Journal of Experimental Botany, Vol. 64, No. 14, pp. 4343-4360, 2013

doi:10.1093/jxb/ert241  Advance Access publication 13 August, 2013 Journal of
This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details) EXperim ent al
Botany

www.jxb.oxfordjournals.org

RESEARCH PAPER

A type lll ACC synthase, ACS7, is involved in root
gravitropism in Arabidopsis thaliana

Shih-Jhe Huang', Chia-Lun Chang', Po-Hsun Wang', Min-Chieh Tsai', Pang-Hung Hsu? and Ing-Feng Chang'**

" Institute of Plant Biology, National Taiwan University, Taipei, Taiwan
2 Institute of Bioscience and Biotechnology, National Taiwan Ocean University, Keelung, Taiwan
S Department of Life Science, National Taiwan University, Taipei, Taiwan

* To whom correspondence should be addressed. E-mail: ifchang@ntu.edu.tw

Received 15 February 2013; Revised 1 July 2013; Accepted 4 July 2013

Abstract

Ethylene is an important plant hormone that regulates developmental processes in plants. The ethylene biosynthe-
sis pathway is a highly regulated process at both the transcriptional and post-translational level. The transcriptional
regulation of these ethylene biosynthesis genes is well known. However, post-translational modifications of the key
ethylene biosynthesis enzyme 1-aminocyclopropane-1-carboxylate (ACC) synthase (ACS) are little understood. In
vitro kinase assays were conducted on the type Ill ACS, AtACS7, fusion protein and peptides to determine whether the
AtACS?7 protein can be phosphorylated by calcium-dependent protein kinase (CDPK). AtACS7 was phosphorylated at
Ser216, Thr296, and Ser299 by AtCDPK16 in vitro. To investigate further the function of the ACS7 gene in Arabidopsis,
an acs7-1 loss-of-function mutant was isolated. The acs7-1 mutant exhibited less sensitivity to the inhibition of root
gravitropism by treatment with the calcium chelator ethylene glycol tetraacetic acid (EGTA). Seedlings were treated
with gradient concentrations of ACC. The results showed that a certain concentration of ethylene enhanced the grav-
ity response. Moreover, the acs7-1 mutant was less sensitive to inhibition of the gravity response by treatment with
the auxin polar transport inhibitor 1-naphthylphthalamic acid, but exogenous ACC application recovered root gravit-
ropism. Altogether, the results indicate that AtACS?7 is involved in root gravitropism in a calcium-dependent manner
in Arabidopsis.

Key words: 14-3-3, ACS, calcium, CDPK, ethylene, phosphorylation, root gravitropism.

Introduction

Gravity is one of the most important environmental cues
that control growth direction (Morita, 2010). Shoots gener-
ally grow upward (i.e. negative gravitropism) and roots grow
downward (i.e. positive gravitropism). It is unknown how
plants receive and respond to the gravity signal. One widely
accepted theory is that starch-accumulating amyloplast
movement along the gravity vector within gravity-sensing
cells (statocytes) is a likely trigger of subsequent intracellular
signalling (Morita, 2010). However, several studies have dem-
onstrated that starch is important but not essential for grav-
ity sensing (Strohm et al., 2011; Wolverton et al., 2011). The
receptor that responds to gravity has not yet been identified.

In the process of gravity perception, changes in the gravity
vector are transduced into multiple intracellular signals [i.e.
cytosolic pH, inositol 1,4,5-triphosphate (InsP;), and cyto-
solic calcium concentration] (Fasano et al., 2001; Plieth et al.,
2002; Perera et al., 2006). The plant hormone auxin was
identified as one of these signalling molecules, and its redis-
tribution is polar. Auxin has been thought to be involved in
gravitropic responses, based on the Cholodny—Went theory.
Auxins were the first group of plant growth regulatory sub-
stances to be discovered (Went, 1928). Indole-3-acetic acid
(IAA) was the first native representative of the group that was
identified. Auxins are known to be involved in the regulation
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of basic growth processes, such as cell division and cell elon-
gation at the tissue, organ, and whole-plant levels. The auxin
molecule functions as a mobile signal between cells, tissues,
and organs, and is involved in the spatial and temporal coor-
dination of plant morphogenesis and responses to the envi-
ronment in planta. Auxin is not only a mobile molecule; it
also participates in downstream signalling. Many develop-
mental processes appear to depend on the local asymmetric
distribution of auxin molecules (Tanaka ez al., 2006). These
include embryo development and apical-basal axis formation
in Arabidopsis thaliana (Friml et al., 2003), pattern formation
and root development (Blilou ez al., 2005), organ formation
(Benkova et al., 2003), and phototropism and gravitropism
(Blakeslee et al., 2004).

In addition to auxin, the phytohormone ethylene has
been shown to be involved in the gravity response in plants
(Madlung et al., 1999). In tomatoes, root penetration into the
soil required cross-talk between ethylene and auxin (Santisree
et al, 2011). A mutation of the Arabidopsis gene ARGI,
which is involved in root gravitropism, showed resistance to
ethylene but increased sensitivity to auxin (Sedbrook et al.,
1998). The AGR gene encodes a membrane protein that is
homologous with bacterial transporter proteins (Utsuno
et al., 1998) as a polar auxin transporter (Chen ez al., 1998).
Another Arabidopsis mutant, clgl, showed resistance to ethyl-
ene in root gravitropism (Ferrari ez al., 2000). In Arabidopsis,
flavonoid accumulation by ethylene was found to be involved
in root gravitropism (Buer et al., 2006). Additionally, the
Arabidopsis mutant rhal showed resistance to ethylene in
roots and was found to be involved in root gravitropism
(Fortunati ez al., 2008). In six plant species tested, an ethylene
biosynthesis inhibitor inhibited root curvature (Hoson et al.,
1996). In Arabidopsis, a recent study showed that ethylene
and gravity can affect root skewing and waving (Oliva and
Dunand, 2007). The Arabidopsis mutant alhl was shown to
link the cross-talk between ethylene and auxin in the grav-
ity response in roots (Vandenbussche ez al., 2003). Moreover,
acs6 and acs9 mutants showed defective hypocotyl length
in the gravity response (Tsuchisaka et al, 2009). However,
it is still controversial whether ethylene plays a positive or
negative role in modulating the gravity response (Philosoph-
Hadas et al., 1996; Buer et al., 20006).

Ethylene is a plant hormone involved in many plant growth
and developmental processes, including seed germination,
leaf and flower senescence and abscission, cell elongation,
fruit ripening, nodulation, and responses to a wide variety
of stressors (Crocker and Knight, 1908; Wang et al., 2002;
Yoo et al., 2009). The biosynthesis of ethylene has been well
documented in plants (Yang and Hoffman, 1984; McClellan
and Chang, 2008). Ethylene is derived from the amino acid
methionine, which is converted to S-adenosylmethionine
(AdoMet) by S-adenosylmethionine synthetase. AdoMet
is then converted to l-aminocyclopropane-Il-carboxylic
acid (ACC) and 5-deoxy-5'methylthioadenosine (MTA) by
the enzyme 1-aminocyclopropane-1-carboxylase synthase
(ACS) (Adams and Yang, 1979; Lin et al., 2009), which is
the rate-limiting step in ethylene biosynthesis. MTA is recy-
cled to methionine through the Yang cycle, which allows

high rates of ethylene production without depleting endog-
enous methionine. ACC is converted to ethylene, CO,, and
cyanide by ACC oxidase (ACO). The cyanide produced by
this reaction is detoxified into B-cyanoalanine by the enzyme
[-cyanoalanine synthase, preventing toxicity to plants under
conditions of high ethylene biosynthesis.

