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A B S T R A C T

Background: The plant Stanleya pinnata hyperaccumulates Se up to 0.5% of its dry weight in organic forms,
whereas the closely related Stanleya elata does not hyperaccumulate Se. ATP sulfurylase (ATPS) can catalyze the
formation of adenosine 5′-phosphoselenate (APSe) from ATP and selenate. We investigated the S. pinnata ATPS2
isoform (SpATPS2) to assess its possible role in Se hyperaccumulation.
Methods: ATPS expression and activity was compared in the two Stanleya species. The ATPS2 protein sequences
were modeled. Sub-cellular locations were analyzed using GFP fusions. Enzyme activity of purified recombinant
SpATPS2 was measured.
Results: ATPS2 transcript levels were six-fold higher in roots of S. pinnata relative to S. elata. Overall root ATPS
enzyme activity was two-fold elevated in S. pinnata. Cloning and sequencing of SpATPS2 and S. elata ATPS2
(SeATPS2) showed the predicted SeATPS2 to be canonical, while SpATPS2, although very similar in its core
structure, has unique features, including an interrupted plastid targeting signal due to a stop codon in the 5′
region of the coding sequence. Indeed GFP fusions revealed that SpATPS2 had exclusive cytosolic localization,
while SeATPS2 showed dual localization in plastids and cytosol. SpATPS2 activity was inhibited by both sulfate
and selenate, indicating that the enzyme acts on both substrates.
Conclusions: The ATPS2 from S. pinnata differs from non-accumulator ATPS2 in its elevated expression and sub-
cellular localization. It likely acts on both selente and sulfate substrates.
General significance: These observations shed new light on the role of ATPS2 in the evolution of Se hyper-
accumulation in plants. This article is part of a Special Issue entitled Selenium research in biochemistry and
biophysics - 200 year anniversary issue, edited by Dr. Elias Arnér and Dr. Regina Brigelius-Flohe.

1. Introduction

Sulfur is an essential element for all organisms [1]. Because sulfate
is the dominant plant bioavailable form of sulfur in the environment,
the sulfate assimilation pathway plays a critical role in plant growth
and development [2,3]. ATP sulfurylase (ATPS, ATP: sulfate adenylyl
transferase; EC 2.7.7.4) catalyzes the metabolic entry step into the
sulfur assimilation pathway with the formation of adenosine-5′-phos-
phosulfate (APS) and inorganic pyrophosphate (PPi) from sulfate and

ATP. This reaction generates a phosphoric‑sulfuric acid anhydride bond
with high energy that helps to drive the sulfur assimilatory pathway
[4–7]. Subsequent reduction of APS to sulfide and incorporation of
sulfide into cysteine (Cys) brings a metabolic precursor for all com-
pounds in organisms containing sulfur, including methionine, glu-
tathione, iron‑sulfur clusters, vitamin cofactors, as well as multiple
secondary metabolites [8–11].

Genes encoding chloroplastic, mitochondrial, and cytosolic ATP
sulfurylase isoforms have been cloned from potato [12], Indian mustard
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[13], and soybean [4]. Furthermore, four isoenzymes of ATP sulfurylase
(ATPS1, −2, −3, and –4) have been predicted in the Arabidopsis
thaliana genome [14]. ATP sulfurylase enzyme activity was localized to
two subcellular compartments in Arabidopsis: plastid and cytosol
[15,16]. Rotte and Leustek [17] have suggested that cytosolic ATP
sulfurylase plays a specialized function, e.g. to form sulfated metabo-
lites and is less important for sulfate reduction. Recently, Arabidopsis
ATPS2 was shown to encode for an ATPS enzyme with both plastidic
and cytosolic localization, owing to multiple translation initiation sites
[14]. Since chloroplasts are generally considered the primary site for
sulfate assimilation, the chloroplastic isoform has been studied in de-
tail. However, little is known about the specialized functions of the
cytosolic isoform of ATPS in plants.

It is generally thought that selenate can be metabolized by S me-
tabolic pathways, thus, after absorption, Se has the potential to be non-
specifically incorporated into any S-compound, because of the chemical
similarity between Se and S [18–21]. Previous studies have docu-
mented that transgenic Brassica juncea which overexpress ATPS show
increased (2.5-fold higher) shoot Se levels, increased selenate reduction
to organic forms, and enhanced Se tolerance, when compared to wild-
type [22,23]. Therefore, ATPS not only mediates selenate reduction in
plants, but can also be rate limiting for selenate uptake and assimilation
[22]. Transcriptome analyses showed that ATPS expression in root
tissue of Arabidopsis was upregulated 6-fold by Se exposure [24].

