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Summary

e The fern Pteris vittata is an arsenic hyperaccumulator. The genes involved in arsenite (As
(1)) transport are not yet clear. Here, we describe the isolation and characterization of a new
P. vittata aquaporin gene, PvTIP4;1, which may mediate As(lll) uptake.

e PvTIP4;1 was identified from yeast functional complement cDNA library of P. vittata.
Arsenic toxicity and accumulating activities of PvTIP4;1 were analyzed in Saccharomyces
cerevisiae and Arabidopsis. Subcellular localization of PvTIP4;1-GFP fusion protein in
P. vittata protoplast and callus was conducted. The tissue expression of PvTIP4,;7 was investi-
gated by quantitative real-time PCR. Site-directed mutagenesis of the PvTIP4;1 aromatic/
arginine (Ar/R) domain was studied.

e Heterologous expression in yeast demonstrates that PvTIP4;1 was able to facilitate As(lll)
diffusion. Transgenic Arabidopsis showed that PvTIP4;7 increases arsenic accumulation and
induces arsenic sensitivity. Images and FM4-64 staining suggest that PvTIP4;1 localizes to the
plasma membrane in P. vittata cells. A tissue location study shows that PvTIP4;7 transcripts
are mainly expressed in roots. Site-directed mutation in yeast further proved that the cysteine

Key words: aromatic/arginine (Ar/R),
arsenic (As), arsenite (As(Ill)), aquaporin,
Pteris vittata, PvTIP4,;1, uptake.

at the LE1 position of PvTIP4;1 Ar/R domain is a functional site.
e PvTIP4;1 is a new represented tonoplast intrinsic protein (TIP) aquaporin from P. vittata

and the function and location results imply that PvTIP4;7 may be involved in As(lll) uptake.

Introduction

The wide distribution of toxic arsenic (As) in soil and water is of
great concern with respect to adverse health effects (Hayes, 1997;
Jarup, 2003; Mudhoo ezal., 2011; Yang, 2011). It occurs pre-
dominantly in an inorganic form as arsenate (As(V)) and arsenite
(As(II1)) (Cullen & Reimer, 1989).

The first known arsenic hyperaccumulation fern, Preris vittata
(brake fern), is highly efficient in a range of inorganic and organic
arsenic species for extraction of this metal from the soil and for
arsenic translocation into its fronds (Ma ez al., 2001; Wang et al.,
2011). Although As(III) is predominant under anaerobic condi-
tions, it is also present in aerobic environments where As(V) typi-
cally dominates (Wang eral, 2011), for example as a result of
biochemical transformation by plant roots (Xu ez al., 2007) and
microbially mediated As(V) reduction (Yamamura ez al., 2008).
As(IIT) accounts for an important part of arsenic pools in plant
rhizospheres and in aerobic soils.

The mechanisms of arsenic hyperaccumulation in P. vittata
include the process of arsenic uptake, reduction, efflux and
sequestration. In the last few years, molecular mechanisms of As
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hyperaccumulation in P. vittata have been widely studied.
PvACR2 is a specific glutathione-dependent As(V) reductase and
plays an important role in As(V) reduction in the roots of
P. vittata (Duan et al., 2005; Ellis ez al., 2006). Expressing PvTPl
in bacterial cells can also show that the gene has a role in As(V)
reduction (Rathinasabapathi eral, 2006). PvGrx5, a plant
glutaredoxin, was reported to have a role in arsenic tolerance and
homeostasis via improving As(V) reduction and regulating cellu-
lar arsenic levels (Sundaram ez al,, 2008). As(III) antiporter gene
PvACR3 was identified and found to be necessary for arsenic tol-
erance in P. virtata gametophytes, indicating that PvACR3 likely
effluxes As(IIl) into the vacuole for sequestration (Indriolo ezal.,
2010). Expressing PvACR3 in Arabidopsis thaliana further proved
that PvACR3 can mediate As(III) eflux (Chen ez al., 2013). The
identification of these genes and proteins provides insight into
the dissection of the molecular mechanisms of arsenic hyperaccu-
mulation of this extraordinary fern. The genes required for
arsenic tolerance and hyperaccumulation, for example, As(III)
uptake, however, are still not clear yet in P. vittata.

The major intrinsic protein (MIP) family is a family of
channel proteins and can be classified as aquaporins (AQPs;
water channels) and aquaglyceroporins (GLPs; glycerol intrinsic
proteins) (Heymann & Engel, 1999). In higher plants, the
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MIP family can be classified into seven plant-specific sub-
groups: plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), the nodulin-26 like intrinsic proteins
(NIPs), the small basic intrinsic proteins (SIPs), hybrid intrin-
sic proteins (HIPs), the uncategorized X intrinsic proteins
(XIPs) and the GlpF-like intrinsic proteins (GIPs) (Weig ez al.,
1997; Chaumont etal., 2001; Quigley etal, 2002; Danielson
& Johanson, 2008). Based on phylogenetic comparisons, PIPs,
TIPs, NIPs, HIPs, XIPs and SIPs belong to the AQPs (Johan-
son etal, 2001) and GIPs are regarded as GLPs (Gustavsson
etral., 2005). MIPs can function as channels facilitating the
movement of water and/or small neutral solutes, which include
As(Ill) in a wide variety of organisms.

To date, several MIPs have been reported to be involved in As
(III) transport. The Escherichia coli aquaglyceroporin, GIpF
(Meng ez al., 2004), and the Saccharomyces cerevisiae aquaglycero-
porin, Fpslp (Wysocki eral., 2001), are membrane proteins that
have been demonstrated to transport As(IIl). It has been shown
that mammalian aquaglyceroporins, AQP9 and AQP7, may be
major routes of As(III) uptake into mammalian cells (Liu ezal.,
2002). Recently, it was reported that OsNIP2;1 (Lsil) of Oryza
sativa was an As(III) channel responsible for arsenic accumulation
in rice grains (Ma et al., 2008). Moreover, OsNIPI;1, OsNIP2;2
(Lsi6) and OsNIP3;1 all showed their permeability to As(III) in
Xenopus laevis oocytes (Ma et al., 2008). The members of the rice
PIP subfamily, OsPIP2;4, OsPIP2;6 and OsPIP2;7, are also
involved in As(IIl) transport (Mosa ezal., 2012). In Arabidopsis,
NIPI;1, NIP2:1, NIP3;1, NIP5;1 and NIP7;1 are permeable to
As(III) and the disruption of these genes decreases the As concen-
tration in plants (Bienert eral, 2008; Isayenkov & Maathuis,
2008; Kamiya ez al., 2009; Xu et al., 2015). Other NIPs, such as
AtNIP6;1 and AtNIP7;1 from Arabidopsis and LjNIP5;1 and
LiNIPG6;1 from Lotus japonicas, are also permeable to As(III)
(Bienert et al., 2008).

