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ARTICLE INFO ABSTRACT

During abiotic stress the primary symptom of phytotoxicity can be ROS production which is strictly regulated by
ROS scavenging pathways involving enzymatic and non-enzymatic antioxidants. Furthermore, ROS are well-
SBP1 described secondary messengers of cellular processes, while during the course of evolution, plants have ac-
AtGRX514 complished high degree of control over ROS and used them as signalling molecules. Glutaredoxins (GRXs) are
AIGRXS16 small and ubiquitous glutathione (GSH) -or thioredoxin reductase (TR)-dependent oxidoreductases belonging to
the thioredoxin (TRX) superfamily which are conserved in most eukaryotes and prokaryotes. In Arabidopsis
thaliana GRXs are subdivided into four classes playing a central role in oxidative stress responses and physio-
logical functions. In this work, we describe a novel interaction of AtGRXS14 with the Selenium Binding Protein 1
(AtSBP1), a protein proposed to be integrated in a regulatory network that senses alterations in cellular redox
state and acts towards its restoration. We further show that SBP protein family interacts with AtGRXS16 that also
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contains a PICOT domain, like AtGRXS14.

1. Introduction

Aerobic metabolism is characterised by the production of an un-
avoidable chemical entity that includes molecules collectively called
reactive oxygen species (ROS) [1,2]. ROS, as by product of aerobic
metabolism, include free radicals such as superoxide anion (O, 7),
hydroxyl radical ('OH), as well as nonradical molecules like hydrogen
peroxide (H,0,), singlet oxygen (*0,), and so forth. In plants, their
production is strictly confined to cellular compartments with strong
electron flow, and their formation is caused by the leakage of electrons
to O, from the electron transfer activities that chloroplasts, mitochon-
dria and plasma membranes exhibit, or alternatively from metabolic
pathways of different cellular compartments [3-5]. Their destructive
activity is exerted by a wide range of physiological responses in plants,
changes in cellular structure and the degradation of enzymes, proteins,
nucleic acids, etc [2]. During abiotic stress the primary symptom of
phytotoxicity can be ROS production which is strictly regulated by ROS
scavenging pathways involving enzymatic and non-enzymatic
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antioxidants. Furthermore, ROS are well-described secondary messen-
gers of cellular processes including tolerance to environmental stresses
[6-8], while during the course of evolution, plants have accomplished
high degree of control over ROS and used them as signaling molecules
[9]. Many studies have demonstrated the important role of ROS in
signaling, such as the modulation of the activity of MAP kinases [10]
and the stimulation of abiotic stress tolerance [11].

Glutaredoxins (GRXs) are small and ubiquitous glutathione (GSH)
-or thioredoxin reductase (TR)-dependent oxidoreductases belonging to
the thioredoxin (TRX) superfamily which are conserved in most eu-
karyotes and prokaryotes [12-15]. Roughly 30 different GRX isoforms
have been identified in higher plants and in Arabidopsis thaliana GRXs
are subdivided into four classes [16], playing a central role in oxidative
stress responses and physiological functions [15,17,18]. In the last
years, plant GRXs have been shown to participate in key developmental
processes, as well [19-21]. Among the Arabidopsis class II GRXs,
GRXS14 was recently shown to possess specific functions in the main-
tenance of chlorophyll content depending on environmental and light
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Table 1

Sequences of primers used in this study.

Primer name

Sequence

AtAy157988_F(Y2H)
AtAY157988_R(Y2H)
AtAY157989_F(Y2H)
AtAY157989_R(H2Y)
HsSBP1-F-Ndel
HsSBP1-R-BamHI
18S-F

18S-R

RT-SBP1-F
RT-SBP1-R
RT-SBP2-F

RT- SBP2-R
RT-SBP3-F
RT-SBP3-R

15803F
U15803Rsplit
15274F
U15274Rsplit
50289F
U50289Rsplit

T7-F

AtSBP1DEL1-R
AtSBP1DEL2-R
AtSBP1DEL3-R
AtSBP1DEL4-R
AtSBP1DEL5-R
AtSBP1DEL6-R
AtSBP1DEL7-R
AtSBP1DELS-R
CXIP1F-Ndel
CXIP1R-BamHIDEL11
CXIP1F-NdeIDEL10
CXIP1R-BamHIDEL1
CXIP1-F-HindIII
CXIP1-R-BamHI
CXIP2-F- EcoRI
CXIP2-R-BamHI

CTCCCATATGGCTCTCCGATCTGTCAAAACGCCG
GAGGCTGCAGAGAGCACATAGCTTTCTCCACCTC
CTCCCATATGGCTGCAATCACCATTTCTTCCTCC
GAGGCTGCAGGTTCAAGATATTGGCAAGTTCACC
CTCATATGGCTACGAAATGTGGG
TAGGGATCCAATCCAGATGTCAGAGCTAC
TTGATTCTATGGGTGGTGGT
CCTTGTTACGACTTCTCCTT
CCGACTGGTCTCTTACCTTTG
CATCTTACTCCCTTTTTTATTCAACTC
TTGCATATTTATCAATGGCCT
GAGTAAGAACAACTTTAATTGTCT
GGCCGCGTTTACCAAAGGATTTG
CTGTTCCGATTTCCATAGAAATCCTTGATTT
GATGAATTCATGGCGACGGAAACGGAAGTTGTAGC
CATCCCGGAATCCAGATATCGGAAGTGCAGTCTCC
GATGAATTCATGCAACCGAAACCGTATTAGCCACGGCCA
CATCCCGGGGATCCAGATATCGGAAGTCAGTCTC
GATGAATTCATGGAAGCGGCGATGAACAACCACG
CATCCCGGGAACCCAGATATCTGAGGTGCAGTCGCCACCC
TAATACGACTCACTATAGGGGAATT
GATATCCAGGTGGAGACTGC
CTCGCTGTTTAGCGCATGG
CAGTACAACATAGAGGACCC
ACATGGAGCCATGAGGTTGT
CAGCAGGTTGCTGATGGC
GAGGGGAATGCTAAGGGG
TGCCATGGTGATGCTTCTGT
GCCGTCTACACCGGAACT
CATATGGCTCTCCGATCTGTCAA
CATATGGCTCTCCGATCTGTCAA
CATATGAAAGTGGTTCTGTTTATGAAAGG
GGATCCAGAGCACATAGCTTTCTCCAC
AAGCTTCATGGCTCTCCGATCTGT
GGATCCGAGAGCACATAGCTTTCTCC
GAATTCATGGCTGCAATCACATTTC
GAATCCGGTTCAAGATATTGGCAAG
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conditions [22].