Several members of the Brassicaceae family, such as Stanleya pin-
nata, take up extraordinarily high Se levels (> 0.1% of dry weight)
while growing in their native, seleniferous habitat, these are called Se
hyperaccumulators [19]. They hyperaccumulate Se in all plant parts,
predominantly in reduced form in organic compounds such as methyl-
selenocysteine [19]. A comparison of the expression of ATPS gene fa-
mily members between S. pinnata and Brassica juncea indicated that the
hyperaccumulator has elevated expression levels of ATPS enzymes,
particularly for ATPS2, which likely contributes to the capacity for the
Se hyperaccumulation and hypertolerance [25]. In this study we asked
the following questions: does a Se-specific ATPS2 exist in the hyper-
accumulator S. pinnata? Are there different protein characteristics be-
tween ATPS2 for a Se hyperaccumulator and a non-hyperaccumulator?
To date, no studies on the ATPS2 characterization of a Se hyper-
accumulator have been described. To gain insight into the function of
ATPS2 in the Se hyperaccumulator, first a gene expression study was
performed via quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR) to compare the differences in root gene ex-
pression levels between the Se hyperaccumulator species S. pinnata and
the related non-accumulator S. elata grown with or without selenate.
ATPS enzyme activity was also compared. The cDNAs encoding S.
pinnata and S. elata ATPS were cloned, the sequences compared as well
as modeled protein structures. In addition, protein subcellular locali-
zation was analyzed by constructing GFP fusions and transient

expression in protoplasts. Finally, recombinant ATPS2 from S. pinnata
was expressed in E. coli and purified, in order to investigate its relative
sulfate/selenate specificity.

2. Material and methods

2.1. ATP sulfurylase(ATPS) mRNA expression in the roots of S. pinnata
and S. elata

To evaluate the expression of three genes encoding members of the
ATP sulfurylase family (ATPS1, ATPS2, ATPS4), qRT-PCR experiments
were performed using a thermal cycler (Roche 480, Roche Diagnostics
Corporation Indianapolis, IN) equipped with a 96 well plate system
with the SYBR green PCR Master Mix reagent (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA). For plants materials, the
sources of both S. pinnata and S. elata seeds were described in our
previous study [26], they were grown in a hydroponic system with 1/2-
strength Hoagland's solution for 2 weeks. Before harvest the plants were
treated with or without 50 μM Se as Na-selenate for 1 h. after which
time the plants were collected and separated into root and leaf samples,
which were flash frozen for gene expression analysis. For each treat-
ment, three biological replicates were used. RNA was extracted from
roots of plants using a phenol/chloroform protocol described by Sam-
brook and Russell [27]. cDNA was prepared from DNase-treated total
RNA prepared as described by El Mehdawi et al. [26]. Specific primer
pairs for each of the relevant genes as well as the Actin 1 reference gene
were designed for conserved sequences of Brassicaceae spp. (Table 1)
and tested for their activity using annealing temperatures between 58
and 67 °C by conventional PCR. The qPCR reactions were performed in
a total volume of 10 μL, using serial dilutions of template cDNA in 1 μL,
1 μL of each primer at 10 μM, and 5 μL of 2× SYBR Green PCR Master
Mix based on the instructions of manufacturer (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA). All PCRs were performed as
the following thermal cycling profile: 95 °C for 10min, 50 cycles of
95 °C for 15 s, 60 °C for 1min. The analysis of expression of each sample
was evaluated in two technical replicates and quantitative RT-PCR
analyses were performed on three biological replicates. All quantifica-
tions were normalized to the Actin 1 housekeeping gene (Fig. 1). Ex-
pression values are given as the mean of the normalized expression
values of the biological triplicates, calculated according to Eq. (2) of the
Q-gene software [28].

2.2. Cloning and plasmid construction

Primers used for cloning are listed in Table 1. The coding sequences
for ATPS2 of S. pinnata and S. elata were amplified by PCR (using high-
fidelity Takara Taq polymerase, Takara Bio USA, Mountain view, CA)
using root cDNA as a template. The cDNA was prepared from DNase-

Table 1
Primers information used in this study.