TIP is a subfamily of AQPs that was first called TP25 foritisa
tonoplast protein (Johnson eral, 1989, 1990). Based on
sequence homology, TIPs have been further classified into six dis-
tinct groups, which include TIP1, TIP2, TIP3, TIP4, TIP5
(Chaumont et al., 2001; Quigley ez al., 2002) and TIP6, specifi-
cally expressed in Physcomitrella patens (Danielson & Johanson,
2008). Some TIPs have been detected to be predominantly
located at the tonoplast (Johnson ez al., 1989; Hofte ez al., 1992;
Daniels etal., 1996). However, the subcellular distribution of
TIPs might be more complex than previously thought (Barkla
etal., 1999). Fluorescence signals of AtTIP2;1 and ActTIP1;2 are
localized not merely to the tonoplast, but in several endosomal
membrane compartments. In addition, AtTIP4;1-derived fluo-
rescence was hardly detectable in the tonoplast, whereas the signal
in released material including plasma membrane remained
stronger (Liu et al., 2003). Phylogenetic and signal peptide analy-
ses and GFP fusion experiments confirmed that AtTIP5;1 is an
aquaporin with mitochondrial localization (Soto eral, 2010).
Studies have shown that AcTIP4;1 can mediate the transport of
water to regulate water flow in response to drought and salinity
stress. In additon to its role as a water channel proteins,
AtTIP4;1 also transports urea (Liu ez al., 2003).
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The structures of AQPs have been solved at atomic resolution
by X-ray crystallography. AQPs comprise six membrane-span-
ning o-helices and five loops located on the intra- or extracyto-
plasmic side of the membrane (Fu eza/., 2000). The N-terminal
extremity of AQP displays ¢. 20% conservation with the C-termi-
nal extremity (Wistow ez al., 1991). It has been reported that C-
and N-terminal domains of AQP are important for the transport
activity (Cabello-Hurtado & Ramos, 2004). N-terminal trunca-
tion of AtNIP5;1, AtNIP6;1 (Bienert et al, 2008) and C-termi-
nal truncation of AtNIP3;1 have significant effect on As(III)
transport capacity (Xu ez al., 2015).

Sequence analysis reveals the presence of a highly conserved
aromatic/arginine (Ar/R) signature sequence motif in AQPs
(Agre & Kozono, 2003). The Ar/R region consists of a spatial
arrangement of residues from helices 2 (H2), helices 5 (H5), and
loop E (LE1 and LE2) (Stroud ezal., 2003). The current view
holds that the Ar/R region acts as a size-exclusion barrier and
serves as a selectivity filter for the transport of substrates (Sui
etal., 2001). For instance, the substitution of the amino acid at
the H5 position of OsLsil results in a total loss of Si and boron
transport activities and a partial loss of As(III) transport activity
(Mitani-Ueno et al., 2011).

In the present work, to select genes that mediate As(III) uptake
in P. vittata, the yeast As(IlI) uptake mutant Afps! (Wysocki
etal, 2001) was transformed with a c¢DNA library from
P. vittata. We identified a new TIP4-like aquaporin protein in
P. vittata with an As(I1I) sensitive transformant. We employed As
(III) transport activity assays of the aquaporin protein in yeast
mutants and transgenic plants as well as subcellular and tissue
localization studies.

Materials and Methods

Isolation of PvTIP4:1

A full-length cDNA library was constructed from RNA purified
from Preris vittata L. grown in As(IlI)-free and As(IIl)-containing
medium, using Gateway technology (CloneMiner cDNA Library
Construction Kit; Invitrogen). Then the full-length ¢cDNA
sequences were transferred into the yeast expression vector
pAG413GAL-ccdB containing a His selectable marker by an attL
and attR recombination reaction (LR reaction). The library was
transformed into the As(III)-resistant yeast strain Afps/ and trans-
formants were directly plated onto As(Ill)-selective medium
(SD-His with 1 mM As(I1I), 2% galactose/glucose, and 2% (w/v)
agarose). As(IIl) sensitive transformants were selected and the
cDNA sequences were isolated and sequenced.

Protein structure and phylogenetic analysis

The PvTIP4;1 sequence was analyzed using DNAMAN and dis-
played using TMRPres2D (Spyropoulos ezal., 2004) to deter-
mine the position of the transmembrane helices. The amino acid
sequences of PvIIP4;1, ScFpsl and AQPs from Physcomitrella
patens, Arabidopsis thaliana and Oryza sativa were aligned and a
phylogenetic tree was constructed using neighbour-joining
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distance methods (Poisson model) in MEGA version 5.05
(Tamura ezal., 2011). Bootstraps were performed with 10 000
replications. The amino acid sequences of PvTIP4;1 and TIP4s
in plants were aligned using DNaMAN (Lynnon Biosoft, Quebec,
Canada) software according to the default program configura-
tion. The obtained comparisons were saved as *.seq files in GCG
format (accepted by the GENEDOC program). Edition of align-
ments using GENEDOC tools was conducted. The GenBank acces-
sion numbers of all sequences are listed in Supporting
Information Table S1.

Yeast arsenic toxicity and transport activities assays

The constructed vectors PvT1P4;1-pAG413GAL along with the
empty vector pAG413GAL using the CloneEZ PCR Cloning Kit
(Genscript  Co., Nanjing, China), were transformed into
Saccharomyces cerevisiae Afpsl and Aacr3 mutant. The methods
related to yeast cultures, transformations and growth assays
mainly referred to the book ‘Methods in yeast genetics: a Cold
Spring Harbor laboratory course manual’ (Adams ezal., 1997).
Yeast cells were grown at 30°C in synthetic defined (SD) medium
(0.67% yeast nitrogen base, Sigma) without amino acids, con-
taining 2% (w/v) glucose or 2% (w/v) galactose (induction
medium), supplemented with yeast synthetic dropout without
histidine (Clontech, CA, USA), pH 5.8.

For the arsenic toxicity assay, yeast was diluted by sterile water
to an ODggo of 1.0, 0.1, 0.01 and 0.001. The drop assays were
performed on SD-His plates (with 2% (w/v) galactose/glucose)
containing 0 and 1.0 mM sodium As(III) for the yeast transfor-
mants of Afpsl or 0 and 0.2 mM As(V) for the yeast transfor-
mants of Aacr3.

For arsenic toxicity growth curve assay, yeast was diluted by
20 ml liquid SD-His + gal medium to an ODgg 0f 0.1 in 100 ml
triangular flasks containing 100 M sodium As(III) for the yeast
transformants of AfpsI and 200 uM sodium As(V) for the yeast
transformants of Aacr3. Then the triangular flasks were incubated
at 30°C ar 200 rpm and the ODgqq values of the medium were
measured after 0, 6, 12, 18 or 24 h.

For the arsenic accumulation test, the yeast transformants of
Afps] were grown in liquid SD medium (with 2% (w/v) galac-
tose) to an ODggp of 1.0 containing 100 pM sodium As(I1II) for
0.5, 1 or 2h or in 20, 50 or 100 uM sodium As(III) for 0.5 h.
The yeast transformants of Aacr3 were grown in liquid SD
medium (with 2% (w/v) galactose) to an ODggp of 1.0 contain-
ing 100 uM sodium As(V) for 4, 8 or 12h or in 20, 50 or
100 pM sodium As(V) for 4 h. The yeast samples were collected
after centrifuging and washing for three times with distilled
water.

All the assays were performed at least three times.

