lM of each pri-
mer (Eurofins Genomics, Ebersberg, Germany), 0.25 ll Dream Taq
DNA polymerase (Fisher Scientific), and about 1 lg template DNA
in a final volume of 50 ll. Before starting the first PCR cycle, the
DNA was denatured for 180 s at 94 �C followed by 28 PCR cycles
conducted for 60 s at 94 �C, 60 s at the different annealing temper-
atures required, and 60 s at 72 �C. The process was finished with an
elongation phase of 600 s at 72 �C. The amplified PCR fragments
were ligated into pGEM-T, sequenced and then ligated into the
YFP containing vectors pUC-SPYNE or pUC-SPYCE and introduced
into the E. coli (E. coli) strain XL1-blue.

For the production of the mutated Trxs two PCRs were done.
The initial PCR contained 0.2 mM dNTPs, 0.5 lM of each primer
(Eurofins Genomics), 0.5 ll Phusion DNA polymerase (Fisher Scien-
tific) and about 1 lg template DNA in a final volume of 50 ll.
Before starting the first PCR cycle the DNA was denatured for
30 s at 98 �C followed by 28 cycles conducted for 10 s at 98 �C,
30 s at 54 �C and 30 s at 72 �C. The process was finished with an
elongation phase of 600 s at 72 �C. The PCR products were used
as the template for the final PCR. The PCR contained 0.2 mM dNTPs,
0.5 lM of each primer (Eurofins Genomics), 0.5 ll Phusion DNA
polymerase (Fisher Scientific) in a final volume of 50 ll. Before
starting the first PCR cycle, the DNA was denatured for 30 s at
98 �C. Initially five cycles were run, each consisted of denaturation
at 98 �C for 10 s, followed by annealing at 49 �C for 60 s and finally
extension at 72 �C for 30 s. Then, 23 cycles were run. Each of these
cycles consisted of denaturation at 98 �C for 10 s, followed by
annealing at 54 �C for 30 s and finally extension at 72 �C for 30 s.
A final extension was done at 72 �C for 10 min. The amplified
PCR products were ligated into pJET (Fisher Scientific), sequenced,
ligated into the pUC-SPYCE and then introduced into the E. coli
strain XL1-blue.

All clones produced and/or used for BiFC analysis during this
study are summarized in Table 1. In general all Str sequences were
ligated into the pUC-SPYNE vector and the Trx sequences into the
pUC-SPYCE vector. As control the transcription factor T14-3c, a 14-
3-3 transcription factor protein with a very high interaction poten-
tial, was used [42].

The Str expression clones in pQE-30 AtStr1 and a mutant
thereof, AtStr_C339S, AtStr2, AtStr14, AtStr15, AtStr16, and AtStr18
were produced during previous studies [29,30,6,11]. The Trx
expression clones of Trxo1, Trxy1, Trxh1, and Trxh3 in pET16b
were produced using the primers listed in Table 1 in which the pri-
mer of Trxh3 and Trxy1 were used for pUC-clones and expression
clones. The E. coli Trx (accession number AAC76786) was purchased
from Sigma (T-0910). A clone expressing NADP-dependent Trx
reductase from T. aestivum (TaNTR, accession number AJ421947,
34.9 kDa) was obtained from Serrato et al. [39].

5.6. Plasmid DNA purification

To obtain high amounts of plasmid DNA of the Str- and Trx-
containing plasmids, the Maxi Kit from Qiagen (Hilden, Germany)
was used with a following phenol/chloroform (1:1) extraction
and sodium acetate (3 M, pH 5.3) (Baker, B.-V.-Deventer, Nether-
lands) precipitation.

5.7. Expression and purification of recombinant proteins

AtStr1, AtStr1_C339S, AtStr2, AtStr14, AtStr16, AtStr18, Trxy1,
Trxh1, Tryh3, Trxo1, and TaNTRB were expressed according to
the following protocol: after growth of the respective E. coli cul-
tures at 37 �C to an OD600 of 0.6 in Luria Bertani medium
(10 g l�1 tryptone, 5 g l�1 yeast extract, 10 g l�1 NaCl containing
100 lg ml�1 ampicillin). The induction was carried out for 3 h with
0.5 mM final concentration of isopropyl-L-D-galactoside at 30 �C.
Cell lysis was obtained by adding lysozyme (final concentration
1 mg ml�1) and vigorous homogenizing using an ultrasonic cell
disruptor (Branson Ultraschall, Dietzenbach, Germany). The
recombinant proteins were purified under non-denaturing condi-
tions by affinity chromatography with nickel affinity resin and by
using the Äkta Prime Plus Chromatography system (GE Healthcare,
Freiburg, Germany). For buffer exchange the Äkta Prime Plus Chro-
matography system was also used with a column containing
Sephadex G-25 Superfine crosslinked with dextran beads (GE
Healthcare). The desalted proteins could be used directly for the
enzyme tests. The purity of the protein preparations was checked
by SDS–PAGE [17] and subsequent Coomassie staining.
5.8. Protein crosslinking

