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Overexpression of Arabidopsis Translationally
Controlled Tumor Protein Gene AfTCTP Enhances
Drought Tolerance with Rapid ABA-Induced

Stomatal Closure
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Translationally controlled tumor protein (TCTP), also ter-
med P23 in human, belongs to a family of calcium- and
tubulin-binding proteins, and it is generally regarded as a
growth-regulating protein. Recently, Arabidopsis TCTP
(AtTCTP) has been reported to function as an important
growth regulator in plants. On the other hand, plant TCTP
has been suggested to be involved in abiotic stress signal-
ing such as aluminum, salt, and water deficit by a number
of microarray or proteomic analyses. In this study, the
biological functions of AtTCTP were investigated by using
transgenic Arabidopsis plants overexpressing AtTCTP.
Interestingly, AtTCTP overexpression enhanced drought
tolerance in plants. The expression analysis showed that
AITCTP was expressed in guard cells as well as in actively
growing tissues. Physiological studies of the overexpres-
sion lines showed increased ABA- and calcium-induced
stomatal closure ratios and faster stomatal closing re-
sponses to ABA. Furthermore, in vitro protein-protein inte-
raction analysis confirmed the interaction between AtTCTP
and microtubules, and microtubule cosedimentation as-
says revealed that the microtubule binding of AtTCTP in-
creased after calcium treatment. These results demon-
strate that the overexpression of AtTCTP confers drought
tolerance to plants by rapid ABA-mediated stomatal clo-
sure via the interaction with microtubules in which calcium
binding enhances the interaction. Collectively, the present
results suggest that the plant TCTP has molecular proper-
ties similar to animal TCTPs, such as tubulin- and calcium-
binding, and that it functions in ABA-mediated stomatal
movement, in addition to regulating the growth of plants.

INTRODUCTION

Translationally controlled tumor protein (TCTP), also termed
P21 in mouse (Chitpatima et al., 1988) and P23 in human
(Gross et al., 1989), is a highly conserved and ubiquitously

expressed protein in eukaryotic organisms (Bommer and Thiele,
2004). TCTP was initially identified in Ehrlich ascites tumor cells,
as a translationally regulated protein. Subsequently, TCTP was
found to be present in all eukaryotes including various normal
cell types and its expression was reported to be regulated at
the transcriptional level as well as the translational level (Sch-
midt et al., 2007; Thiele et al., 2000). Although the abundance
and ubiquity of TCTPs suggest that they have important pri-
mary functions, their exact roles are still not fully understood.
However, a wide range of biological functions have been re-
ported for TCTPs, including cellular growth and proliferation
(Cans et al., 2003; Chen et al., 2007; Hsu et al., 2007), cyto-
kine-like activity as a histamine-releasing factor (MacDonald et
al., 1995; Vonakis et al., 2008), anti-apoptotic activity (Li et al.,
2001; Susini et al., 2008; Yang et al., 2005), stress signaling
(Bonnet et al., 2000; Ermolayev et al., 2003; Sturzenbaum et al.,
1998), and chaperone-like activity (Gnanasekar et al., 2009;
Thaw et al., 2001).

TCTP is a calcium-binding protein (Feng et al., 2007; Kim et
al., 2000; Sanchez et al., 1997) and has also been shown to be
a tubulin-binding protein that associates with microtubules
(Bazile et al., 2009; Gachet et al., 1999). In addition, the three-
dimensional protein structure of TCTP reveals significant struc-
tural similarities to the Mss4/Dss4 family of proteins that bind to
the GDP/GTP-free form of Rab proteins, which suggests a
possible role for TCTP as a guanidine nucleotide exchange
factor, or a guanidine nucleotide-free chaperone (Cans et al.,
2003; Feng et al., 2007; Thaw et al., 2001). In mouse (Mus
Musculus), homozygous knockout mutants of TCTP were em-
bryogenic lethal, while heterozygous mutants displayed normal
development (Chen et al., 2007). In addition, it has been re-
ported that Drosophila TCTP (dTCTP) controls cell growth and
proliferation by regulating Drosophila Rheb GTPase (Hsu et al.,
2007). Despite this growing wealth of data on the molecular
properties and biological functions of TCTPs, their precise role
in cells still remains unclear. In particular, plant TCTPs have not
been as well studied as animal TCTPs.
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Recently, the functional roles of plant TCTPs have been re-
ported in Arabidopsis thaliana. There are two TCTP genes in
Arabidopsis thaliana genome, At3g16640 and At3g05540.
Arabidopsis TCTPs have two distinct TCTP signatures that are
highly conserved in all TCTPs, consistent with all known TCTP
structures (Feng et al., 2007; Hinojosa-Moya et al., 2008; Thaw
et al., 2001). Arabidopsis TCTPs also contains a basic domain
(Q77-K119) for tubulin binding and a calcium-binding domain at
the C-terminal region. Although there are two TCTPs in A.
thaliana genome, it was reported that At3g05540 was a pseu-
dogene, because no expression was detected (Berkowitz et al.,
2008). Thus, there is one functional TCTP gene (At3g16640;
AtTCTP) in Arabidopsis thaliana. Recently, it was reported that
the AtTCTP functions as an important growth regulator in plants
(Berkowitz et al., 2008; Brioudes et al., 2010). From the func-
tional analysis of the Arabidopsis TCTP using a T-DNA inser-
tion line, AtTCTP overexpression and RNAI lines, it was shown
that the T-DNA insertion line (fctp-1; SAIL_28_CO03) had a male
gametophytic phenotype with impaired pollen tube growth and
the RNAI lines exhibited slow vegetative growth phenotypes
including reduced leaf expansion, reduced lateral root formation,
and impaired root hair formation (Berkowitz et al., 2008). In
contrast, the AtTCTP overexpression lines did not show any
significant difference in phenotypes when compared with wild-
type plant (Berkowitz et al., 2008). More recently, another
AtTCTP knockout line (fcto-2; GABI_901E8) as well as tctp-1
was shown to be lethal, and this lethality was caused by re-
tarded development of the embryos (Brioudes et al., 2010). In
addition, it was also reported that the Arabidopsis TCTP plays a
role in regulating mitotic growth by controlling cell cycle pro-
gression (Brioudes et al., 2010). These reports collectively sug-
gest that plant TCTPs have an important role in controlling cell
growth, similar to animal TCTPs. However, other studies sug-
gest that the plant TCTP is involved in abiotic stress signaling
such as aluminum, salt, and water deficit by transcriptomic or
proteomic analyses (Ermolayev et al., 2003; Vincent et al.,
2007). For examples, the expression level of plant TCTP in-
creased in response to cold, salt, and heavy metal treatment
(Ermolayev et al., 2003; Vincent et al., 2007), and decreased in
response to pathogen infection (Ascencio-lbanez et al., 2008;
Fabro et al., 2008; Jones et al., 2006). Therefore, the biological
function of plant TCTPs must be further investigated.