Arabidopsis arsenic toxicity and accumulation assays

PvTIP4;1 was cloning into the CaMV 35S promoter cassette of
pSN1301 and transformed into Arabidopsis thaliana Col-0 by an
Agrobacterium-mediated dip flora transformation (Clough &
Bent, 1998). Transgenic plants in the T, generation were selected
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using primers with the following sequences: PvTIP4;1 Fw:
ATGCCTCTCCGCAACATTGCCCTCG;  PvTIP4;1 Rv:
TCAGTAGTCCTGATCAGCAGAGGAG. The pSN1301 vec-
tor was used as control. All the plants were grown at 22°C under
a 16 h:8 h, light:dark photoperiod.

For seed germination observation, 50 seeds were incubated for
2 d at 4°C and placed horizontally on half-strength Murashige &
Skoog (/2MS) medium containing 0, 40 and 60 pM sodium
As(IIT) for 20 d to observe the phenotype. Plants grown on 0 or
40 pM sodium As(III) were used to calculated seed germination
rates.

For the As(Ill) toxicity growth assay, 3-d-old seedlings after
cultivation was placed vertically on the /AMS medium containing
0, 20 or 40 uM sodium As(III) for 20 d, then the fresh weight
(FW) and main root length were counted using the IMAGE] soft-
ware.

The plants for long-time arsenic treatment were grown on
¥%2MS medium containing 20 uM sodium As(III) for 20 d and
washed with distilled water three times, then dried at 65°C for
> 2 d to determine the arsenic concentration.

The plants for short-time arsenic determination were grown
on sMS medium for 20 d and then transferred to the medium
containing 60 pM sodium As(II) for 24 or 48 h and washed
with distilled water three times, dried at 65°C for >2d to
determine the arsenic concentration. Total arsenic content was
calculated as follows: dry weight (DW) plus the arsenic concen-
tration.

All the assays were performed on at least three biological repli-
cates.

Determination of arsenic accumulation using ICP-MS

Yeast and plant samples for arsenic determination were dried at
80°C for 6 h and digested with a concentrated acid mixture of
HNO;, HCIO4 and H,SO4 (Guaranteed reagent, volume
ratio=4:1:0.5) at 250°C for 8 h. The concentrated acid was
diluted with distilled water to the final concentration of 5%. The
solution arsenic concentrations were determined using an Induc-

(ICP-OES)

tive Coupled Plasma Emission Spectrometer

(iCAP6300, Thermo Electron Corp., MA, USA).

Subcellular localization of PvTIP4;1-GFP fusion protein in
P. vittata protoplast

PyTIP4;1 was fused to GFP by cloning it into the 35S promoter
cassette of pGFPI121 between Xhol and Kpnl restriction sites by
recombination, using the following primers:

5'-ggg act cta gag gat ctc gag ATG CCT CTC CGC AAC
ATT GCC CTC G-3'

5'-ttc tec tet acc cat ggt acc GTA GTC CTG ATC AGC AGA
GGA GGG A-3';

the constructed plasmid was named pGFPI121-PvTIP4;1.

Incompact callus of P. vittata (Yang et al., 2007) were used for
protoplast isolation, according to the protocol described by Yoo
etal. (2007) with modification. Enzyme solution was prepared
with 20 mM MES (pH 5.7) containing 1.5% (w/v) cellulase
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R10, 0.4% (w/v) macerozyme R10, 0.5% (w/v) pectolyase Y-23
(pectolyase Y-23 was used in our experiments for improvement),
0.4 M mannitol and 20 mM KCl. After the protoplasts were
obtained, add 20 pl DNA (10-20 pg of plasmid DNA) and
200 pl protoplasts (c. 4 x 10* protoplasts) into an electropora-
tion cuvette and mixed gently. Short pulses (35 s) at 700 V were
delivered to the protoplast in the solution. Images of nontrans-
fected protoplasts, control protoplasts with GFP and protoplasts
with PvTIP4;1-GFP fusion protein were viewed under laser con-
focal scanning microscopy (Olympus FV1000MPE) after recov-
ery at room temperature (20-25°C) for 18 h. GFP was excited at
488 nm, and the emission was detected by a photomultiplier
through a 510 nm band pass filter.

Subcellular localization of the PvTIP4;1-GFP fusion protein
in P. vittata callus

Agrobacterium strain C58 was cotransformed with the binary vec-
tor pGFP121- PvTIP4;1 by electroporation. The Agrobacterium
culture was used to transform the P. vittata gametophyte by soak-
ing gametophytes with cuts in the Agrobacterium culture for
30 min. The gametophytes were dried with filter paper and trans-
ferred onto MS medium containing 0.5 mgl™" 6-benzylami-
nopurine, 1.5 mg 17! 2,4-D and 100 UM acetosyringone for 3 d
at 25°C in dark. Then the gametophytes were rinsed with
300 mg 1~ cefradine solution 4-5 times, dried with filter paper
and transferred onto MS medium containing 0.5 mgl~" 6-BA,
1.5 mg It 2,4-dichlorophenoxy, 10mM hygromycin and
600 mg1~" cefradine. After 2 wk cultivation, the gametophytes
were transferred to MS medium containing 0.5 mgr1 6-BA,
1.5mgl™"! 2,4-D, 15 mM hygromycin and 300 mg 1~ cefradine
for ¢. 30 d, after which the calli of P. vittata were induced from
gametophytes. For FM4-64 staining, the callus was transferred to
2.5 UM FM4-64 diluted in AMS medium for 3 min. Then the
fluorescent signals of both GFP and FM4-64 from the callus were
observed under laser confocal scanning microscopy. GFP was
excited at 488 nm, and the emission was detected by a photomul-
tiplier through a 510 nm band pass filter. The FM4-64 was
excited at 543 nm, and the emission was detected by a photomul-
tiplier through a 581 nm band pass filter.

Preparation of total RNA and quantitative real-time PCR
analysis

MIQE guidelines (Bustin et al., 2009) were used to produce the
data (Table S2). Two-month-old Preris vitatta sporophytes were
treated with 0 or 0.2 mM sodium As(III) for 24 h and total RNA
was extracted from sporophytes fronds, stipes and roots tissues
using the Plant RNA Reagent kit (Invitrogen) and treated with
DNase using the TURBO DNA-free™ Kit (Applied Biosystems,
MA, USA). All the RNA samples’ quantification was detected
according to the instruction. First-strand cDNAs were synthe-
sized using TransScripr First-Strand cDNA Synthesis SuperMix
(TransGene Biotech, Beijing, China) and the water was used as
no-template controls (NTCs). Real-time (RT) PCR samples were
prepared with the SYBR Premix Ex Tﬂqm GC Kit (TaKaRa, CA,
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USA) and performed using the StepOne™ Real-Time PCR Sys-
tem (Applied Biosystems). Pteris vittata Actin and Histon genes
were used as internal controls. The primers for quantitative (q)
RT-PCR analysis were as follows, each primer pair was optimized
for the amplification of a single PCR product:

PvTIP4;1 Fw: GCCAGTCTTCTGCTCAAATACACCG;

PvTIP4;1 Rv: CAATACAATCTCCAGCACCAACGCG;

PvActin Fw: CAGGTCCAGCCTCAGTATCG;

PvActin Rv: GCCATTCAAGCCGTTCTCT;

PvHiston Fw: GGGTTTACATTCAGCGAAGGC;

PvHiston Rv GCTTTCCCTCCAGTGGACTT.