AtGRXS14 (also referred to as AtCXIP1 or AtGRXcp) was initially
isolated as a protein that associates with the cation exchanger of
Arabidopsis, CAX1, a high capacity Ca?* transporter [23]. AtGRXS14
contains a highly conserved through evolution PICOT domain and in a
yeast expression system, it interacted with the N terminus of CAX1 in
order to modify H*/Ca*? antiport activity [23]. Computational ana-
lysis revealed the similarity of AtGRXS14 to the yeast monothiol GRXs,
the bacterial GRX4 and both zebrafish and mice GRX5 [24]. It has also
been shown that loss of AtGRXS14 (AtGRXcp) in Arabidopsis leads to
protein oxidation in chloroplasts and seedlings sensitive to external
oxidants, thus implicating a critical role of AtGRXS14 in redox state
regulation in the chloroplasts [24].

It has been previously reported that AtGRXS14 (or AtCXIP1) inter-
acts with AtSBP1 Selenium Binding Protein 1 (AtSBP1) [25]. Efforts to
elucidate the biological role of SBP1 in plants have been made in the
model legume Lotus japonicus, in Arabidopsis thaliana and rice [25-33].
Studies in Arabidopsis plants with altered endogenous levels of SBP1
suggested that there is a correlation between expression levels of the
Atsbp1 gene and tolerance to selenium toxicity caused by selenite [26].
Furthermore, it has been shown that SBP1 protein accumulates in re-
sponse to cadmium (Cd) in Arabidopsis cultured cells [34] as well as in
intact plants [27], while SBP1 overexpression confers enhanced toler-
ance to Cd thereby suggesting that this gene participates in a novel
detoxification mechanism that plants use to overcome metal toxicity
[27].

In this work, we characterize the novel interaction of AtGRXS14
with AtSBP1, a protein proposed to be integrated in a regulatory net-
work that senses alterations in cellular redox state and acts towards its
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restoration [35]. In vitro binding assays have shown that in Arabidopsis
SBP1 participates in a novel protein network consisting of at least SBP,
a NADP-dependent glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) and a fructose-bisphosphate aldolase (FBA), that is possibly
part of the physiological regulation and metabolism of selenium [25]
given the fact that in Escherichia coli GAPDH and a prokaryotic aldolase
(deoxyribose-5-phosphate aldolase; DPA) were shown to bind selenium
[36]. A major step towards understanding SBP1 function in plants and
its involvement in Se metabolism and detoxification mechanisms was
the identification of the selenium binding site and the involvement of
two Cys residues in AtSBP1, as well as the function of selenite (Se0527)
reduction that this protein was shown to drive [33]. To further char-
acterize the protein network that AtSBP1 protein participates in, we
studied its interaction with AtGRXS14. Furthermore, we show that SBP
protein family interacts with AtGRXS16 that also contains a PICOT
domain, as AtGRXS14.

2. Material and methods
2.1. Yeast strains and plant materials

S.cerevisiae strain SG335 (MATa trpl-901, leu2-3, 112, ural-52,
his3-200, gal4A, gal80A, GAL2-ADE2, LYS2::GAL1-HIS3, met2::GAL7-
lacZ) was used in all yeast experiments in this study. Yeast two-hybrid
screening was performed as described by Agalou et al. [25]. Arabidopsis
thaliana ecotype Columbia (Col-0) and transgenic Arabidopsis plants
harbouring SBPs::GFP and GRXs::GFP expression cassettes were used in
the present study. Growth conditions were described in Valassakis et al.
[35].
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2.2. Nucleic acid extraction and cDNA synthesis

Total RNA was extracted from plant tissues using the procedure
described by Onate-Sanchez and Vicente Carbajosa [37]. RNA samples
were treated with DNAse I (Biolabs, Ipswich, England) according to the
manufacturer’s instructions. The RNA purity and quantity were checked
by electrophoresis in a 0.8% w/v agarose gel. Following electrophor-
esis, the RNA was stained with ethidium bromide (100 pg/l, Sigma
Aldrich) and visualized under UV light. First-strand cDNA synthesis was
performed using 1 pg of total RNA template and PrimeScript Reverse
Transcriptase (Takara-Clontech, Kyoto, Japan). All PCR reactions were
performed in a thermal cycler (Applied Biosystems, Foster City, CA,
USA).