Oligonucleotides 5′–3′ sequences Restriction site Function

SpinSela/ATPS1_Fw CCCTATCCTTTTGCT TCATCC – RT-PCR
SpinSela/ATPS1_Re GTGCTGCTTCATCCTCCAAC –
SpinSela/ATPS2_Fw CATCAAGAGGAACA TCATCAGC –
SpinSela/ATPS2_Re TTACAGGCTATCTCCAAAACAGC –
SpinSela/ATPS4_Fw GAGAAGGTGCTTGAG GATGG –
SpinSela/ATPS4_Re TTGGAGATGGGAAGATGGAG –
SpinSela/Actin1_Fw AGCATGAAGATCAAGG TGGTG –
SpinSela/Actin1_Re CTGACTCATCGTACTCTCCCT –
Spin_Fw GGAATTCCATATGCAATCTGTCACTTCCTCTT NdeI Plasmid construction for protein expression
Spin_Rev CGCGGGATCCTTAAGGCTTATCACTTTCTTGCA BamHI
SpinSela_FwGFP GAATGGTCGACATGTCTCTTCTGATCAGATCCT Sall Plasmid construction for subcellular localization
Spin_ML_FwGFP GAATGGTCGACCTGTCTCTTCTGATCAGATCCT Sall
Spin_RevGFP GCTCACCATGGCAGGCTTATCACTTTCTTGC NcoI
Sela_RevGFP CTCACCATGGCGGCTGAAACAACG NcoI

Y. Jiang et al. BBA - General Subjects 1862 (2018) 2363–2371

2364



treated total RNA prepared from 2-week old seedlings as described by
Schiavon et al. [25]. For expression in bacteria, the mature sequence of
S. pinnata ATPS2 was amplified using sets of primers with NcoI and
BamHI restriction sites on the 5′ ends, the PCR product was digested
with NcoI and BamHI and then ligated into vector pET28a (Novagen,
Madison, WI) to produce plasmid pMATPS2 for expression as a 6His-
tagged protein (see supplemental Fig. S1).

For green fluorescent protein (GFP) localization, the GFP reporter
plasmid 35Ω-SGFP(S65T) [29] with the CaMV35S promoter sequence
was used to generate ATPS2-GFP fusions. Due to the presence of a stop
codon found in the transit peptide sequence for the ATPS2 in the S.
pinnata species, we also made a construct in which the first start codon
was mutated from ATG to CTG (encoding Leucine) via primer-mediated
site-directed mutagenic PCR. For the GFP fusions, flanking SalI and
NcoI restriction sites were introduced via PCR. PCR products were di-
gested with SalI and NcoI, ligated into the SalI-NcoI digested 35Ω-SGFP
(S65T) vector to generate full-length SeATPS2-GFP, SpATPS2-GFP as
well as mutated version called SpATPS2-GFPM-L, respectively.

2.3. Protein expression and purification

For overexpression of SpATPS2, E. coli Rosetta (DE3) was trans-
formed with pET28a-SpATPS2. Cells were grown at 37 °C in Luria-
Bertani (LB) medium containing kanamycin (50 μgmL−1) until the
culture reached an A600 nm of 0.8. Two liters of LB medium containing
50mg L−1 kanamycin was inoculated with 1:100 volume of overnight
culture. Cells were grown at 37 °C to an A600 of 0.5, and expression was
induced by the addition of 0.4mM isopropyl-β-D- thiogalactopyrano-
side as described [30] followed by incubation for 3 h at 37 °C. The
culture was chilled on ice, and the cells were collected by centrifugation
for 5min at 5000×g at 4 °C. From here on, all procedures were per-
formed at 4 °C except where mentioned. The bacterial pellet was wa-
shed with 150mM NaCl and resuspended in 50mM Tris-HCl, pH 7.5,
and then sonicated 5 times for 30 s with 1min ice-cooling between
sonication to disrupt the cells. The 6His-tagged and cleaved SpATPS2
were purified essentially as described for CpSufE [30]. The lysate was
centrifuged for 10min at 1×106×g, and the cleared supernatant was
loaded at a flow rate of 3mLmin−1 onto His-Bind iminodiacetic acid
(IDA)-agarose (Novagen, Madison, WI) in a 1.6× 20 cm column, which
had been saturated with 200mM NiSO4, washed, and equilibrated in
50mM Tris-HCl, pH 7.5. The column was washed with 4 volumes of
50mM Tris-HCl, pH 7.5, followed by 4 volumes of 1M NaCl, 50mM
Tris-HCl, pH 7.5, 6 volumes of 50mM Tris-HCl, pH 7.5, again, and 2
volumes of 0.1 M imidazole in 50mM Tris-HCl, pH 7.5, respectively.
6His-APTS2 was eluted with 4 volumes of 1M imidazole in 50mM Tris-
HCl, pH 7.5. Fractions of 10mL were collected and protein content

