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Apyrase and extracellular ATP play crucial roles in mediating plant growth and defense responses. In the cold-tolerant poplar,
Populus euphratica, low temperatures up-regulate APYRASE2 (PeAPY2) expression in callus cells. We investigated the
biochemical characteristics of PeAPY2 and its role in cold tolerance. We found that PeAPY2 predominantly localized to the
plasma membrane, but punctate signals also appeared in the endoplasmic reticulum and Golgi apparatus. PeAPY2 exhibited
broad substrate specificity, but it most efficiently hydrolyzed purine nucleotides, particularly ATP. PeAPY2 preferred Mg2+ asa
cofactor, and it was insensitive to various, specific ATPase inhibitors. When PeAPY?2 was ectopically expressed in Arabidopsis
(Arabidopsis thaliana), cold tolerance was enhanced, based on root growth measurements and survival rates. Moreover, under cold
stress, PeAPY2-transgenic plants maintained plasma membrane integrity and showed reduced cold-elicited electrolyte leakage
compared with wild-type plants. These responses probably resulted from efficient plasma membrane repair via vesicular
trafficking. Indeed, transgenic plants showed accelerated endocytosis and exocytosis during cold stress and recovery. We found
that low doses of extracellular ATP accelerated vesicular trafficking, but high extracellular ATP inhibited trafficking and reduced
cell viability. Cold stress caused significant increases in root medium extracellular ATP. However, under these conditions, PeAPY2-
transgenic lines showed greater control of extracellular ATP levels than wild-type plants. We conclude that Arabidopsis plants that
overexpressed PeAPY?2 could increase membrane repair by accelerating vesicular trafficking and hydrolyzing extracellular ATP to
avoid excessive, cold-elicited ATP accumulation in the root medium and, thus, reduced ATP-induced inhibition of vesicular trafficking.
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Low temperature is a major environmental factor
that restrains plant growth and crop productivity
(Yamaguchi-Shinozaki and Shinozaki, 2006). When
temperatures fall below 0°C, plant cells experience de-
hydration and mechanical injury caused by ice crys-
tallization (Webb and Steponkus, 1993; Yamazaki
et al., 2008). Cold stress reduces plasma membrane
(PM) integrity, which leads to the leakage of intra-
cellular solutes. ATP can be an important signaling
molecule when released into the extracellular matrix
(ECM). Extracellular ATP (eATP) was shown to reg-
ulate a wide range of cellular processes (Roux and
Steinebrunner, 2007; Clark and Roux, 2009, 2011;
Tanaka et al., 2010; Clark et al., 2014), but its functions
are dose dependent. For example, in Arabidopsis
(Arabidopsis thaliana), low concentrations of eATP trig-
gered stomatal opening, but high concentrations
caused stomatal closure (Clark et al., 2011). Application
of eATP at 100 to 200 um increased hypocotyl elonga-
tion in etiolated seedlings, but higher doses led to a
reduction of hypocotyl elongation (Roux et al., 2006). In
fibers of cotton (Gossypium hirsutum), application of
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ATPvS and ADPgS at 30 um each induced an increase
in average fiber length, whereas 150 um ATPYS or
ADPBS inhibited the growth of fibers (Clark et al.,
2010a). In addition, low doses of e ATP (less than 100 um)
induced an obvious Ca®" influx into the elongation zone
of Arabidopsis roots, and higher doses of eATP (1,000 um)
caused a significant increase in Ca®* efflux (Demidchik
et al., 2011). In Populus euphratica, exposure to high levels
of ATP (more than 500 um) was shown to trigger pro-
grammed cell death in callus cells, but at low doses (less
than 200 um), callus cells did not die over the observation
period (Sun et al., 2012a). The cold-elicited release of ATP
through disrupted membranes and the buildup of ATP in
the ECM may cause a reduction in cell viability. eATP
also plays a fundamental role in mediating plant re-
sponses to environmental stresses, such as pathogens
(Chivasa et al., 2009), wounds (Cao et al., 2014), high
salt (Sun et al., 2012b), and osmotic stress (Jeter et al.,
2004; Kim et al., 2009); however, the link between e ATP
and cold tolerance has not been fully established.

Extracellular apyrases (or ectoapyrases) are the prin-
cipal enzymes that limit eATP accumulation in both
animals and plants (Todorov et al., 1997; Marcus et al.,
2003; Wu et al., 2007). In Arabidopsis, suppression of
apyrases (AtAPY1 and AtAPY?2) led to a slight increase
in eATP levels, indicating that APY1 and APY2 con-
trolled the concentration of eATP (Lim et al., 2014). Ap-
yrases are suggested to be involved in some of the
signaling steps in plant growth. Apyrases play a crucial
role in pollen germination (Steinebrunner et al., 2003;
Wu et al., 2007), cotton fiber elongation (Clark et al.,
2010a), and root hair growth (Liu et al., 2012). In addi-
tion, ectoapyrases contribute to regulating stomatal func-
tions; chemical and immunological inhibition of apyrase
activity induced stomatal closure (Clark et al., 2011).
Recently, apyrases were shown to play important roles
in the signaling steps in plant defense responses (Lim
et al., 2014). Suppression of apyrase significantly al-
tered the expression of genes involved in biotic stress
responses (Lim et al., 2014). Additionally, our previous
finding suggested that apyrase contributed to salt tol-
erance in P. euphratica (Sun et al., 2012b). NaCl shock
elicited a significant rise in ATP in the ECM, but the
eATP levels returned to basal levels after 20 min of salt
treatment (Sun et al., 2012b). This was presumably due
to ATP hydrolysis by ectoapyrase, which enabled
P. euphratica to maintain low levels of eATP in a pro-
longed duration of salinity and, thus, prevent eATP-
induced cell death (Sun et al., 2012a). Apyrase was also
postulated to serve as a signal in stress responses.
However, no studies have investigated in higher order
plants whether apyrase promotes the hydrolysis of ATP
at low temperatures and whether this activity is corre-
lated to cold tolerance.

In general, in higher order plants, low temperature
causes a reduction in PM integrity. It is necessary for
plant cells to reseal the PM disruption to prevent a de-
crease in cell viability (Yamazaki et al., 2008, 2010). PM
resealing requires vesicular trafficking that includes both
endocytosis and exocytosis (Togo et al., 1999; McNeil
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et al., 2003; Tam et al., 2010; Los et al, 2011). Ca**-
dependent exocytosis provides a membrane patch to
the wound site, which relieves PM tension for resealing
(Togo et al., 2000; Sonnemann and Bement, 2011). In
animals, lysosomes are the major organelles that contribute
to exocytosis-mediated membrane repair (Gerasimenko
et al., 2001; Reddy et al., 2001; McNeil, 2002). Endocytosis
also contributes to membrane repair by retrieving the
wound site from the PM in a Ca**-dependent manner
(Idone et al., 2008). Shibasaki et al. (2009) suggested that
low temperature inhibited the intracellular trafficking of
auxin efflux carriers after the initiation of cold stress (9-
12 h). However, it remains unclear whether vesicular
trafficking is mediated by apyrase and eATP and con-
tributes to cold tolerance during long-term cold stress
and the subsequent recovery period.

This study evaluated the roles of apyrase and eATP
in cold stress signaling in woody plants. We focused on
P. euphratica, because this species plays very important
roles in stabilizing sand dunes and in sheltering agri-
cultural regions in northwest China (Wei, 1993). In
addition, P. euphratica trees can adapt to harsh tem-
perature conditions in saline and alkaline desert sites
(Wei, 1993). In this study, we showed that cold stress
up-regulated APY2 expression in P. euphratica callus
cells, but it did not induce the expression of APY1, an-
other apyrase (Supplemental Fig. S1). Thus, APY2 may
contribute to cold adaptation in P. euphratica. We tested
this hypothesis by cloning the PeAPY2 gene from
P. euphratica callus cells and transferring it into a model
species, Arabidopsis. We then investigated the roles of
PeAPY2 in eATP control and cold tolerance. Our data
showed that PeAPY2 overexpression increased root
membrane integrity and cold tolerance. This was likely
due to effective PM repair, because endocytosis and
exocytosis were up-regulated in transgenic plants. We
concluded that PeAPY2 modulated eATP levels and en-
hanced vesicular trafficking and that these activities may
have contributed to membrane resealing in cold-stressed
PeAPY2-transgenic plants.

RESULTS

PeAPY2 Expression and eATP Levels in P. euphratica Cells
under Cold Treatment

In P. euphratica cells, [eATP] steadily increased upon
the cold treatment (4°C; Fig. 1A). This was due to the
increased electrolyte leakage caused by membrane ox-
idation, because malondialdehyde content, an indicator
of lipid peroxidation (Wang et al., 2007, 2008), mark-
edly increased after the initiation of cold stress (Fig. 1A).
The slope of [eATP] increase was lowered after day 4, as
compared with the first 3 to 4 d of cold stress (Fig. 1A).
This was presumably the result of ATP hydrolysis by
apyrases, the principal enzymes that hydrolyze eATP
in plants (Wu et al., 2007; Tanaka et al., 2011). In accor-
dance, quantitative real-time (qRT)-PCR results showed
that cold treatment induced PeAPY2 expression in
P. euphratica callus cells. By comparison with the control,
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Figure 1. Effects of cold stress on eATP, electrolyte leakage (EL),
malondialdehyde (MDA) content, and expression profiles of PeAPY2 in
P. euphratica callus cells. P. euphratica cells were subjected to 4°C for
low-temperature treatment, while control cells were cultured under
normal growth conditions at 25°C. A, eATP, electrolyte leakage, and
malondialdehyde under cold stress. Cold-stressed and control cells
were daily sampled during the period of cold stress. FW, Fresh weight.
B, PeAPY2 mRNA levels during cold stress. Cold-stressed and control
cells were sampled after 0, 1, 5, 8, 11, 24, 48, 72, and 168 h of treat-
ment. The expression levels of PeAPY2 were normalized to the ex-
pression level of the P. euphratica B-ACTIN7 gene (PeACT7; internal
control) to derive relative expression. Primers designed to target
PeAPY2 and PeACT7 genes are shown in Supplemental Table S3. Each
point is the mean of three independent experiments, and error bars
represent st. *, P < 0.05, **, P < 0.01, control versus cold treatment.

a slight but not significant increase in PeAPY?2 transcript
was observed after 1 d of cold stress (Fig. 1B). Thereafter,
PeAPY? transcription gradually increased to significant
levels after 3 d of cold treatment (4°C); then, transcrip-
tion increased sharply and peaked on day 7 of cold
treatment (Fig. 1B).

Subcellular Localization of PeAPY2

Enhanced yellow fluorescent protein (eYFP) was used
to investigate the subcellular localization of PeAPY2
in onion (Allium cepa) and Arabidopsis (Fig. 2A). The
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PeAPY?2-eYFP fusion construct was transiently expressed
in onion with particle bombardment. In nonplasmolyzed
onion epidermal cells, the PeAPY2-eYFP fusion protein
was present in the cell wall, PM, and cytoplasm (Fig. 2B).
When cells were plasmolyzed by exposure to osmotic
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Figure 2. Subcellular localization of PeAPY2 after transient transforma-
tion in onion epidermal cells and Arabidopsis mesophyll protoplasts. A,
Diagrams of the eYFP control (top) and PeAPY2-eYFP fusion (bottom)
constructs for transformation. B, Representative images of PeAPY2-eYFP
transgenic onion cells and eYFP controls. Plasmolysis was induced by
hyperosmotic shock with 500 mm NaCl. CW, Cell wall; HS, Hechtian
strands; N, nucleus. Bars = 50 um. C, Representative images show the
colocalization (yellow-green in merged images) of PeAPY2-eYFP (yellow)
and CFP-tagged (cyan) organelle markers for the PM (PM-CFP; Arabidopsis
Biological Resource Center [ABRC] stock no. CD3-1001), ER (ER-CFP;
ABRC stock no. CD3-953), and Golgi apparatus (Golgi-CFP; ABRC stock
no. CD3-961) in Arabidopsis mesophyll protoplasts. Bars = 5 wm.