PCR products for cloning were amplified with Phusion High-Fidelity
DNA Polymerase (New England Biolabs, Beverly, MA, USA) according
to the manufacturer’s instructions. In particular, for the isolation of
Arabidopsis thaliana GRXS14 and GRXS16 cDNA was synthesized from
total RNA of 10-days-old wild type A. thaliana (L.) Heynh (ecotype
Columbia-0) seedlings and the following sets of primers were used:
AtGRXS14: AtAy157988_F(Y2H), AtAY15798 R(Y2H), AtGRXS16:
AtAY157989 F(Y2H), AtAY157989_R(H2Y) (Table 1). For the isolation
of human SBP1 cDNA, total RNA from Homo sapiens (kindly provided by
Prof. P. Kollia) was used and PCR was performed using HsSBP1-F-Ndel
and HsSBP1-R-BamHI primers (Table 1). PCR products were separated
by electrophoresis on 1% agarose gels, visualized under UV light after
staining with ethidium bromide (100 pg/1, Sigma Aldrich) and purified
using a Nucleospin Gel and PCR Clean up kit (Macherey-Nagel, Duren,
Germany). Finally, the isolated cDNAs were cloned into the pJET1.2/
blunt Cloning Vector (CloneJET™ PCR Cloning Kit, Thermo Scientific™)
and sequenced.

2.3. Treatment of plants and gene expression analysis

Arabidopsis seeds plated on half-strength MS medium were grown
vertically for 4 days. At this point, young seedlings were transplanted
onto plates containing half-strength MS medium plus either of 150 uM
sodium selenite (Na,SeOs, Sigma-Aldrich), 150 uM sodium selenate
(NaySeO4, Alfa Aesar, Karlsruhe, Germany) or 150puM cadmium
chloride (CdCl,, Sigma-Aldrich) and grown under the conditions men-
tioned above for 6 additional days. The chemicals used for the treat-
ments were maintained as 50 mM stock solutions in distilled water.
Seedlings transplanted onto plates containing only half-strength MS
medium were used as controls. Roots from 10-days-old control and
treated seedlings were collected, weighed, frozen in liquid nitrogen and
stored at —80 °C for further use in semi-quantitative RT-PCR analysis.

cDNA was synthesized from total RNA extracted from plant tissues
grown in physiological conditions (3-days-old and 10-days-old seed-
lings, roots, cotyledons and shoots/leaves from 10-days-old seedlings,
rosette leaves and flowers from mature plants) and from 10-days-old
roots treated as described above.

For semiquantitative RT-PCR, the Kapa Taq PCR Kit (Kapa
Biosystems, Woburn, MA, USA) was used according to manufacturer’s
instructions. All PCR products were separated by electrophoresis on
1-1.2% agarose gels and visualized under UV light after staining with
ethidium bromide (100 pg/1, SigmaAldrich). The primers used to am-
plify the genes of interest are listed below: 18S-F, 18S-R, SBP1: RT-
SBP1-F, RT-SBP1-R, SBP2: RT-SBP2-F, RT-SBP2-R, SBP3: RT-SBP3-F,
RT-SBP3-R, GRXS14: AtAy157988_F(Y2H), AtAY157988_R(Y2H),
GRXS16: AtAY157989 F(Y2H), AtAY157989 R(H2Y) (Table 1). Densi-
tometric analysis was performed with the GELEval (Frogdance) soft-
ware.

2.4. Constructs for yeast assays

In the present study pGADT7 and pGBKT7 provided from Clontech
were used as yeast vectors. ORFs from AtSBPs, HsSBP1 and AtGRXs
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were amplified from the respective pJET1.2 clones with specific pairs of
primers using Phusion High-Fidelity DNA Polymerase (New England
Biolabs, Beverly, MA, USA) according to the manufacturer’s instruc-
tions. These primers introduced Ndel and Smal ends at the 5’ and 3’
ends of the amplified sequences of AtSBP1, AtSBP2 and AtSBP3, Ndel
and BamHI sites in the HsSBP and Ndel and Pst] sites in the AtGRXs. PCR
products were purified using a Nucleospin Gel and PCR Clean up kit
(Macherey-Nagel, Duren, Germany) and cloned into yeast vectors.
Particularly, AtSBP1, AtSBP2, AtSBP3 and HsSBP1 were cloned into the
PGADT?7 vector while GRXS14 and GRXS16 into the pGBKT7 vector.
Furthermore, eight fragments of the coding region of AtSBPI resulting
from the sequential deletion of its nucleotide sequence (AtSBP1DEL1-8)
were cloned into the pGADT?7 vector with Ndel/BamHI sites, as well as
two fragments of the AtGRXS14 (AtGRXS14 + /- PICOT) with Ndel/
BamHI sites into the pGBKT7 vector. There was also swap of coding
regions-vectors, where it was necessary. The sets of primers used are
listed below: AtSBP1: 15,803F, U15803Rsplit, AtSBP2: 15,274F,
U15274Rsplit, AtSBP3: 50,289F, U50289Rsplit, HsSBP1: HsSBP1-F-
Ndel, HsSBP1-R-BamHI, GRXS14: AtAy157988_F(Y2H), AtAY15798 R
(Y2H), GRXS16: AtAY157989 F(Y2H), AtAY157989 R(H2Y),
AtSBP1DEL1: T7-F, AtSBP1DEL1-R, AtSBP1DEL2: T7-F, AtSBP1DEL2-R,
AtSBP1DEL3: T7-F, AtSBP1DEL3-R, AtSBP1DEL4: T7-F, AtSBP1DEL4-R,
AtSBP1DEL5: T7-F, AtSBP1DEL5-R, AtSBP1DEL6: T7-F, AtSBP1DEL6-R,
AtSBP1DEL7: T7-F, AtSBP1DEL7-R, AtSBP1DELS8: T7-F, AtSBP1DELS8-R,
AtGRXS14 +PICOT: CXIP1F-Ndel, CXIP1R-BamHIDEL11, AtGRXS14
—PICOT: CXIP1F-NdeIDEL10, CXIP1R-BamHIDEL1 (Table 1).