measured according to Bradford [31]. Peak fractions were pooled and
dialyzed overnight against 25mM Tris-HCl, pH 7.5. Pure 6His-ATPS2
ran as a single band on SDS-PAGE after staining with Coomassie Bril-
liant Blue. To produce cleaved ATPS2, the pooled peak fractions were
dialyzed overnight against 20mM Tris-HCl, pH 8.4, followed by in-
cubation with thrombin in a 1:1,00 (w/w) ratio (thrombin/target pro-
tein) at 4 °C for 8 h in 20mM Tris-HCl, pH 8.4, 150mM NaCl, 2.5 mM
CaCl2, as suggested by the manufacturer (Novagen, Madison, WI). The
purified cleaved SpATPS2 was dialyzed overnight against 25mM Tris-
HCl, pH 7.5. Purity was assessed by SDS-PAGE. Purified protein was
flash-frozen in liquid nitrogen and stored at −80 °C. Protein con-
centration was determined by the Bradford method (Protein Assay, Bio-
Rad, Hercules, CA) with bovine serum albumin (BSA) as standard [31].

2.4. Enzyme assays of ATP sulfurylase

Shoot and root samples for ATP sulfurylase enzyme analysis were
collected from 3-w-old seedlings of S. pinnata and S. elata plants grown
under hydroponic conditions with 1/2-strength Hoagland nutrient so-
lution. The samples were collected and separated into shoots and roots,
and immediately frozen, before grinding in liquid nitrogen. The frozen
powder was then extracted with 1mL g−1 fresh weight of a buffer
containing 50mm Tris, pH 8.0, 20% glycerol, 2 mM EDTA, and 0.1 mM
phenyl methane sulfonyl fluoride (PMSF). ATP sulfurylase enzyme ac-
tivity was assayed in the reverse reaction, according to the method of
Renosto et al. [32]. For ATP synthesis, the assays contained 50mM Tris-
HCl (pH 8.0), 5 mM MgCl2, 0.3mM NADP+, 1mM glucose, 1 mM PPi,
10 U of hexokinase (Sigma-Aldrich, St Louis, MO, and 5 U of glucose-6-
phosphate dehydrogenase (Sigma-Aldrich) in 150 μL reaction system.
To evaluate the difference in inhibition on purified ATPS2 from S.
pinnata between selenate and sulfate, the inhibitory assays contained
0.2 M Na-selenate or Na-sulfate, or 0.2M NaCl, in 50mM Tris-HCl
(pH 8.0), 5 mM MgCl2, 0.3 mM NADP+, 1mM glucose, 1mM PPi, 10 U
of hexokinase, and 5 U of glucose-6-phosphate dehydrogenase in 150 μL
reaction system. All reactions were initiated by addition 1.5 μL of
11mM (final concentration 0.11mM) adenosine-5′-phosphosulfate
(APS). The change in absorbance at 340 nm was recorded and corrected
for the background rate before adding APS. The extinction coefficient
for absorbance of pyridine nucleotide at 340 nm of 6.22mmol−1 cm−1

was used to calculate the ATP sulfurylase activity.

2.5. Sequence analysis and alignments

Sequence alignment and analysis were performed using the multiple
alignment program for amino acid or nucleotide sequences (MAFFT
version 7, online version) and ExPASY translate tools (available online

Fig. 1. Effect of Se on the expression of ATPS1 (a), ATPS2 (b), and ATPS4 (c) genes in roots of S. pinnata and S. elata. Plants were grown up in 1/2-strength Hoagland's nutrient solution
and pretreated for 1 h with 0 or 50 μM selenate before sampling. Transcript levels were analyzed by qRT-PCR. Data shown are the mean ± SE of three biological replicates. Letters above
bars indicate statistically significant groups (P < 0.05).
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at http://web.expasy.org/translate/). Searches for sequence similarity
and characteristics were performed using the BLAST (Basic Local
Alignment Search Tool) and CDD (Conserved Domains) network service
provided by the National Center for Biotechnology Information (NCBI,
available online at www.ncbi.nlm.nih.gov).