Golgi-CFP
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shock (0.5 m NaCl), the PeAPY2-eYFP fusion protein
remained in the retracted cytoplasm and Hechtian strands
connected to the cell wall and PM (Fig. 2B, bottom). Cells
transformed with eYFP alone showed yellow fluores-
cence throughout the cytoplasm and nuclear region in
nonplasmolyzed and plasmolyzed cells (Fig. 2B, top).

To localize PeAPY2 in organelles, eYFP-tagged
PeAPY2 and organelle markers tagged with cyan fluores-
cent protein (CFP) were cotransformed into Arabidopsis
mesophyll protoplasts (Fig. 2C). Organelle markers were
constructed by fusing an N-terminal CFP tag to different
proteins that were specifically expressed in the PM, endo-
plasmic reticulum (ER), and Golgi apparatus. We found
that PeAPY2 was colocalized predominantly with the PM
marker Arabidopsis Plasma Membrane Intrinsic Protein
2A (AtPIP2A) (Fig. 2C); thus, PeAPY2 was predominantly
localized to the PM. We also noticed that PeAPY2-eYFP
was partially colocalized with the ER and Golgi makers,
showing punctate structures in the cytosol (Fig. 2C). These
findings suggested that PeAYP2 is likely produced in the
ER and transported through the Golgi to the PM.

Characterization of PeAPY2 Apyrase Activity

Phylogenetic and sequence analyses indicated that
PeAPY2 was homologous to apyrases expressed in
various plant species (Supplemental Figs. S2 and S3). In
this study, the PeAPY2 sequence was tagged with
GLUTATHIONE-S-TRANSFERASE (GST) and expressed
in Escherichia coli, and the recombinant protein was puri-
fied. To ensure that the recombinant protein resembled
the native PeAPY2, we investigated its enzymatic char-
acteristics, including its substrate specificity, sensitivity
to ATPase inhibitors, and cofactor preference.

PeAPY2 Substrate Specificity for Hydrolysis of Different
Nucleotides

To examine the substrate specificity of purified PeAPY2,
we tested a variety of triphosphate or diphosphate nucle-
otides (Fig. 3A) and measured inorganic phosphate (Pi)
release. The ATP-hydrolyzing activity was 75 * 9.4 umol
Pih ™' mg ™! purified PeAPY2 protein (K, = 390 * 12 um,
V.o =708 = 9.4 umol h™! mg™'; Supplemental Fig. S4),
which was significantly higher than its activities on other
nucleotide substrates (Fig. 3A). Moreover, the enzymatic
activity was relatively high over a pH range of 6 to 8
(Supplemental Fig. S5A). Compared with the ATP sub-
strate, PeAPY2 had moderate affinity for GTP, with an
activity of 58 = 11.1 umol Pih™' mg ' protein (Fig. 3A).
The enzyme also showed some hydrolysis activity for
pyrimidine nucleotides, including CTP and UTP, but
the activity was 42% to 56% lower than that for ATP
and GTP (Fig. 3A). The hydrolysis of ADP and UDP
was also less than half of that for ATP. PeAPY?2 activity
was nearly undetectable for AMP (Fig. 3A), which was
similar to observations for other apyrases in plant and
animal species (Wang and Guidotti, 1996; Tanaka et al.,
2011).
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PeAPY2 Insensitivity to Specific Inhibitors of P-, V-, and
F-Type ATPases

In general, apyrases are insensitive to specific inhib-
itors of P-, V-, and F-type ATPases and various types of
phosphatases (Steinebrunner et al., 2000). With ATP as
substrate, we examined the sensitivity of PeAPY2 to a
variety of ATPase inhibitors. We tested NaF, an inhib-
itor of pyrophosphatase; NaN,, an inhibitor of F-type
ATPases; NaNO;, an inhibitor of V-type ATPases;
Na,VO,, an inhibitor of P-type ATPases; Na,MoO,, an
inhibitor of acid phosphatases; and N-(3-methylphenyl)-
[1,1-biphenyl]-4-sulfonamide (NGXT191), an inhibitor of
apyrases isolated from Arabidopsis and potato (Solanum
tuberosum). The ATP hydrolysis activity of PeAPY2 was
not significantly suppressed by any of the tested inhibi-
tors, except NaN,, which suppressed activity by approxi-
mately 25% (5 mm NaN,; Fig. 3B). The NalN, inhibition of
PeAPY2 was dose dependent, and its inhibitory effect
markedly declined at 1 mm compared with the higher
doses of 5 and 10 mm (Supplemental Fig. S5B). Unexpect-
edly, NGXT191, a strong inhibitor of apyrase activity in
Arabidopsis and potato (Windsor et al., 2003; Wu et al.,
2007), did not significantly inhibit PeAPY2 (Fig. 3B).
This finding implied that there are species differences
in apyrase sensitivity to NGXT191 (Tanaka et al., 2011).

PeAPY2 Dependence on Divalent Cations

Apyrase family members require divalent metal ions
as cofactors for enzymatic activity (Tanaka et al., 2011).
To determine cofactor preference, PeAPY2 activity was
assayed in the presence of Mg2+, Ca**, Zn**, Cd*", Mn?",
Co**, Cu**, or Ni*". The results showed that the ATP-
hydrolyzing activity of PeAPY2 was enhanced with all
the cations tested, except Ni** (Fig. 3C). The order of
preference was as follows: Mg** > Ca** ~ Zn** ~ Cd**
~ Mn** > Co** > Cu** ~ Ni** (Fig. 3C). Of note, Ca**
and Mg** exhibited an additive effect in enhancing
PeAPY2 apyrase activity (Fig. 3C). Moreover, both
Ca?* and Mg”** enhancements of PeAPY2 activities
were significantly reduced by EDTA, a chelator of
divalent cations (Fig. 3C).

PeAPY2 Overexpression Enhanced Cold Tolerance
and Recovery

Based on our finding that PeAPY?2 was cold inducible
in P. euphratica cells (Fig. 1), we investigated the role of
PeAPY?2 in cold tolerance. We performed heterologous
overexpression by constitutively expressing PeAPY2
in Arabidopsis Columbia-0. We obtained six indepen-
dent, homozygous, overexpression (OE) lines (Fig. 4A).
Two transgenic lines, PeAPY2-OE2 and PeAPY2-OE4,
showed relatively high expression levels (Fig. 4A);
thus, these were selected for cold treatment tests. The
third generation of transgenic lines grown on one-half-
strength Murashige and Skoog (MS) medium were not
significantly different in phenotype from wild-type
seedlings and vector controls under control conditions
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Figure 3. Enzymatic characterization of PeAPY2 recombinant protein. A,
Substrate specificity of PeAPY2. Nucleotide triphosphates (ATP, GTP, CTP,
and UTP), nucleotide diphosphates (ADPand UDP), and AMP nucleotides
(AMP) were applied at a concentration of 3 mm. B, Sensitivity of PeAPY2 to
specific inhibitors of various ATPases. The ATPase inhibitors were applied
at different concentrations: NaF (fluoride, an inhibitor of pyrophospha-
tases; 40 mm), NaN, (N, an inhibitor of F-type ATPases; 5 mm), NaNO,
(NO,, an inhibitor of V-type ATPases; 50 mm), Na,VO, (VO,, an inhibitor
of P-type ATPases; 1 mm), NaMoO, (molybdate, an inhibitor of acid
phosphatases; T mm), and NGXT191 (an inhibitor of apyrases from Ara-
bidopsis and potato; 5 g mL™"). PeAPY2 activities are expressed relative
to the control activity in the absence of inhibitors. C, Effects of different
divalent metal ions on PeAPY2 apyrase activity. Apyrase activity was
measured in the absence (control) and presence of divalent metal ions
(Mgz*, Ca%*, Zn*, Cd**, Mn?*, Co**, Cu®*, and Ni**; 3 mm) and a 1:1
combination of Mg** and Ca* (1.5 mm Mg®* + 1.5 mm Ca?*). EDTA (3 mm)
was applied to chelate divalent ions of Mg?* and/or Ca**. Each column is
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(22°C; Fig. 4B). In addition, we found that the transcript
abundance of seven intrinsic Arabidopsis apyrase
genes, AtAPY1, AtAPY2, AtAPY3, AtAPY4, AtAPYS,
AtAPY6, and AtAPY7, was not altered by the over-
expression of exogenous PeAPY2 (Supplemental Fig.
S6). Three series of cold treatments were carried out to
determine the cold tolerance of PeAPY2-transgenic
plants. Seedlings were subjected to increasing cold
stress, with temperatures declining from 4°C (7 d) to —1°C
(6 h) and then to —6°C (2 h; Chinnusamy et al., 2003;
Yang et al., 2010). In this study, to avoid the rapid for-
mation of ice and mechanical injury caused by ice
crystallization (Scarth, 1944), cold-acclimated plants
were used for freezing temperatures (Chinnusamy
et al., 2003; Yang et al., 2010). At the tested tempera-
tures, root length and electrolyte leakage were mea-
sured (Figs. 4 and 5). Plant recovery was measured after
seedlings were returned to 22°C from cold incubation at
either —1°C or —6°C. The temperature was gradually
elevated to avoid rapid deplasmolysis and rupture of
the protoplast caused by a rapid thawing (Scarth, 1944).

PeAPY2-OE2 and PeAPY2-OE4 exhibited greater
tolerance to low temperatures and showed greater re-
covery from cold stress, in terms of survival rate (Fig.
4C), root growth, electrolyte leakage, cell viability, and
membrane integrity (Fig. 5). Specifically, at 4°C, the root
lengths of wild-type seedlings, vector controls, and
transgenic lines were suppressed by cold stress (4°C for
7 d), but wild-type and vector control seedlings showed
the most pronounced reductions (Fig. 5B). At —1°C,
fluorescein diacetate (FDA) and FM4-64 [N-(3-
triethylammoniumpropyl)-4-(p-diethylaminophenyl-
hexatrienyl) pyridinium dibromide] staining showed
the effects of low temperature on cell viability and
membrane integrity in the elongation zone of roots (Fig.
5A). Wild-type and transgenic plants grown in control
conditions (22°C) showed clear FDA fluorescence within
the cytoplasm, and FM4-64 fluorescence remained at the
surface of root cells. These features indicated that cells
were viable and retained membrane integrity. However,
in cold-treated wild-type plants (—1°C for 12 h, then 4°C
for 12 h; Fig. 5A), FDA fluorescence was undetectable in
a number of root cells. We noted that FM4-64 rapidly
(within 1 min) entered the cell and stained the entire
endomembrane system, leading to a remarkable increase
of FM4-64 /FDA (Fig. 5A). This was due to impaired PM
integrity. The vector control response to cold stress was
similar to that observed in wild-type plants (data not
shown). Compared with wild-type plants, PeAPY2-
transgenic lines retained membrane integrity and cell
viability during the period of cold stress; in transgenic
cells, FDA fluorescence was visualized in root cells while
FM4-64 fluorescence remained largely at the cell surface
(Fig. 5A). Moreover, FM4-64/FDA in transgenic lines
was significant lower than that in the wild type under
the cold treatment (Fig. 5A). At —6°C, after exposure to

the mean of three independent experiments, and error bars represent s.
Columns with different letters showed significant differences, with P<0.05.
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plant performance before (top) and after (bottom) cold stress at —6°C. Survival rates (C) after recovery from freezing (—6°C) were
compared with controls maintained at 22°C (100% survival). Each column is the mean of three independent experiments, and error

bars represent se. *, P < 0.05 for the wild type and vector controls versus transgenic lines after cold and recovery treatment.

increasing cold treatment (4°C for 7 d, then —1°C for 6 h,
then —6°C for 2 h), plants were allowed 10 d of recovery
(4°C for 12 h in dark, then 22°C for 10 d). The PeAPY2-
transgenic lines showed a significantly higher survival
rate (71%—-83%) than wild-type and vector control plants
(34%—41%; Fig. 4, B and C). This was partly due to the
low electrolyte leakage from transgenic plants during
the recovery period. Electrolyte leakage of wild-type
seedlings and vector controls markedly increased by
3.4-fold after cold exposure, compared with seedlings
grown in control conditions (Fig. 5C). However, the two
transgenic lines (OE2 and OE4) showed less leakage
than the vector control and wild-type plants during the
recovery period (Fig. 5C).