In the present study, we investigated the phenotypes of
transgenic Arabidopsis plants overexpressing A{TCTP and
found that the ectopic overexpression of AtTCTP enhanced
drought tolerance in transgenic plants. Interestingly, AtTCTP
was expressed relatively strong in guard cells and AfTCTP
overexpression lines showed faster ABA-mediated stomatal
closure than wild-type plants. We also found that AtTCTP inter-
acted with microtubules and the interaction was increased by
calcium treatment. Furthermore, ABA-induced microtubule de-
ploymerization was shown to be accelerated in the overexpres-
sion lines. Therefore, our results suggest that the plant TCTP
protein has microtubule- and calcium-binding properties, and
might have a role in ABA-mediated stomatal closure as well as
growth-regulating roles.

MATERIALS AND METHODS

Plant materials and growth conditions

For the generation of transgenic lines overexpressing AtTCTP,
the expression vector construct was transformed into Arabidop-
sis by the Agrobacterium-mediated transformation method
(Clough and Bent, 1998). We also generated transgenic plants
carrying the AtTCTP.: GUS construct to investigate expression

patterns of AfTCTP in plants. Transgenic lines segregating ~3:1
for antibiotic or herbicide resistance in the T2 generation were
selected, and the T3 or T4 homozygous generation was used
for photographs, protein extraction, and phenotypic analyses.
Several independent AtTCTP overexpression lines were ob-
tained and most of them showed similar AtTCTP expression
levels, so we used the overexpression lines #3 and #4 (i.e.,
OX3 and OX4) as the representative plants overexpressing
AtTCTP. Arabidopsis plants in soil were grown routinely in a
culture room (22°C with a 16 h photoperiod). For seedling as-
says, seeds were surface-sterilized, incubated at 4°C for three
days in the dark, and placed on 0.8% phytoagar (w/v) media
containing half-strength MS salts and vitamins with 2% sucrose,
unless stated otherwise. The plates were then transferred to a
growth chamber (22°C with a 16 h photoperiod).

Plant transformation constructs

For the AtTCTP overexpression lines, the cDNA of AfTCTP
(At3g16640) was amplified from the Arabidopsis cDNA library
by Pfu polymerase (Stratagene) using the following primers, 5'-
CTGGATCCATGTTGGTGTACCAAGATC-3' (forward) and 5'-
CTGAGCTCTCAGCACTTGACCTCCTTC-3' (reverse), and clo-
ned into the pBI121 binary vector (Clontech) with BamHI and
Sad under the control of the 35S promoter. For the AtTCTPyo:
GUS construct, the AtTTCTP promoter region of ~2.0 kb (-1990
to -1) including 113 bp of 5'-UTR was amplified with the follow-
ing primers, 5-CGGATCCTTCTTCCATGGTGCATGC-3' (for-
ward) and 5'-GCCCCGGGTCGCTTATTGATTGTTTTCTCTCT
CC-3' (backward), and cloned into pBI101 with BamHI and
Smal. The integrity of all the constructs was confirmed by DNA
sequencing.

Drought tolerance and water loss assays

For the drought tolerance assay, about 20 plants were sowed
on soil and 10 plants that showed the same growth stage in
each pot were kept and incubated further. All pots were fully
irrigated before the start of the drought test, and then drought-
stressed by terminating irrigation. The drought tolerance of
each line was scored 18 days after termination of irrigation, and
the plants were then re-irrigated. Drought tolerance was deter-
mined three days after re-irrigation, and pictures were also
taken. The entire test was repeated at least three times with
consistent results. For the water loss assay, leaves of similar
developmental stages (third to fifth true rosette leaves) were
detached from three-week-old soil-grown plants and water loss
rates were measured by weighing freshly harvested leaves,
placed abaxial side up on open Petri dishes on the laboratory
bench, at designated time intervals, as described previously
(Kang et al., 2002). The proportion of fresh weight losses was
calculated based of the initial weight of the plant.