Proteins (10 lM) were incubated at 25 �C with 1 mM bis(sulfo-
succinimidyl) suberate (BS3) (Sigma) [44] in 20 mM NaH2PO4, pH
7.0. At time intervals, aliquots were withdrawn from the reaction
mixture and the crosslinking reactions were stopped in the SDS–
PAGE loading buffer (125 mM Tris/HCl, pH 6.8, 4% SDS, 350 mM
b-mercaptoethanol). Samples were run on 15% SDS–PAGE gels
and stained with blue silver (0.12% Coomassie Blue G-250, 10%
ammonium sulfate, 10% phosphoric acid, 20% methanol) [12] in
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order to detect the protein products. The control crosslinking sam-
ples were incubated in the same conditions without crosslinker.

5.9. Sulfurtransferase activity

The Str activity assay using thiosulfate (TS) and 3-
mercaptopyruvate (3-MP) as substrates was performed as
described [29]. The Str activity assay was also conducted with Str
and Trx proteins together. After a pre-incubation for 30 min under
nitrogen and 25 �C in buffer (0.1 M Tris/HCl, pH 7.5), 0.5 lM tris(2-
carboxyl)phosphine (TCEP) (Sigma), Trxo1 (258 lg) and AtStr1
(2.01 lg) the Str activity was measured as described in Papenbrock
and Schmidt [29].

5.10. Activity test for thioredoxins by an insulin assay

The activity of the Trx proteins was tested by the standard insu-
lin assay described by Holmgren [15] where the rate of insulin
reduction was measured spectrophotometrically at 650 nm as tur-
bidity formation from the precipitation from the free insulin B
chain. Stock solutions of insulin were prepared with 10 mg ml�1

(1.67 mM) by suspending 50 mg insulin (Sigma) in 4 ml of
0.05 M Tris/HCl, pH 8.0, and adjusting to pH 2 to 3 by addition of
1.0 M HCl, and rapidly titrating the solution back to 8.0 with
1.0 M NaOH followed by a pH meter. Finally, the volume was
adjusted to 5 ml with water. Freshly prepared solution of insulin,
1 mg ml�1 in 0.1 M potassium phosphate, pH 6.5, and 2 mM EDTA
was stored on ice. The assay mixture was prepared by addition of
250 ll insulin plus 1.5 lM Trx and water to give a final volume of
300 ll. The reaction was started by pipetting 2 ll 100 mM DTT in
all reaction tubes, except the blank. As control the assay was done
without Trx. The measurements were performed at 650 nm using a
microplate reader (Synergy Mx, BioTek, Bad Friedrichshall, Ger-
many) with no further mixing of the plate for assays lasting up
to 80 min. The time for the start of precipitation, defined as an
increase by 0.02 at A650 over a stable base-line recording, was
determined. The second parameter calculated was the rate of pre-
cipitation at 650 nm, defined as the maximal increase DA650 min�1

in the interval between 0 and 1.0 in absorbance at 650 nm.

5.11. Biochemical analysis of the interaction of Str and Trx by the H2S
releasing assay

Str activity was measured by the release of H2S from 3-MP in
the presence of Trx. The assay contained in a total volume of
300 ll: 100 mM Tris/HCl pH 8.0, 0.025 lM AtStr1 or mutant
AtStr1_C339S, alternatively 1 lM of AtStr2, AtStr14, AtStr16, or
AtStr18, 4 lM of recombinant Trx proteins, 0.5 lM NADP-
dependent Trx reductase, 50 lM NADPH, 1 lM TCEP, and 3-MP
(10–500 lM as stated) as starting reagent. For the pre-incubation
buffer, Str, Trx, and TCEP were incubated for 30 min at 37 �C. Then
NADPH, NADP-dependent Trx reductase, and finally 3-MP were
added. After an incubation for 20 min at 37 �C the reaction was ter-
minated by adding 30 ll of 30 mM FeCl3 dissolved in 1.2 N HCl and
30 ll 20 mM N,N-dimethyl-p-phenylenediamine dihydrochloride
dissolved in 7.2 N HCl [40]. After 20 min incubation at RT the for-
mation of methylene blue was determined at 670 nm. Solutions
with different concentrations of Na2S were prepared, treated in
the same way as the assay samples, and were used for the quantifi-
cation of enzymatically formed H2S.

5.12. Other procedures

Protein contents were determined according to Bradford [9]
using BSA as protein standard. Alignments were done with Clone
Manager 9 (Sci-Ed, Cary, NC, USA) and with ClustalW (http://
www.ebi.ac.uk/Tools/msa/clustalw2/).
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