2.5. Construction of vectors for plant transformation

Subcellular localization experiments of the AtSBP and AtGRX pro-
teins were carried out by using pSAT6.eGFP-N1 vector [38]. In brief,
the full-length coding regions of AtSBPs were extracted from the same
pJET1.2 plasmids used in yeast transformation, described above, using
EcoRI/Xmal as restriction enzymes, purified using a Nucleospin Gel and
PCR Clean up kit (Macherey-Nagel, Duren, Germany), and cloned into
PSAT6.eGFP-N1 vector, in frame with N-terminus of eGFP protein. The
full length ORFs of AtGRXS14 and AtGRXS16 were PCR amplified using
Phusion High-Fidelity DNA Polymerase (New England Biolabs, Beverly,
MA, USA), from the respective pJET1.2 plasmids used in yeast trans-
formation (described above), with the following set of primers: CXIP1-
F-HindIIl, CXIP1-R-BamHI and CXIP2-F-EcoRI, CXIP2-R-BamHI. The
sites created for each fragment were HindIIl/BamHI for AtGRXS14 and
EcoRl/BamHI for AtGRXS16. The PCR products were then purified using
a Nucleospin Gel and PCR Clean up kit (Macherey-Nagel, Duren, Ger-
many), cloned in pGEM-T (pGEM®-T Easy, Promega), and finally cloned
into pSAT6.eGFP-N1 vector. For the construction of stable lines of
Arabidopsis with GFP constructs, the coding regions of AtSBPs and
AtGRXSs with GFP cassette were isolated from pSAT6.eGFP-N1 vector
using PI-Pspl restriction enzyme and cloned into pPZP-RCS2.nptll
binary vector [38].

Multicolour Bimolecular Fluorescence Complementation (BiFC) was
carried out with the pSAT vector system [38-40]. AtSBPs were isolated
as described above using EcoRl/Xmal as restriction enzymes and finally
cloned into pSAT1.cCFP-N1 vector, in frame with the C-terminus of
cCFP (Cyan Fluorescent Protein) protein. AtGRXS14 and AtGRXS16
were isolated from pGEM-T vector construct using HindIIl/BamHI and
EcoRl/BamHI, respectively, and cloned into pSAT4.nCerulean-N1. For
the single transformation in BiFC, coding regions of AtSBPs and cCFP
cassette were isolated from pSAT1.cCFP-N1 using Asc-I restriction en-
zyme and cloned into pBluescript KS*.RCS2 vector, while the coding
regions of AtGRXSs and the nCerulean cassette were isolated from
pSAT4.nCerulean-N1 using I-Scel enzyme and finally cloned into
pBluescript KS*.RCS2, which already contained the coding regions of
AtSBPs and the cCFP cassette. All constructs were checked by restriction
enzyme analysis and sequencing.
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2.6. Plant transformation

Agrobacterium tumefaciens strain GV3101 competent cells were
transformed with the proper constructs, using the general freeze-thaw
method as described by An et al. [41]. The transformed bacteria were
used for the stable transformation of Arabidopsis (Col-0) plants via the
floral dip method [42].

For Arabidopsis protoplast isolation and transfection, the Tape
Arabidopsis-Sandwich method was used [43]. Protoplasts were isolated
from 5-week-old Arabidopsis Col-O rosette leaves, grown under long
day conditions. For each transformation experiment 30 ug of plasmid
DNA was added to the protoplasts.

2.7. Microscopy

The samples were visualized with a Zeiss Axioscope epifluorescence
microscope (Zeiss, Oberkochen, Germany), equipped with a Zeiss
Axiocam MRc5 digital camera, a differential interference contrast (DIC)
system and proper filters. In particular, a filter set with exciter BP450-
490 and barrier BP515-595, a set with exciter G-365 and barrier LP420
and a set with exciter BP510-560 and barrier LP590 were used.

2.8. Protein molecular modeling and structural prediction of protein-protein
interactions

Three dimensional (3D) prediction of Selenium-binding protein 1
(SBP1) from Arabidopsis thaliana was generated by using I-TASSER
(Iterative Threading ASSEmbly Refinement), an online server that is
designed for automated protein structure and function prediction
(https://zhanglab.ccmb.med.umich.edu/ITASSER), without changing
the default parameters of the software [44,45]. The protein sequence of
SBP1 from Arabidopsis thaliana was retrieved from Uniprot [46] (Ac-
cession number 023246). The structural model of SBP1 was con-
structed from multiple threading alignments and iterative structural
assembly simulations. Comparison of the produced models with other
known protein structures provides insights for the function of proteins
being investigated [47]. Images containing structural models were
prepared by the PyMol Molecular Visualization System (http://www.
pymol.org). Prediction of protein-protein interactions (docking experi-
ments) between SBP1 and CAX-interacting protein 1 (CXIP1) from
Arabidopsis thaliana were carried out via utilization of the “Prediction
Interface” of HADDOCK2.2 web server [48,49]. The 3D structure of
SBP1 used in the docking experiment, corresponds to the model con-
structed by I-TASSER, while in the case of CXIP1 its experimentally
determined structure [50] was retrieved from Protein Data Bank [51]
(PDB ID: 3IPZ) that corresponds to the mature form of the protein
(residues 65 to 173). In order to identify the protein-protein interface
residues, the CPORT prediction algorithm was suitably employed on
[52]. HADDOCK score, being the weighted sum of inter-molecular
electrostatic (Eelec), van der Waals (EvdW), desolvation (AGsolv) and
ambiguous interaction restraint (AIR) energies, was used to rank the
generated poses. The resulted models were visualized with the PyMol
Molecular Visualization System. Calculations of the properties of the
interfaces of the interacting proteins were carried out utilizing PISA
software [53].