Histochemical GUS assay

With transgenic plants of 35S,,:GUS and AtTCTP,,.: GUS con-
structs, the expression patterns of AtTCTP were investigated
by histochemical GUS staining. The histochemical assays for
GUS activity in the transgenic lines of 4-day-old seedlings and
3 week-old plants were performed as described previously
(Jefferson et al., 1987). Briefly, the plants were incubated in
GUS staining buffer (80 mM sodium phosphate, pH 7.0 buffer
containing 0.4 mM potassium ferricyanide, 0.4 mM potassium
ferrocyanide, 8 mM sodium-EDTA, 0.05% triton X-100, 0.8
mg/ml 5-bromo-4-chloro-3-indolyl-3-D-glucuronide (X-gluc; USB)
and 20% methanol) for 8 h and washed with absolute ethanol
to remove chlorophylls with gentle agitation. For guard cell
staining, epidermal strips were harvested from 3 week-old leaves
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and stained with the same method. GUS expression patterns
were observed under Olympus BX51 microscopy equipped
with Olympus UPlanF1 40X/0.75 as an objective lens and
WH10X/22 as an ocular lens.

Measurements of stomatal apertures and stomatal closure
responses

Measurements of stomatal apertures were performed by ana-
lyzing unstained epidermal strips from three-week-old leaves
with a light microscope under bright-field illumination (Goh et al.,
1999). Epidermal strips were prepared from the undersides of
rosette leaves from mature plants. The detached epidermal
strips were immediately pooled in sterile distilled water. All epi-
dermis was then incubated in 10 mM Mes/KOH, 50 mM KClI,
pH 6.1 at 22°C. Stomatal index was calculated by following
formula: Stomatal index (%) = stomatal density/(stomatal den-
sity + epidermal cell density) x 100. For the light-induced stoma-
tal opening, epidermis was incubated for 2 h in the dark before
light application, and then white light (100 pumol-m?s™) was
applied for 1 or 3 h. Stomatal apertures were photographed
under 10 x 20 magnification within 3 min and then compared
with an eyepiece graticule that was calibrated with a 100 x 10
um slide micrometer scale. To investigate the stomatal closure
responses to ABA or calcium treatment, epidermal strips were
incubated with pre-incubation buffer containing 10 mM Mes/
KOH (pH 6.1), 30 mM KCI, and 0.1 mM CaCl; for 4 h under
white light. Stomatal closure percentages from 200 guard cells
in each plant were scored 4 h after the addition of 50 uM ABA
or 2 mM CaCl, to the pre-opened stomata of Col-0 and overex-
pression lines under white light or at the indicated times with the
ABA treatment. Epidermal strips were photographed under 10
x 100 magnification after ABA treatment. The incubation buffer
containing the same volume of solvents for dissolving each
chemical was used as a control. ABA [(+/-)-Cis, trans-abscisic
acid, Sigma] was dissolved in DMSO (Sigma) to make a 100
mM stock solution and then stored at -20°C. The experiments
for the measurements of stomatal apertures and stomatal clo-
sure percentages were performed more than three times to
exclude any biased data and most assays were conducted blind.

In vitro protein-protein interaction assay

For the preparation of recombinant proteins, AfTCTP was
cloned into the pGEX 4T-1 vector with BamH| and Smal using
the primers, 5-CGGGATCCATGTTGGTGTACCAAGATCTT
CTC-3' (forward) and 5-GGCCCGGGTCAGCACTTGACCTC
CTT-3' (reverse). GST and GST-fused AfTCTP proteins were
then purified by glutathione affinity chromatography, according
to the manufacturer’s instructions (Amersham Biosciences). For
GST pull-down assays, GST-AtTCTP or GST protein was
bound to glutathione Sepharose™ 4B beads. The 5 ug of puri-
fied porcine tubulin (Cytoskeleton Inc.) was incubated at 37°C
or 4°C in tubulin polymerization buffer (80 mM PIPES, pH 6.9, 1
mM MgCl,, 1 mM EGTA, 5% glycerol, 1 mM GTP) for 2 h. After
the incubation, porcine tubulins were applied to 2.5 nug of GST-
ATTCTP or GST protein and incubated for 1 h at 37°C or 4°C.
Samples were then washed with a buffer (50 mM Tris-HCI, pH
7.5,1 mM EDTA, 150 mM NaCl, 0.1% NP-40), and precipitates
were separated on SDS-PAGE gels, and immunodetection was
performed with anti-B-tubulin and anti-GST antibodies (Santa
Cruz Biotechnology). The amounts of tubulins used in this ex-
periment were also shown (i.e., Tubulin control).

Microtubule cosedimentation assay
Total proteins were extracted from Col-0 wild type plants with
an extraction buffer (50 mM PIPES (pH 7.0), 2 mM MgCl,, 1%

casein, 20 uM leupeptin, 20 uM pepstatin, 1 mM PMSF, 4 mM
DTT, 1% NP-40) and clarified to remove large protein aggre-
gates by centrifugation at 18,000 x g for 30 min. For the micro-
tubule cosedimentation assay, 250 pg of total protein was incu-
bated at 37°C for the indicated time with 0.5 mM GTP, which
induces microtubule polymerization. After incubation and cen-
trifugation of samples at 18,000 x g for 30 min, supernatants
were transferred to new tubes and precipitates were resus-
pended in the extraction buffer. Microtubules and AtTCTP re-
covered from the microtubule cosedimentation assays were
detected by Western blot analyses with anti-p-tubulin (Santa
Cruz Biotechnology) and anti-AtTCTP antibodies using an
ECL™ Western blotting analysis system (GE Healthcare). Puri-
fied recombinant GST-AtTCTP protein was used to elicit poly-
clonal antisera production in rabbits.