2.6. Subcellular localization of GFP fusion proteins

The plasmids encoding ATPS2-GFP fusions were transformed into
Arabidopsis protoplasts, and expressed proteins were observed under a
confocal microscope, as described by Abdel-Ghany et al. [33] with
modification. GFP fusions were expressed in Arabidopsis protoplast-
derived cells from the 35S promoter in the GFP reporter plasmid 35SΩ-
GFP(S65 T). For protoplast preparation, 5-week-old Arabidopsis plants
(ecotype Columbia) were used. Fresh leaf tissue (5 g) was placed in
10mL of a buffer containing 1.5% (w/v) cellulase onozuka R-10 (RPI,
Mt Prospect, IL), 0.4% (w/v) macerozyme R-10 (RPI), 0.1% (w/v) BSA,
10mM CaCl2, 20mM KCl, 0.4M mannitol, 20 mM MES, pH 5.7, va-
cuum infiltrated for 1min, and incubated over night at room tem-
perature in dark condition. The clear digest was filtered through a 75-
mm nylon mesh, and the protoplasts were harvested by centrifugation
for 2min at 200×g and washed twice in 20mL of cold W5 wash so-
lution (154mM NaCl, 125mM CaCl2, 5 mM KCl, 2 mM MES, pH 5.7).
The pellet was suspended in 2mL of mannitol/magnesium solution
(15mM MgCl2, 0.4 M mannitol, 4 mM MES, pH 5.7). Protoplasts were
counted using a hemocytometer, and their concentration was adjusted
to 4×106 intact cells mL−1 with mannitol/magnesium solution. One
microgram of plasmid DNA, and 110 μL of polyethylene glycol (PEG)
solution (40% PEG 4000, 0.2 M mannitol, 0.1M CaCl2) were added to
100 μL of the protoplast solution, very gently mixed, and allowed to
incubate for 30min at room temperature. The solution was very slowly
diluted with 440 μL of W5 solution and then pelleted by centrifugation
for 2min at 200×g. Protoplasts were resuspended in 1mL of W5 so-
lution, and incubated at room temperature for 16 h under continuous
light. Fluorescence of ATPS2-GFP fusion proteins in protoplasts was
obtained using an Olympus Fluoview 300 inverted confocal laser-
scanning microscope (Olympus, Waltham, MA), and images were cap-
tured by the Fluoview software and saved as Tiff files.

2.7. Modeling and refinement of ATP sulfurylase2 from S. pinnata and S.
elata

The initial structure of ATPS2 was generated by a fully automated
protein structure homology-modeling server [34] (SWISS-MODEL,
available online at https://swissmodel.expasy.org) by using the struc-
ture of ATPS from soybean [35] as a search template. PyMOL (PyMOL
Molecular Graphics System, Version 2.0.6 Schrodinger, LLC) was used
for the further refinement of structure [36].

2.8. Data statistical analysis

The Statistical Analysis Software (SAS 9.0 Institute, USA) was used
for statistical data analysis, the Duncan's multiple rank test was used to
compare means of traits at P=0.05. All datasets were tested for normal
distribution and equal variance.

3. Results

3.1. Expression of ATPS and ATP sulfurylase activity

To obtain insight into the expression levels of ATPS isoforms and the
effects of the presence of Se, the transcript abundance was investigated
in the roots of S. pinnata and S. elata plants using qRT-PCR (Fig. 1).
Generally, the transcript levels of ATPS isoforms in roots showed a large
difference between S. pinnata and S. elata: the transcripts for ATPS1,
ATPS2 and ATPS4 were much more abundant in the Se hyper-
accumulator than in the non-accumulator. Among these, a distinctly
higher transcript level was observed for ATPS2 in the Se hyper-
accumulator compared with ATPS1 and ATPS4 (Fig. 1, note scale dif-
ference). The expression of ATPS1 and ATPS4 isoforms tended to be
enhanced by short-term selenate exposure in the Se non-accumulator,
but, interestingly, this was not observed for the ATPS2 isoform. For the
Se hyperaccumulator, selenate did not affect the transcript abundance
of any of the three ATPS isoforms (Fig. 1). To determine the total
ATP‑sulfurylase enzyme activity in root tissue of both species, crude
extracts from root tissue of 3-week old plants were used to perform an
ATPS enzyme assay using the reverse enzyme reaction, which is most
commonly used, as it is energetically favored. The Se hyperaccumulator
showed over 2-fold higher ATP sulfurylase activity in the root com-
pared with the Se non-accumulator (Fig. 2).

3.2. Sequence alignment of ATPS2s and their sequence characteristics

The full coding sequences of ATPS2 from S. pinnata and S. elata were
cloned from root cDNA. Sequence analysis of the clones from S. pinnata
and S. elata showed the presence of open reading frames encoding
polypeptides of 480 and 488 amino acid residues, respectively. The
predicted amino acid sequences were aligned with the published
Arabidopsis lyrata sequence as shown in Fig. 3. Similarity analysis in-
dicated that ATPS2 of S. pinnata and S. elata have 96% sequence si-
milarity, whereas ATPS2 of S. pinnata has 93% sequence similarity with
A. lyrata. ATPS2 proteins contain N-terminal extensions predicted to
serve as transit peptides for chloroplast targeting [14]. However, in-
terestingly, a stop codon was found in the transit peptide of S. pinnata
(Fig. 3, red X). In addition, the hyperaccumulator ATPS2 showed a
distinctly different C terminus than the two non-accumulator species,
and 11 unique amino acid residues across its sequence (Fig. 3, high-
lighted in red).