PeAPY2 Overexpression Enhanced Vesicular Trafficking in
Arabidopsis Roots

The low electrolyte leakage in cold-stressed trans-
genic lines suggested that disruptions in the PM were
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repaired to maintain membrane integrity. PM resealing
requires the retrieval of wound sites from the PM
(Idone et al., 2008) and exocytotic addition of internal
membrane to the cell PM (Reddy et al., 2001; Schapire
et al., 2009). Therefore, we investigated the effect of
PeAPY2 overexpression on vesicular trafficking in
Arabidopsis. The fluorescent marker FM4-64 was used
to track intracellular vesicular trafficking. FM4-64 can
be efficiently inserted into the PM and taken up by
endocytosis (Wang et al., 2005; Zonia and Munnik,
2008). We incubated the roots of Arabidopsis seedlings
in FM4-64 (5 uMm) for 10 min, then washed for 15 or
30 min. After 15 min of washing, the PM was stained
with FM4-64 and intracellular endosomal bodies were
labeled with internalized FM4-64 dye (Fig. 6A). The
uptake of FM4-64 was more pronounced after 30 min of
washing (Fig. 6B), indicating continuous endocytosis.
Compared with wild-type cells, PeAPY2-OE2 and
PeAPY2-OE4 cells exhibited more pronounced FM4-64
internalization, regardless of the wash duration (Fig. 6,
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Figure 5. Effects of cold stress on root length, cell viability, and electrolyte leakage in wild-type (WT), vector control (VC), and
PeAPY2-transgenic (OE) Arabidopsis lines. A, Cell viability. T3 seeds of wild-type, vector control, and PeAPY2-transgenic (OE2
and OE4) lines were germinated on one-half-strength MS medium. Seven-day-old seedlings of all tested lines were cold accli-
mated for 7 d and freezing treated at —1°C for 12 h. Thereafter, the seedlings were removed to 4°C for 12 h. Control plants were
grown at 22°C in a long-day light period. Cell viability was assayed with fluorescein diacetate (FDA; green) and FM4-64 (red)
double staining; representative images of the elongation zone of roots are shown. The ratio of FM4-64 to FDA fluorescence was
calculated, and values were normalized to the wild-type control at 22°C. Values = sb labeled with different letters showed
significant differences at P < 0.05. Bars = 30 um. B, Root length. Seven-day-old seedlings of wild-type, vector control, and
PeAPY2-transgenic lines (T3 generation) were maintained at 4°C for T week. Root lengths of plants exposed to cold stress (4°C for
7 d) are expressed relative to non-cold-stressed controls (100%) of the same strains. C, Electrolyte leakage. Seven-day-old
seedlings of all tested lines were acclimated at 4°C for 1 week and then subjected to an increasing freezing stress. Seedlings were
exposed to —1°C for 6 h, and then the temperature was lowered to —6°C at a rate of 1°C h™". After 2 h of —6°C treatment, plants
were removed to 4°C in the dark for 12 h and then transfer to 22°C under light for recovery. Electrolyte leakage of cold-stressed
plants was measured after 3 d of recovery. Control plants were grown at 22°C in a long-day light period. In B and C, each column is
the mean of three independent experiments, and error bars represent se. Columns labeled with different letters showed significant
differences at P < 0.05.

A and B). Therefore, the expression of PeAPY2 con-
ferred increased endocytosis in Arabidopsis root cells.

We used pharmacological treatments to confirm that
the enhancement in vesicular trafficking was depen-
dent on PeAPY2. Polyclonal antibodies against PeAPY2
were applied to inhibit PeAPY2 activity in transgenic
plants, and NGXT191, a strong inhibitor of Arabidopsis
apyrases, was used in wild-type plants. Roots were
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preincubated with NGXT191 (wild type) or anti-
PeAPY?2 antibodies (PeAPY2-transgenic lines) for 1.5 h.
Then, FM4-64 was applied, and after 30 min of washing,
fluorescent dye uptake in wild-type and transgenic
plants was examined. The results showed that both
NGXT191 and anti-PeAPY2 antibodies efficiently re-
duced FM4-64 uptake in root intracellular vesicles of
wild-type and transgenic cells, respectively (Fig. 6C;
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Figure 6. Effects of apyrase inhibitors and brefeldin A (BFA) on vesicular
trafficking in root cells of wild-type (WT) and PeAPY2-transgenic plant
lines. T3 seeds of wild-type and PeAPY2-transgenic lines (OE2 and
OE4) were germinated on one-half-strength MS medium, and 7-d-old
seedlings of all tested lines were used for FM4-64 staining (red). A and B,
Endocytosis. Seedlings were stained with FM4-64 for 10 min and then
washed for 15 min (A) or 30 min (B). Endocytic vesicles are stained red.
C, Apyrase inhibitor treatment. Prior to FM4-64 staining, wild-type roots
were treated with NGXT191 (3 ug mL™"), and PeAPY2-transgenic lines
were treated with polyclonal antibodies against PeAPY2 at a dilution of
1:500, for 1.5 h. The uptake of FM4-64 was calculated as the ratio of
intracellular fluorescence to whole-cell fluorescence, and values were
standardized to the wild-type control with 30 min of washing of FM4-
64. In Ato C, values = sp labeled with different letters showed signif-
icant differences at P < 0.05. D and E, Exocytosis. After FM4-64
staining, wild-type and transgenic plant roots were incubated with BFA
(50 um for 1.5 h). Images show FM4-64 uptake before (D) and after (E)
washing out BFA for 1.5 h. Arrowheads indicate BFA bodies. BFA bodies
were quantified as the ratio of intracellular surface to the whole cell, and
values were standardized to the wild-type control before BFA washing.
Values * sp labeled with different letters showed significant differences
at P < 0.05. Bars = 10 um.

Supplemental Fig. S7). FM4-64 internalization was not
affected when the same concentrations of the solvent
dimethyl sulfoxide and preimmune serum were applied
to roots (data not shown). These findings indicated
that vesicular trafficking suppression in wild-type and
transgene plants was due to apyrase inhibition by
NGXT191 and PeAPY2 antibodies, respectively. In ad-
dition, we noticed that, in PeAPY2-transgenic lines,
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NGXT191 did not significantly suppress FM4-64 uptake
in root cells at the tested concentrations, 1.5, 3, and 6 ug
mL ™" (Supplemental Fig. S7). This finding was consis-
tent with the result by in vitro measurement (Fig. 3B).

Next, we tested whether PeAPY2 could stimulate
exocytosis. We monitored FM4-64 uptake and traffick-
ing in the presence of BFA, which inhibits intracellular
vesicular trafficking and peptide secretion (Lam et al.,
2009; Feraru et al., 2012). We stained Arabidopsis roots
with FM4-64 (10 min) prior to BFA treatment (50 uM for
1.5 h). We clearly detected aggregations of vesicles, or
BFA bodies, within cells (Fig. 6D). BFA bodies formed
and expanded with continuous endocytosis, because
exocytosis was blocked by BFA. Compared with wild-
type plants, transgenic lines exhibited larger and more
abundant BFA bodies (Fig. 6D), which indicated vig-
orous endocytosis, because BFA had no significant in-
hibition of FM4-64 internalization (Supplemental Fig.
S8). Interestingly, a low dose of BFA (10 um) stimulated
FM4-64 uptake in the wild type, which is similar to the
findings in tobacco (Nicotiana tabacum) BY-2 suspension
cells (Emans et al., 2002). However, 1-naphthaleneacetic
acid (NAA), a typical inhibitor of endocytosis (Paciorek
et al, 2005), suppressed FM4-64 internalization in
Arabidopsis roots, but with a more pronounced effect
in the wild type compared with transgenic plants
(Supplemental Fig. S8). We then tested the restoration
of exocytosis after BFA washout (1.5 h of washing).
Washing significantly reduced the number and size
(indicated by surface area) of BFA bodies in PeAPY2-
OE2 and PeAPY2-OE4 lines (Fig. 6E). However, in wild-
type roots, BFA bodies remained detectable, although
smaller (Fig. 6E). These observations suggested that
PeAPY2 overexpression in Arabidopsis enhanced both
endocytosis and exocytosis.

PeAPY2 Enhanced Vesicular Trafficking in Cold-Stressed
Arabidopsis Roots

Under control growth conditions (22°C), FM4-64
uptake was more evident in root cells of PeAPY?2-
transgenic lines compared with roots of wild-type
seedlings (Fig. 7A). Cold stress (4°C for 24 h) signifi-
cantly reduced vesicular trafficking (indicated by in-
ternalized FM4-64 dye) in root cells, but the effect was
less pronounced in transgenic lines than in the wild
type (Fig. 7B). This result was consistent with the
finding that transgenic plants maintained PM integrity
after recovery from freezing stress (Fig. 5). We per-
formed pharmacological experiments to test whether
PeAPY2-transgenic plants could maintain vesicular
trafficking during the recovery process. Seedlings of
wild-type and transgenic lines were cold acclimated (4°C
for 7 d) and then exposed to —1°C (6 h); this treatment
was followed by a recovery procedure (4°C for 12 h in
the dark, then 22°C for 1 d); next, trafficking was
assessed in an FM4-64 assay. We applied BFA for 90 min
to inhibit exocytosis. In root cells of wild-type plants, a
single, huge BFA body was observed (Fig. 7C). This
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Figure 7. Effects of low temperatures on vesicular trafficking in root
cells of wild-type (WT) and PeAPY2-transgenic lines. A and B, T3 seeds
of wild-type and PeAPY2-transgenic lines (OE2 and OE4) were germi-
nated on one-half-strength MS medium. Seven-day-old plants were
cultured under control growth conditions at 22°C (A) or exposed to 4°C
for 24 h (B). Control and cold-stressed roots were stained with FM4-64
for 10 min, followed by a 30-min washing. The uptake of FM4-64 was
calculated as the ratio of intracellular fluorescence to whole-cell fluo-
rescence, and values were standardized to the wild-type control.
Values = sp labeled with different letters showed significant differences
at P < 0.05. C and D, Seven-day-old seedlings were cold acclimated
(4°Cfor 7 d) and then exposed to —1°C for 6 h. Next, the seedlings were
moved to 4°Cfor 12 hin the dark and then allowed to recover at 22°C for
1 d. After FM4-64 staining, roots of wild-type and transgenic lines were
incubated with BFA (50 um for 1.5 h). Images show FM4-64 uptake
before (C) and after (D) washing out BFA for 1.5 h. Arrowheads indicate
BFA bodies. BFA bodies were quantified as the ratio of intracellular
surface to the whole cell, and values were standardized to the wild-type
control before BFA washing. Values = sp labeled with different letters
showed significant differences at P < 0.05. Bars = 10 um.