The efficiencies of all PCR reactions were between 90—-100%;
the limit of detection of each assay are all detected as the instruc-
tion required.

C-terminal truncated mutagenesis

C-terminal truncated mutants of PvTIP4;1, 539 were generated
on the pAG413GAL-ccdB vector and were transformed into the
Afps] yeast mutant. Yeast was diluted by sterile water to an
ODggo of 1.0, 0.1, 0.01 and 0.001. The drop assays were per-
formed on SD-His plates (with 2% (w/v) galactose/glucose) con-
taining 0, 0.4 and 1.0 mM sodium As(IIl). The plates were
incubated for 3 d at 30°C.

Site-directed mutagenesis

Site-directed mutants of Pv77P4;1(HIAR) was generated on the
pAG413GAL-ccdB construct by PCR using Fast Mutagenesis Sys-
tem (TransGene Biotech) and the Pv7TIP4;1(HICR) was as con-
trols. Then the products were transformed into the AfpsI and
Aacr3 yeast mutant.

For Afpsl yeast mutant, drop assays were performed on SD-
His plates containing 0, and 0.1 mM sodium As(III) for As(III)
toxicity assay and treated with 50 pM sodium As(III) in 24 h for
growth curve assay. For arsenic accumulation test, yeast cells were
cultured in liquid SD medium with 50 pM sodium As(III) and
collected for arsenic determination.

For Aacr3 yeast mutant, drop assays were performed on SD-
His plates containing 0, and 0.1 mM sodium As(V) for As(V)
toxicity assay and treated with 50 uM sodium As(V) in 24 h for
growth curve assay. For arsenic accumulation test, yeast cells were
cultured in liquid SD medium with 50 uM sodium As(V) and
collected for arsenic determination.

Homology modelling of PvTIP4;1

PvTIP4;1(HICR) and PvTIP4;1(HIAR) three-dimensional mod-
els were constructed using the MODELLER software (Fiser & Sali,
2003). A high-resolution aquaporin structures E. coli GlpF (PDB
ID: 1FX8) were used as templates simultaneously in the compar-
ative modelling procedure. To analysis the pore dimensions of
PvTIP4;1, structural models was carried out using the program
Motk v.2.0 (Sehnal ez al., 2013), which is a universal toolkit for
rapid and fully automated location and characterization of chan-
nels, tunnels and pores in protein structures. Dijkstra’s algorithm
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is used to identify tunnels as the shortest paths between the start
and end points. Three-dimensional models and the analyses of
pores were visualized within PYMOL (DeLano & Lam, 2005).

Results

The isolation of PvTIP4,1 gene and sequence analysis

To identify As(Il) uptake genes in P. vittata, the As(IIl)-resistant
yeast strain Afps] was transformed with a cDNA expression
library generated from P. vittara. Gene expression from the
GALLI promoter in pAG413GAL vector is induced by galactose,
but repressed by glucose. A transformed yeast colony F7 was sen-
sitive to 1 mM As(III) under which the growth of AfpsI was not
affected (Fig. 1).

Details of the insert fragment of F7 were deposited into
GenBank (accession no. KC517114); it encodes an aquaporin
similar in sequence to the yeast FpsI gene. The coding region cor-
responded to a 260 amino acid polypeptide, which was predicted
by hydropathy analysis to have six bilayer-spanning domains.
The six membrane-spanning domains are interrupted by five
loops (loops A-E), and cytosolic N- and C-terminal extensions.
Loops B and E contain the highly conserved asparagine—proline—
alanine (NPA) boxes and four residues from helix 2 (H2), helix 5
(H5), and loop E (LE1 and LE1) form the Ar/R region (Fig. 2a).

Protein blast on NCBI showed that the coding sequence
(CDS) of F7 encodes a protein similar in sequence to MIPs. Phy-
logenetic analysis of this protein with MIPs from the moss
P. patens, dicot A. thaliana and monocot O. sativa shows that the
aquaporin belongs to a tonoplast intrinsic protein (TIP) subfam-
ily (Fig. 2b). Further detailed analysis of TIPs indicates that it is a
TIP4s protein (Fig. 2¢) and therefore the protein was christened
PvTIP4;1 .

Functional analyses of the PvTIP4;1 protein in yeast

To confirm the As(IlI) sensitivity observed in plate assay, the
growth of Afpsl expressing PvTIP4;1 was also monitored in

Galactose

Glucose

Afps1-vec

F7

Afpsi-vec

F7
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liquid culture. Expression of PvTIP4;1 induced by galactose
caused growth retardation in Afps, either treated with 100 UM
As(IIT) or not (Fig. 3a). However, the growth of Afps! carrying
empty vector was slightly affected by 100 uM As(III), whereas
Afpsl expressing PvTIP4;1 was significantly inhibited at various
times (Fig. 3a). The relative growth comparing 100 pM As(I1I)
treatment with no arsenic control unambiguously showed that
PvTIP4;1 transformants were much more sensitive to As(III),
with a growth reduction of ¢. 50% compared with ¢. 5% of vector
control after 24 h cultivation (Fig. 3b). These results demonstrate
that PvTIP4;1 reverses As(III) resistance of AfpsI cells, which is
coincident with the results of the plate assay (Fig.1). Under
100 uM As(III) exposure conditions, whole cell As uptake
revealed that Afps! expressing PvT1P4;1 accumulated much more
As time periods compared with Afps/ carrying the empty vector
after 0, 0.5, 1 or 2 h (Fig. 3¢). Under short-term (0.5 h) As(III)
exposure, expression of PvTIP4;1 caused enhanced As accumula-
tion in an As(III) dose-dependent manner (Fig. 3d). Together,
expression of PvTIP4;1 caused increased As accumulation over
time or with As(III) supply, achieving approximately four- to six-
folds higher than the vector control (Fig.3c,d). These results
indicated that PvTIP4;1 may acts as an As(I1I) uptake channel in
yeast.

We expressed PvTIP4;1 in As(V) sensitive Aacr3 yeast mutant,
which is the deletion of yeast As(III) antiporter on plasma mem-
brane. This mutant lacks efflux transporter for As(II) and, as the
result of the activity of As(V) reductase Acr2p, accumulates As
(III) in the presence of externally supplied As(V). When 200 uM
As(V) was added, expression of PvTIP4;1 in Aacr3 rendered cells
more resistant toward to externally supplied As(V) compared
with vector control (Fig.4a,b), indicating that PvTIP4;1
enhanced As(V) tolerance of Aacr3. The relative growth showed
that PvTIP4;1 greatly promoted the growth of Aacr3 under As
(V) stress (Fig. 4c). Transport assays revealed that expressing
PvTIP4;1 significantly reduced arsenic accumulation over pro-
longed 100 pM  As(V) exposure (Fig. 4d). Cells expressing
PvTIP4;1 also showed decreased arsenic accumulation after expo-
sure to various amounts of As(V) supplied for 24 h (Fig. 4e).