ACS proteins play an important role in the ethylene bio-
synthesis pathway. The enzyme catalyses the conversion of
AdoMet to ACC, and this reaction requires pyridoxal-5’-
phosphate (PLP) as a cofactor. In most plant species, ACS
is encoded by a multigene family that is regulated by vari-
ous environmental and developmental factors (i.e. cytokinin,
auxin, root hair development, fruit ripening, wounding,
and pathogens). Arabidopsis has eight genes that encode
active ACS proteins and an additional gene that encodes a
catalytically inactive enzyme, ACS1 (Liang ez al., 1992). The
Arabidopsis ACS2, ACS6, ACS7, and ACS9 genes can be
induced by hypoxia (Peng et al., 2005). Zhang’s group found
that ACS2, ACS6, ACS7, ACSS, and ACS11 were involved in
Botrytis cinerea-induced ethylene biosynthesis in Arabidopsis
(Li et al., 2012). Based on the C-terminal sequences, ACS
proteins in Arabidopsis can be divided into three main types
(Chae and Kieber, 2005). Type I proteins have an extended
C-terminus that contains three conserved serine residues that
are targets for phosphorylation by mitogen-activated protein
kinase 6 (MPK6) (Liu and Zhang, 2004) and a conserved ser-
ine residue that is a phosphorylation site for calcium-depend-
ent protein kinase (CDPK; Tatsuki and Mori, 2001; Sebastia
et al., 2004). Type 11 proteins have a shorter C-terminus that
has only the CDPK phosphorylation site. Type III proteins
have a very short C-terminal extension that lacks both phos-
phorylation sites. ACS proteins can act as homo- or heter-
odimeric proteins, similar to other PLP-dependent enzymes,
and their ability to form active heterodimers might act to
increase the versatility of ethylene responses (Tsuchisaka and
Theologis, 2004), which enhances the ability to regulate ethyl-
ene production after exposure to different developmental and
environmental stimuli.

Details on ACS turnover have been derived from stud-
ies of Arabidopsis ethylene-overproducing (Eto) mutants
(Chae and Kieber, 2005). The efo mutants produce 10- to
40-fold more ethylene in the dark compared with the wild-
type (WT) seedlings, and adopt a triple-response morphol-
ogy (i.e. a morphology that etiolated seedlings adopt in the
presence of ethylene) in the absence of exogenous ethylene
application (Guzman and Ecker, 1990; Kieber et al., 1993).
The cloning of ETOI revealed that it encodes an E3 ligase
component, a BTB/TPR protein. ETO1 binds to type II ACS
proteins but not type I or type III ACS proteins (Wang ez al.,
2004; Yoshida et al., 2005, 2006). The disruption of ETOI
resulted in increased stability of the type II ACS protein
ACSS (Chae et al., 2003) and consequently increased ethyl-
ene biosynthesis. The stability of ACS proteins is also regu-
lated by protein phosphorylation. Treatment of tomato cells
with the protein kinase inhibitors K-252a and staurosporine
inhibited the elicitor-dependent induction of ACS and eth-
ylene biosynthesis (Grosskopf ez al., 1990; Felix et al., 1991)
through a mechanism that most probably involves increased



turnover of the ACS protein (Spanu et al., 1994). In tomato
cells, ACS2 was shown to be phosphorylated by CDPK from
extracts of wounded tomato fruit (Tatsuki and Mori, 2001).
The protein stability of ACS2 was found to be regulated by
CDPK phosphorylation (Kamiyoshihara ez al., 2010). The
target of CDPK phosphorylation was the conserved serine
residue Ser460 at the C-terminal region of the ACS protein.
A novel CDPK phosphorylation motif was identified in the
C-terminal domain of type II ACS proteins (Sebastia et al.,
2004). The current model proposes that the phosphoryla-
tion of type I and type II ACS proteins blocks the ability of
ETO1/EOL proteins to bind and inhibit the ubiquitination of
these ACS proteins for their degradation by the 26S protea-
some (Wang et al., 2004; Chae and Kieber, 2005).

The regulation of ethylene biosynthesis and ACS stabil-
ity are also controlled by mitogen-activated protein kinases
(MAPKSs). In tobacco, a stress-induced MAPK (SIPK) is
involved in the response to different stressors, including path-
ogen- and ozone-induced ethylene biosynthesis. The closest
homologue of SIPK in Arabidopsis is MPK6. Therefore,
MPKG6 was used in an in vitro kinase assay. The results showed
that MPK6 can phosphorylate ACS2 and ACS6 in vitro, and
transgenic plants that overexpress a phosphomimic mutant
of ACS6 showed increased ethylene production (Liu and
Zhang, 2004). These results indicate that a pathway similar
to the SIPK pathway in tobacco operates in Arabidopsis and
that MPK6 phosphorylates ACS proteins, thereby decreas-
ing their turnover and increasing ethylene biosynthesis after
pathogen stress. A possible CDPK- and MPK6-regulated
pathway was recently proposed by Ludwig er al (2005).
These findings highlight the complexity of phosphorylation-
regulated signalling and ethylene biosynthesis in plants in
response to different stressors.

Calcium is a ubiquitous secondary messenger in eukary-
otic cells. In plants, intracellular calcium levels can modu-
late many growth and developmental processes, including
plant hormones, light, gravity, and biotic and abiotic stress
(Batistic and Kudla, 2012). Unlike most other ions, calcium
does not freely diffuse within cells (Trewavas, 1999). Plants
have multiple calcium stores, including in apoplasts, vacuoles,
the nuclear envelope, the endoplasmic reticulum (ER), chlo-
roplasts, and mitochondria. Different stimuli can trigger cal-
cium efflux from specific organelles. After calcium is released,
different calcium sensors that have an EF-hand motif that
can specifically bind calcium [i.e. the EF-hand-containing
proteins calmodulin (CaM) and CDPK] can recognize spe-
cific calcium signals in specific places and transduce them
into downstream effects, including altered protein phospho-
rylation and gene expression patterns (Sanders ez al., 1999,
2002; Dodd et al., 2010; Perochon et al., 2011; Liese and
Romeis, 2012).

In Arabidopsis, the C-terminal domain in type I and
type II ACS proteins can be phosphorylated by CDPK and
MAPK. This phosphorylation of type I and type II ACS
proteins blocks the ability of ETO1/EOL proteins to bind,
thus inhibiting the ubiquitination of these ACS proteins and
their degradation by the 26S proteasome. The degradation of
type III ACS7 was recently found to also be mediated by the
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26S proteasome (Lyzenga et al., 2012), but how ACS7 pro-
tein activity and stability are regulated is still unknown. The
present study investigated whether the type III ACS protein
ACST7 is phosphorylated by CDPK in vitro. An in vitro kinase
assay was conducted to determine the phosphorylation of
ACS7 by CDPK and identify the phosphorylation site in
ACS7. Additionally, the protein—protein interaction between
ACS7 and 14-3-3w was confirmed using two independent
methods. A T-DNA insertion knockout mutant, acs7-1, was
also identified and used to investigate the previously unchar-
acterized functions of ACS7 in Arabidopsis. It was found that
ACS7 is involved in root gravitropism in Arabidopsis.

Materials and methods

Plant growth condlitions

Seeds from WT Arabidopsis thaliana plants (Columbia and
Wassilewskija ecotype) were sterilized with chlorine for 3h with
100ml of 6% bleach and 3ml of 10 N sulphuric acid (H,SO,) and
then spread onto plates that contained half-strength Murashige and
Skoog medium and 0.5% sucrose. The seeds were placed in the dark
for 2 d at 4 °C and then incubated in growth chambers for 16 h with
100 pmol photon m™ s! light and 8h in the dark at 23 °C. After
seed germination, all of the plants were transferred to a 9F walk-
in growth chamber under a short-day photoperiod condition (8 h
light/16h dark) or a long-day photoperiod condition (16h light/8 h
dark).