3.3. Structures of ATPS2 from S. pinnata and S. elata

In order to see if the Stanleya ATPS2 proteins contain all features of
active ATPS enzymes we did structural modeling of the predicted ma-
ture proteins. The modeled 3D structures of ATPS2 from S. pinnata (A)
and S. elata (B) are shown in Fig. 4, and the detailed helix and strand

Fig. 2. ATP-sulfurylase activity in roots of 3 week-old plants of S. pinnata and S. elata.
Values shown are the mean and SE of three samples. Letters above bars indicate sig-
nificant differences between the means (P < 0.05).
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structure are labeled above the amino acid sequence alignment in
Fig. 3. We used the Met59 of the precursor sequences (see Fig. 3) as a
start point of the mature proteins. Thus, from here on, all amino acid
numbering starts at this Met except where mentioned. It should be
noted however that the N-termini and C-termini of the Stanleya ATPS2
sequences could not be modeled due to lack of overlap with template
models in the database. Thus the 3D models in Fig. 4 start with the
sequence LTEPDG and end with KYYESL, corresponding to the end of
the last alpha helix indicated in Fig. 3. ATPS proteins are characterized
by the presence of several conserved amino acid sequences, most no-
tably a conserved HXXH motif at the active site and a flexible loop
(GXTKADDVPLD) close to the active site [37,38]. The sequence align-
ment (Fig. 3) and structure modeling (Fig. 4) showed a conserved
HNGH motif located in a helix that is part of the active site, as well as
the loop sequence (GFTKADDVPLD) in all three species. The analysis of
conserved regions indicates that ATPS2 from S. pinnata and S. elata

contains a PUA-like domain belonging to the PUA_2 super family,
which is generally found at the N-terminus of ATP sulfurylase enzymes
[36]. Another feature of ATPS2 from S. pinnata and S. elata is that a
flexible loop (residues 241–250) is positioned over the active site, as
mentioned above (Fig. 3). This mobile loop may be in a “closed” or
“down” as well as in an “open” or “up” position corresponding with
occupancy of the active site, as reported for the crystal structures of
microbial ATP sulfurylases [38,39]. With the prediction of the enzyme
active site, both model building and conserved domain analysis indicate
the same amino acid residues within the SpATPS2 and SeATPS2 active
sites (Fig. 4; for detailed views see Supplementary Figs. S2 and S2). The
unique amino acid sequences found in ATPS2 from S. pinnata, relative
to non-accumulators S. elata and A. lyrata (Fig. 3, red highlights) might
alter oligomeric interactions between the chains to some extent, but
were not present in the conserved regions of ATPS2 necessary for cat-
alysis (Fig. 4).

Fig. 3. Sequence alignment of ATP sulfurylase 2 (ATPS2) from S. pinnata, S. elata and A. lyrata. Red, yellow and green colors show sequence differences. The predicted transit sequence
cleavage sites are indicated by a red line. The red X indicates termination due to a stop codon in the transit peptide of S. pinnata ATPS2. The predicted secondary structure is shown above
the alignment with H indicating alpha helix and S indicating beta strand segments. The HXXH motif and flexible loop are indicated in red and black boxes respectively. The first (Met1)
and second methionine (Met59) residues in the transit peptides are shaded and highlighted. Met1 was used as the start codon for subcellular localization constructs. Met59 was used as
start codon for protein expression cloning. The predicted residues of the active site are underlined.
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3.4. Subcellular localization of ATPS2 from S. pinnata and S. elata

To determine the subcellular localizations of ATPS2 from S. pinnata
and S. elata, the full-length sequences of ATPS2 from S. pinnata and S.
elata were fused to GFP. In addition, we constructed a mutant version of
the fusion for ATPS2 from S. pinnata with Met1 converted to Leu1 so
that translation should initiate at the Met close to the predicted start of
the mature sequence (Met58 in Fig. 3). This mutant was designed to
investigate the possible effect of a stop codon in the transit peptide on
the expression and subcellular localization of ATPS2 from S. pinnata.
The resultant ATPS2-GFP constructs were transformed and expressed in
Arabidopsis protoplasts (Fig. 5). Both S. pinnata ATPS2-GFP fusions, the
“native” (SpATPS2-GFP) and the mutated ATPS2 (SpATPS2-GFPM-L)
were expressed but they only showed localization to the cytosol and not
in the plastids, as evidenced by the lack of overlapping fluorescence
with the red chlorophyll auto-fluorescence signals (Fig. 5 A and B).
However, in the transfection with the GFP fusion constructs for ATPS2
of S. elata (SeATPS2-GFP), GFP was observed with both cytosolic and
chloroplastic localization, as indicated by the overlay of green fluor-
escence and red auto-fluorescence from chlorophyll (Fig. 5; panels C
and D show two different cells transfected with the same construct).
The extent of cytosolic location seemed to depend on relative

expression. These observations suggest that ATPS2 of S. elata can have
dual localization in the plant, similar to what was reported before for
Arabidopsis [14]. Importantly, the stop codon in the S. pinnata transit
sequence did not abolish expression of SpATPS2-GFP. We conclude that
for both SpATPS2-GFP and SpATPS2-GFPM-L translation must have
started at the AUG close to the start of the predicted mature sequence,
which appears to have changed the localization of ATPS2 to exclusively
cytosolic in this Se hyperaccumulator species.