In addition, microtubule cosedimentation assays were carried
out with the addition of recombinant GST-AtTCTP protein to the
total protein extract. The 5 ng of purified GST-ATTCTP was
added to 250 pg of the total protein extract, and microtubule
polymerizations were performed for the microtubule cosedi-
mentation assays. Microtubule-bound GST-AtTCTP was also
quantified by using Quant-iT™ Protein Assay Kit (Invitrogen).
Following microtubule cosedimentation, the precipitates were
obtained at the time indicated, and total protein concentrations
of the precipitates were determined. Using the protein concen-
tration of plant extract as a control, the protein concentrations of
samples from GST-AtTCTP were analyzed within the incuba-
tion time. Microtubule-bound GST-AtTCTP was calculated by
subtracting the protein concentration of precipitates without
GST-AtTCTP from the concentration of precipitates with GST-
AITCTP at each time point. Each quantification assay was re-
peated at least three times and the averages were used for the
present data. To examine the effects of calcium on the interac-
tion of AtTCTP with MTs, we also performed the cosedimenta-
tion assays in the presence of 5 mM CaCl, or 5 mM EGTA for
the times indicated.

Analysis of microtubule array and depolymerization in
guard cells

GFP-MBD construct [GFP fused to microtubule binding domain
(MBD) of microtubule associated protein 4 (MAP4)] was pro-
vided by Dr. Jozef Samaj (University of Bon) and cloned into
pCAMBIA 3300 vector with Hindlll for transformation of Col-0
and OX8 plants. To investigate microtubule array and depoly-
merization in guard cells, epidermal strips were harvested from
three-week-old leaves and incubated with pre-incubation buffer
for 2 h under white light, and then transferred to 10 uM ABA
containing pre-incubation buffer under white light. The incu-
bated epidermal strips were sampled at the indicated times,
and then mounted for the observation of confocal images with a
Laser Scanning Confocal Microscope (Leica TCS SP5 AOBS/
Tandem) at Korea Basic Science Institute, Gwangju center.
The confocal acquired z-stacks were also reconstructed into 3D
image projections using the IMARIS software (Bitplane AG)
and converted the confocal images into surface mode images.
This software allowed the construction of an isosurface for each
fluorescent channel (GFP channel; microtubule arrays) and the
investigation of microtubule arrays more precisely (Pierce et al.,
2010).

RESULTS
Overexpression of Arabidopsis TCTP enhances drought

tolerance
To investigate the effects of AtTCTP overexpression in plants,
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transgenic lines overexpressing AtTCTP (hereafter, OX lines)
were generated in a Col-0 background. Western blot analysis
confirmed that the AtTCTP proteins were expressed higher in
the OX lines than Col-0 plant (Fig. 1A). When we compared the
phenotypes of the OX lines with Col-0 at the stages of three-
week-old and bolted plants, no significant differences were
observed (Supplementary Fig. S1). This is consistent with the
previous report that AtTCTP overexpression plants showed no
detectable phenotypic differences compared to wild-type (Ber-
kowitz et al., 2008). However, during the investigation of the
plants’ responses to dehydration stress, we repeatedly found
that the AtTCTP overexpression lines showed greatly enhan-
ced tolerance to drought (Fig. 1B). Eighteen days after termina-
tion of irrigation, the OX lines showed higher tolerance to dehy-
dration stress compared with Col-0 plants. Approximately 95%
of the overexpression plants (OX3 and OX4) survived under the
same conditions for which only ~16% of wild-type plants sur-
vived (Fig. 1C). In addition, when the water loss rates from
detached leaves of Col-0 and overexpression plants were ana-
lyzed, the OX plants showed slower water loss rates than Col-0
(Fig. 1D). Since the stomatal indexes of Col-0 (27.3 £ 2.1%)
and the overexpression lines (28.1 + 1.5% for OX3 and 27.7 +
1.2% for OX4) were not significantly different, our results sug-
gest that AfTCTP overexpression plants were more tolerant to
drought due to reduced water loss rates.

Arabidopsis TCTP is expressed in guard cells as well as in
actively-proliferating tissues

To gain insights into AtTCTP functions in plants, tissue-specific
expression of AtTCTP was first examined by northern blot
analysis with 10-d-old seedlings (Supplementary Fig. S2A).
AtTCTP was highly expressed in all the tested tissues including
cotyledon, true leaf with hypocotyl and root, although its ex-
pression was relatively a little less in roots. We also generated
transgenic plants carrying approximately 2.0 kb of AtTCTP pro-
moter fused to a GUS reporter gene (AtTCTP,,:GUS) to inves-
tigate the spatial expression patterns of this gene. Histochemi-
cal analyses revealed that AtTCTP was expressed in actively-

proliferating tissues, such as shoot apical meristem, root tips,
lateral root initiation regions, and anthers in flower, while little
expression was observed in tissues in which cell division was
complete (Fig. 2). This is similar to the previous results with a
AtTCTP-GFP construct carrying about 1 kb upstream region
and the full genomic AtTCTP including intron sequences, which
showed a high and ubiquitous expression of AfTTCTP in actively
dividing and differentiating cells (Berkowitz et al., 2008). These
expression patterns were also consistent with animal TCTPs,
which are abundantly expressed in mitotically active and grow-
ing tissues but show low expression in post-mitotic tissues
(Bommer and Thiele, 2004; Thiele et al., 2000). Interestingly,
during the investigation, we also found that AtTCTP was strongly
expressed as spots in leaves. Later, the spots were confirmed
to be guard cells (Figs. 2B and 2E). Therefore, our results indi-
cate that the plant TCTP is expressed in guard cells, as well as
in mitotically active tissues. This suggests a possible role for
plant TCTPs in guard cell function.