Preparation of E. coli DH5a. competent cells for transformation

Escherichia coli competent cells were prepared. A single colony of
DH5a was inoculated into Sml of LB medium (1% tryptone, 0.5%
yeast extract, and 1% NaCl) with shaking at 37 °C for 16 h. The cells
were then added to a 1 litre flask that contained 500ml of Super
Optimal Broth medium with shaking at 37 °C for 3h. The cells were
centrifuged at 2700 g (Beckman Coulter J2-MC, Brea, CA, USA)
for 10min at 4 °C and gently resuspended in 130 ml of 0.1 M CacCl,
solution. The cells were then centrifuged at 2700 g for 10min at
4 °C, and the supernatant was removed. Finally, the cells were resus-
pended in 4ml of TB buffer and separated in a 1.5ml tube. DH5a
competent cells were placed on ice, and 1 pl of plasmid was added
to thaw the cells. The cells were placed on ice for 30 min and heat-
shocked for 90 s at 42 °C. The cells were then placed on ice for 2min.
LB medium (1 ml) was added to let the cells recover at 37 °C for
30min. After recovery, the cells were spread on plates and incubated
overnight at 37 °C.

Purification of glutathione S-transferase (GST)-tagged protein

Escherichia coli was incubated in 40ml of 2X YT medium with
200 pg of ampicillin at 37 °C for 16-18 h overnight, and 400ml of
2% YT medium was then added at 28 °C for 3h. After incubation,
220 pl of isopropyl 3-p-1-thiogalactopyranoside (IPTG; 1 M stock,
230mg ml™") was added to a final concentration of 0.5mM and
incubated for 3h at 37 °C. The cells were centrifuged at 6000 rpm
(Beckman Coulter J2-MC) for 30 min at 4 °C. The supernatant was
discarded, and 20ml of lysis buffer was then added for 15min. The
cells were transferred to a 50ml Falcon tube and stored at —80 °C.
The cells were incubated in water (~40 °C), and a sonicator (Misonix
X1.2020, Farmingdale, NY, USA) was used to break the cells. After
sonication, the cells lysate was centrifuged at 10 000 rpm for 30 min
at 4 °C. The supernatant was then transferred to a new 50 ml Falcon
tube. GST beads (1 ml) were added and washed with GST binding
buffer three times, and the solution was shaken for 1-3h in a cold
room. The GST beads were centrifuged, and 10ml of GST binding



4346 | Huang et al.

buffer was added to wash the beads three times. TRIS buffer (10 ml,
50mM, pH 7.5) was added to wash the beads, and the solution was
transferred to a biospin column (Bio-Rad, Hercules, CA, USA) to
allow the GST beads to adhere to the column. TRIS buffer (1.5ml,
50mM, pH 8.0) that contained 10 mM glutathione (30 mg per 10 ml)
was used to elute the protein, and the eluate was collected by a cen-
trifugal filter (Amicon Ultra 10K, Millipore, Billerica, MA, USA).

6His-SUMO-ACS7 recombinant protein purification

6His-SUMO-ACS7 recombinant protein was incubated in 40ml
of LB medium that contained 50 pg ml™' ampicillin and shaken at
37 °C overnight. The overnight culture was inoculated with 400 ml
of LB medium with shaking at 37 °C. The cells were raised to an
absorbance of optical density (OD) 0.4-0.6 (mid-log phase) at
600nm and then induced with 0.5mM IPTG and allowed to con-
tinue to grow for 3h. The cells were then harvested by centrifuga-
tion at 5520 g (Beckman Coulter J2-MC) for 30 min. The cell pellet
was resuspended in lysis buffer and stored at —80 °C. The cells were
thawed in 40 °C water, sonicated, and centrifuged at 20 400 g for
30min (Beckman Coulter J2-MC). The supernatant was incubated
with pre-washed Ni-NTA resin (GE) for 2h at 4 °C and washed with
a first wash buffer and second wash buffer. 6His protein was eluted
with 1.5ml of elution buffer. The eluate was collected with a centrif-
ugal filter (Amicon Ultra 10K, Millipore) for buffer exchange. The
fusion protein was resuspended in phosphate-buffered saline (PBS)
buffer. Plasmid maps are shown in Supplementary Fig. S1 available
at JXB online.

Protein quantification using the Bradford assay

The protein concentration measurement was based on the Bradford
method using Protein Assay Dye (Bradford, 1976; catalog no. 500-
0006, Bio-Rad). Protein assay dye (100 pl) was mixed with 900 pl of
dH,O and added to different concentrations of bovine serum albu-
min to reconstitute the standard curve. Sample absorbance was read
at 595nm.

Fusion peptide design and construction

Approximately 50-60 nucleotide long forward and reverse primers
were used to self-ligate in a temperature gradient and had a sticky-
end Ascl and BamHI restriction enzyme recognition site. After
phosphorylation by polynucleotide kinase at the 5" end for 30 min,
the double-stranded primer was constructed into an NRV vector
and transformed into BL21 for fusion protein expression.

In vitro kinase assay

The in vitro kinase assay was performed according to a modified
method described previously (Curran et al., 2011). ATP (50 uM,
spiked with 1.25 uCi of [y-**P]ATP) was added to begin the kinase
reaction at a final volume of 10 pl, which consisted of 300ng of
purified CDPK, 3 pg of fusion protein substrate, and standard
kinase reaction buffer. The reactions were incubated for 15min at
room temperature and stopped by SDS sample buffer. All of the
samples were loaded onto a 12% SDS-PAGE loading well for elec-
trophoresis, and labelling signals were normalized to the amount of
protein determined from Coomassie Brilliant Blue-stained gels after
running SDS-PAGE.

Protoplast isolation

Arabidopsis protoplasts were isolated according to a modified
method described previously (Yoo et al, 2007). The leaves from
4-week-old plants were excised and subjected to an enzyme solu-
tion for 2h at room temperature. The enzyme solution that con-
tained protoplasts was filtered with a miracloth and centrifuged
at 100 g (Kubota 2420, Japan) to pellet the protoplasts in a 15ml

tube for 3min. The supernatant was removed, and the protoplasts
were washed three times in W5 solution. The protoplasts were resus-
pended in Mmg solution with 2.5% 10’ protoplasts in 1ml before
polyethylene glycol (PEG)-mediated transformation.

Plasmid construction and transformation for transient
expression

The open reading frame (ORF) of AtACS7 was amplified using
designated primers from cDNA. The amplified ORF was inserted
into the p2YGW?7 vector (Invitrogen). The method of transiently
expressed plasmid transformation was performed as previously
described (Yoo et al., 2007). Plasmids (10 pg) and 200 pl of pro-
toplasts were added to a 15ml tube and gently mixed. PEG solu-
tion (200 pl) was then added and incubated at room temperature for
10min. The PEG solution that contained protoplasts was diluted
with 1 ml of W5 solution and gently mixed. Protoplasts were centri-
fuged at 100 g (Kubota 2420) to pellet the protoplasts for 3min. The
supernatant was removed, and the protoplasts were washed twice
with W5 solution. The protoplasts were resuspended with 1 ml of
W5 solution in each well of a 6-well tissue culture plate and incu-
bated at room temperature. After 12-16h, yellow fluorescent pro-
tein (YFP) fluorescence was detected with a confocal microscope
(SP5, Leica, Microsystems, Germany). Plasmid maps are shown in
Supplementary Fig. S1 at JXB online.