3.5. Effect of S and se on enzyme activity of purified S. pinnata ATPS2

ATPS2 from S. pinnata (SpATPS2) was overexpressed in E. coli as an
N-terminally His-tagged protein and purified using Ni2+-affinity chro-
matography, as described in the Methods section; then the His-tag was
cleaved with thrombin to obtain the purified protein. ATPS is predicted
to be a homodimer, according to the structure modeling. The SDS-PAGE
and immunoblot gel analysis indicated that the subunit molecular
weight of the purified SpATPS2 was ~48 kDa, which is the expected
size (Fig. 6).

Because it is energetically favored in vitro, the reverse ATPS reac-
tion is commonly assayed, which measures the formation of ATP and
sulfate from APS (present at 0.11mM) and PPi. To investigate the

Fig. 4. Predicted structures of ATP sulfurylase 2 (ATPS2) homodimers from S. pinnata (A) and S. elata (B). The N-terminus (N), C-terminus (C), flexible loop, and ADP coenzyme (red in
chain A and pink in chain B) are indicated. The active sites of both subunits are showing the bound ADP molecule drawn as a stick model. Residues predicted to be important for
nucleotide binding are labeled with numbering in the active site of each subunit (F214, Q215, L216, R217, N218, H224, L227, M291, V316, G317, R318, P320, A321, R357, V358, A359).
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sulfate/selenate substrate specificity of purified SpATPS2, we analyzed
the inhibitory effect of 0.2M sodium sulfate or sodium selenate on this
reverse enzyme activity. As controls, either the same volume of H2O
was used, or 0.2 M sodium chloride to control for any salt effect. We
expected that addition of excess sulfate should partly inhibit ATP for-
mation (driving the reaction back towards APS and PPi formation). We

Fig. 5. Subcellular localization of ATPS2-GFP fusion proteins in Arabidopsis protoplasts. (A) ATP sulfurylase 2 of S. pinnata fused to GFP shows cytosolic localization; (B) ATP sulfurylase 2
of S. pinnata M_L fused to GFP (mutant form of ATPS2 with AUGMet start codon changed to CUGLeu) shows cytosolic localization; (C) Cell expressing ATP sulfurylase 2 of S. elata fused to
GFP shows predominantly chloroplast localization; (D) Cell expressing ATP sulfurylase 2 of S. elata fused to GFP with chloroplast showing dual-localization in cytosol and chloroplasts.
Bright-field, GFP fluorescence (green), chlorophyll fluorescence (red), and merged images (green and red) are shown.

Fig. 6. Purification of ATPS2 from S. pinnata (A) SDS-PAGE (12.5% gel) stained with
Coomassie Brilliant Blue. (B) immunoblot analysis using his-tag antibody. Lane 1, mo-
lecular mass standards. Lane 2: The flow through of Ni-NTA column (lane 2),Lane 3+ 4:
50mM Tris pH 7.5, 1 M NaCl wash fractions. Lanes 5+ 6 eluate in 1M imidazole. 2 μg of
protein was loaded.

Fig. 7. Effects of sulfate, selenate or NaCl on enzyme activity of purified ATP-sulfurylase
2 from S. pinnata. Salts were added to 200mM. Water was used in the control. Values
shown are the average and SE of three samples. Letters above bars indicate significant
groups (P < 0.05).
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were interested to test if selenate could also affect the reaction, possibly
revealing a preference of the enzyme for either the S or Se substrate.
The activity of purified SpATPS2 was significantly (~50%) inhibited by
200mM sodium sulfate, as well as by 200mM sodium selenate (~33%).
As expected there was no significant effect of sodium chloride (NaCl) on
the reaction suggesting that the effects of sulfate and selenite were not
just due to salt effects on the enzyme (Fig. 7). These findings indicate
that SpATPS2 can also use selenate as a substrate, and does not prefer
selenate over sulfate in the reaction as assayed. In fact, the enzyme was
slightly more inhibited by sulfate than selenate (Fig. 7).