resulted from endocytosis in the absence of exocytosis. In
root cells of transgenic plants, several BFA bodies were
observed: their total surface area was larger than in the
wild type, although they were relatively smaller in size
(Fig. 7C). When the BFA was washed out for 1.5 h, no
BFA bodies were observed in PeAPY2-OE2 and PeAPY?2-
OE4 lines (Fig. 7D). The disappearance of BFA bodies
indicated that the accumulated endosomal compart-
ments were delivered to the PM via exocytosis. In con-
trast to transgenic plants, wild-type plants retained BFA
bodies after BFA was washed out (Fig. 7D). Collectively,
these results indicated that transgenic plants retained a
higher capacity than wild-type plants for regulating
vesicular trafficking, and this capacity favored mem-
brane repair during cold stress and recovery.
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PeAPY2 Controlled eATP Concentrations under Cold
Stress and Recovery

To determine whether PeAPY2 could control eATP
concentrations in cold-stressed roots, we measured
eATP concentrations with a luciferin-luciferase assay
(Sun et al., 2012b). For the first 2 d of cold exposure,
[eATP] steadily increased in all tested plants (Fig. 8A).
However, on day 4, wild-type roots exhibited signifi-
cantly higher [eATP] than the PeAPY?2-transgenic lines
(Fig. 8A). After plants were removed from cold condi-
tions for 12 h, wild-type roots sustained 37% higher
[eATP] than transgenic roots (Fig. 8A). These results
suggested that Arabidopsis plants that overexpressed
PeAPY? retained a greater capacity to control the eATP
than wild-type plants, due to the ATP hydrolysis ac-
tivity of PeAPY2 (Fig. 3).

High eATP Levels Suppressed Cell Viability in
Arabidopsis Roots

A previous study showed that high levels of eATP
could reduce viability and increase programmed cell
death in P. euphratica cells (Sun et al., 2012a). To deter-
mine whether cold-elicited increases in eATP could
induce cell death, we examined the effects of high eATP
on root cell viability under normal (22°C) and low-
temperature (—6°C) conditions. At 22°C, under control
conditions, viable cells displayed green fluorescence due
to stronger FDA staining (green) than propidium iodide
(PI) fluorescence (red), and the abundance of viable cells
was similar in wild-type and transgenic plants (Fig. 8B).
After exposure to high eATP (800 um) for 12 h, wild-type
roots showed weak FDA fluorescence along the roots,
particularly in the transition and elongation zones (Fig.
8B; Supplemental Fig. S9A). With PI staining, wild-type
cells displayed orange fluorescence at the root cap and
PI-stained nuclei were observed in the elongation and
mature regions (Fig. 8B). Compared with the wild type,
ATP induction of root cell death was less pronounced
in PeAPY2-transgenic lines than in wild-type plants,
because the ATP-treated transgenic plants displayed
higher FDA fluorescence and less PI staining along the
root axis (Fig. 8B; Supplemental Fig. S9A). However,
nonhydrolyzable ATP, ATPyS (800 um), was stronger
than hydrolyzable ATP for triggering cell death in both
transgenic and wild-type plants (Supplemental Fig. S10).
At —6°C, under cold stress conditions, there were also
marked differences in ATP induction of root cell death
between wild-type and PeAPY2-transgenic lines.
PeAPY2-transgenic plants retained typically higher FDA
fluorescence than the wild type under cold stress (Fig. 9;
Supplemental Fig. S9B). ATP (50 or 600 uMm) increased PI
fluorescence (red) in cold-stressed roots, but the effect
was more pronounced in the wild type than in the
transgenic lines (Fig. 9). In our study, the products of
apyrase (i.e. ADP, AMP, and PO437) had no significant
effect on cell death at the tested concentrations (0, 50, 600,
or 800 uwm), irrespective of temperature treatments at
22°C (Supplemental Fig. S9A) or —6°C (Supplemental
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Figure 8. Effects of cold stress on eATP concentrations and eATP inhibition
of cell viability in wild-type (WT) and PeAPY2-transgenic lines. T3 seeds of
wild-type and PeAPY2-transgenic lines (OE2 and OE4) were germinated on
one-half-strength MS medium. A, Seven-day-old seedlings of all tested lines
were subjected to 4°C for 7 d (cold stress), followed by —1°C for 12 h and
4°C for 12 h, and were finally returned to 22°C for 12 h of recovery (R12h).
[eATP] was measured in extracellular root medium. Each point is the mean
of three independent experiments, and error bars represent se. **, P < 0.01,
wild-type versus PeAPY2-transgenic lines. B, eATP inhibition of cell viability.
Seven-day-old seedlings of wild-type and PeAPY2-transgenic lines (OE2 and

Plant Physiol. Vol. 169, 2015

PeAPY?2 Increases Cold Tolerance in Arabidopsis

Fig. S9B). This agrees with the result of Sun et al. (2012a),
who found that the ATP metabolic products did not
induce cell death in P. euphratica cells.

eATP Mediates Dose-Dependent Vesicular Trafficking in
Arabidopsis Roots

eATP has dual functions in plant cell signaling. These
functions are largely dependent on the ATP concen-
tration in the ECM (Clark et al., 2010a, 2011; Sun et al.,
2012a). Our data showed that high eATP could re-
duce cell viability in Arabidopsis roots (Fig. 8B;
Supplemental Fig. S9). This effect was also found in
P. euphratica cells (Sun et al., 2012a). Next, we investi-
gated whether the eATP effect on viability was corre-
lated to vesicular trafficking in Arabidopsis roots. Our
FM4-64 internalization experiments showed that low
doses of eATP (20 or 50 um) enhanced vesicular traf-
ficking in wild-type Arabidopsis (Fig. 10; Supplemental
Fig. 511). The ATP induction of trafficking in transgenic
lines was not as pronounced as that in wild-type cells
(Fig. 10; Supplemental Fig. S11), because transgenic
plants exhibited high baseline trafficking in the absence
of low ATP doses (Figs. 6, 7, and 10). When we exposed
plants to higher doses of eATP (500 or 1,000 um), we
observed significant reductions in FM4-64 internaliza-
tion in both wild-type and PeAPY2-transgenic lines
(Fig. 10; Supplemental Fig. S11); however, wild-type
seedlings showed more pronounced reductions than
transgenic seedlings (Fig. 10; Supplemental Fig. S11).
The reduction in vesicular trafficking was more pro-
nounced at 1,000 uMm than at 500 um eATP (Fig. 10).
Moreover, the nonhydrolyzable ATP analog, ATPyS
(500 uMm), diminished FM4-64 internalization to a simi-
lar extent in both wild-type and PeAPY2-transgenic
lines (Fig. 10). This indicated that eATP hydrolysis by
abundant PeAPY?2 alleviated the eATP-induced inhi-
bition of vesicular trafficking. In this study, the pro-
ducts of apyrase action, ADP, AMP, and PO,’”, had no
significant effect on vesicle trafficking at the tested
concentrations, 20, 50, 500, or 1,000 um (Supplemental
Fig. S11), suggesting that ATP-diminished trafficking is
not attributable to ATP metabolites.

DISCUSSION
PeAPY2 Localization and Apyrase Activity

Our phylogenetic analysis indicated that PeAPY2
was homologous to apyrases in various plant species
(Supplemental Fig. S3). Subcellular localization of

OE4) were treated with 0 or 800 um ATP for 12 h. Equal molar values
of CaCl, were applied for the ATP treatment, and pH was adjusted to 5.7 to
5.8 when ATP was added into the nutrient solution. Root cell viability
was assayed with FDA (green) and Pl (red) staining. The merged images
show the double staining. Three independent experiments were performed,
and representative images are shown. Bars = 250 um.
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Figure 9. Effects of ATP on viability in root cells of wild-type (WT) and
PeAPY2-transgenic lines under cold stress. T3 seeds of wild-type and
PeAPY2-transgenic lines (OE2 and OE4) were germinated on one-half-
strength MS medium. Roots of wild-type and transgenic seedlings (7 d
old) were exposed to 0, 50, or 600 um ATP for 24 h. Equal molar values
of CaCl, were applied for the ATP treatment, and pH was adjusted to 5.7
to 5.8 when ATP was added into the nutrient solution. These seedlings of
wild-type and transgenic lines were cold acclimated at 4°C for 1 d and
subjected to low-temperature treatment: —1°C for 16 h, then the tem-
perature was lowered to —6°C for 2 h and finally recovered at 4°C for
12 h. Control plants were grown at 22°C in a long-day light period. Then,
roots were stained with FDA (green) and P! (red) to examine root cell vi-
ability with a confocal microscope. Three independent experiments were
performed, and representative images are shown. Bar = 10 um.
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PeAPY2 in onion and Arabidopsis showed that
PeAPY2 was mainly localized to the PM (Fig. 2). The
colocalization assay in Arabidopsis protoplasts showed
that PeAPY2 also resided in the ER and Golgi apparatus
(Fig. 2). Localization analysis of apyrase reveals species
differences in subcellular localization. The potato-
specific apyrase is apoplastically localized and plays a
crucial role in regulating growth and development
(Riewe et al., 2008). Fractionation of cellular mem-
branes and subsequent western analysis of the fractions
revealed that soybean (Glycine max) GS52 localized in
the PM (Day et al., 2000). Recent studies revealed that
two apyrase homologs in Arabidopsis, AtAPY1 and
AtAPY?2, were localized to the Golgi apparatus, and
both were involved in protein glycosylation and cell
wall polysaccharide synthesis (Chiu et al., 2012; Schiller
et al., 2012; Lim et al., 2014; Massalski et al., 2015). It is
also possible that Arabidopsis apyrases function as
ectoapyrases on the PM, as the growth of pollen tubes
was suppressed by externally applied polyclonal
antibodies against AtAPY1 and AtAPY2 (Wu et al,,
2007). PeAYP2 was predicted to be a secretory protein
with PSORT (http:/ /psort.hgc.jp/form.html) and the
secretomeP server (http://www.cbs.dtu.dk/services/
SecretomeP/). The localization of PeAPY2 to multiple
sites has been observed for other secretory proteins
(Schapire et al., 2008; Han et al., 2013). We propose
that PeAPY?2 is likely produced in the ER and trans-
ported through the Golgi to the PM. In accordance,
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immunolabeling studies showed that multivesicular
bodies were also positively immunolabeled by gold
particles, which most likely reflects the transport of
AtAPY1 (Schiller et al., 2012). The species-specific lo-
calizations of the apyrases are presumably due to the
sequence difference, especially in the uncleaved signal
sequence at the N terminus (Supplemental Fig. S2),
which serves as a transmembrane anchor (Schiller et al.,
2012).