Plasmid construction of bimolecular fluorescence
complementation (BiFC) and transformation of plasmids for
BIiFC analysis

BiFC analyses were performed according to a modified method
described previously (Yoo et al., 2007; Lee et al., 2012). The ORF
of AtACS7 was amplified using designated primers from cDNA.
The amplified ORF was inserted into the pEarleyGate201-YN vec-
tor or pEarleyGate202-YC driven by the 35S promoter and fused to
YFP-N or YFP-C in-frame. Plasmids (10 pg; YFP-N and YFP-C)
and 200 pl of protoplasts were added to a 15ml round-bottomed
tube and gently mixed. PEG solution (110 pl) was added and incu-
bated at room temperature for 10 min. The PEG solution that con-
tained protoplasts was diluted with 550 pl of W5 solution and gently
mixed. Protoplasts were centrifuged at 100 g (Kubota 2420) to pellet
the protoplasts for 3min. The supernatant was removed, and the
protoplasts were washed twice with W5 solution. Protoplasts were
resuspended with 1 ml of WS solution in each well of a 6-well tis-
sue culture plate and incubated at room temperature. After 12-16h,
YFP fluorescence was detected by a confocal microscope. Plasmid
maps are shown in Supplementary Fig. S1 at JXB online.

Site-directed mutagenesis

Site-directed mutagenesis was performed using the QuikChange
Lightning kit (Stratagene, La Jolla, CA, USA). Two complementary
oligonucleotides that contained the desired mutation, flanked by an
unmodified nucleotide sequence, were designed. Mutated nucleo-
tides were amplified by PCR. The Dpnl restriction enzyme (2 pl) was
then directly added to each amplification reaction and incubated at
37 °C for 5min to digest the parental supercoiled double-stranded
DNA. The DNA treated with 2 pl of Dpnl was transformed into the
DH5a competent cells.

SDS-PAGE

SDS-PAGE was performed according to a modified method
described previously (Laemmli, 1970). A gel preparation system
(Bio-Rad) was used to prepare a 4% stacking gel and 12% resolving
gel. The samples were supplemented with sample buffer, heated at
95 °C for Smin, and subjected to SDS-PAGE at a constant voltage
of 100V until the protein dye left the gel.
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Quartz crystal microbalance (QCM) sensor washing and analysis

QCM was performed according to a modified method described previ-
ously (Matsunaga and Ueda, 2010). A volume of 500 pl of 1% SDS was
added to the sensor and left for 3min. Double-distilled H,O (ddH,0)
was used to wash the sensor. Piranha solution (3 pl; 99% H,S0,4:30%
H,0,, 3:1) was added to the sensor and left for 5min. ddH,O was used
to wash the sensor. This procedure was repeated twice. The sensor was
placed into an AFFINIX QN p (INITIUM, Japan), and the basic fre-
quency was measured. A volume of 500 pl of PBS buffer was added to
the sensor, and the frequency was left to stabilize. 6His-SUMO-ACS7
protein was added to the sensor until the sensor coating was saturated.
The sensor was washed twice with PBS buffer, and 500 pl of PBS was
added to the sensor. 14-3-3w protein was added to the sensor, and the
dissociation constant K; was measured.

Genomic DNA extraction

The leaves of 3-week-old plants were excised and placed into a 1.5ml
tube with liquid nitrogen. The leaves were ground into a powder, and
750 pl of Genomic DNA extraction buffer and 50 pl of 20% SDS
were added. The 1.5ml tube was heated at 65 °C for 10 min. After
heating, 250 pl of SM potassium acetate was added and placed on
ice for 10 min. Chloroform (200 pl) was added into the 1.5ml tube
and centrifuged for 10min at 13 000rpm. A total of 800 pl of the
supernatant was moved to a new 1.5ml tube. Isopropanol (560 pul)
was added and centrifuged at 13 000 rpm for 10 min. The pellet was
washed with 70% ethanol and resuspended in ddH,O. Genomic
DNA was used to determine the homozygosity of the T-DNA inser-
tion in the acs7-1 mutant using PCR.

RNA extraction

RNA was isolated using REzol™ C&T reagent (Protech, Taipei,
Taiwan) and converted to cDNA using a high-capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA, USA). The
leaf sample was ground into a powder with liquid nitrogen, and 1 ml
of REzol™ C&T and 200 pl of chloroform were added. The sam-
ple was centrifuged at 13 000rpm for 15min and moved to a new
1.5ml tube. Isopropanol (500 pl) was added and centrifuged at 13
000rpm (Sigma 1-15K, St Louis, MO, USA) for 10min. The pellet
was washed with 75% ethanol and resolved by diethylpyrocarbonte
(DEPC)-treated H,O. Total RNA (2 pg) was subjected to cDNA
synthesis. The same amount of cDNA was used for PCR analysis.

Root curvature and gravity-sustaining response ratio
measurement

The root gravity response was measured as previously described
(Sukumar et al., 2009) (Supplementary Fig. S2 at JXB online). Three-
day-old seedlings were transferred to either control agar (0.8%) or
agar supplemented with multiple chemicals [i.e. EGTA (Sigma),
LaCl;, LiCl, ACC, 1-naphthylphthalamic acid (NPA), and ruthenium
red (RR)] at the indicated concentrations. After 12-24h of vertical
growth, the plates were rotated 90 ° counterclockwise. Photographs of
the plants were taken at specific time points (Time 0) after reorienta-
tion using a digital camera. The root tip curvature (in degrees) after
reorientation (the angle difference of before and after reorientation)
was measured every 12h by ImageJ software, and the gravity-sustain-
ing response ratio was determined using the percentage of roots that
grew toward the direction of the new gravity vector.

Results
AtACS7 can be phosphorylated by AtCDPK16 in vitro

A recent study found that type I and type II ACS proteins
can be CDPK substrates (Sebastia er al., 2004). Although
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the type III ACC synthase ACS7 has a shorter C-terminal
domain and does not have a predicted CDPK phosphoryla-
tion site, ACS7 may still be a substrate of CDPK. AtCDPKI,
AtCDPK16, AtCRK3, and AtCDPK34 were used for the
in vitro kinase assay against the full-length ACS7 recombi-
nant protein 6His-SUMO-AtACS7. G-NR, G-Di19-2-2 WT,
and G-Di19-2-2 mutant (MT) fusion peptides were used as
controls for the kinase assay as described previously (Curran
et al.,2011). The kinase assay results indicated that CDPK 16
can phosphorylate the recombinant protein 6His-SUMO-
AtACST7 in vitro (Fig. 1).

The possible phosphorylation sites in ACS7 were further
investigated. Liquid chromatography-mass spectrometry/
mass spectrometry (LC-MS/MS) was used to identify the
peptides in the ACS7 recombinant protein phosphorylated
by CDPK. According to the LC-MS/MS results and con-
served Ser/Thr residues of ACS in different plant species,
13 fusion peptides that contained possible phosphorylation
sites were designed as candidates for the in vitro kinase assays
(Supplementary Table S1 at JXB online). After the kinase
assay, it was found that the fusion peptides P5-2, which con-
tains the peptide V(294)GT(296)IYS(299)YNDNV(304),
and P11-2, which contains the peptide V(207)RGVLIT(213)
NPS(216)NPL(219), were labelled in the P autoradiogram
(Fig. 2). This result indicates that P5-2 and P11-2 can be
phosphorylated by CDPK16 in vitro.

A previous study showed that CDPK phosphorylates
substrates in a calcium-dependent manner (Hetherington
and Trewavas, 1984). Because the fusion peptides P5-2
(VGTIYSYNDNYV) and P11-2 (VRGVLITNPSNPL) were
shown to be phosphorylated by CDPK 16, experiments were
carried out to determine whether this phosphorylation is cal-
cium dependent. Figure 3A shows that when calcium ions
were added in the kinase reaction buffer, P5-2 and P11-2
phosphorylation signals were detected. When calcium ions
were depleted in the reaction buffer, phosphorylation was
abolished. This confirms that P5-2 and P11-2 phosphoryla-
tion is calcium dependent.