Fig.1 A transformed yeast colony F7 was
found to be sensitive to 1 mM arsenite (As
(I1)). Saccharomyces cerevisiae Afps7 was
transformed with either pAG473GAL (empty
vector) or with pAG4713GAL containing
Pteris vittata cDNA. Yeast transformants
were grown in synthetic defined (+2%
glucose-His) medium containing glucose or
galactose and with or without 1 mM As(Ill).
Plates were incubated for 3 d at 30°C. Drop
tests were repeated at least three times with
similar results.

0 mM Aslll

1.0 mM Aslil

Fig.2 PvTIP4;1 is a tonoplast intrinsic protein (TIP) subfamily aquaporin. (a) The predicted topology of PvTIP4;1 protein. The conserved motif asparagine—
proline-alanine (NPA) (stars) and aromatic/arginine (Ar/R) selectivity filter residues H2, H5, LE1 and LE2 (diamonds) are indicated. (b) Neighbour-joining
phylogenetic relationship of PvTIP4;1 with MIP proteins. Aquaporins related to As(lll) transport are indicated by black circles. XIPs, uncategorized X
intrinsic proteins; PIPs, plasma membrane intrinsic proteins; GIPs, GlpF-like intrinsic proteins; SIPs, small basic intrinsic proteins; NIPs, nodulin-26 like
intrinsic proteins. The abbreviations of plant names are as follows: At, Arabidopsis thaliana; Os, Oryza sativa; Pp, Physcomitrella patens; Pv, Pteris vittata,
Zm, Zea mays. (c) Neighbour-joining phylogenetic relationship of PvTIP4;1 with TIP proteins of plants.
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Based on our transport and growth data, we showed that
PvTIP4;1 mediates As(III) efflux and influx in the yeast which
supports the notion that PvIIP4;1 is a bi-directional channel.
The results of the yeast system demonstrated that PvTIP4;1 is
able to facilitate the diffusion of the As(III) substrate.

Functional analyses of the PvTIP4;1 protein in A. thaliana

PvTIP4;1 ¢cDNA was heterogeneously expressed in A. thaliana
under the control of CaMV-35S promoter to characterize its role
in plant. Plant RNAs were isolated and RT-PCR analyses using
gene-specific primers indicated that the transgene was expressed
in L9 and L27 with no detectable transcripts in the wild-type
(Fig. S1a). When seeds germinated on the medium containing 0,
40 or 60 uM As(IIl), the seed germination rate of transgene
Arabidopsis was decreased by 60% under 40 pM As(IIl) treat-
ment (Fig. Slb,c). To test the As(IIl) sensitivity phenotypes,
seeds of Arabidopsis untransformed control and the two indepen-
dent transgenic lines overexpressing Pv71P4;1 were grown for
20d on 1/2 MS medium containing 0, 20 and 40 pM As(III).
There were no obvious phenotypic differences between transgenic
lines and wild-type (WT) control plants grown on media without
As(IIT). However, growth of both shoots and roots of the trans-
genic lines expressing PvTIP4;1 was more severely stunted than
that of WT plants on media supplemented with 20 and 40 pM
As(I1I) (Fig. 5a). The fresh shoot biomass of the PvIIP4;1 trans-
genic lines L9 and L27 had dropped by 80% compared with the
control, whereas the wild-type controls dropped by only 50%
(Fig. 5b). The main root length of the Pv7T1P4;1 transgenic lines
was 50% that of the WT controls (Fig. 5¢c). To examine the
transport activity of PvT1P4;1 in vivo, we measured As accumula-
tion in the PvTTP4; 1 transgenic lines L9 and L27. The transgenic

New Phytologist (2016) 209: 746-761
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Arsenite (uM)

0.5 h. Error bars, mean =+ SE. OD, optical
density.

60 80 100

plants were grown vertically on plates containing 20 pM As(I1I)
for 20 d, and As concentration in the whole plant was measured
by ICP-MS. As shown in Fig. 5(d), As accumulations in L9 and
L27 were significantly higher than those in WT plants.

For the short-term kinetic uptake studies, Pv77P4;1 transgenic
lines L9 and L27 and the WT controls were grown on the plates
without As(III) for 20 d and then transferred to the medium con-
taining 60 UM sodium As(III) for 24 and 48 h. According to the
Fig. 5(e), there were no obvious growth reduction phenotypes
between the transgenic lines and the WT controls. The As concen-
tration and content in whole plant showed that the transgenic lines
L9 and 127 absorbed more arsenic than the WT controls (Fig. 5f,
g), demonstrating that Pv77P4;1 is capable of transporting As(III).

Subcellular localization of PvTIP4;1

TIPs may have a more complex subcellular distribution in plant
(Wudick et al, 2009). In order to evaluate the subcellular loca-
tion of PvTIP4;1, we first used the subcellular localization predic-
tion software PSORT to predict (Nakai & Horton, 1999). The
software predicted that the most possible location of PvI1P4;1
was plasma membrane and may also be chloroplast thylakoid
membrane, the Golgi body or the endoplasmic reticulum mem-
brane (Table S3).

To confirm the prediction, GFP-fused PvT1P4;1 was expressed
in P. vittata protoplasts and callus. PvTIP4;1 was C terminally
linked to GFP, and expression of the fusion proteins was driven
by a 35S promoter. Protoplasts transformed by the empty plas-
mid pGFP121 carrying GFP alone served as control. GFP fluo-
rescence of PvITP4;1 tagged constructs in protoplasts was
confined to a ring in the protoplasts (Fig. 6), while GFP alone
was confined in nuclear and cytoplasm internal structures but

© 2015 The Authors
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was excluded from the vacuolar lumen. This suggested that
PvTIP4;1 may localize to the plasma membrane in P. viztata.

GFP fluorescence alone was observed in nuclear and cytoplasm
internal structures (Fig. 7a), whereas fluorescence due to the
PvTIP4;1-GFP fusion proteins was localized in the periphery of
the callus cells (Fig. 7b). The transgenic callus cells were also
stained with the plasma membrane marker FM4-64 and red fluo-
rescence labeling of the plasma membrane was observed (Fig. 7b).
GFP and red fluorescence signals overlapped (Fig.7b). The
image resolution and FM4-64 staining suggested that PvTIP4;1
localized to the plasma membrane in P. vitzata.

Tissue specificity of PvTIP4,7 expression

MIQE guidelines (Bustin ez al., 2009) were used to produce the
data (Table S2). The levels of PvTIP4;1 mRNA in different tis-
sues were quantified by qRT-PCR to study the expression pattern
of PvTIP4;1 gene in P. vittata sporophytes. The results showed
that the transcripts of Pv71P4;1 were accumulated at relatively
high levels in roots, whereas its expression level was relatively low
in stipes and fronds (Fig. 8a—). Under As(Ill) treatment, the

© 2015 The Authors
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abundance of PvT1P4;1 transcripts varied little in stipes, fronds
and roots (less than two-fold) compared with the No As control
(Fig. 8b,c), suggesting that As(II) may have little effect on
expression activity of PvTIP4;1.