Since it has been reported that plant TCTP shows increased
expressional levels in response to water and osmotic stress
(Ermolayev et al., 2003; Vincent et al., 2007), we performed the
expression analysis of AtTCTP in the presence of ABA using
the transgenic plants carrying AtTCTPyo:GUS construct. The
results showed that GUS expression was detected in whole
roots of transgenic seedlings with AtTCTPp,:GUS in the pres-
ence of ABA, whereas that was detected only in root apical
meristem in the absence of ABA (Supplementary Fig. S2).
These results indicate that the expression of AtTCTP might be
regulated by ABA, suggesting a possible role of AtTCTP in
response to ABA.

AtTCTP is involved in the regulation of ABA-mediated
stomatal closure

Since our results showed a potential function for AtTCTP in
drought tolerance with reduced water loss rates and relatively
strong expression of AtTCTP in guard cells, we hypothesized
that AtTCTP play a biological role in stomatal movement. It is
well known that the apertures of stomatal pores are regulated
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Fig. 2. Expression analysis of AtTCTP in
seedlings and adult plants. (A) GUS ex-
pression patterns of four-day-old seedlings
under white light conditions. The region
approximately 2.0 kb upstream (-1990 to
-1) of AtTCTP was used as the AtTCTP
promoter and was fused to the GUS gene
(AtTCTPgo: GUS) for plant transformation.
A Col-0 wild-type plant and a transgenic
plant carrying the 35S promoter (35S;.:

GUS) were used as a negative and a

AtTCTP

pm:

positive control, respectively. (B-D) AtTCTP
expression in cotyledon (B), flower (C),
and lateral root (D). (E) Guard cell expres-
sion of AtTCTP. Epidermal strips of Col-0
; and AtTCTP,: GUS plants were harvested
(& and stained.

GUS

by ABA, which increases the cytosolic calcium level in guard
cells and results in stomatal closure (Blatt, 2000). Exogenous
calcium is also known to induce stomatal closure by increasing
cytosolic calcium levels (Allen et al., 1999; McAinsh et al., 1995).
In this study, we first measured stomatal apertures in leaf epi-
dermal strips of the overexpression and wild-type plants with
light treatments. When the leaf epidermal strips were trans-
ferred from dark to light conditions, the overexpression plants,
as well as wild-type plants, showed normal stomatal opening
with increased apertures (Fig. 3A). When stomatal closure was
induced by ABA treatment, the OX plants as well as wild-type
plants showed closed stomata with reduced apertures, but the
OX plants showed greater ABA-mediated stomatal closure
ratios (i.e. greater reduction ratios in apertures) than wild-type
plants (Fig. 3B; aperture data in Supplementary Fig. S3A). To
examine ABA-hypersensitive stomatal closure of the OX plants
more closely, we also investigated ABA-mediated stomatal
closure ratios in a time-dependent manner (Fig. 3C; aperture
data in Supplementary Fig. S3B). The results of this analysis
showed that more than 60% of guard cells in AtTCTP overex-
pression plants were closed 1 h after ABA treatment, while less
than 40% of the guard cells were closed in Col-0 plants, con-
firming that the overexpression plants underwent faster ABA-
mediated stomatal closure than wild-type plants. Since exoge-
nous calcium is also known to induce stomatal closure, we
tested calcium-induced stomatal closure and obtained the re-
sults of increased stomatal closure ratios in the OX plants with
the calcium treatment (Supplementary Fig. 3D). In addition, we
investigated fusicoccin-induced stomatal opening. The fungal
toxin fusicoccin is known as an activator of plasma membrane
H*-ATPase, which leads to irreversible stomatal opening (Chen
et al., 2007; Johansson et al., 1993). Our results showed that

the OX plants opened stomata normally in response to fusicoc-
cin treatment (Supplementary Fig. S4), suggesting that the OX
plants had no defect in H*-pumping of the plasma membrane.
Therefore, our results suggest that AtTCTP is involved in ABA-
and calcium-mediated stomatal closure, but not in light or H*-
pumping induced stomatal opening.

The interaction between AtTCTP and microtubules is
accelerated by calcium

TCTPs are known as microtubule- and calcium-binding proteins
(Feng et al., 2007; Gachet et al., 1999). Microtubules (MTs) are
known to play an important role in stomatal movement, and
stomatal closure is accompanied by microtubule depolymeriza-
tion (Galatis and Apostolakos, 2004). Therefore, we performed
in vitro protein-protein interaction assays to elucidate the inter-
action of AtTCTP with microtubules. These assays were per-
formed by GST pull-down experiments using purified GST-
AtTCTP and porcine tubulins at 37°C or 4°C. It has been known
that tubulins exist mainly as heterodimers of o- and B-tubulins
at 4°C, while they form microtubules at 37°C (Desai and
Mitchison, 1997; Shelanski et al., 1973). The results of these
experiments showed that AtTCTP interacted with both het-
erodimers and MTs in which AtTCTP interacted more strongly
with MTs than heterodimers (Fig. 4).