To confirm that the in vitro phosphorylation of AtACS7
fusion peptides was due to AtCDPK16 activity, a control
experiment was carried out. Two autophosphorylation sites
(Ser274 and Ser541) of the AtCDPK16 recombinant fusion
protein (Hegeman et al., 2006) were mutated by site-directed
mutagenesis. The mutated AtCDPK 16 recombinant fusion
protein (G-CDPK16-6His MT) was used in the in vitro
kinase assay against AtACS7 fusion peptides. The results
showed that the autophosphorylation of the mutated recom-
binant protein (G-CDPK16-6His MT) was greatly reduced
(Fig. 3B; Supplementary Fig. S3 at JXB online). In addi-
tion, the phosphorylation of the AtACS7 fusion peptides
was greatly reduced (Fig. 3B; Supplementary Fig. S3). This
indicated that the phosphorylation of AtACS7 fusion pep-
tides in vitro resulted from AtCDPK16 but not from other
bacterial kinases. The P5-2 and P11-2 peptides each contain
one serine and one threonine residue. Furhter experiments
were carried out to determine which amino acid is the tar-
get for CDPK16 or whether both can be phosphorylated
by CDPK16. To address this issue, a point mutation was
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Fig. 1. SUMO-AtACS7 was phosphorylated by AtCDPK16 in vitro. Recombinant protein 6His-SUMO-ACS7 was used as a substrate,
and four kinds of recombinant kinases (G-AtCDPK1-6His, G-AtCDPK16-6His, G-AtCRK3-6His, and G-AtCDPK34-6His) were used to
perform the kinase assay in vitro. The result indicates that 6His-SUMO-AtACS7 can only be phosphorylated by G-AtCDPK16-6His in
vitro. G-NR is a fusion protein, with GST fused with a peptide of nitrate reductase (TLKRTASTPFM), and this peptide is known to be
recognized by G-AtCDPK1-6His; G-NRV is a vector-only protein; G-Di19-2-2WT is also a fusion protein in which GST is fused with a
peptide (DVLKSEQKEMSYREDPY); this peptide can be recognized by G-AtCDPK16-6His, and G-Di19-2-2MT is similar to G-Di19-
2-2WT but with serine mutated to alanine. The molecular weights of all the fusion proteins are ~55kDa and that of SUMO-ACS7 is
~B63kDa; the peptide phosphorylation signal is marked with a arrowhead, and the kinase autophosphorylation signal is ~100kDa (right

panel).

created in the two peptides using site-directed mutation of
either serine or threonine to alanine (Supplementary Table
S1 at JXB online). For P11-2, the results indicated that only
Ser216 was recognized by CDPK16 (Fig. 4). To confirm the
phosphorylation sites, the fusion peptide P4-5, which has
10 amino acids that overlap with P11-2, was used for the
kinase assay. A point mutation of either serine or threonine
to alanine was designed to verify the phosphorylation site
in P11-2. The results showed that only Ser216 was recog-
nized by CDPK16 (Fig. 4B). This result was consistent with
the results presented in Fig. 4A. The serine residue (Ser216)
in both P11-2 and P4-5 was shown to be an AtCDPK16
phosphorylation site.

For P5-2, a fusion peptide with a single point mutation
of either threonine or serine to alanine and double muta-
tions of both serine and threonine to alanine were used
to perform the kinase assay. The results showed that both
Thr296 and Ser299 were recognized by CDPK16 (Fig. 5).
Specifically, the phosphorylation of Ser299 was also sup-
ported by the MS/MS data (Supplementary Fig. S4 at JXB
online). In conclusion, based on the in vitro assay, three
AtCDPK16 phosphorylation sites, Ser216, Thr296, and
Ser299, were identified. These results suggest that AtACS7
may be involved in calcium signalling.

The subcellular localization of AtACSY7 is in the cytosol

ACS proteins have been found to be cytosolic proteins (Yip
et al., 1991). To confirm further whether AtACS7 is actu-
ally localized in the cytosol, transient expression of ACS7

protein in protoplasts was detected. The 35S::YFP:ACS7
plasmid was transferred to Arabidopsis protoplasts, and
confocal microscopy was used to observe the localization of
the recombinant YFP fused with ACS7. As expected, ACS7
protein was localized in the cytosol based on the transient
assay (Fig. 6).

Protein—protein interaction between ACS7 and 14-3-
3w was confirmed using BiFC and QCM

14-3-3 proteins have been regarded as scaffold proteins
that can bind to phosphorylated proteins (Sehnke ez al.,
2002). A previous study showed that ACS7 can be a cli-
ent of 14-3-3w in Arabidopsis (Chang et al., 2009; Yoon
and Kieber, 2013). Whether 14-3-3w physically interacts
with ACS7 and modulates its functions was investigated.
Previous studies showed that ACS7 can form a homodi-
mer to perform its functions (Tsuchisaka and Theologis,
2004), and fusion proteins ACS7-YN and ACS7-YC
were used as a positive control (Supplementary Fig. S5B
at JXB online). ACS7 formed homodimers as expected
(Tsuchisaka and Theologis, 2004). Additionally, NR pep-
tide, which contains a 14-3-3 interaction site, interacted
with 14-3-3w as expected. Based on the transient expres-
sion results, ACS7 physically interacted with 14-3-3w in
the cytosol (Supplementary Fig. SSE, F). Both ACS7-YN
and ACS7-YC interacted with 14-3-3w-YN.

To investigate the functional relevance of the identified
phosphorylation sites, ACS7-YN and ACS7-YC, each with
Ser216 point-mutated to alanine, were tested for interactions
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Fig. 2. Peptide P5-2 and P11-2 were phosphorylated by CDPK16 in vitro. The fusion proteins (GST fused with small peptides)
were designed to perform the kinase assay and determine which serine or threonine can be phosphorylated by G-CDPK16-6His.
P5-2 contains the peptide V(294)GTIYSYNDNV(304); and P11-2 contains the peptide V(207)RGVLITNPS(216)NPL(219). G-Di19-
2-2WT phosphorylated by G-CDPK16-6His is a positive control; G-Di19-2-2MT is a negative control; and 6His-SUMO-ACS7 is a
full-length ACS phosphorylation control. The results indicate that P5-2 (in B) and P11-2 (in D) can be phosphorylated by CDPK16.
The molecular weight of the fusion peptide is ~55kDa; peptide phosphorylation signals are marked with arrowheads, and the kinase

autophosphorylation signal is ~100kDa (right panels).

using BiFC. ACS7-YN and ACS7-YC, each with Thr296
and Ser299 double-mutated to alanine, were also tested.
Both BiFC results showed that the mutation of these phos-
phorylation sites resulted in an altered subcellular localiza-
tion pattern. The dimer formation signal was weaker and not
evenly distributed in the entire cytoplasm as it was in the WT
(Fig. 7C-E), suggesting that the phosphorylation of AtACS7
may have important functions.

To confirm further the protein—protein interaction
between ACS7 and 14-3-3w, QCM analysis was performed.
The recombinant protein G-14-3-3w was first coated on the
sensor, and then 6His-SUMO-ACS7 protein was injected
into the PBS buffer. If the recombinant protein 6His-
SUMO-ACST7 can physically interact with G-14-3-3w, then
the sensor frequency would change. The results showed
that 6His-SUMO-ACS7 interacted with G-14-3-3w in vitro
(Supplementary Fig. S6A at JXB online). The dissociation
constant (Ky) was 9.29+1.99x 10 M (Supplementary Fig.