An amino acid sequence analysis showed that
PeAPY2 harbored five intact apyrase-conserved re-
gions (ACRs; Supplemental Fig. 52), which are highly
conserved in both animals and plants (Knowles, 2011;

PeAPY2-OE4
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0 uM ATP
1.25+0.08 a
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1.13+0.1abc —— §1.18+0.09 ab 1.21+£0.07 ab
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Figure 10. Effects of hydrolyzable ATP and nonhydrolyzable ATPyS
on vesicular trafficking in root cells of wild-type (WT) and PeAPY2-
transgenic lines. T3 seeds of wild-type and PeAPY2-transgenic lines
(OE2 and OE4) were germinated on one-half-strength MS medium.
Seven-day-old seedlings were exposed to different concentrations of
eATP (0, 50, 500, and 1,000 um) or extracellular ATPyS (500 um) for 1.5 h.
Equal molar values of CaCl, were applied for the ATP treatment, and pH
was adjusted to 5.7 to 5.8 when ATP was added into the nutrient solution.
Then, roots were stained with FM4-64 for 10 min and washed for 30 min.
Three independent experiments were performed, and representative
images are shown. The uptake of FM4-64 was calculated as the ratio of
intracellular fluorescence to whole-cell fluorescence, and values were
standardized to the wild-type control treated without ATP or ATPyS.
Values = sp labeled with different letters showed significant differences
at P < 0.05. Bars = 10 um.
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Schiller et al., 2012; Okuhata et al., 2013). The highly
conserved nucleotide-binding domains, ACR1 and
ACR4, are essential for enzymatic activity (Tanaka
et al, 2011). The PeAPY2 enzyme exhibited broad
substrate specificity (Fig. 3), similar to the soybean
ectoapyrase, GS52 (Tanaka et al., 2011), the pea (Pisum
sativum) apyrase, PsAPY1 (Cannon et al., 2003), the
cowpea (Vigna sinensis) apyrase, Nucleotide Phospho-
hydrolasesl (VsNTPasel; Takahashi et al., 2006), and
the Dolichos biflorus ectoapyrase (Etzler et al., 1999). The
ATP- hydrolyzmg activity of PeAPY2 (V. =708 * 9.4
pmol h™' mg™'; Supplemental Fig. S4) was hlgher than
that of G552 (Vmax =38.2 = 1.9 umol h ' mg ™ T; Tanaka
et al.,, 2011). PeAPY2 also showed higher afﬁmty for
ATP (K., = 390 = 12 uMm; Supplemental Fig. S4) as
compared with GS52 (K, = 424 * 24 um; Tanaka et al.,
2011). PeAPY2 displayed higher enzymatic activity on
purine nucleotides (ATP and GTP) than on pyrimidine
nucleotides (CTP and UTP) or diphosphate nucleotides
(e.g. ADP and UTP; Fig. 3). This result was different
from observations with GS52, which showed higher
enzymatic activity on pyrimidine nucleotides and di-
phosphate nucleotides than on ATP (Tanaka et al.,
2011). Recently, Massalski et al. (2015) showed that
GDP, IDP, and UDP, instead of ATP, were hydrolyzed
by AtAPY1. Moreover, our pharmacological experi-
ments showed that the PeAPY?2 catalytic domain was
likely located on the extracellular surface. We found
that PeAPY?2 overexpression in Arabidopsis enhanced
vesicular trafficking in root cells (Fig. 6), and this
enhancement was efficiently inhibited with the anti-
PeAPY2 antibody (Fig. 6). Because the PM is not per-
meable to antibodies, we assumed that the polyclonal
antibodies must have bound to extracellular epitopes of
PeAPY2 to block its nucleotide-hydrolyzing activity
(Wu et al., 2007). However, at present, we cannot ex-
clude a possible role for the apyrase in eATP control in
the Golgi, since PeAPY2 also has a Golgi localization
(Fig. 2; Chiu et al., 2012; Schiller et al., 2012; Massalski
etal., 2015). Itis suggested that apyrase could indirectly
control [eATP] through the regulation of the luminal
concentration of ATP ([ATP]) in secretory vesicles de-
rived from the Golgi (Lim et al.,, 2014). Furthermore,
PeAPY2 showed an evident activity toward GTP (Fig.
3), indicating that the apyrase is likely involved in
regulating protein glycosylation (Abeijon et al., 1993;
Gao et al.,, 1999). Yeast apyrases, which control the
turnover of GTP, are shown to regulate protein glyco-
sylation and cell wall integrity (Abeijon et al., 1993; Gao
et al., 1999). In PeAPY2-transgenic Arabidopsis, the
high density of endosome (Figs. 6, 7, and 10) reflects the
enhanced transport of secretory vesicles. Golgi-derived
vesicles have been implicated in the process of mem-
brane repair (Reddy et al., 2001). Thus, it can be inferred
that in PeAPY2-transgenic Arabidopsis, the enhanced
transport of Golgi-derived secretory vesicles provides
PM materials (e.g. glycoprotein and glycolipid) for
membrane repair.

We showed that PeAPY2 apyrase act1v1ty increased
with divalent ion cofactors, particularly Mg** (Fig. 3).
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Similarly, Mg** was the preferred cofactor for ectonu-
cleotidase in human hepatocellular carcinoma (HepG2)
cells (Fujii et al., 2012) but GS52 apyrase showed a
preference for Ca® as a cofactor (Tanaka et al., 2011).
PeAPY2 activity was not sensitive to inhibitors for
various types of ATPases, including pyrophosphatase,
F-, V-, and P-type ATPases, and acid phosphatase (Fig.
3). This feature was common to apyrases in other plant
species (Okuhata et al., 2011; Tanaka et al., 2011). We
showed that PeAPY2 activity was not suppressed by
NGXT191 (Fig. 3), a strong inhibitor for apyrases in
Arabidopsis. Moreover, NGXT191 could not suppress
P. euphratica apyrase in vivo (PeAPY2-transgenic lines;
Supplemental Fig. S7). Similarly, NGXT191 had no in-
hibitory effect on GS52 apyrase activity (Tanaka et al.,
2011). These findings implied that apyrases originated
from cold-resistant woody plants and that rhizobium-
legume symbiosis differs from apyrases that dominate
in mediating growth regulation in Arabidopsis.

PeAPY2 Enhanced Cold Tolerance and Recovery from
Cold Stress

The cold induction of PeAPY?2 indicated that PeAPY2
could contribute to cold tolerance in P. euphratica (Fig.
1). Accordingly, PeAPY?2 overexpression in Arabidopsis
enhanced plant cold tolerance in terms of root growth
and survival rate (Figs. 4 and 5). In wild-type plants,
cold stress reduced root growth and cell viability, pre-
sumably by disrupting membrane integrity (Figs. 4 and
5). Compared with wild-type plants, PeAPY?2-transgenic
plants exhibited greater cell viability, membrane integ-
rity, and root length during cold stress (Figs. 4 and 5).
Moreover, cold-treated transgenic plants exhibited less
electrolyte leakage than wild-type plants during the re-
covery period (Figs. 4 and 5). These findings indicated
that PeAPY2-transgenic plants could repair injured
membranes caused by low temperatures.

PeAPY2 Modulated Vesicular Trafficking and eATP Levels
under Cold Stress and Recovery

PM resealing requires the retrieval of wound sites
from the PM (Idone et al., 2008) and the delivery of
intracellular membranes by exocytosis (Togo et al., 1999;
McNeil et al., 2003). Interestingly, PeAPY2-transgenic
plants typically displayed vigorous endocytosis and
exocytosis compared with wild-type plants (Fig. 6).
FM4-64, an endocytic trafficking tracer (Bolte et al.,
2004), showed that PeAPY?2-transgenic plants also har-
bored a higher density of endosomes in root cells under
cold stress conditions compared with wild-type plants
(Fig. 7). Those results suggested that PeAPY2 enhanced
endocytosis, which contributes to membrane repair by
retrieving the wound site from the PM (Idone et al.,
2008). Moreover, when exocytosis was inhibited with
BFA, transgenic lines showed enhanced accumulation of
BFA bodies, due to endocytosis (Fig. 6; Lam et al., 2009;
Feraru et al.,, 2012). When BFA was removed, the
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number of BFA bodies was significantly reduced in
transgenic plants (Fig. 6). This indicated that PeAPY?2-
transgenic plants secreted endosomal vesicles to the
PM. Cold exposure inhibited endocytosis in PeAPY2-
transgenic plants less than in wild-type plants (Fig. 7).
During recovery, root cell exocytosis was less sensitive to
BFA in transgenic plants than in wild-type plants (Fig. 7).
Moreover, exocytosis was rapidly restored in transgenic
roots when BFA was removed from the root medium
(Fig. 7). The secretory vesicles carrying glycoprotein,
glycolipid, might transport to the PM and facilitate cell
membrane resealing (Reddy et al., 2001). However, the
anti-PeAPY?2 antibodies markedly inhibited both endo-
cytosis and exocytosis in transgenic plants (Fig. 6).
Similarly, in P. euphratica cells, vesicular trafficking
was also suppressed by the anti-PeAPY2 antibodies
(data not shown). These findings indicated that PeAPY2
enhanced vesicular trafficking in P. euphratica and trans-
genic Arabidopsis.

Moreover, our data showed that PeAPY2 may reduce
the eATP inhibition of trafficking by hydrolyzing ATP
in the extracellular medium. High e ATP (500-1,000 wm)
or the nonhydrolyzable ATP (ATPS; 500 um) inhibited
vesicular trafficking (Fig. 10), but low ATP (50 um) ac-
celerated trafficking (Fig. 10). The dual function of
eATP has also been shown in stomatal movement
(Clark et al., 2011), hypocotyl elongation (Roux et al.,
2006), cotton fiber elongation (Clark et al., 2010a),
root hair growth (Clark et al., 2010b), and Ca** flux
(Demidchik et al., 2011). In those studies, high ATP
doses caused stomatal closure, reduced the elongation
of hypocotyl, cotton fiber, and root hair, and induced
substantial Ca** loss (Demidchik et al., 2011). Similarly,
in this study, we found that high eATP suppressed
vesicular trafficking and reduced cell viability in Ara-
bidopsis (Figs. 8 and 10; Supplemental Figs. S9 and
S11). Cold treatment reduced membrane integrity (Fig.
5), which caused a significant rise in eATP levels
around the roots (Fig. 8). Thus, in cold-stressed wild-
type plants, it can be inferred that high eATP restricted
vesicular trafficking and membrane repair in root cells
(Fig. 7), which substantially reduced cell viability (Fig.
5). In accordance, the application of ATP (50 and
600 uM) significantly suppressed root cell viability un-
der cold stress, although the effects were more pro-
nounced in the wild type than in the transgenic lines
(Fig. 9; Supplemental Fig. 59). At present, we cannot
exclude the possibility that eATP may have induced
programmed cell death, because excess eATP was
found to initiate programmed cell death in plants (Sun
et al., 2012a). Our data showed that PeAPY2-transgenic
lines could hydrolyze eATP, because (1) eATP in trans-
genic root medium was lower than that in wild-type root
medium under cold stress and recovery (Fig. 8) and (2)
vesicular trafficking and cell viability were less inhibited
in transgenic roots compared with wild-type roots when
the same eATP concentration (50-1,000 uM) was applied
under normal and low-temperature conditions (Figs. 9
and 10; Supplemental Figs. S9 and S11); but, vesicular
trafficking and viability were similar in the two groups
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when nonhydrolyzable ATP (ATPyS; 500 or 800 um) was
applied (Fig. 10; Supplemental Fig. 510). That result in-
dicated that ATP hydrolysis was required for transgenic
plants to alleviate the effects of high eATP on vesicular
trafficking and cell viability. Taken together, our results
demonstrated that the overexpression of PeAPY2 pro-
vided a means to efficiently hydrolyze eATP in root
medium and avoid excessive ATP accumulation. This
may benefit transgenic plants by reducing the eATP in-
hibition of vesicular trafficking and membrane repair
under cold stress and recovery conditions.