Influence of the C-terminal of PvTIP4;1 on arsenic
transport

Comparison of PvTIP4;1 and TIP4s in plants revealed that C-
terminus of PvTIP4;1 are much longer than that of TIP4s in
A. thaliana (Fig.9). It was previously reported that, hydrophilic
N-terminal or C-terminal domain is necessary for NIPs to get
functional expression in yeast (Bienert eral., 2008). Therefore,
we genetically engineered PvTIP4;1 with different C-terminal
domain versions including PvTIP4;1, DPvTIP4;1;,39 and
expressed them in As(IIl)-resistant AfpsI yeast mutant. Yeast
transformants were plated on medium containing 0, 0.4 and
1 mM As(Ill) with glucose or galactose. Growth comparing As
(IIT) treatment with No As(III) control showed no difference
with PvTTP4;1. The C-terminus had little impact on arsenic sen-
sitivity of PvTIP4;1 (data not shown).

New Phytologist (2016) 209: 746-761
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Fig.5 Arsenic (As) toxicity and accumulation of transgenic Arabidopsis plants expressing PvTIP4;1 in long time and short time. (a) Comparative growth of
3-d-old Arabidopsis seedlings grown vertically on plates with 0, 20, and 40 pM arsenite (As(I11)) for 10 d. (b, c) Statistical analyses of (b) FW and (c) main
root length of 3-d-old seedlings of wild-type (WT, black bars), L9 (white bars), and L27 (grey bars) after cultivation under 0, 20 and 40 pM As(II1)
concentrations for 20 d (n =10 plants per treatment per line). (d) Arsenic accumulation in PvTIP4,7 transgenic Arabidopsis plants under 20 uM As(l11)
treatments. Asterisks indicate significant differences from the WT detected by one-way analysis of variance (ANOVA) (*, P<0.05). Error bars, mean + SE.
(e) Statistical analyses of FW of 20-d-old seedlings of WT (black bars), L9 (white bars), and L27 (grey bars) after cultivation under 60 pM As(l11)
concentration for 24 and 48 h (n =10 plants per treatment per line). (f) Arsenic accumulation in PvTIP4;1 transgenic Arabidopsis plants under 60 pM As(lI1)
treatments for 24 and 48 h. (g) Total arsenic content in PvTIP4,1 transgenic Arabidopsis plants under 60 M As(lll) treatments for 24 and 48 h. Asterisks
indicate significant differences from the WT detected by one-way analysis of variance (ANOVA) (*, P <0.05). Error bars, mean =+ SE.

The role of cysteine in LE1 of PvTIP4;1 Ar/R domain on
arsenic transport

It has also been proposed that the Ar/R region serves as a selectiv-
ity filter for the transport of substrates. Interestingly, the Ar/R
domain of PvIIP4;1 consists of a cysteine in LE1 which is

New Phytologist (2016) 209: 746-761
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different from all other Ar/R filters of TIPs in MIPModDB
(htep://bioinfo.iitk.ac.in/MIPModDB/index.html) (Fig. 9;
Table 1). To investigate whether the special Ar/R domain could
influence the arsenic transport activity, we substituted alanine
which is normal in other TIPs for cysteine in LE1 and expressed
it in Afpsl and Aacr3 yeast mutants. As is shown in Fig. 10(a)

© 2015 The Authors
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Fig.6 Subcellular localization of GFP-fused
PvTIP4;1 in protoplast of Pteris vittata. (a)
Transmission image of nontransfected
protoplasts. (b) Green fluorescent protein
(GFP) fluorescence image of nontransfected
protoplasts. (c) Transmission image of
protoplasts transformed with GFP alone. (d)
GFP fluorescence image of protoplasts
transformed with GFP alone. (e)
Transmission image of protoplasts
transformed with PvTIP4;1-GFP. (f) GFP
fluorescence image of protoplasts
transformed with PvTIP4;1-GFP. Bars,

10 um.

and (b), the growth of AfpsI yeast mutant with native PvTIP4;1
(HICR) is inhibited on the medium containing 0 and 100 pM
As(I1I), while site-directed mutation at the LE1 (selectivity filter
HIAR) grew better. Transport assays also revealed that the site-di-
rected mutation of PvIIP4;1 resulted in ¢. 10% reduction in its
arsenic transport activity when treated with 50 pM As(III) for
24h (Fig. 10c). Expression of PvITP4;1(HIAR) and PvTIP4;1
(HICR) in Adacr3 showed that the mutant expressing PvTIP4;1
(HIAR) was more sensitive than the PvTIP4;1(HICR) and
caused an ¢. 13% increased As accumulation when treated with
As(V) for 24 h (Fig. 10a,d,e).

A homology model was produced for PvTIP4;1 (HICR) and
PvTIP4;1 (HIAR) by alignment with the GIpF structures fol-
lowed by three-dimensional model building. That the o-carbon
backbone of PvTIP4;1 (HICR) and PvITP4;1 (HIAR) model
shows a reasonable overall similarity with the GlpF experimental
structures within the membrane-spanning helices and loops
(Fig. S2) guaranteed the validity of the modelling protocol.
When viewed perpendicular to the plane of the membrane, the

© 2015 The Authors
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Ar/R regions of PvTIP4;1 (HIAR) reveals significant differences
from PvTIP4;1 (HICR) structures (Fig. 11a). Comparison of the
PvTIP4;1 (HICR) and PvTIP4;1 (HIAR) Ar/R regions suggests
that the replacement of cysteine PvIIP4;1 (HICR) with alanine
at LEI results in a more narrower Ar/R region (Fig. 11b). This is

supported by analysis of the predicted pore architecture of the
PvTIP4;1 models using MOLE, which shows that the diameter
at Ar/R regions of PvIIP4;1 (HICR) is wider than that
of PvTIP4;1 (HIAR) (Fig. 11c red arrow). Moreover, PvI1P4;1
(HIAR) showed another aperture (Fig. 11c blue arrow) which
is more narrow than that of the Ar/R region of PvTIP4;1
(HICR).

Discussion

Arsenic is a highly toxic metalloid that commonly occurs in the
form of inorganic As(IIl) and As(V) (Kaur ezal., 2011). In aero-
bic soils, As(V) is the dominant form of arsenic (Meharg & Hart-
ley-Whitaker, 2002) and can be reduced to As(IIl) due to the

New Phytologist (2016) 209: 746-761
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Fig.7 Subcellular localization of GFP-fused
PvTIP4;1 in callus of Pteris vittata. (a) Green
fluorescent protein (GFP) control bright and
fluorescence field. (b) PvTIP4;1-GFP bright
field, fluorescence field, FM4-64 staining and
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Fig. 8 Tissues expression of PvTIP4;7 in
Pteris vittata sporophyte. (a) The stipe, frond
and root of P. vittata. (b, ¢) Expression of
PvTIP4,;1in P. vittata sporophyte tissues. (b)
PvActin was used as the control and (c)
PvHiston was used as the control. Each bar
indicates the fold change in the expression of
PvTIP4,1 in stipe, frond and root of plants
grown in 0.2 mM arsenite (As(Ill)) for 24 h
relative to plants grown in the absence of

0 mM As(lll) 0.2 mM As(lll)

microbial activity in the rhizosphere (Macur ez al., 2001). Conse-
quently, P. vittata encounters a mixed pool of As(V) and As(III)
in aerobic environment and P. vittata can directly absorb As(III)
from growth medium (Wang eral, 2011). As(Ill) uptake is
important for the high efficiency of arsenic assimilation, which is
the prerequisite for arsenic hyperaccumulation.