S6C). A previous study showed that 14-3-3 is a scaffold pro-
tein that can interact with its clients that have already been
phosphorylated (Wu ez al., 1997). To determine whether
the interaction between ACS7 and 14-3-3w is phosphoryl-
ation dependent and whether the interaction is caused by
ACS7 phosphorylation catalysed by CDPK16, an interac-
tion assay between phosphorylated 6His-SUMO-ACS7
and G-14-3-3w was performed. 6His-SUMO-ACS7 was
phosphorylated by CDPK16 in vitro in advance. The results
showed that phosphorylated 6His-SUMO-ACS7 can physi-
cally interact with G-14-3-3w in vitro (Supplementary Fig.
S6B), and the Ky was 5.05£1.96x10” M (Supplementary
Fig. S6D). The QCM results of tag-only controls did not
show any interaction, as expected (Supplementary Fig. S6E,
F). Altogether, the results are consistent with the previous
discovery that ACS7 forms a protein complex with 14-3-3w
protein (Chang er al., 2009; Yoon and Kieber, 2013). The
interaction between ACS7 and 14-3-3w protein appeared to
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Fig. 3. The phosphorylation of P5-2 and P11-2 is calcium dependent. (A) In order to confirm that this phosphorylation reaction is
calcium dependent, buffer with or without calcium ions was tested. The result indicated that the substrate kinase phosphorylation
reaction is calcium dependent (lanes 4-7). The amino acid sequences in P5-2 and P11-2 are VGTIYSYNDNV and VRGVLITNPSNPL.
Peptide phosphorylation signals are marked with arrowheads. (B) An in vitro kinase assay was carried out using mutated G-CDPK16-
BHis (G-CDPK16-6His MT) having double mutations on both Ser274 and Ser541. Both serines were mutated to alanine. The AtACS7
fusion protein and peptide phosphorylation signals are marked with arrowheads.

be both phosphorylation dependent and phosphorylation
independent.

Identification of acs7-1 loss-of-function mutant line

To study the functions of AtACS7 in planta, an acs7-1
mutant line was ordered from the Arabidopsis Biological
Research Center (http://abrc.osu.edu/). In this mutant line,
T-DNA was inserted into the third exon of the ArACS7
gene (Supplementary Fig. S7A at JXB online). The
background of the mutant line was Wassilewskija (WS).
Genomic PCR was used to confirm the T-DNA insertion
site. The T-DNA primer GBKS5-F paired with the gene
primer acs7-1-R, and the gene primer acs7-1-F paired with
acs7-1-R were used to perform PCR. It was found that
only the T-DNA primer GBK5-F with acs7-1-R flanked
the DNA fragment, and acs7-1-F with acs7-1-R did not

(Supplementary Fig. S7B). The results showed that the
acs7-1 mutant was homozygous.

The acs7-1 mutant is less sensitive to inhibition by a
calcium chelator and the channel blocker LiCl in the
gravity response

A previous study indicated that acs7-1 has multiple pheno-
types (i.e. lower ethylene emission, larger cotyledons and
true leaves, and longer primary root length; Dong et al.,
2011). Additionally, the acs7-1 mutant exhibited hyper-
sensitivity to abscisic acid (ABA) during seed germina-
tion (Dong et al., 2011). However, no studies of which the
authors are aware have discussed the aspect of calcium in
the acs7-1 mutant. The phenotype of the acs7-1 mutant line
has been widely described (Tsuchisaka e al., 2009; Dong
et al., 2011). The acs7-1 mutant exhibits early flowering,
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Fig. 4. Phosphorylation of Ser216 was confirmed by site-directed mutagenesis. In order to identify the phosphorylation residue in P11-
2, site-directed mutagenesis was performed. P4-5 is a peptide which has a 10 amino acid sequence overlapping with P11-2. P11-2
S—A is a serine to alanine mutation peptide in P11-2; P11-2 T—A is a threonine to alanine mutation peptide; P11-2 TS—AA is a double
mutation peptide of serine and threonine to alanine. The results indicated that only serine (Ser216) but not threonine (Thr213) in P11-2
can be phosphorylated by G-CDPK16-6His in vitro. Peptide phosphorylation signals are marked with arrowheads.

slightly reduced ethylene production, larger cotyledons,
and enhanced salt tolerance. Because little is known about
the relationship between ethylene biosynthesis and calcium
(Raz and Fluhr, 1992; Philosoph-Hadas et al., 1996), sev-
eral calcium channel blockers (i.e. LiCl, LaCl;, and RR),
a calcium chelator (i.e. EGTA), and the CaM antagonist
chlorpromazine (CPZ) were used to investigate the relation-
ships between them. AtACS7 can be phosphorylated by
CDPK in vitro, and it is hypothesized that AtACS7 may be
involved in calcium signalling. Previous studies showed that

calcium ions are important for the gravity response. When
the WT seedlings are treated with calcium channel block-
ers or a calcium chelator, the plants may lose their grav-
ity response (Hasenstein and Evans, 1988; Friedman et al.,
1998; Toyota et al., 2008). To investigate the relationship
between acs7-1 and calcium, the calcium channel blockers
LiCl, LaCls;, and RR, the calcium chelators EGTA, and the
CaM antagonist CPZ were used to determine whether cal-
cium ions influence acs7-1. The results indicated that LaCl,
and CPZ did not cause significant differences between the
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Fig. 5. Site-directed mutagenesis of the hosphorylation site on peptide P5-2. In order to identify the phosphorylation residue in P5-2,
site-directed mutagenesis was performed. P5T-3 is a peptide which has a nine amino acid sequence overlapping with P5-2. P5-2 S—A
is a peptide with a mutation of serine (Ser299) to alanine in P5-2; P5-2 T—A is a threonine (Thr296) to alanine mutation peptide; P5-2
TS—AA is a double mutation peptide of serine and threonine to alanine. The results indicated that both serine and threonine in P5-2 can
be phosphorylated by G-CDPK16-6His in vitro. Peptide phosphorylation signals are marked with arrowheads.
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Fig. 6. Subcellular localization of AtACS7 in Arabidopsis protoplasts in a transient expression assay. Wild-type Arabidopsis protoplasts
were transfected with (A) 35S:YFP:AtACS7 and (B) 35S:YFP (control) constructs. YFP signals were observed by confocal microscopy.
The blue signal showed a nucleus stained with 4',6-diamidino-2-phenylindole (DAPI); the red signal showed chlorophyll with
autofluorescence; and merge shows YFP, DAPI, chlorophyll, and bright field signals.

WT and the acs7-1 mutant (Supplementary Figs S8, S9 at
JXB online). Surprisingly, EGTA treatment caused a loss
of the gravity response in the WT but not in the acs7-1
mutant. Figure 8C-E shows that acs7-1 can retain gravit-
ropism, but the WT almost lost gravitropism. Moreover,
10mM LiCl treatment had the same effect as EGTA treat-
ment (Fig. 8B, D, E). Collectively, the results indicate that
ACS7 is involved in root gravitropism in a calcium-depend-
ent manner in Arabidopsis.

The acs7-1 mutant is less sensitive to ethylene in the
triple response

To determine whether the acs7-1 mutant displays ethylene-
related phenotypes that are different from the WT in etiolated
seedlings, the hypocotyl length was measured in the dark for
5 d and analysed by Image] software. The triple-response

results showed that the acs7-1 mutant is less sensitive to ethyl-
ene compared with the WT (Fig. 9).

Gravity response under optimal ACC concentration

Ethylene has been suggested to regulate the gravity response.
Some studies indicate that it plays a negative role in gravit-
ropism (Buer et al., 2006), but other studies suggest a posi-
tive role in gravibending (Philosoph-Hadas et al., 1996). To
investigate the effects of ethylene on gravitropism, gradient
concentrations of ACC were introduced in the medium. Both
the WT and the acs7-1 mutant responded to certain con-
centrations of ethylene that positively regulated the gravity
response (WT at 1 uM ACC; acs7-1 at 0.1 uM ACC). A spe-
cific concentration of ethylene with 0.01 uM ACC negatively
regulated the gravity response in both the WT and the acs7-1
mutant (Fig. 10).
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Fig. 7. Protein—protein interactions with ACS7. (A) Co-expression of NR-nEYFP and 14-3-3-cEYFP (positive control). (B) Co-expression
of NR-cEYFP and 14-3-3-nEYFP (positive control). (C) Co-expression of ACS7-nEYFP and 14-3-3cEYFP. (D) Co-expression of
ACS7-M1. (E) Co-expression of ACS7-M2. (D) and (E) are ACS7 mutant proteins for testing ACS7 homodimer formation. M1: Thr296
and Ser299 of AtACS7 were both mutated to alanine. M2: Ser216 of AtACS7 was point mutated to alanine. YFP signals were observed
by confocal microscopy. The blue signal shows a nucleus stained with 4',6-diamidino-2-phenylindole (DAPI); the red signal showed
chlorophyll with autofluorescence; and merge shows YFP, DAPI, chlorophyll, and bright field signals.