We also performed microtubule cosedimentation assays to
quantitatively detect MT-bound AtTCTP. In these experiments,
we induced polymerization of MTs by incubating plant total
protein extracts with GTP at 37°C and the synthesized MTs
were harvested at the indicated time intervals. We then used
western blot analyses to detect MTs and AtTCTP using B-
tubulin and AtTCTP specific antibodies. Under these experi-
mental conditions, synthesized MTs were detected in the pre-
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10 1 induced stomatal closure ratios in a
0 4 ma | eEa  omEm time-dependent manner. Stomatal clo-
Col-0 0X3 OX4 Col-0 0X3 0X4 sure ratios were scored at the indicated
times after ABA treatment. (D) Calcium-
C D : induced stomatal closure. Stomatal
100 1 m1h ABA AR 4 .Eﬁ.lg{alg:;giium closure ratios were scored 4 h after the
90 { #3h ABA 90 | ' . . addition of 2 mM CaCl,. For (B) to (D),
20 80 - I L stomata had been pre-opened by incu-
3? = I bating for 4 h in white light. 200 ran-
>~ 70 4 I I = 70 domly selected stomata were used for
E 60 - E 60 the assay and each assay was re-
z I & peated three times. Error bar = SD (n =
- 9 = i 3). Asterisks show significant differ-
{E 40 4 § 40 4 ences with a P < 0.01 (ttest) vs. Col-0.
E 30 - E 30 -
@ g0 @ 20 -
10 - 10 4
0 : . ) 0 —mEelTD 0 mEeT 0 sl
Col-0 0X3 0X4 Col-0 0X3 0X4
A B 100 Fig. 4. Interaction of AtTCTP with micro-
tubules. (A) In vitro protein-protein inter-
37°C 4°C 3? 90 action between AtTCTP and tubulins.
Tubulins + - - + 4 C - - 4 4 - E’ 80 - I?urmed QST-AtTCTP and porcine tubu-
AITCTP - -+ = + = = + = + 2= 70 lin proteins were used for the pull-down
GST - + - + = =« + =« + = g - assays. Precipitates were separated on
Precipitates 22O SDS-PAGE gels, and immunodetection
(Anti-B-tubulin) =2 50 was performed with anti-B-tubulin and
o Ed g 40 - anti-QST antipodies. The amount of
Precipitates ATTCTP -g 2 5 tubulin added in each assay wgs also
(Anti-GST) _ z - shown as a control (i.e., Tubulin con-
GeT & E 20 trol). (B) Relative amounts of AtTCTP-
. - bound tubulin at 37°C or 4°C compared
Tubulin control < 10 : )
(Anti-B-tubulin) _ - i ‘ to thg amqunt of tuk?ullrj adde_d .|n the
3700 £C reactions (i.e. [Tubulin in precipitates)/

cipitates of the total protein extracts from wild-type plants after 5
min of incubation and the amounts increased with incubation
time (Fig. 5A). At the beginning of microtubule polymerization,
AITCTP was mostly found in the supernatants, but was de-
tected in the precipitates after 5 min of incubation with MTs.
The levels of both MTs and AtTCTP decreased in the super-
natants but increased in the precipitates with respect to incuba-
tion time.

TCTPs are also known as calcium-binding proteins and the

[Tubulin in Tubulin control]). Each assay
was repeated three times. Error bar =
SD (n=3).

AtTCTP overexpression plants showed enhanced calcium-
induced stomatal closure, indicating the possible involvement of
calcium in AtTCTP function. Furthermore, calcium is known as
a factor in microtubule depolymerization (O’Brien et al., 1997).
Thus, in order to examine the effect of calcium on the micro-
tubule binding of AtTCTP, we conducted microtubule cosedi-
mentation assays with total protein extracts supplemented with
recombinant GST-AtTCTP proteins in the presence of calcium
or EGTA (Fig. 5B). The results of these experiments showed
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AtTCTP with microtubules. (A) Microtubule
cosedimentation assay from the wild-type
plant Col-0. Microtubules were polymer-
ized in the presence of 0.5 mM GTP at
37°C and harvested at the indicated times.
AtTCTP and microtubules in the super-
natant (Sup) and precipitate (PPT) of the
reactions were detected by western blot
analysis. One fifth of the supernatant sam-
ples relative to the precipitate were used
for these assays. T, total crude extract. (B)
AtTCTP interaction with MTs in the pres-
ence of EGTA or calcium. Microtubules
were polymerized in the presence of 0.5
mM GTP at 37°C for 30 min and micro-
tubule cosedimentation assays were per-
formed with Col-O total crude protein ex-
tracts after the addition of 5 mM EGTA or 5
mM calcium. Samples were harvested at
the indicated times. (C, D) Quantitative
analysis of the interaction between AtTCTP

60 15 30 45 60 min

2min 4min 6min Bmin 10min

and MTs in the presence of 5 mM EGTA
or 5 mM calcium. Each analysis was re-

peated three times. Error bar = SD (n = 3). Asterisks show significant differences with a P < 0.05 (t-test) vs. MT-bound AtTCTP in the presence

of EGTA.

that the interaction between AtTCTP and MTs increased in the
presence of calcium, when compared with the interaction in the
presence of EGTA. In our experimental conditions, there was
no significant difference in MT amounts in the presence of cal-
cium and EGTA within 60 min. In contrast, after 15 min of incu-
bation, MT-bound GST-AtTCTP was clearly detected in the
presence of calcium but only low levels were detected in the
presence of EGTA. Quantitative analysis of MT-bound AtTCTP
also showed increased binding of AtTCTP with MTs in the
presence of calcium, especially at the early time point (Fig. 5C).
These results indicated that the interaction between AtTCTP
and MTs could be accelerated in the presence of calcium. To
further investigate the effects of calcium on the interaction, we
performed the quantitative analysis over a narrow range of time
and confirmed the accelerated binding of AtTCTP in the pres-
ence of calcium (Fig. 5D). Collectively, our results demonstrate
the interaction between Arabidopsis TCTP and microtubules,
and suggest that cytosolic calcium positively regulates the in-
teraction of AtTCTP with MTs.