However, little information is known about the mechanism
utilized by P. vittata in the uptake of As(IIl). In bacteria, yeast
and humans, some aquaglyceroporins including E. coli glycerol
facilitator GIpF (Meng ez al., 2004), the yeast glycerol channel

New Phytologist (2016) 209: 746-761
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0 mM As(lll)

0.2 mM As(1ll) arsenic.

protein Fpslp (Wysocki etal, 2001), and the mammalian
aquaglyceroporins AQP7 and AQP9 (Liu ¢t al., 2002), can trans-
port As(IIl). Members of plant aquaporins in Arabidopsis
thaliana and Oryza sativa also showed the ability to carry out As
(III) uptake (Bienert ezal., 2008; Isayenkov & Maathuis, 2008;
Ma et al., 2008; Kamiya et al., 2009; Mosa et al., 2012). To iden-
tify As(IIl) uptake genes in P. vittata, we constructed a P. vittata
cDNA expression library and transformed it into the As(III)-re-
sistant yeast strain Ajfpsl. Excitingly, a new aquaporin protein
was identified (Fig. 1) from a sensitive transformant and the

© 2015 The Authors
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Fig.9 Comparison of the amino acid sequence of PvTIP4;1 with the known TIP4s proteins in plant. Amino acid sequences are aligned by GeneDoc
software. Four residues of aromatic/arginine (Ar/R) selectivity filter are highlighted in yellow. The C-terminus region and Ar/R selectivity filter residues LE1
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suppress the arsenic accumulation phenotypes of Aacr3 yeast.
The fact that PvTIP4;1 acts as a bi-directional As(III) transporter
is similar with some former reported aquaporins of NIPs from
Ar/R A. thaliana, O. and L. japonicas and Fpslp from yeast.

LE2 To further investigate the function of PvTIP4;1 in plants,
PvTIP4;1 cDNA was heterogencously expressed in A. thaliana.

Table1 Aromatic/arginine (Ar/R) signatures of TIP4s from Pteris vittata,
Arabidopsis, rice and maize

TIP4 Members H2 H5 LE1?

o

PvTIP4;1 H I C R The seed germination rate of transgene Arabidopsis was decreased
OsTIP4:3, AtTIP4;1 H I A R (Fig. S1b,c) on the As(IlI) medium. After growth for 20 d under
Zmipa4 H v " R Al condition, th h of both sh d f th

ZmTIP4, ZmTIP4:2 H S A R s(IIl) condition, the growth of both shoots and roots of the
OsTIP4:2 Q T A R transgenic lines expressing PvT1P4;1 was more severely hindered
ZmTIP4;3 Q S A R than that of the WT plants on As(III) media (Fig. 5a—c) and As
OsTIP4;1 T T A R concentrations in the L9 and L27 were significantly higher than

those in WT plants (Fig. 5d). As the transgenic lines were severely
stressed, the absolute uptake of arsenic was difficult to be esti-
mated. To calculate the total uptake of arsenic in WT, L9 and
L27, the short-term kinetic uptake studies were performed. The
data showed that L9 and 127 can absorb more arsenic than the
WT plants (Fig. 5e—g). Heterologous expression in Arabidopsis

4LE1 residues are shown under the grey background.
The LE1 residue in PvTIP4;1 is shown in red.

phylogenetic analysis showed that it is a plant TIP homologue,
with a very high similarity to TIP4s (Fig.2) and therefore the
protein was named ‘PvITP4;1 .

We assayed the As(IIl) toxicity of Pv7TIP4;1 in yeast and
A. thaliana. The relative growth showed that Pv7TIP4;1 transfor-
mants were much more sensitive to As(III) than AfpsI carrying
empty vector (Fig. 3a,b). Expression of PvTTP4;1 caused more As
accumulation than the vector control (Fig. 3¢,d). Moreover,
PvTIP4;1 also confers As(V) tolerance in Aacr3 yeast cells (Fig. 4)
and likely functions as an As(III) effluxer based on its ability to

© 2015 The Authors
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demonstrated that Pv77P4;1 facilitates arsenic accumulation and
induced arsenic sensitivity.

To further understand the function of the PvTIP4;1 gene, we
studied the subcellular and tissue localization of PvTIP4;1. TIP is
tonoplast intrinsic protein for short and was originally found in
tonoplasts (Johnson ezal, 1989, 1990). Subsequent research
showed that TIPs may have a more complex subcellular
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AFps1-PvTIP4;1(HIAR)
AFps1-PvTIP4;1(HICR)
100 uM As(lll)
AFps1-PvTIP4;1(HIAR)
Fig. 10 Influence of aromatic/arginine (Ar/
AAcr3-PvTIP4;1(HICR) R) selectivity filter substitution of PvTIP4;1
0 UM As(V) on the transport activity for arsenic (As) in
AAcr3-PvTIP4;1(HIAR) Afps1 and Aacr3. (a) Saccharomyces
cerevisiae AfpsT and dacr3 were
transformed with pAG413GAL-PvTIP4;1
AAcr3-PvTIP4;1(HICR) (HICR), and pAG4713GAL-PvTIP4,;1(HIAR)
100 pM As(V) respectively. Yeast transformants were
AAcr3-PvTIP4;1(HIAR) grown in synthetic defined (SD) (+2%
glucose-His) medium containing glucose or
(b) (© galactose and with or without 100 pM
5 = 250 arsenite (As(l1)) and 100 uM arsenate (As
: Z‘izz;:mﬁ::i’;’) E ammn 2751 PYTIPA;(HICR) . (V)). Plates were incubated for 3 d at 30"’C.
E 41 v DFpSI-PUTIPAI(HICR)+50 uM As(lll) Fl;a ==—"1AFps1-PvTIP4;1(HIAR) T Drop tests were repeated at least three times
; o~ AFps1-PUTIP4;1(HIAR)+50 uM As(ll) - with similar results. (b) Growth curves of
Q 3 £ L0 AfpsT transformed with PvTIP4;7(HICR)
8 s (closed) and PvTIP4,;1(HIAR) (open),
= 2 g 150 : cultivated in liquid SD (+2 % galactose-His)
E g 100 culture containing 50 pM As(lll) for 24 h. The
o 1 3 | values of ODgg of the mediums were tested.
© P () Arsenic accumulation in Afps7 expressing
00 : 1 1 " e 20 £ 0 L T o T PvTIP4;1(HICR) (solid) and PvTIP4;1(HIAR)
Time (h) Time (h) (hollow) cultured in 50 pM As(lll) for 12 h
(d) (e) and 24 h. (d) Growth curves of dacr3
35— JT e ’§ 350 transformed with PvTIP4;7(HICR) (solid) and
T 30l = saazpmpas(iar) e w—AAcr3-PvTIP4;1{HICR) PvTIP4;1(HIAR) (hollow), cultivated in liquid
c T DACr3-PUTIPA;1(HICR)+*50 uM As(lll) bo 3001 === aaarsPUTIPAA(HIAR) . SD (+2% galactose-His) culture containing
Q 25 i AAcr3-PvTIP4;1(HIAR)+50 pM As(ll] -~
S 2 250 50 uM As(V) for 24 h. The values of ODggg
8 2.0 = 200 * of the mediums were tested. (e) Arsenic
= 15 S 150 accumulation in dacr3 expressing PvTIP4;1
E o X (HICR) (solid) and PvTIP4;1(HIAR) (hollow)
o - g 100 cultured in 50 pM As(V) for 12 and 24 h.
© os § 50 Asterisks indicate significant differences
0.0 o 0 detected by one-way analysis of variance
o5 10 5 0 B 30 < ") 2 (ANOVA) (*, P<0.05). Error bars,
Time (h) Time (h) mean + SE. OD, optical density.