The acs7-1 mutant is less sensitive to NPA-mediated
inhibition of the gravity response

Some auxin polar transport inhibitors, including NPA and
2,3,5-tritodobenzoic acid (TIBA), were found to inhibit auxin
polar transport. For example, TIBA can compete with auxins
for translocation across the plasma membrane (Depta and
Rubery, 1984), and NPA was found to disturb the polarity of
cell division (Thomson ez al., 1973). Therefore, NPA has long
been used as an inhibitor of auxin polar transport (Thomson
et al., 1973). The gravity response is greatly reduced by NPA
treatment. To investigate the effects of NPA on the gravity
response in the WT and the acs7-1 mutant, different concen-
trations (12 puM and 2 pM) of NPA were tested. The WT
showed a smaller root curvature and lower gravity response
than the acs7-1 mutant (Fig. 11A-D) in response to NPA
treatment. This indicates that the acs7-1 mutant was less
sensitive to the inhibitory effect of NPA. Exogenous ACC
(0.1 uM) was added to the medium with NPA, which greatly
reduced the effect of NPA and recovered root gravitropism

(Fig. 11A-D). These results suggest that AtACS7 is involved
in the root gravity response through an unknown cross-talk
relationship between auxin and ethylene.

Discussion

Figure | shows the phosphorylation of AtACS7 catalysed by
AtCDPK16 in vitro. However, this result is different from the
previous expectation that type III ACS proteins have no pre-
dicted CDPK phosphorylation sites and may not be a sub-
strate of CDPKs. To date, only one Arabidopsis AtCDPK16
substrate, AtDi19-2, has been documented (Curran et al.,
2011). The present study showed that AtCDPKI16 can
phosphorylate AtACS7 in vitro, but whether AtACS7 is an
AtCDPK16 substrate requires further studies. Several con-
sensus CDPK phosphorylation motifs are known (Harper
and Harmon, 2005). The first consensus phosphorylation
motif is ¢_s-X_4-Basic3-X,-X_;-S, in which the underlined S
is phosphorylated, X is any residue, and ¢ is a hydrophobic
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Fig. 8. Multiple calcium chelator and channel blockers affected the gravity response in acs7-1. The WT (WS) and the acs7-7 mutant
were grown in half-strength Murashige and Skoog (1/2MS) medium for 3 d and transferred to 1/2MS medium which contained (A)
control (normal conditions), (B) 10mM LiCl, (C) 0.25mM EGTA and other calcium channel blockers, and grown for 1 d. The gravity
vector is downwards as the arrowhead indicates. The root curvature (degree) and ratio of gravity response (%) were measured in both
the WT and the acs7-1 mutant after 24 h (D and E). The average and SE are presented (n=60) for multiple calcium chelators or channel
blockers in three independent experiments in (C), and the ratio of the gravity response is presented (n=60) for multiple calcium chelators
or channel blockers in (D). RR, ruthenium red. Significant differences between normal conditions and treatment groups are indicated by *

at P < 0.05 and by ** at P < 0.01 by Student’s t-test.

residue (Huang and Huber, 2001). The second consensus
phosphorylation motif is Basicg-Basic_g-X_;-Basic_¢-¢_s-X 4-
X 3-X-X_4-8-X,-Basic,, The third consensus phosphoryla-
tion motif is ¢_3-R,-¢d_-S-¢,-x-K 3-R 4, which was defined
as an ACS motif in a previous study (Sebastia ez al., 2004).
The identified phosphorylation site of AtACS7, Thr296,
perfectly matches the first consensus phosphorylation motif.
The phosphorylation motif S-X-R was recently identified
from the AtCDPKI16 substrate AtDil9-2 (Curran et al.,
2011). In the present study, Ser216 and Ser299 were found to
be phosphorylated by CDPK16 in ACS7 in vitro (Figs 2, 4,
5) but did not conform to any of these consensus phospho-
rylation motifs. Ser216 and Ser299 appear to be newly identi-
fied CDPK phosphorylation sites with an unknown CDPK
phosphorylation motif. Whether Ser216, Thr296, and Ser299
are indeed phosphorylated by CDPK in vivo needs further
confirmation.

The Arabidopsis genome has eight genes that encode active
ACS proteins and an additional gene that encodes a catalyti-
cally inactive enzyme, ACS1 (Liang et al., 1992). Previous
studies showed that ACS1 was inactive because it lacked the
highly conserved tripeptide Thr-Asn-Pro (TNP) between
[1e204 and Ser205 in the ACS conserved region that was
responsible for binding the cofactor PLP (Liang et al., 1995;
Yamagami et al., 2003). The introduction of TNP into ACS1
restores ACS activity, whereas its removal from enzymatically
active ACS2 results in a loss of activity (Liang et al., 1995).
In the sequence alignment of plant ACS proteins (data not
shown), it was found that ACS7 has a tripeptide, Thr-Asn-
Pro (TNP), between Ile212 and Ser216. Ser216 was phos-
phorylated by CDPK16 in the in vitro kinase assay (Figs 2,
4), and the phosphorylation of Ser216 in ACS7 can prob-
ably influence the interaction between ACS7 and its cofac-
tor PLP and finally change the enzyme activity. To investigate
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Fig. 9. Triple response in theWT and acs7-1 mutant. The
experiment was performed at 22°C for 5 d in the dark. Hypocotyl
length and the percentage of hypocotyl length relative to normal
conditions were measured by Imaged. The average and SE are
presented (n=60) for ACC in three independent experiments.

A higher concentration of ACC in the dark shows reduced
hypocotyl length more in the WT than in the acs7-1 mutant.

whether phosphorylation can influence enzyme activity, an in
vitro enzyme activity assay was performed according to pre-
vious studies (Li et al., 1996; Chae et al., 2003). The results
indicated that non-phosphorylated ACS7 had a K, value
of 27.43 uM, whereas phosphorylated ACS7 had a lower
K, value (13.65 pM; data not shown). These results suggest
that phosphorylated ACS7 has a higher catalytic ability, and
the phosphorylation of ACS7 catalysed by CDPK16 may
enhance ACS7 activity. However, such a possibility requires
further studies.

ACS gene expression in light-grown mature Arabidopsis
plants was previously studied using reverse transcription—
PCR (RT-PCR) (Yamagami et al., 2003), in which the expres-
sion of all Arabidopsis ACS genes was surveyed in plant roots,
leaves, stems, flowers, and siliques. These researchers found
that ACS7 was expressed only in roots. It was confirmed here
that ACS7is a cytosolic protein (Fig. 6), suggesting that ACS7
protein is mainly localized in the root cytosol. Another study
used a green fluorescent protein (GFP) fused to nine kinds of
AtCDPKs (Dammann et al., 2003). The authors found that
AtCDPK16 was localized to the root plasma membrane in
a thin layer at the periphery of the cell. Further studies are
needed to confirm whether ACS7 can be phosphorylated by
CDPK16 in plant roots in vivo.