4. Discussion

This study sheds new light on the potential role of ATP sulfurylase in
Se hyperaccumulation in S. pinnata. Compared to non-accumulator S.
elata, the Se hyperaccumulator had 5-fold higher root transcript levels
of ATP sulfurylase 2, and 2-fold higher root ATPS enzyme activity
(collective activity from all four isoforms). Interestingly, the SpATPS2
contains a stop codon in its plastid targeting sequence, resulting in
purely cytosolic localization, while ATPS2 of S. elata showed dual lo-
calization in plastids and cytosol, as also reported earlier for spinach
and A. thaliana [14,40]. In addition to differences in its predicted transit
sequence, SpATPS2 was uniquely different from its S. elata and A. lyrata
homologues in its C terminus and nine other amino acid residues, none
of which are in the predicted active site or mobile loop. Inhibition by
sulfate or selenate of in vitro reverse ATPS activity assays using purified
recombinant SpATPS2 indicates that the enzyme can use selenate as a
substrate, but does not show a preference for selenate over sulfate.

Based on these results, ATPS2 appears to be the most abundant
isoform in the Se hyperaccumulator, while in non-accumulators ATPS1
is most abundant. The finding that the main ATPS activity in the hy-
peraccumulator appears to be exclusively cytosolic is intriguing because
sulfate (and selenate) assimilation is generally thought to happen
mostly in plastids. The cytosolic ATPS activity is considered to be more
important for the synthesis of sulfated metabolites like glucosinolates,
via the intermediate 3′-phospho-5′-adenylylsulfate(PAPS) [41]. Based
on the activity assays of the purified SpATPS2, this enzyme likely can
utilize selenate as a substrate. This likely is a general property of ATP
sulfurylases, judged from earlier studies where overexpression of an-
other ATPS isoform (AtAPS1) in B. juncea enhanced Se assimilation, as
well as accumulation and tolerance [22,23]. Considering the high
transcript level of ATPS2 in S. pinnata compared to the same transcript
in S. elata and to the transcript levels of other ATPS isoforms in both
species, it is reasonable to hypothesize that S and Se metabolic fluxes in
the Se hyperaccumulator are altered relative to those in Se non-accu-
mulators, particularly in view of the cytosolic location of the SpATPS2.
This is of particular interest in the context of the plant's ability to hy-
peraccumulate Se. Perhaps the high cytosolic SpATPS2 levels enable the
hyperaccumulator to quickly metabolize incoming selenate and sulfate,
thereby reducing cytosolic selenate and sulfate concentrations and sti-
mulating root sulfate transporter activities. Interesting to note in this
respect is that Sultr1;2 has been found to be very much upregulated in S.
pinnata [26]. Interesting is also the earlier observation that over-
expression of AtATPS1 in B. juncea stimulated S and Se accumulation
[22]. More studies are needed to elucidate the subsequent fate of the
APSe produced in the cytosol of S. pinnata roots. It may either be
converted in the cytosol via PAPSe to downstream selenated metabo-
lites, or its Se may still find a way to be metabolized to methyl-sele-
nocysteine, the main form of Se in this species [19]. All APR isoforms
are reportedly plastidic in plants [42]. Further conversion from selenite
to SeCys and methyl-SeCys probably readily proceeds. It is also pos-
sible, considering that the overexpression of SpATPS2 is mainly in the
root [25], that high root cytosolic ATPS activity facilitates translocation
of Se to the shoot, a known feature of this hyperaccumulator [26].

The specific activity of the purified ATPS2 protein was 3.5 μmol
substrate per minute per milligram protein in the ATP synthesis

reaction, which is relatively low compared to the activity of earlier
reported ATP sulfurylases [2,4]. It does not appear that the SpATPS2 is
selenate-specific, based on the activity assays of the purified SpATPS2.
Whole-plant selenate uptake studies have shown that selenate uptake
by S. pinnata is only marginally inhibited by high sulfate, in contrast to
S. elata or B. juncea [26]. The mechanism of this selenate specificity
does not appear to involve selective activation in the root cells, based
on the new results presented here, but rather may involve one or more
selenate-specific transporters.

In conclusion, the findings reported here provide new insights into
the metabolic mechanisms in Se hyperaccumulator plants. The high
ATP sulfurylase 2 activity in the cytosol and concomitant reduced ATPS
activity in the plastids of the root likely divert Se (and S) fluxes in the
plant that in turn may lead to enhanced root selenate uptake and per-
haps translocation and assimilation. The availability of the purified
SpATPS2 enzyme opens the possibility to do further follow-up struc-
tural and kinetic studies to reveal the possible importance of its unique
amino acids and better understand its role in Se metabolism in this
hyperaccumulator.
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