distribution in plant (Wudick ez al., 2009). AtTIP4;1 was located
in several endosomal membrane compartments and may localize
on the plasma membrane (Liu ezal, 2003). AcTIP5;1 has been
detected in pollen tube mitochondria membranes (Soto eral.,
2010) and MCcTIP1;2 was found in endosomes (Vera-Estrella
etal., 2004).

The subcellular targeting predictions by PSORT (Nakai &
Horton, 1999) showed that PvIIP4;1 localized at the plasma
membrane and some endosomal membrane compartments such
as chloroplast thylakoid membrane, the Golgi body and endo-
plasmic reticulum membrane (Table S1). GFP fluorescence of
PvTIP4;1 tagged constructs in P. vittata protoplasts was confined
to a ring in the periphery of the protoplasts (Fig. 6f). The
PvTIP4;1-GFP transgenic callus cells were stained with the

New Phytologist (2016) 209: 746-761
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plasma membrane marker FM4-64 and red fluorescence labeling
was observed to overlapped with GFP (Fig. 7b). Both experi-
ments indicated that PvTIP4;1 localized in the plasma of
P. vittata cells. The localization of PvTIP4;1 results are similar to
AtTIP4;1, which was hardly detected in the tonoplast. The differ-
ence is AtTIP4;1 was predicted to express in root endomem-
branes, but not exclude plasma membrane (Liu ez al,, 2003). The
tissue localization results showed a high and steady-state expres-
sion of PvTIP4;1 in P. vittata sporophyte roots, while a relative
low expression level in stipes and fronds (Fig. 8).

TIPs were reported to mediate the transport of water to regu-
late water flow in response to drought and salinity stress (Wudick
eral., 2009). In addition to their role as water channel proteins,
TIPs also transport various solutes (glycerol, urea, hydrogen

© 2015 The Authors
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Fig. 11 Architecture of the aromatic/arginine (Ar/R) selectivity region and analyses of the putative pore radius of PvTIP4;1(HICR) and PvTIP4;1(HIAR). (a)
Comparison of the Ar/R tetrad for PvTIP4;1(HICR) (green) and PvTIP4;1(HIAR) (red). The positions of the Ar/R residues from H2, H5, and loop E (LE1and
LE2) are shown viewed perpendicular to the plane of the membrane. Residues are color coordinated according to charge and hydrophilicity: blue, basic
hydrophilic; yellow, hydrophobic; white, neutral hydrophilic. (b) The pores of PvTIP4;1(HICR) (red) and PvTIP4;1(HIAR) (green) are viewed perpendicular
to the pore axis and are labelled with respect to the location of the Ar/R regions. (c) Pore radius profiles of PvTIP4;1(HICR) (red) and PvTIP4;1(HIAR)
(green). The red arrow indicates the approximate location of Ar/R constriction region. The blue arrow indicates the aperture which is more narrow than
that of the Ar/R region of PvTIP4;1 (HICR). The position distance =0 A corresponds to the location of asparagine—proline-alanine (NPA) region. The radius
of the pore regions of PvTIP4;1(HICR) and PvTIP4;1(HIAR) were analyzed and calculated by using the MoLe program and were visualized on PyMOL.

peroxide) (Wudick ez4l, 2009), but the transport ability of As
(III) was not reported previously. PvIIP4;1 is not induced by As
(III) (Fig. 8), so PvT1IP4;1 should also have its native functions in
P. vittata.

Considering that PvTIP4;1 functions as a As(IIl) transporter
in yeast and arsenic accumulator in Arabidopsis, expresses
extremely highly on transcripts level in sporophytes root and
localizes on the plasma membrane of P. vittata protoplasts the
callus cells, we could speculate that Pv77P4;1 may mediate As
(III) uptake pathway.

So far, several genes involved in arsenic hyperaccumulation of
P. vittata were identified and characterized, such as PvACR2,
PvGrx5 and PvTPI, which play an important role in As(V)
reduction (Duan ezal., 2005; Ellis ez al., 2006; Rathinasabapathi
etal., 2006; Sundaram ezal, 2008); PvACR3, a protein that
mediated As(III) efflux into the vacuole for sequestration (Indri-
olo etal., 2010). Here, we found that Pv77P4;1 may mediate As
(III) uptake pathway in P. virtata, which might add a new gene
member into P. vittatd’s arsenic armory.

Moreover, sequence alignment showed that obvious differ-
ences between PvTIP4;1 and TIP4s from other plants reside
within C-terminal cytoplasmic domains and LE1 position of Ar/
R domain (Fig. 9; Table 1). Further investigates showed that
expression of truncated Pv71P4;1; 530 had no significant differ-
ence on metalloid sensitivity with PvTIP4;1 (data not shown),
while the substitution of cysteine in LE1 of PvTIP4;1 by alanine
reduced the transport activities for As(III) (Fig. 10). It was
reported that H2 position of AtNIPG6;1 Ar/R filter is a critical
determinant for transport substrate selectivity (Wallace &
Roberts, 2005) and H5 position of Ar/R filter of both OsLsil
and AtNIP5;1 plays a key role in the permeability to Si and B
(Mitani-Ueno etal, 2011). Our result showed the cysteine
residue at the LE1 position in the ar/R domain of PvTIP4;1 is a
functional site for arsenic transport and the transport activity was
partially lost in the mutant of PvT1P4;1.

On the basis of report that the replacement of His with Val at
H5 of AQP! results in a wider Ar/R region that could

© 2015 The Authors
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accommodate the larger glycerol molecule (Wallace & Roberts,
2004), we constructed the homology model and analysis the pore
diameter by the MoLE. The results showed that the diameter at
the PvTIP4;1(HICR) Ar/R domain is larger than that of
PvTIP4;1 (HIAR) (Fig. 11) and the larger diameter in the posi-
tion of Ar/R tetrad may accommodate more solutes than
PvTIP4;1(HIAR).

Most MIPs reported which confer arsenic transport in plant
are from NIP and PIP families. Here, we identified a TIP sub-
family aquaporin from P. vittata, PvT1P4;1, which may mediate
As(IlT) uptake. Moreover, this work will provide a clue though
the overall mechanism of arsenic hyperaccumulation of P. vittata
is far from clear.
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