Lithium chloride is known to suppress root curvature in
Pisum sativum seedlings (Belyavskaya, 2001). In Arabidopsis,
the root cap comprises four tiers of columella cells that origi-
nate from initial columella cells. Columella cells have a spe-
cific polarity, in which the nucleus and ER are localized to
the proximal side of the root meristem and periphery of the
cell, respectively. In addition to the peripheral arrangement
of the ER, its function as an intracellular calcium reservoir
has been the preferred hypothesis for a possible gravity-
sensing mechanism in columella cells, in which amyloplasts
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Fig. 10. ACC gradient for gravity response. The WT (WS) and
acs7-1 mutant were grown in half-strength Murashige and Skoog
medium for 3 d and transferred to medium which contained 0.01,
0.1, 1, or 10 uM ACC, and the root curvature of the root tip was
measured by Imaged after a 12h change of the gravity vector
(turned counterclockwise by 90 °). Significant differences between
normal conditions and treatment groups are indicated by ** at

P < 0.01 by Student’s t-test.

that come into contact with the peripheral ER can trigger the
release of calcium stored in the ER (Perbal and Driss-Ecole,
2003). Many signalling molecules and secondary messengers,
such as calcium (Plieth and Trewavas, 2002) and InsP; (Perera
et al., 2001), and pH (Johannes et al., 2001) have been impli-
cated in linking gravity sensing to the initiation of a differen-
tial growth response. Very rapid gravity-specific changes in
transcript abundance have been documented in gravistimu-
lated root tips of Arabidopsis (Kimbrough et al., 2004) and
whole seedlings (Moseyko et al., 2002). InsP; is well known to
induce calcium release from intracellular calcium reservoirs.
Changes in InsP; levels have been reported after the gravis-
timulation of pulvini in maize (Perera et al., 1999). Lithium
chloride has been reported to be a phosphatidylinositol
cycle inhibitor (Belyavskaya, 2001; Dieck et al., 2012). It can
suppress InsP; cycling and signalling by inhibiting inositol-
I-phosphatase (Belyavskaya, 2001), leading to a reduction in
the amount of InsP;. When plants are treated with LiCl, some
plant organs, such as tonoplasts and the ER, that are reported
to have IP;-sensitive calcium channels may be blocked, lead-
ing to a reduction of calcium ion efflux from these organs.
When the gravity vector changes, InsP; may bind to the ER or
tonoplast InsP;-sensitive calcium channels, which ultimately
leads to calcium ion efflux from these organs. These calcium
ions are captured by some calcium sensors, such as CDPK
and CaM, and pass the signals to downstream effectors, ulti-
mately leading to the plant gravity response.

Several mutant lines have been shown to be related to cal-
cium signalling in root gravitropism in plants. A mutation
of the calmodulin agr-3 gene exerted a reduced root grav-
itropism phenotype in Arabidopsis (Sinclair et al., 1996).
Spalding’s group found that a mutation of the Glutamate
Receptor-Like 3.3 gene (i.e. a mammalian calcium channel
orthologue) showed a root gravitropism phenotype (Miller
et al., 2010). Moreover, an Arabidopsis calcium-dependent
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Fig. 11. Root curvature and the ratio of the gravity response were affected by NPA in root tips. The WT (WS-4) and acs7-1 mutant
were grown in half-strength Murashige and Skoog (1/2MS) medium for 3 d and transferred to medium which contained 1 uM or 2 uM
NPA (A-D); the percentage gravity response was measured every 12h for 2 d. The percentages compared with normal conditions

are presented (n=36) in three independent experiments. For ACC treatment, the WT (WS-4) and acs7-1 mutant were grown in 1/2MS
medium for 3 d and transferred to medium which contained 1 uM or 2 uM NPA combined with 0.1 pM ACC (A and B); the root tip
curvature was measured every 12h for 2 d by ImagedJ software. The average is presented (n=36) in three independent experiments. The
percentage gravity response was measured every 12h for 2 d. The percentage compared with normal conditions is presented (n=36) in
three independent experiments (C and D). Significant differences between normal conditions and NPA treatment groups are indicated by

**at P < 0.01 by Student’s t-test.

binding protein AtCLB gene overexpression line exhibited
reduced root gravitropism, but a T-DNA insertion mutant
exhibited greater root gravitropism than the WT (de Silva
et al., 2011). However, little is known about whether the ACS
gene is involved in calcium signalling. Additionally, these
mutant lines expressed a root gravitropism phenotype with-
out EGTA treatment. In contrast, the present study observed
root gravitropism with EGTA treatment. Therefore, the root
gravitropism phenotype observed here appeared to be distinct
from others.

Auxin polar transport is involved in many developmental
processes, such as vascular differentiation and tropic growth
(Luschnig et al., 1998; Mattson et al., 1999; Rashotte et al.,
2000). The auxin polar transport inhibitor NPA was used to
investigate the role of the ACS7 gene in the gravity response
using a T-DNA knockout acs7-I mutant line and it was
found that acs7-1 is more resistant to NPA-mediated inhi-
bition (Fig. 11). The data indicate that the inhibition of the

gravity response by NPA was greatly attenuated by the addi-
tion of 0.1 uM exogenous ACC (Fig. 11). Collectively, these
findings suggest cross-talk between auxin and ethylene in root
gravitropism regulated by At4ACS7. Cross-talk between the
phytohormone auxin and ethylene in root gravitropism has
been reported previously. In 1990, Estelle’s group found that
an aux] mutant exhibited a defect in root gravitropism and
resistance to both auxin and ethylene in Arabidopsis (Pickett
et al., 1990). In 2003, an alhl mutation revealed cross-talk
between ethylene and auxin in Arabidopsis (Vandenbussche
et al., 2003). However, how auxin engages in cross-talk with
ethylene to regulate root gravitropism through At4CS7 in
Arabidopsis requires further investigation.

The rice type II ACC synthase OsACS1 was found to
interact with rice 14-3-3 proteins in a yeast two-hybrid assay
(Yao et al., 2007). These authors found that the C-terminal
domain of OsACS1 (RSVpSCP) was predicted to be phos-
phorylated by CDPK through a Mode-I 14-3-3 recognition



motif. They suggested that OsACS1 phosphorylation cata-
lysed by OsCDPK may interact with rice 14-3-3 proteins,
which can prevent the substrate ubiquitin adaptor protein
ETOIl from binding to produce 26S proteasome degrada-
tion. Interactions with 14-3-3 proteins on the CDPK phos-
phorylation site may prevent ETO1 protein binding, and
this may be a reason why the phosphorylation of ACS pro-
teins catalysed by CDPK enhances ACS protein stability.
In fact, the phosphorylation status of AtACS6 affected
the stability of AtACS6 (Skottke e al., 2011). Moreover,
the stability of AtACSS was also found to be regulated by
phosphorylation and 14-3-3 binding (Yoon and Kieber,
2013). A recent study found that ACS7 is turned over in
a 26S proteasome-dependent manner and that ACS7 deg-
radation requires the E3 ligase XBAT32 (Lyzenga et al.,
2012). Whether phosphorylation and 14-3-3 binding are
involved in the regulation of AtACS7 degradation requires
further investigation.

Apart from ACS, ACO is another important enzyme in the
ethylene biosynthesis pathway that catalyses the oxidation
of ACC to ethylene. ACO is encoded by a small multigene
family that is usually composed of three to four members.
In the Arabidopsis genome, six genes that encode ACOs
were identified in silico by Babula er al. (2006). Recently,
ACO?2 and ACO4 proteins were found, which may interact
with 14-3-3 proteins in a yeast two-hybrid system (Jaspert
et al., 2011). Together with the present results, this indicates
that 14-3-3 proteins may regulate the ethylene biosynthesis
pathway by modulating ACS and ACO proteins. A previous
study showed that an ACO promoter can respond to IAA,
bending stress, and gravity (Yuan and Dean, 2010). Together,
ACS proteins and ACO may synergistically participate in the
gravity response by regulating ethylene concentrations in
plant cells.
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