3. Results and discussion

3.1. Isolation of AtGRXS14 (AtGRXcp or AtCXIP1) as an interacting
protein of AtSBP1 and sequence analysis of AtGRXS14

To study the function of SBP in plants we screened an A. thaliana
cDNA library for potential interacting proteins of SBP1 using the yeast
two hybrid system. Amongst the clones we identified in this manner
was AtGRXS14, known at the time of the experiment as AtCXIP1 [23].

AtGRXS14 (NP_191050) constitutes a protein of 173 aa (Fig. 1A). It
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contains a GRX PICOT-like domain between aa 74-164 (indicated by a
grey arrow) and a GSH binding domain (within the PICOT) (Fig. 1A).
AtGRXS14 shares 20% identity, particularly in the PICOT domain re-
gion, with AtGRXS16 (or AtCXIP2) (NP_565885) (Fig. 1B), a 293 aa
protein. The alignment of the two proteins is shown in Fig. 1C and a
graphical domain overview alignment in Fig. 1D.

AtGRXS14 and AtGRXS16 are both plastidial class II GRXs, posses-
sing dual in vitro biochemical functions, namely reductase and Fe-S
cluster ligase activity [22].

Several proteins that contain a PICOT-HD also contain a Trx-HD,
including Arabidopsis AtGRXS16. Proteins containing the Trx-HD are
important in a range of cellular process, including controlling the redox
state of the cell [23,54]. The human PICOT protein is involved in the
interaction with protein kinase C through this Trx-HD and negatively
regulates the c-Jun N- terminal kinase/AP-1 and NF- B pathway [55].
AtGRXS14 is 43% similar to AtGRXS16 overall and is 54% identical to
AtGRXS16 within the PICOT-HD. Human PICOT has been characterized
as an iron-sulfur (Fe/S) protein [56], similar to the PICOT homolog in
yeast, Grx3, which was shown to play a crucial role in intracellular iron
trafficking and sensing [57]. Iron-sulfur proteins are ubiquitously ex-
pressed and participate in diverse biochemical functions in virtually
every living cell. They consist of two or more iron atoms bridged by
sulfur ligands and are involved in diverse processes, including re-
spiration, oxidation-reduction reactions, heme biosynthesis, iron
homeostasis, and regulation of gene expression [58].

3.2. AtSBP protein family interactions with AtGRXS14 and AtGRXS16

The identification of protein-protein interactions comprises a pre-
requisite towards understanding protein networks and functions, as
proteins normally function in macromolecular complexes. Describing
such interactions, although it may be of great interest, it can be chal-
lenging, since they may be transient, or may involve different partners
and overlapping binding sites [59].

In order to verify the positive interaction of AtGRXS14 with AtSBP1
revealed by the yeast two-hybrid (Y2H) screening (with AtSBP1 as
bait), the respective genes were amplified from total Arabidopsis root
RNA and cloned in appropriate vectors and individual protein-protein
interaction experiments were performed. Additionally, AtSBP2, AtSBP3
and AtGRXS16 were also amplified and cloned due to their high degree
of homology with the bait and prey proteins, respectively
(Supplemetary Fig. 1, Fig. 1). Due to the highly conserved nature of
selenium binding proteins and glutaredoxins we also attempted to
utilize the human homologue of SBP1 in interaction assays with the
plant glutaredoxins and therefore HsSBP1 was amplified from human
cDNA and cloned in frame with the GAL4 activation domain.

Yeast cells coexpressing various construct combinations in pairs,
were used to study protein-protein interactions (Fig. 2A). This assay
confirmed initially a strong positive interaction of AtGRXS14 with
AtSBP1 and a weaker one with AtSBP3. Interestingly, all three AtSBP
proteins also strongly interacted with AtGRXS16. These interactions
were revealed by the choice we made to test the particular pairs, based
on the significant homology of AtGRXS14 and AtGRXS16 within the
PICOT domain, since AtGRXS16 was not identified as an interacting
partner in the Y2H screening. It is noteworthy, that HsSBP1 physically
binds to AtGRXS16, in a weak manner though, demonstrating a pre-
sumed functionally conserved protein network. No unspecific activa-
tion was detected when bait and prey proteins were used in combina-
tion with the respective empty vectors (pGBKT7 or pGADT7).

Our data point to the existence of a novel protein-protein interaction
network, consisting of the selenium binding protein family and the
plastidial glutaredoxins AtGRXS14 and AtGRXS16, where AtGRXS14
specifically binds AtSBP1, while AtGRXS16 binds to all three SBP
members. Taking into account the properties and the suggested func-
tions of the participating proteins, it is plausible to speculate that this
network is part of the plant’s response to oxidative stress.
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Fig. 1. Sequence characteristics of AtGRXS14 and AtGRXS16. (A) and (B) aminoacid sequence of AtGRXS14 and AtGRXS16 respectively. The PICOT-like domains
are shown as gray bars and the catalytic residues along with the GSH binding sites are shown as blue boxes. (C) Aminoacid sequence comparison of AtGRXS14 and
AtGRXS16. A significant degree of conservation is observed within the PICOT domain towards the carboxy terminal. (D) Graphical alignment of the annotated
domains of AtGRXS14 and AtGRXS16 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Moreover, we tried to determine domains in the AtSBP1 polypep-
tide, responsible for binding of AtGRXS14. We generated a series of C-
terminal truncated AtSBP1 polypeptides (Fig. 2E) and studied in yeast
cells their binding capacity to AtGRXS14. Firstly, we investigated
whether these truncated polypeptides cloned in frame with the binding
domain of GAL4 react in an unspecific manner with the activation
domain of the empty vector (Fig. 2B). Indeed, we demonstrated that
this was the case for the first 53 aa of AtSBP1 (AtSBP1DELS8). On the
contrary, when we swapped domains and AtSBP1DEL8 was fused to the