The effects of AtTCTP overexpression on microtubule
destabilization
It has been reported that exogenously added ABA disrupted
cortical MTs in guard cells, and that this was accompanied by
stomatal closure (Jiang et al., 1996). Cortical MTs in fully opened
guard cells are transversely oriented from the ventral wall to the
dorsal wall. When the stomatal aperture was decreased, these
MTs became twisted and patched, and broke down into diffuse
fragments when the stomata were closed (Lahav, 2004; Marcus
et al., 2001; Yu et al., 2001). Since AfTCTP interacts with MTs
and the interaction is enhanced by calcium, the drought toler-
ance of the AtTCTP overexpression plants might be due to MT
destabilization by AtTCTP. Thus, we investigated MT depoly-
merization by observing MT arrays during stomatal closure.

To investigate MT arrays in guard cells upon ABA treatment,
we obtained GFP-MBD construct (GFP fused to microtubule

binding domain (MBD) of microtubule associated protein 4
(MAP4)) and generated transgenic Col-0 and A{TCTP overex-
pression (OX3) plants with the GFP-MBD construct (hereafter,
GFP-MBD/Col-0 and GFP-MBD/OX3). MT arrays upon ABA
treatment were then analyzed in a time-dependent manner
using a laser scanning confocal microscope. In GFP-MBD/Col-
0 plant, we could observe that the fibrous microtubules (type I)
were destroyed into fragmented forms (type Il) and then punc-
tuate or speckle forms (type lll) along with the ABA treatment
(Supplementary Fig. S5). In our experimental condition, micro-
tubule arrays of GFP-MBD/Col-0 plant were not changed for 1
h, when ABA was not added (Supplementary Fig. S5A). On the
other hand, ABA-induced MT depolymerization (i.e., fragmen-
ted MT arrays) was clearly detected within 60 min, although the
stomatal apertures were not significantly changed in this condi-
tion during one hour (Supplementary Figs. S5B and S5C). Our
results showed that the ABA-induced MT depolymerization was
accelerated in the GFP-MBD/OX3 plant compared to the GFP-
MBD/Col-0 plant (Fig. 6). In the GFP-MBD/OX3 plant, ABA-
induced MT depolymerization began as quickly as 5 min, and
most MT arrays disappeared within 60 min, whereas that in the
GFP-MBD/Col-0 plant began about 15 min and some MT ar-
rays still remained at 60 min. Therefore, these results suggest
that AtTCTP plays a role in the ABA-mediated stomatal closure
possibly by regulating the microtubule depolymerization.

DISCUSSION

Arabidopsis TCTP is involved in ABA-mediated responses
Since the AtTCTP knockout plants showed lethal phenotypes
and it has been shown that the Arabidopsis TCTP has a role in
regulating mitotic growth by controlling cell cycle progression
(Brioudes et al., 2010), the AtTCTP overexpression plants are
expected to show some phenotypes related to the plant growth.
However, previous studies showed no detectable phenotypic
differences between wild-type and AtTCTP overexpression
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30 min

15 min

Fig. 6. ABA-induced microtubule depoly-
merization of Col-0 and OX3 plants trans-
formed with GFP-MBD construct. Micro-
tubule arrays of GFP-MBD/Col-0 (A) and
GFP-MBD/OX3 (B) transgenic plants were
observed after 10 uM ABA treatments in a
time-dependent manner using a laser

60 min

scanning confocal microscope. Bar = 10 um.

plants (Berkowitz et al., 2008), or a little accelerated growth in
which the growth of the overexpression plants was about 2 day
ahead at 48 day post-germination (Brioudes et al., 2010). In the
present study, we could not find significant differences in grow-
ing phenotypes between wild-type and overexpression plants
(Supplementary Fig. S1). It is likely that the effect of AtTCTP
overexpression with 35S promoter is not so strong in the trans-
genic plant to exhibit differences in growing phenotypes, be-
cause the TCTP is already highly and ubiquitously expressed
protein. Thus, we investigated other phenotypes than growth.
Based on the other previous studies that suggested the in-
volvement of plant TCTP in abiotic stress signaling such as
water deficit (Vincent et al., 2007), we investigated drought
stress responses and found significantly enhanced drought
tolerance in the AtTCTP overexpression plants (Fig. 1). Further
studies revealed that the AtTCTP overexpression lines showed
hypersensitive phenotype to ABA-induced stomatal closure (Fig.
3). These results suggest that the OX plants responded rapidly
to dehydration stress and closed their stomata quickly, which
resulted in the plants being tolerant to drought. This correlation
was also confirmed by analyzing water loss rates from de-
tached leaves of Col-0 and overexpression plants (Fig. 1D). In
the aspect that TCTPs have usually been described as growth-
related proteins and originally ABA has been identified as
growth-inhibiting compounds, the involvement of plant TCTPs
in the ABA response such as stomatal movement may be well
co-related as a plant-specific function of TCTPs.

In the present study, we showed that the expression of
AtTCTP was possibly regulated by ABA (Supplementary Fig. 2).
When we analyzed cis-elements in the AtTCTP promoter using
PlantPAN program (plantpan.mbc.nctu.edu.tw), three putative
ABA-responsive elements (core motif; -ACGT-) were found in
-1065, -1006, and -789 bp upstream regions of start codon.
Therefore, our results suggest that the expression of AtTCTP

might be regulated by ABA through these ABA-responsive ele-
ments. The expression analysis of AfTCTP also confirmed its
expression in guard cells as well as in actively cell-proliferating
tissues (Fig. 2). Although AfTCTP expression in actively divid-
ing tissues is expected from previous studies that animal TCTPs
are abundantly expressed in mitotically active and growing
tissues (Bommer and Thiele, 2004; Thiele et al., 2000), the
expression of AtTCTP in guard cells is distinct from animal
TCTPs because guard cells are plant-specific tissues that
modulate stomatal apertures in response to diverse environ-
mental conditions including drought stress (Hetherington and
Woodward, 2003). The expression of AfTCTP in guard cells
and the possible regulation by ABA is well co-related to the
functional role of AtTCTP in stomatal movement.