In this study, eATP levels were in the nanomolar
range in cold-stressed P. euphratica cells and Arabidopsis
roots, as eATP levels were obtained by measuring [ATP]
in the medium surrounding the plant materials (Kim
etal., 2009; Weerasinghe et al., 2009). The actual [ATP] at
the cell surface might be higher than the value in the
sampled bulk medium (Weerasinghe et al., 2009). Song
et al. (2006) measured ATP as high as 40 uM in wound
sites of Arabidopsis rosette leaves. With a noninvasive
ATP microbiosensor, Vanegas et al. (2015) detected an
increase in the [eATP] to 3.4 uM after corn (Zea mays)
roots were wounded. Using a cellulose-binding domain-
luciferase reporter, eATP hotspots have been found in
elongating root cells (Kim et al., 2006).

Low temperature suppressed vesicular trafficking in
Arabidopsis roots (Fig. 7). It has been shown that in-
tracellular trafficking of auxin efflux carriers was
inhibited after the initiation of cold treatment (Shibasaki
et al., 2009). The initial responses of plants to cold stress,
such as root growth, gravity response, and auxin trans-
port, occurred within hours (Shibasaki et al., 2009). In
P. euphratica, the up-regulation of apyrase took 3 d to
reach significant levels, which suggests that apyrase and
eATP were involved in the cold response only after
significant membrane leakage had occurred (Fig. 1).

-P euphratica“:_'_'f.-

High [eATP] |— PeAPY2

~ 4 °Cto-6°C

—| Vesicle trafficking I— =

l

Membrane repair A4

l ~— 22°C

Membrane integrity and cell viability

|

Cold tolerance

Recovery

Figure 11. Schematic model showing the role of P. euphratica apyrase,
PeAPY2, in cold tolerance and recovery from cold stress.

Plant Physiol. Vol. 169, 2015


http://www.plantphysiol.org/cgi/content/full/pp.15.00581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00581/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00581/DC1

Therefore, the pattern of plant adaptation to low-
temperature conditions differs from the initial response
upon cold exposure. Based on our results, we hypothe-
sized that PeAPY2 confers enhanced cold tolerance in
P. euphratica by modulating vesicular trafficking and
eATP levels during long-term cold stress. High eATP was
found to inhibit vesicular trafficking (data not shown)
and viability in P. euphratica cells (Sun et al., 2012a). Un-
der long-term stress, the activated PeAPY2 enables
P. euphratica to directly hydrolyze eATP in the ECM and /
or control the [ATP] in Golgi-derived secretory vesicles
(Lim et al., 2014), thus preventing the accumulation of
eATP to levels that can inhibit vesicular trafficking and
membrane repair and induce cell death. This confers
the ability of P. euphratica cells to survive low tem-
peratures and prolonged periods of cold stress. The
critical control of eATP was shown previously in salt-
stressed P. euphratica. In that study, NaCl shock elicited
a significant rise in eATP in the ECM surrounding
P. euphratica cells, but eATP levels returned to basal
levels after 20 min of salt treatment (Sun et al., 2012b).
This was presumably the result of ATP hydrolysis by
apyrase, an extracellular nucleotide phosphohydrolase.
Furthermore, based on our findings, we propose a
signaling pathway in which PeAPY2 mediates cold
tolerance in transgenic Arabidopsis. As shown in Fig-
ure 11, cold treatment inhibits vesicular trafficking and
increases electrolyte leakage in the PM, which results in
ATP release to the ECM. The excess eATP inhibits ve-
sicular trafficking and membrane repair, which leads to
membrane disruption and decreased cell viability.
When Arabidopsis plants overexpress PeAPY2, they
show enhanced vesicular trafficking and highly active
ATP hydrolysis, which then reduces the excess accu-
mulation of cold-elicited eATP in the ECM. Thus,
PeAPY2 protects membrane integrity, which benefits
transgenic plant growth and survival during cold stress
and recovery. In P. euphratica cells, PeAPY2 was up-
regulated under low-temperature conditions (Fig. 11).
The activated PeAPY2 enhanced vesicular trafficking
and modulated eATP levels to reduce the ATP inhibition
of vesicular trafficking and membrane repair (Fig. 11).

MATERIALS AND METHODS
Plant Material Culture and Cold Treatment

Callus cells were induced from Populus euphratica shoots and subcultured as
described previously (Sun et al., 2012b) with some modifications. Briefly, the
calluses were grown on MS solid medium (2.5% [w/v] Suc, pH 6) that contained
0.5 mg L ™! 6-benzyladenine and 0.5 mg L™ NAA. Cultures were raised in the
dark at 25°C and subcultured every 15 d. After 10 d of transformation onto new
MS medium, the calluses were used for cold treatments and RNA isolation.

P. euphratica cells were subjected to 4°C for cold treatment (7 d), and control
cells were cultured at 25°C. Control and cold-stressed calluses were sampled to
measure relative electrolyte leakage (Wang et al., 2007, 2008), malondialdehyde
content (Wang et al., 2007, 2008), [eATP] (Sun et al., 2012b), and the expression
of PeAPY1 and PeAPY?2 (see below).

PeAPY2 Cloning

Total RNA was isolated from callus cells of P. euphratica with TRIzol reagent
(Invitrogen). First-strand complementary DNA (cDNA) was synthesized with
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the SuperScript III first-strand synthesis system kit (Invitrogen) and oligo(dT)
primers, according to the manufacturer’s instructions. A putative coding se-
quence was isolated in a 50-uL PCR, which contained 1 uL of cDNA, 4 uL of
deoxyribonucleotide triphosphates (2.5 mm each), 2 units of Ex Taq polymerase
(Takara), 5 uL of 10X Ex Taq buffer, and 1 uL of specific primers (5 um each). To
isolate apyrase homologs from P. euphratica, we searched for a conserved do-
main in the plant apyrase coding sequence in public databases, including the
National Center of Biotechnology Information (NCBI), Plant Transcript As-
semblies (The Institute for Genomic Research), and PoplusDB. We based primer
design on the coding sequence of a homologous apyrase gene from Populus
trichocarpa (NCBI accession no. XM_002325360); the primer sequences were
5'-ATGAAACGACCTGGTTTGCGAC-3' and 5'-TTATGCTGGTGATGACA-
CAGCCTC-3'. The amplified cDNA product was cloned into the pMD18-T
vector (Takara) for sequencing.

We amplified the mRNA transcription product of the PeAPY2 gene (1,829 bp)
with RACE (3' RACE) and genome walking at the 5’ ends. To obtain the 3’
flanking sequence, we performed the 3’ RACE method to amplify 3’ untrans-
lated regions, according to a lock-docking oligo(dT) primer method (Borson
et al.,, 1992). In brief, total RNA was isolated, and reverse transcription was
carried out with a lock-docking oligo(dT),, primer (Supplemental Table S1).
Two gene-specific primers (3race-apl and 3race-ap2) were designed for two
rounds of PCR and paired with two adaptor primers (3race-adaptor1 and 3race-
adaptor2, respectively). The amplified product was cloned into the pMD18-T
vector and sequenced. To obtain the 5’ flanking sequence, we performed
modified thermal asymmetric interlaced (TAIL)-PCR, as described by Liu and
Chen (2007). Each of four relatively long, arbitrary degenerate (LAD) primers
(LAD1-1 to LAD1-4; Supplemental Table S1) was mixed with a gene-specific
primer (GS-ap0) and genomic DNA in each reaction. The resulting amplified
genomic fragments were diluted and used as templates in two sequential,
independent, TAIL-PCRs, where an adapter primer (AC1) was paired with
gene-specific nested primers, GS-ap1 and GS-ap2. The products of these two
TAIL-PCRs were gel extracted and sequenced. The results showed a stop codon
(TAA) within the 5" untranslated region, which was in frame with the coding
sequence. Thus, we identified the full-length PeAPY2 coding sequence.

Sequence and Phylogenetic Analyses

Full-length amino acid sequences of apyrases from different species were
identified in a BLAST search (accession numbers are shown in Supplemental
Table S2) on the NCBI Web site (http://www.ncbi.nlm.nih.gov/). A multiple
amino acid sequence alignment was performed with ClustalW. Signal peptide
prediction was performed with the SignalP 4.0 online server (http://www.cbs.
dtu.dk/services/SignalP/). Transmembrane domain analysis was performed
with the TMHMM server version 2.0 (http://www.cbs.dtu.dk/services/
TMHMMY/). The full-length coding sequence of PeAPY?2 was 1,404 bp; this
sequence encoded a putative protein of 466 amino acids (Supplemental Fig. S2)
with a putative mass of 51 kD. Hydropathic analysis predicted a transmem-
brane domain at the N terminus of PeAPY2 (Supplemental Fig. 52). However,
the SignalP program did not predict a significant signal peptide in PeAPY2.
PeAPY2 contained five intact apyrase-conserved regions, five conserved re-
gions, and three nucleotide-binding domains in the N terminus. All the con-
served regions and nucleotide-binding domains could be found in orthologous
apyrases from other species, including PtAPY, GhAPY1, AtAPY1, AtAPY2,
RcAPY, and GS52 (Supplemental Fig. S2).

We performed a phylogenetic analysis with the neighbor-joining method in
MEGA version 5.0 software (bootstrap analysis with 1,000 replicates). Neighbor-
joining and parsimony trees showed similar patterns. We found that PeAPY2
was highly similar to the apyrase in P. trichocarpa. Moreover, PeAPY2 was
closely related to the orthologous apyrase in Ricinus communis, cotton (Gos-
sypium hirsutum), and Arabidopsis (Arabidopsis thaliana). However, PeAPY2
was distinct from legume-specific apyrases in Medicago truncatula, like GS50
and GS52 (Supplemental Fig. S3).

Subcellular Localization Analysis

We amplified the coding region of PeAPY2 without the stop codon with
the primers 5'-CACCATGAAACGACCTGGTTTGCGAC-3' and 5'-GTGCTG-
GTGATGACACAGCCTC-3'. We cloned the product into the pENTR vector
with the directional TOPO cloning kit (Invitrogen). After sequencing, the
cDNA was directionally inserted into its destination vector, p2GWY?7, with a
lambda recombinase protocol (Karimi et al., 2005). This construct yielded a
PeAPY2-eYFP fusion sequence. For the particle bombardment experiment,
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strips of onion (Allium cepa) epidermis were placed on an MS plate supple-
mented with 0.8% (w/v) agar. The fusion construct and a control eYFP vector
were introduced by particle bombardment with the Biolistic Particle Delivery
System-1000/He (Bio-Rad). The delivery conditions were as follows: gold
particle diameter, 1 wm; helium pressure, 1.07 X 10* kPa; bombardment dis-
tance, 9 cm; and chamber vacuum pressure, 88 kPa. The bombarded cells were
incubated overnight on the MS solid medium at pH 6.5, due to eYFP sensitivity
to acid conditions. Epidermal cells were incubated at room temperature in the
dark for 15 to 20 h. YFP fluorescence was examined with a Leica SP5 confocal
microscope (Leica Microsystems). Plasmolysis was induced by hyperosmotic
shock with a 500 mm NaCl solution.