106

activation domain of GAL4 no unspecific growth was detected with the
binding domain of the empty vector (pGBKT7) (Fig. 2B). We then
analyzed the auxotrophy of yeast cells while harboring in pairs
AtGRXS14 and each of the eight truncated polypeptides of AtSBP1
(Fig. 2C). Our analysis showed that the first 178 aa of AtSBP1 maintain
strong, full binding capacity to AtGRXS14, while the region between aa
358-427, when deleted, interferes with proper binding. We believe that
the behavior of constructs AtSBP1DEL2 and AtSBP1DEL3 is due to
conformational changes that might occur to the truncated protein,
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Fig. 2. Yeast two-hybrid assays. (A) Confirmation that AtGRXS14 from the yeast
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two-hybrid screening interacts with the bait protein AtSBP1. Furthermore,

AtGRXS16 interacts with all members of the SBP protein family. A weak interaction of the human SBP1 with AtGRXS16 was also observed. Proper controls to exclude
unspecific vector activation were included along with the 53/T positive control. (B) Evaluation of the effect of the GAL4 activation domain (AD) in terms of false
positive appearance. The AD of the empty vector unspecifically binds to the truncated version of AtSBP1, AtSBP1DELS8. Immediately below this interaction the same
truncated version of AtSBP1 is shown, after domain swapping. (C) Deletion analysis of AtSBP1. The shortest truncated version of AtSBP1 that interacts with
AtGRXS14 is AtSBP1DEL7 of 105 N-terminal aminoacids. (D) AtSBP1 does not bind the PICOT domain of AtGRXS14. The interaction of AtGRXS14 with AtSBP1 is
confined to N-terminal half of AtGRXS14 that does not contain the PICOT domain. Proper negative and positive controls were included. (E) The truncated poly-
peptides of AtSBP1 used for deletion analysis in (C). The relative position of the last aminoacid in each deletion is indicated by a number.

resulting in a folding arrangement that interferes with proper binding of
GRXS14 to SBP1.

PICOT-HD is a highly conserved protein domain that is often asso-
ciated with thioredoxin and glutaredoxin modules [60]. Therefore, we
asked if the PICOT domain of AtGRXS14 is directly involved in AtSBP1
binding. We prepared two truncated versions of AtGRXS14 with and
without the PICOT domain and translationally fused them to the
binding domain of GAL4. These polypeptides comprised of aa 1-82 and
83-173 respectively, the latter containing only the PICOT domain.
These constructs were transferred to yeast cells along with AtSBP1
fused to GAL4 activation domain and the relative strains were tested for
auxotrophy (Fig. 2D). Our data showed that AtSBP1 interacts with the
N-terminal region of AtGRXS14 upstream of the PICOT domain.

3.3. Docking experiments

Results from yeast two-hybrid (Y2H) screening regarding the
AtSBP1-AtGRXS14 complex reveal the significance of the residues lo-
cated at the N-terminus of AtSBP1 in order interaction between them to
be achieved. They also indicate that truncated sequences of AtSBP1 fail
to interact with AtGRXS14 in a proper manner, suggesting that the full
sequence of AtSBP1 is necessary for the formation of the complex.

In order to predict the mode of interaction between AtSBP1 and
AtGRXS14 in Arabidopsis thaliana, driven docking experiments were
performed utilizing the HADDOCK2.2 Web Server. Since the three-

dimensional structure of AtSBP1 has not been experimentally de-
termined a theoretical model of the protein was constructed by I-
TASSER server, providing as input the sequence of AtSBP1 from
Uniprot. In order to estimate the quality of the predicted model by I-
TASSER, the C-score was calculated. C-score is a confidence score that
its value typically ranges from -5 to +2. A high value of C-score in-
dicates high confidence in the model. The predicted model was also
evaluated utilizing both the template modeling-score (TM-score) and
the root mean-square difference (RMSD). TM-score corresponds to a
scale for measuring the structural similarity between two proteins with
different tertiary structures. A value of TM-score over +0.5 indicates
that the topology of the predicted model is correct, while a value below
+0.17 indicates random similarity. In our case, the values of C-score,
TM-score and RMSD for the predicted model are -0.02, 0.71 * 0.12
and 7.3 *+ 4.2A, respectively. These values indicate that our predicted
model is reliable in order to be used in subsequent docking experiments
with the exception of residues 1 to 23 at the N terminus of the protein.
This is due to the fact that there is no proper template available that can
be used to model that part. A detailed observation of the resulted model
indicates the abundance of beta-strands that form a seven-blade beta-
propeller surrounded by a-helices (Fig. 3A). The overall structure is in
agreement with previously reported structural models of SBP1 from
Arabidopsis thaliana [33] and Homo sapiens [61] that were produced by
the homology modeling method. This is due to the fact that in all cases
the template structure used, was the hypothetical selenium-binding
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L

Fig. 3. A ribbon model of AtSBP1 structure and a representation of the
predicted AtSBP1-AtGRXS14 complex. (A) A ribbon model of AtSBP1 struc-
ture (colored in green), displayed using the software PyMOL. The overall
structure of AtSBP1 is comprised of a seven-blade beta-propeller surrounded by
a-helices. (B) A cartoon representation of the predicted AtSBP1-AtGRXS14
complex (colored in green and cyan, respectively), displayed using the software
PyMOL. The interfacing residues, calculated by PISA, are colored red (AtSBP1)
and blue (AtGRXS14), respectively (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

protein from Sulfolobus tokodaii (PDB ID: 2ECE) resulting in models
with very similar structural features.