AtTCTP plays a role in ABA-induced stomatal closure
Stomatal opening in the AtTCTP overexpression lines was
normally induced by treating dark-incubated epidermises with
light, whereas the OX plants showed ABA-hypersensitive sto-
matal closure (Fig. 3). The OX plants showed increased ABA-
induced stomatal closure ratios (Fig. 3B), faster closing respon-
ses to ABA (Fig. 3C), and drought-tolerant phenotypes (Fig. 1).
These results indicate that AtTCTP is involved in ABA-me-
diated stomatal closure but not in light-induced stomatal open-
ing. In addition, there was no difference in stomatal movement
by fusicoccin treatment (Supplementary Fig. S4). Therefore,
AtTCTP might play a role in stomatal closure in the down-
stream of ABA.

TCTPs have a tubulin-binding property (Gachet et al., 1999),
and microtubules are known to play an important role in regulat-
ing stomatal movement (Marcus et al., 2001; Yu et al., 2001).
MTs are rod-like cytoplasmic polymers assembled from dimers
of a- and B-tubulins and are found in all eukaryotic cells. MTs
are polarized with the o-tubulin at the minus end and the -
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tubulin at the plus end of the structure (Heald and Nogales,
2002; Howard and Hyman, 2003). In vivo, MTs show dynamic
instability based on alternating phases of polymerization and
catastrophic depolymerization. This enables MTs to re-arrange
quickly into arrays for various functions including stomatal
movement. Therefore, we investigated the interaction of ATTCTP

with MTs or tubulin heterodimers by GST pull-down experiment.

Our results showed that AtTCTP interacted with MTs more
strongly than tubulin heterodimers (Fig. 4). This suggests a
possibility that AITTCTP might have a role in MT polymerization
or depolymerization.

Since TCTPs also have a calcium-binding property (Feng et
al., 2007; Kim et al., 2000) and it is known that ABA-mediated
stomatal closure is accompanied by an increase in cytosolic
calcium concentration (McAinsh et al., 1995), we also tested
the effect of calcium on the interaction of AtTCTP with MTs. If
cytosolic calcium was increased, MTs should be depolymerized
with stomata closure. In this scenario, calcium would have a
positive effect on the interaction of AtTCTP with MTs. The
microtubule cosedimentation results confirmed an increase in
the interaction of AtTCTP with MTs in the presence of calcium,
especially during the early stages of the interaction (Fig. 5).
Since MTs are highly dynamic and quickly re-arranged into
arrays via polymerization and catastrophic depolymerization, a
rapid interaction of AtTCTP with MTs would have an influence
on MT depolymerization, which could explain why the
overexpression plants showed quick stomatal closure.
Collectively, these results show that AtTCTP interacts with MTs
and suggest that the interaction might be regulated by calcium
binding. However, the mechanism by which the interaction of
AtTCTP with MTs results in MT depolymerization needs to be
answered in the future. Recently, TCTPs have been reported to
function as guanidine nucleotide exchange factors for the
translation elongation factor eEF1A, and for Rheb, a Ras
superfamily GTPase (Cans et al., 2003; Hsu et al., 2007).
Therefore, AITCTP may influence the GTPase activity of B-
tubulin that is known to be important for MT depolymerization.

MT organization during stomatal closing and opening has
been previously demonstrated (Marcus et al., 2001; Yu et al.,
2001). Microinjecting living guard cells of Vicia faba with fluo-
rescent tubulin showed that cortical MTs are transversely ori-
ented from the ventral wall to the dorsal wall in fully opened
guard cells, and are broken down into diffuse fragments by
stomatal closure (Yu et al., 2001). Therefore, we investigated
the MT arrays to show MT depolymerization in response to
ABA. When MT arrays and its depolymerization patterns were
investigated with Col-0 and OX3 plants carrying the GFP-MBD
construct, the GFP-MBD/OX3 plant showed faster ABA-indu-
ced MT depolymerization than GFP-MBD/Col-0 (Fig. 6). These
results suggest that AtTCTP might function in the regulation of
MT stability during ABA-mediated stomatal closure. Based on
the present results, we may propose a possible mechanism for
the regulation of ABA-mediated stomatal closure by AtTCTP:
Under dehydration conditions such as drought, ABA is synthe-
sized from root and transported to guard cells, which increases
the cytosolic calcium concentration. The elevated cytosolic
calcium in the guard cells binds to AtTCTP, which stimulate the
interaction of AtTCTP with microtubules. Finally, the interaction
results in microtubule depolymerization by yet unknown
mechanism, which induce the stomatal closure. However, fur-
ther studies are necessary to elucidate the exact mechanism
for AtTCTP function in plant stress signaling.

TCTPs belong to an evolutionally highly conserved and
abundantly expressed family of eukaryotic proteins that has
been implicated in many cellular functions related to cell growth.

Especially, a number of microarray and proteomic studies con-
sistently show its induction in plants by water and osmotic
stress. The present study provides an initial insight on the in-
volvement of plant TCTPs in stress signaling. Particularly, our
results in the present study suggest that the plant TCTP func-
tions in ABA-mediated stomatal movement, in addition to regu-
lating the growth of plants.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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