In vivo organelle markers were used to confirm the subcellular localization
of PeAPY2 in Arabidopsis (Nelson et al.,, 2007). eYFP-tagged PeAPY2 was
cotransformed into Arabidopsis mesophyll protoplasts with CFP-tagged or-
ganelle markers that specifically targeted the ER (ABRC stock no. CD3-953), the
Golgi network (ABRC stock no. CD3-961), or the PM (ABRC stock no. CD3-
1001). These organelle markers were constructed by fusing the N terminus of
the CFP sequence to well-known target proteins, including the full-length
AtPIP2A, which targeted the PM; a combination of the Arabidopsis WALL-
ASSOCIATED KINASE2 signal peptide and the ER retention signal, HDEL,
which targeted the ER; and the soybean (Glycine max) a-1,2-MANNOSIDASE I
peptide, which targeted the Golgi apparatus. Then, we used standard trans-
fection protocols described by Yoo et al. (2007) with some modifications. Leaf
protoplasts of Arabidopsis were isolated as described by Yoo et al. (2007). In
brief, 1-mm leaf strips from 3- to 4-week-old Arabidopsis plants were digested
for 2 to 4 h in enzyme solution containing 1.5% (w/v) cellulase R10 and 0.4%
(w/v) macerozyme R10. After washing three times with W5 solution (2 mm
MES, pH 5.7, 154 mm NaCl, 125 mm CaCl,, and 5 mm KCl), protoplasts (5 X 105)
were resuspended in 100 uL of protoplast solution (400 mm mannitol, 15 mm
MgCl,, 4 mm morpholinoethane sulfonic acid, and KOH to achieve pH 5.7).
Then, we added 5 to 10 ug of each plasmid DNA. Next, we added 110 uL of
transfection solution (4% [w/v] polyethylene glycol 4000, 200 mm mannitol,
and 100 mm CaCl,) to the previous mixture and incubated for 30 min at 23°C.
Then, W5 solution (450 uL) was added to terminate the reaction, and proto-
plasts were resuspended in 1 mL of fresh W5. After incubating at 23°C for 12 to
16 h, fluorescent protein was visualized with a Leica SP5 confocal microscope.
The excitation wavelengths were 453 nm (CFP) and 514 nm (eYFP), and the
emission wavelengths were 460 to 480 nm (CFP) and 525 to 545 nm (eYFP).
Confocal microscopy images were obtained using the xyz mode, which allows
one to scan the xy plane along the z axis. Representative images were selected to
show the targeted cell compartments, such as the PM, ER, and Golgi apparatus.

Recombinant Protein Expression and Purification

PeAPY2 harbors a hydrophobic N-terminal transmembrane domain, but itis
not posttranslationally modified in the prokaryotic expression system. We found
that a recombinant, full-length PeAPY2 fused to GST was insoluble; it was
expressed wholly in the inclusion body of bacteria and showed little enzymatic
activity, even under refolding conditions. Therefore, we removed the 59-amino
acid transmembrane domain, fused it with a GST tag, and expressed the
truncated PeAPY2 enzyme in Escherichia coli. This truncated protein was pu-
rified under native conditions for the enzymatic studies. Previous studies have
shown that the transmembrane domain is not required for enzymatic activity
(Wang et al., 1998; Hsieh et al., 2000). Moreover, the bacterial recombinant
ectoapyrases of soybean (GS52; Tanaka et al., 2011), pea (Pisum sativum), and
Arabidopsis exhibited enzymatic activity (Steinebrunner et al., 2000; Kawahara
et al., 2003).

The vector that carried the sequence for the truncated PeAPY2 protein fused
with GST (PeAPY2-GST) was constructed by first amplifying PeAPY2 with the
following primers: 5'-CCGGAATTCCGGGATTCGAGGAGTTATGC-3" and
5'-ACGCGTCGACTTATGCTGGTGATGACAC-3'. These primers harbored
EcoRI and Sall restriction sites (underlined) to facilitate subcloning. After sub-
cloning into the pMD18-T vector, the PeAPY2-GST cassette was digested and
inserted into a linearized pGEX-4T-1 vector (GE Healthcare) for transformation
into E. coli strain BL21 (DE3). Positive E. coli clones were selected for expression
and grown in Luria-Bertani broth at 37°C until the optical density at 600 nm
reached 0.5. Then, the cells were precooled to 15°C for induction. Isopropylthio-
B-galactoside was added at a final concentration of 0.3 mm, and the cells were
shaken overnight in the dark at 15°C to prevent excessive protein expression
and misfolding. The cells were harvested by centrifugation at 6,000¢ for 10 min;
then, cells were resuspended in Tris buffer (140 mm NaCl, 2.7 mm KCl, and
10 mm Tris-Cl, pH 7.3) and lysed with mild sonication. The PeAPY2-GST protein
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was purified with a glutathione-Sepharose 4B column (GE Healthcare)
according to the manufacturer’s instructions. Tris-Cl was used as a buffering
agent instead of phosphate to eliminate contamination in subsequent Pi de-
termination assays. The expressed protein was confirmed with 10% (w /v) SDS-
PAGE.

Apyrase Activity Assay

Three series of experiments were conducted to characterize PeAPY2 apyrase
in terms of substrate specificity, inhibitor sensitivity, and cation cofactor pref-
erence.

In the first series, PeAPY2 substrate specificity was tested with a variety of
triphosphate or diphosphate nucleotides (Tanaka et al., 2011). Nucleotide hy-
drolysis activity was determined by measuring the release of Pi (Taussky and
Shorr, 1953). The reaction solution (100 uL) contained 30 mm HEPES (pH 6.6),
3 mm MgCl,, 3 mm CaCl,, and 3 mm of the corresponding substrate, ATP, ADP,
AMP, GTP, UTP, or CTP. The ATP-hydrolyzing activity of PeAPY2 was ex-
amined over a range of pH 6 to 8, in addition to the assays of maximal activity
for hydrolyzing ATP and affinity (apparent K ) for ATP (Tanaka et al., 2011).

In the second series, we tested PeAPY2 sensitivity to specific inhibitors of P-,
V-, and F-type ATPases. The ATPase inhibitors were applied at different con-
centrations: NaF (fluoride inhibits pyrophosphatase) was applied at 10, 20, and
40 mm; NaNj; (N; inhibits F-type ATPases) was applied at 1, 5, and 10 mm;
NaNO; (NO; inhibits V-type ATPases) was applied at 50 mm; Na;VO, (VO,
inhibits P-type ATPases) was applied at 1 mm; NaMoO, (molybdate inhibits
acid phosphatase) was applied at 1 mm; and NGXT191, which inhibits Arabi-
dopsis and potato (Solanum tuberosum) apyrases, was applied at 5 g mL ™.

In the third series, we tested potential PeAPY2 cofactors for apyrase ATP
hydrolysis activity by adding various divalent ions. The reaction buffer con-
tained either a divalent metal ion (3 mm), such as Mgz*, Ca*, Zn*", Cd*, Mn?%",
Co**, Cu®*, or Ni**, or a combination of Mg®* and Ca** (1.5 mv Mg?* + 1.5 mm
Ca®). A chelator of Mg?* and Ca”* (3 mm EDTA) was applied to confirm that the
divalent cations (Mg?* and Ca”*) had enhanced PeAPY2 apyrase activity.

All the above reactions were initiated by suspending the purified PeAPY2-
GST fusion protein in the buffer, then adding the test components. All reactions
were processed at 37°C for 30 min and terminated with the addition of an equal
volume of 10% (v/v) TCA and then chilling on ice. Ferrous sulfate-ammonium
molybdate reagent (50 uL) was added to each sample, as described by Taussky
and Shorr (1953). The absorption at 660 nm was measured, and Pi content was
calculated based on phosphorus standards (Sigma).

Polyclonal Antibody Preparation

Polyclonal antibodies were prepared with His-tagged recombinant proteins
to maintain immunogen specificity. Full-length PeAPY2 cDNA was amplified
with specific primers (5'-CCGGAATTCCGGATGAAACGACCTGGTTTGC-3'
and 5'-ACGCGTCGACTTATGCTGGTGATGACAC-3'), which harbored
EcoRI and Sall restriction sites (underlined). These products were cloned into
the pET-28a vector, which carries an N-terminal His tag (Novagen). E. coli BL21
(DE3) cells were transformed with the recombinant plasmid, and protein ex-
pression was induced by adding 1 mm isopropylthio-g-galactoside (final con-
centration) and incubating for 4 h at 37°C. E. coli cells were then harvested and
resuspended in phosphate-buffered saline. After sonication, inclusion bodies
were collected by centrifugation at 12,000¢ for 15 min and washed twice with
washing buffer (140 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 2 mm KH,PO,, and
1 M urea, pH 7.4). The inclusion bodies were then dissolved in solution buffer
(140 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 2 mm KH,PO,, and 8 m urea, pH
7.4) and separated with SDS-PAGE. The gel was washed and stained with
precooled 0.25 M KCI solution for 5 min. The distinct band that contained re-
combinant protein was recovered and used for rabbit immunization (CWBIO).
Polyclonal antibodies were purified with the Agarose Protein A kit (CWBIO).

PeAPY2 Transformation of Arabidopsis

The full-length coding region of PeAPY2 was cloned into a Gateway binary
expression vector, pK7WG2D (Karimi et al., 2002), which contained the 35S
promoter of Cauliflower mosaic virus. This vector was introduced into Agro-
bacterium tumefaciens, strain GV3101, and then transformed into wild-type
Arabidopsis Columbia-0 with the floral dip method (Clough and Bent, 1998).
pK7WG2D-GUS was a vector control, constructed and transformed in par-
allel with pK7WG2D-PeAPY2. Putative transgenic lines were selected with
50 mg L' kanamycin on one-half-strength MS medium that contained
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1% (w/v) Suc and 0.8% (w/v) agar. Six single-copy transgenic lines of 35S::
PeAPY?2 and three homozygous GUS control lines from the third generation
were selected according to the segregation ratio (Han et al., 2013). In our study,
seedlings of wild-type, vector control, and transgenic Arabidopsis plants were
grown in nursery soil under a long-day photoperiod (16 h of light and 8 h of dark)
at 100 umol m 2 s}, and the temperature was 22°C with 50% to 70% relative
humidity.

Phenotypic Analysis of PeAPY2-Transgenic Plants

Wild-type, vector control, and PeAPY2-transgenic lines were germinated
and grown on one-half-strength MS medium containing 1% (w/v) Suc and
0.8% (w/v) agar. The standard procedures for the freezing tolerance assay were
carried out as described (Chinnusamy et al., 2003; Yang et al., 2010), with minor
modifications. Briefly, 7-d-old seedlings of these lines were cold acclimated at
4°C for 7 d and removed to a programmed freezing chamber. The temperature
in the chamber was programmed to decline at the rate of 1°C h™". Plants were
maintained at —1°C for 6 h, and then the temperature was lowered to —6°C ata
rate of 1°C h™ . The temperature was lowered step by step (22°C — 4°C — —1°C
— —6°C) to reduce the formation of ice crystals during rapid freezing, as the size
of the crystals decreases with the rate of freezing (Scarth, 1944). In this study, to
avoid the rapid formation of ice and mechanical injury caused by ice crystal-
lization, cold-acclimated plants were used for freezing temperatures (Scarth,
1944). After exposure to —6°C for 2 h, plants were removed and placed at 4°C in
the dark for 12 h and then transferred to light at 22°C. The temperature was
gradually elevated (—6°C — 4°C — 22°C) to avoid rapid deplasmolysis and
rupture of the protoplast caused by a rapid thawing (Scarth, 1944). After 3 d of
recovery at 22°C, seedlings were sampled to measure relative electrolyte
leakage. Separate groups of control wild-type, vector control, and transgenic
lines were cultured under normal growth conditions at 22°C throughout the
experiment. We estimated membrane injury in control and cold-stressed plants
by measuring relative electrolyte leakage in an assay described by Uemura et al.
(1995). The survival rate of wild-type, vector control, and transgenic lines was
examined after 10 d of recovery.

For root growth measurements, 7-d-old plants were grown on one-half-
strength MS medium and stressed at 4°C under continuous light of 100 wmol
m~ 25" Control plants were grown at 22°C in the same light condition. Root
length was measured with image-analysis software, Image] (http:/ /rsb.info.
nih.gov/ij/). Primary root lengths of control and cold-stressed plants were
measured to calculate the relative root length.