On the other hand, the structure of AtGRXS14 is experimentally
determined by X-ray Crystallography (PDB ID: 3IPZ) [3]. The deposited
structure corresponds to the mature form of the protein (residues
65-173) while residues 1-63 form a signal peptide that targets the
protein to the chloroplast. It adopts a glutaredoxin/thioredoxin-like
fold that consists of a four-stranded parallel (3-sheet surrounded by five
a-helices [50].

For the prediction of the protein-protein interface residues that will
be provided subsequently as input to the HADDOCK2.2 Web Server, the
CPORT algorithm was used. The driven docking experiment provided a
solution (Fig. 3B) that exhibited a HADDOCK score of -136.4, with the
values of energies (Kcal/mole) having been calculated as following: (a)
van der Waals energy: —36.2; (b) electrostatic energy: —375.2; (c)
desolvation energy: —48.5; (d) restraints violation energy: 233.7 and
(e) total buried surface area (BSA): 1667.5 AZ. Tt must be noted that the
high value of restraints violation energy is due to the fact that a large
number of residues that were considered as active by the CPORT al-
gorithm were not taken into account during the docking experiment.
The residues that participate in the interface between AtSBP1 and
AtGRXS14 were calculated with PISA software. In the case of AtSBP1
these residues are 101-106, 160-163, 182, 184-186, 191-192, 194,
196-197, 212, 214, 250-252, 254 and 490 while in AtGRXS14 these are
65-66, 89, 96-99, 120, 126-127, 130-131, 134-138 and 152. The
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Fig. 4. RT-PCR analysis of SBP genes, AtGRXS14 and AtGRXS16 upon
treatment with oxidative stress inducers. (A) Plants were treated with
150 uM CdCl,, Na,SeO3; and Na,SeO,4 and transcript levels were compared to
untreated control plants. Samples were normalized with the housekeeping 18S
rDNA. (R) Roots, (C) Cotyledons, (L) Leaves. The PCR cycles were as follows:
SBP1(28), SBP2(35), SBP3(35), GRXS14(33), GRXS16(33), 185(26). (B) Bar
charts depicting expression levels of genes studied, following densitometric
analysis of the bands presented in (A). Differences in gene expression are shown
as fold-change over the control after normalization with the housekeeping 18S
rDNA. (R) Roots, (C) Cotyledons, (L) Leaves.

complex is stabilized by a network of hydrogen bonds, that is formed
between the interfacing residues of these two proteins. Moreover, re-
sidues Asp103, Glu163 and Lys214 from AtSBP1 form salt bridges with
residues Lys89, Lys130 and Asp152 from AtGRXS14, respectively.
Consequently, the results of the docking experiment strongly sup-
port the experimental results showing the significance of the N-ter-
minus of AtSBP1 for the interaction with AtGRXS14 and they, ad-
ditionally, stress the role of the full sequence of AtSBP1 in the
interaction, since the C-terminus (residue 490) is also part of the
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Fig. 5. Transient expression assays in Arabidopsis protoplasts.
The genes of interest were fused to GFP to generate the chimeric
constructs indicated on the left of the panel. SBP proteins were
localized in the cytoplasm and the nucleus. AtGRXS14 localized in
speckle-like structures associated with the chloroplasts and
AtGRXS16 in the chloroplast body. Cells were visualized under an
epifluorescence microscope equipped with DIC optics and GFP
filter sets. Bars 25 pm.

Fig. 6. Transgenic protoplasts from stably transformed
Arabidopsis plants. Chimeric constructs indicated on the left of
the panel were used to stably transform plants via Agrobacterium-
mediated transformation. Rosette protoplasts were assayed for
GFP expression. SBP proteins were localized in the cytoplasm and
the nucleus. AtGRXS14 localized in speckle-like structures asso-
ciated with the chloroplasts and AtGRXS16 in the chloroplast
body. Cells were visualized under an epifluorescence microscope
equipped with DIC optics and GFP filter sets. Bars 25 um.
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predicted interface.

Based on the fact that certain residues of AtGRXS14 like Lys89,
Lys130 and Aspl52 are involved in GSH binding, one could speculate
that GSH competes with AtGRS14 for binding to AtSBP1, since Dutilleul
et al. [27] have provided evidence that SBP1 protein can function in Cd
detoxification, acting in parallel with GSH and phytochelatins.

3.4. Gene expression analysis of AtSBP family, AtGRXS14 and AtGRXS16

Since AtSBP gene family is differentially regulated by sodium sele-
nite and sodium selenate [35] and AtSBP1 is upregulated by cadmium
[27,34] it would be interesting to determine the relative transcript
accumulation of AtGRXS14 and AtGRXS16 after treatment of plants
with the aforementioned compounds (Fig. 4). Therefore, we in-
vestigated the gene expression patterns of the AtSBP gene family and
those of AtGRXS14 and AtGRXS16 in control plants, as well as, in re-
sponse to cadmium and selenium compounds.