Cell Viability and Membrane Integrity Analyses

Seven-day-old wild-type and PeAPY2-transgenic lines were cold acclimated
at 4°C for 7 d, transferred to —1°C for 12 h, and then moved to 4°C for 12 h.
Membrane integrity was measured by double staining seedlings with FDA and
FM4-64 (Invitrogen) to measure PM permeability. The confocal parameters
were set as described in previous studies (Schapire et al., 2008): the excitation
wavelength was 488 nm (FDA and FM4-64), and the emission wavelengths
were 505 to 525 nm (FDA) and 610 to 700 nm (FM4-64).

To measure the response to eATP, 7-d-old seedlings of wild-type and
transgenic lines were treated with ATP-Na, (800 um) or ATPyS (800 um) for
12 h. The pH was adjusted to 5.7 to 5.8 when ATP was applied. Then, roots were
stained with FDA and PI to examine root cell viability (Cruz-Ramirez et al.,
2004; Sun et al., 2012a).

We also investigated whether ATP and the apyrase products (e.g. ADP and
AMP) conferred cold tolerance. Roots of wild-type and transgenic seedlings
(7 d old) were incubated in a one-half-strength MS + MES (5 mwm) nutrient buffer
containing 0, 50, or 600 um ATP, ADP, AMP, or PO437 (note that an equal molar
value of CaCl, was applied for the ATP treatment) for 24 h. pH was adjusted to
5.7 t0 5.8 when ATP was added into the nutrient buffer. These seedlings of wild-
type and transgenic lines were cold acclimated at 4°C for 1 d and subjected to
low-temperature treatment: —1°C for 16 h, then the temperature was lowered to
—6°C for 2 h and finally recovered at 4°C for 12 h. Roots were then stained with
FDA and PI to examine root cell viability as described above.

qRT-PCR

The levels of PeAPY2 and PeAPY1 transcription were evaluated in cold-
stressed P. euphratica cells with gqRT-PCR. P. euphratica cells were placed at 4°
C for cold stress, and control cells were cultured at 25°C, in the dark. Control
and cold-stressed calluses were sampled at 0, 1, 5, 8, 11, 24, 48, 72, and 148 h to
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measure PeAPY2 expression. Control and cold-stressed calluses were sampled
at 0, 12, 24, 48, 72, and 168 h to measure PeAPY1 expression. Callus samples
were rapidly frozen in liquid nitrogen. Then, total RNA was isolated with
TRIzol reagent (Invitrogen). DNA was eliminated by treating for 0.5 h with
DNase I (Promega). Next, 1 ug of purified RNA was used as a template for first-
strand cDNA synthesis with Moloney murine leukemia virus reverse tran-
scriptase (Promega) and oligo(dT) primers. Specific primers were designed for
PeAPY?2 and PeAPY1 (Supplemental Table S3). Amplification was performed as
described by Ding et al. (2010): 95°C for 5 min; followed by 32 cycles of 94°C for
30 s, 55°C for 30 s, and 72°C for 30 s; with a final step of 72°C for 10 min. The
expression levels of target genes were normalized to the expression level of
PeACT7 using the method as described in Livak and Schmittgen (2001). Each
experiment was replicated at least three times, and mean values were calculated.

To clarify whether PeAPY2 overexpression interfered with the expression of
endogenous apyrase in Arabidopsis, we examined the transcription of AtAPY1,
AtAPY2, AtAPY3, AtAPY4, AtAPY5, AtAPY6, and AtAPY7 in wild-type, vector
control, and PeAPY2-transgenic Arabidopsis cells under normal growth con-
ditions (22°C). Specific primers were designed for AtAPY1 to AtAPY7 genes
(Supplemental Table S3). Total RNA was isolated from Arabidopsis seedlings,
and qRT-PCR was performed as described above. The expression of the
housekeeping gene, ACTIN2, was measured in Arabidopsis and used as the
internal control (Yamazaki et al., 2008).

Measurement of Extracellular ATP

Third-generation seedlings from wild-type and PeAPY2-transgenic lines
were germinated on one-half-strength MS medium and grown on 24-pore
plates (six seedlings for each pore). Double-distilled water (100 uL) was added
to each pore to maintain humidity. Before the initiation of cold treatment,
300 uL of double-distilled water was added to each pore and allowed to
equilibrate for 20 min. The seedlings were transferred to a cold chamber at 4°C
for 7 d, and the eATP in roots was sampled after 0, 12, 24, 48, and 96 h of cold
stress. After 7 d of cold treatment, the temperature was cooled to —1°C and
maintained at that temperature for 12 h. Seedlings were then transferred to 4°C
for 12 h and, finally, recovery at 22°C. The liquid medium was sampled after
12 h of recovery, and samples were immediately frozen in liquid nitrogen. The
eATP levels in Arabidopsis seedlings and P. euphratica cells were determined
with the Enlighten ATP Assay System Bioluminescence Kit (Promega) as de-
scribed by Sun et al. (2012b).

FM4-64 Staining for Vesicle Trafficking Assay in
Arabidopsis Roots

We used a lipophilic styryl dye, FM4-64, to visualize endocytosis and ve-
sicular trafficking. Three series of experiments were performed to clarify the
effects of apyrase inhibitors, low temperature, and eATP on vesicular trafficking
in Arabidopsis roots. A brief description of each series is given below.

Series 1: Apyrase Inhibitors and BFA Treatment

Roots of 7-d-old wild-type and transgenic Arabidopsis seedlings were
equilibrated with liquid one-half-strength MS solution (1% [w/v] Suc, pH 5.7)
for 30 min. For inhibitor treatment, roots of Arabidopsis seedlings were pre-
treated with NGXT191 or polyclonal antibodies against PeAPY2 for 1.5 h prior
to FM4-64 staining. In brief, wild-type roots were treated with 3 ug mL ™~ NGXT191,
and the PeAPY2-transgenic lines were incubated with polyclonal antibodies at a
ratio of 1:500 at room temperature. Untreated controls received the same concen-
tration of the solvent dimethyl sulfoxide and preimmune serum. Thereafter, treated
and untreated seedlings were stained with FM4-64 (5 uM) for 10 min, followed by
washing for 15 or 30 min. To determine whether NGXT191 could suppress PeAPY2
in vivo, PeAPY2-transgenic lines were subjected to 0, 1.5, 3, or 6 ug mL 'for15h
followed by FM4-64 staining. The uptake of FM4-64 was calculated as the ratio of
intracellular fluorescence to whole-cell fluorescence (Bandmann and Homann,
2012), and values were standardized to the wild-type control treated without
NGXT191 (Kitakura et al., 2011).

Wild-type and transgenic plants were examined for differences in exocytosis
with BFA. BFA blocks trafficking from endosomes to PM, causes the formation
of endosomal aggregates (BFA compartment), and causes the redistribution of
Golgi proteins to the ER (Geldner et al., 2003). Seedlings stained with FM4-64
(5 uMm) were exposed to BFA (50 um) for 1.5 h. Then, BFA was washed out for
1.5 h. FM4-64 internalization was visualized with a confocal microscope before
and after BFA washing. Additionally, BFA has been variously described as an
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inhibitor of endocytosis (Balugka et al., 2002; Geldner, 2004) and used to dissect
trafficking pathways between different endomembrane compartments in plant
cells (Geldner et al., 2003; Grebe et al., 2003; Kleine-Vehn et al., 2008). To test
whether BFA inhibits endocytosis, the effects of BFA and NAA (an inhibitor of
endocytosis; Paciorek et al., 2005) on vesicle trafficking were compared. Wild-
type and PeAPY2-transgenic seedlings were exposed to BFA (10 um) or NAA
(10 um) for 30 min, followed by FM4-64 (5 um) staining. Then, the fluorescent
dye was washed out for 30 min. FM4-64 internalization was visualized with a
confocal microscope before and after BFA and NAA washing.

Series 2: Low-Temperature Treatment

Seven-day-old wild-type and transgenic seedlings were exposed to 22°C
(control) or 4°C (cold stress) for 24 h prior to FM4-64 staining. Vesicular traf-
ficking was also analyzed in cold-stressed plants during the recovery process.
Cold-acclimated seedlings (4°C for 7 d) were subjected to —1°C for 6 h, then
transferred to 4°C for 12 h, and finally recovered at 22°C for 24 h before FM4-64
staining. Roots were stained with FM4-64 for 10 min and washed for 30 min to
remove excess dye prior to confocal analysis. Next, the seedlings were subjected
to BFA (50 um) treatment for 1.5 h. FM4-64 internalization was visualized with a
confocal microscope before and after BFA washing.

Series 3: ATP and Its Metabolic Products Treatment

Roots of 7-d-old wild-type and transgenic seedlings were exposed to 0, 50,
500, or 1,000 um ATP-Na, for 1.5 h or to 500 um ATPyS for 1.5 h. Then, roots
were stained with FM4-64 for 10 min and washed for 30 min prior to confocal
microscopy. In addition, the effects of the products of apyrase action (i.e. ADP
and AMP) were examined in root cells of wild-type and PeAPY2-transgenic
lines. Roots of wild-type and transgenic seedlings (7 d old) were exposed to
one-half-strength MS + MES (5 mm) nutrient buffer containing 0, 20, 50, 500, or
1,000 um PO437, ADP, AMP, or ATP for 1.5 h. Thereafter, roots were stained
with FM4-64 and used for confocal microscopy as described above. In these
studies, equal molar values of CaCl, were applied for the ATP treatment and
the pH was adjusted to 5.7 to 5.8 when ATP was added into the nutrient buffer.

Data Analysis

All mean data were subjected to SPSS (SPSS Statistics 17.0) for statistical tests
and analyses. Unless stated otherwise, differences were considered significant at
P < 0.05.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression profiles of PeAPY1 in P. euphratica
callus cells under cold stress.

Supplemental Figure S2. Multiple sequence alignment of PeAPY2 (apy-
rase from P. euphratica) with other apyrases from different species.

Supplemental Figure S3. Phylogenetic relationships between PeAPY2 and
other representative APY proteins from different plant species.

Supplemental Figure S4. The ATP-hydrolyzing activity of PeAPY2 and the
affinity for ATP.

Supplemental Figure S5. Effects of pH and ATPase inhibitors on PeAPY2
apyrase activity.

Supplemental Figure S6. Expression profiles of AtAPY1, AtAPY2, AtAPY3,
AtAPY4, AtAPY5, AtAPY6, and AtAPY7 in wild-type, vector control,
and PeAPY2-transgenic Arabidopsis.

Supplemental Figure S7. Effects of NGXT191 on vesicular trafficking in
root cells of wild-type and PeAPY2-transgenic lines.

Supplemental Figure S8. Effects of NAA and BFA on vesicular trafficking
in root cells of wild-type and PeAPY2-transgenic lines.

Supplemental Figure S9. Effects of ATP and the apyrase products on cell
viability in wild-type and PeAPY2-transgenic lines under control and
cold stress conditions.

Supplemental Figure S10. Effects of ATPyS on cell viability in wild-type
and PeAPY2-transgenic lines.
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Supplemental Figure S11. Effects of ATP and the apyrase products on
vesicular trafficking in wild-type and PeAPY2-transgenic lines.

Supplemental Table S1. Primers used for gene cloning of P. euphratica
PeAPY?2.

Supplemental Table S2. Accession numbers of apyrase orthologs used in
multiple sequence alignment and phylogenetic analysis.

Supplemental Table S3. Primer sets used for qRT-PCR.
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