AtSBP1 is strongly induced by 150 uM CdCl, in the roots and mar-
ginally upregulated in cotyledons and leaves of 10-day-old plants, after
treatment with 150 uM Na,SeO,4. AtSBP2 is constitutively expressed
under all treatments. AtSBP3 is expressed only in the roots of untreated
plants and it is induced in roots and leaves after CdCl, and Na,SeO;
treatment. AtGRXS14, like AtSBP2, is constitutively expressed under all
conditions tested. AtGRXS16 transcript accumulates at higher levels in
the cotyledons and leaves of untreated plants. Upon treatment with
CdCl,, it is highly induced in the roots with an approximate two-fold
induction in the cotyledons. From the two selenium compounds tested
only Na,SeO, treatment leads to the upregulation of AtGRXS16 in co-
tyledons and leaves. The reason why we included AtGRXS16 in this
analysis was that AtGRXS16 interacted in yeast with the members of the
AtSBP protein family.

Concerning the AtSBP family, the expression patterns observed are,
generally, in line with previous studies [29,34,35], but we show ad-
ditionally that also AtSBP3 participates in the network of genes upre-
gulated in response to CdCl, and Na,SeOs. Overall, these data further
strengthen previous observations that indeed AtSBP gene family is
differentially regulated by cadmium, selenite and selenate.

In Arabidopsis thaliana, it has been shown that, oxidative stress due
to cadmium exposure relates to hydrogen peroxide accumulation [62]
and that treatment of plants with selenium compounds led to ROS ac-
cumulation in the roots [35]. It has also been proposed, that in addition
to the importance of SBP1 in stress responses, SBP2 and SBP3, along
with SBP1, constitute integrated components of a network that re-
sponds to the cellular redox state [35]. Furthermore, studies using
plate-grown plantlets and leaf discs have implicated GRXS14 and
GRXS16 in oxidative stress responses [24,63], while GRXS14 deficiency
results in the reduction of chlorophyll content in dark and its over-
expression is correlated with both altered chlorophyll content and re-
duced amounts of NFU2, a scaffold protein required for [4Fe-4S] and
ferredoxin iron-sulphur cluster assembly [22,64]. Taken together the
above and considering the interactions of AtGRXS14 and AtGRXS16
with the members of the AtSBP protein family (see below), it is
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Fig. 7. BiFC in Arabidopsis protoplasts. AtSBP1 interacts in
planta with AtGRXS14 in the nucleus and the cytoplasm while the
interaction signal with AtGRXS16 is confined in the cytoplasm
only. Cells were visualized under an epifluorescence microscope
equipped with DIC optics and GFP filter sets. Bars 25 pm. Negative
controls were included (Supplementary Fig. 2).

tempting to speculate that this gene and/or protein network functions
in a concerted manner in response to oxidative stress.

3.5. Subcellular localization and in-planta interactions

It has been reported previously that the human SBP1 localizes in the
cytosol and the nucleus [65-67], while studies in plants demonstrated
the expression of SBP in cytoplasmically dense cell types and membrane
vesicles [28]. In order to elucidate in which cellular compartments our
proteins of interest are localized, we initially performed transient ex-
pression assays in Arabidopsis protoplasts. AtSBPs, AtGRXS14 and
AtGRXS16 were translationally fused to GFP and used to transform
rosette leaf protoplasts (Fig. 5). This analysis showed that SBP protein
fusions can be present both in the cytoplasm and the nucleus, while the
respective AtGRXS14 and AtGRXS16 fusions relate to the chloroplasts.
Interestingly, AtGRXS14 localized in speckle-like structures, whereas
the AtGRXS16 derived signal was evenly distributed in the chloroplast
body.

To further enhance the detail of our observations we utilized pro-
toplasts from plants stably transformed with the GFP fusions (Fig. 6).
The expression patterns observed with transient assays were confirmed
in a clearer manner but in the case of AtGRXS14 it became evident that
intense signal is formed in the chloroplast and usually in one speckle-
like structure associated with it.

The chloroplastic localization of the Populus trichocarpa GrxS14 and
GrxS16 has also been shown in the heterologous system of tobacco
leaves by transient expression assays [68], where GFP fusions were
expressed in the guard cells of the stomata. Furthermore, AtGRXS16-
GFP was transiently expressed in tobacco mesophyll cells and localized
in the chloroplasts [69]. Our data are in line with the aforementioned
studies, but they also reveal in the homologous Arabidopsis system a
new expression pattern, as far as AtGRXS14 is concerned.

We then asked if the interactions revealed by the yeast two-hybrid
screening occur in planta. To answer this question we employed bimo-
lecular fluorescence complementation (BiFC) to probe the protein in-
teractions in living protoplast cells [40,70]. Arabidopsis protoplasts
were transiently transformed with constructs of the interacting pairs in
the pSAT vector system [39,40]. As shown in Fig. 7, AtSBP1 interacts in
planta with AtGRXS14 in the nucleus and the cytoplasm while the in-
teraction signal with AtGRXS16 is confined in the cytoplasm only.

Our subcellular localization analyses define for the first time the
compartmentalized expression pattern of the AtSBP protein family and
reveal in a homologous system a novel pattern for AtGRXS14 (Fig. 5).
Furthermore, we show that probably prior to their translocation to the
chloroplast AtGRXS14 and AtGRXS16 are retained in the cytoplasm to
interact with AtSBP1 (and even in the nucleus in the case of AtGRXS14)
(Fig. 7), when ectopically expressed. It is known that certain cytosolic
factors such 14-3-3 protein, Hsp70, Hsp90 and FKBP bind to particular
peptides and are thought to facilitate protein targeting to the chlor-
oplasts [71-73]. It remains unclear and worth further investigation
under which conditions the described interactions occur in vivo.
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