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ABSTRACT: Transient increases in the cytoplasmic Ca?" concentration are key events that initiate many
cellular signaling pathways in response to developmental and environmental cues in plants; however,
only a few extracellular mediators regulating cytoplasmic Ca>* singling are known to date. To identify
endogenous cell signaling peptides regulating cytoplasmic Ca?* signaling, Arabidopsis seedlings expressing
aequorin were used for an in vivo luminescence assay for Ca?t changes. These seedlings were challenged
with fractions derived from plant extracts. Multiple heat-stable, protease-sensitive peaks of calcium elevating
activity were observed after fractionation of these extracts by high-performance liquid chromatography.
Tandem mass spectrometry identified the predominant active molecule isolated by a series of such
chromatographic separations as a 49-amino acid polypeptide, AtRALF1 (the rapid alkalinization factor
protein family). Within 40 s of treatment with nanomolar concentrations of the natural or synthetic version
of the peptides, the cytoplasmic Ca*t level increased and reached its maximum. Prior treatment with a
Ca?* chelator or inhibitor of IP;-dependent signaling partially suppressed the AtRALFI-induced Ca?*
concentration increase, indicating the likely involvement of Ca?* influx across the plasma membrane as
well as release of Ca?* from intracellular reserves. Ca>" imaging using seedlings expressing the FRET-
based Ca?* sensor yellow cameleon (YC) 3.6 showed that AtRALFI could induce an elevation in Ca**
concentration in the surface cells of the root consistent with the very rapid effects of addition of AtRALF1
on Ca’" levels as reported by aequorin. Our data support a model in which the RALF peptide mediates
Ca?*-dependent signaling events through a cell surface receptor, where it may play a role in eliciting

events linked to stress responses or the modulation of growth.

Changes in the cytoplasmic Ca®>" concentration are thought
to act as a second messenger for many growth, develop-
mental, and environmental responses in plant cells. Ca>*
transporters on the plasma membrane and on intracellular
membranes are known to be involved in these processes since
genetically or pharmacologically disrupting such activities
causes altered growth and altered responses to environmental
stimuli (/-5). Depending on the type of signals, one or more
transient elevations or “spikes” in Ca?>* concentration occur
with their magnitude, frequency, duration, and spatial
distribution believed to encode the nature of each signal (6, 7).
Thus, Ca’>" oscillations and the consequent activation of
Ca’"-dependent signaling pathways are implicated in diverse
physiological responses in plants (8). However, the mech-
anism(s) by which such Ca?' changes are coupled to
perception of extracellular signals remains mostly unidenti-
fied at the molecular level.

Cytoplasmic Ca>* changes can be quantitatively measured
in plants by injecting Ca?" indicator dyes or expressing
genetically encoded reporter proteins such as aequorin or
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cameleon in the cells of interest (9—11). Aequorin is a Ca’*-
dependent photoprotein isolated from the jellyfish Aequoria
sp. The apoprotein can be expressed as a soluble protein in
heterologous systems, such as Arabidopsis, and reconstituted
in vivo to an active Ca’>"-dependent bioluminescent protein
by incubation with its cofactor, coelenterazine. Upon recon-
stitution, the plant emits bioluminescence, with signal
intensity reflecting Ca>" levels. Indeed, such transgenic plants
have been successfully used to measure Ca?' increases in
response to stimuli as varied as hormones, bacterial elicitors,
abiotic stresses, gravistimuli, circadian rhythm, and blue
light (12-24).

Measuring cytoplasmic Ca?* is used in mammalian cells
as a functional assay for the activation of cell surface
receptors, such as G-protein-coupled receptor, ligand-gated
ion channel (ionotropic receptor), and tyrosin kinase
receptor (25-28). Binding of extracellular ligands such as
peptide hormones and neurotransmitters to these receptors
triggers concomitant cytoplasmic Ca®" increases that relay
signals to the downstream components of their pathways (29).
By analogy to its action in mammals, glutamate is proposed
to act as a key regulatory molecule based on its action
causing cytoplasmic Ca”* increases in Arabidopsis and the
presence of ionotropic glutamate receptor-like genes in plant
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genomes (30, 31). ATP was also suggested to be a potential
extracellular signal in Arabidopsis based on observations of
release of ATP into the appoplast upon stresses, ATP-induced
cytoplasmic Ca®" increases, and ATP regulation of gene
expression (32, 33). However, despite such notable excep-
tions as glutamate and ATP, the number of endogenous
regulators identified as generating plant Ca?*-dependent
signaling cascades remains small when compared to the
number in mammalian systems.

Endogenous peptide hormones have recently emerged as
important regulators for cell-to-cell communication in diverse
plant signaling pathways such as defense response and cell
proliferation (reviewed in ref 34). These peptides are
perceived by specific receptors located on the plasma
membrane and, by analogy to animal peptide hormones, are
expected to activate intracellular signal pathways involving
secondary messengers such as the Ca>" signaling cascade.
In the Arabidopsis genome, there are more than 400 different
receptor-like kinase genes with transmembrane domains (35).
However, only a handful of ligands that biochemically
interact with any of these cell surface receptors have been
identified (36—43). These pairings of extracellular ligands
and their cognate plasma membrane receptors are thought
to be the tip of the iceberg, and there are likely to be many
hundreds of additional molecules serving as ligands. To
identify naturally occurring peptide ligands linked to plant
Ca’" signaling networks, we have developed an experimental
strategy using an in vivo Ca®>" assay with aequorin-expressing
Arabidopsis seedlings. The screen was based on the hypoth-
esis that when extracted from the plant, these peptides would
induce a cytoplasmic Ca?' transient if added exogenously
and that these Ca”>" increases could be detected using the
aequorin reporter system.

We show here that the aequorin-expressing transgenic
Arabidopsis seedling is an excellent tool for measuring
changes in cytoplasmic Ca’>" at the whole plant level and
amenable to screening utilizing a microplate format. Starting
with Arabidopsis tissue extracts, we have used HPLC! and
tandem mass spectrometry to fractionate, screen, purify, and
identify the most predominant peptide active in this “Ca?*
elicitor” assay. Its sequence identifies it as AtRALF1
(At1g02900), a member of the RALF (rapid alkalinization
factor) protein family. RALF was previously discovered in
tobacco extracts, as a factor causing rapid alkalinization in
the medium of suspension cells, and was proposed to be a
new type of plant peptide hormone based on its ability to
activate protein kinases and its inhibitory effect on root
growth (44). RALF-induced cytoplasmic Ca®" increase has
not been previously reported. In our experiment, synthetic
AtRALF1 peptide induced Ca’>" responses at nanomolar
concentrations indistinguishable from that with endogenous
AtRALF1. AtRALFl1-induced Ca®' elevation was further
verified in the cells of the root using an independent assay
of plants expressing the FRET-based Ca’>" sensor yellow
cameleon (YC) 3.6 (45). Our results highlight the presence
of endogenous hormone-like peptides in plant extracts that

! Abbreviations: HPLC, high-performance liquid chromatography;
RALF, rapid alkalinization factor; TFA, trifluoroacetic acid; SCX,
strong cation exchange; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; ACN, acetonitrile; GUS, f(-glucuronidase;
GFP, green fluorescent protein; FRET, fluorescent resonance energy
transfer.
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can be isolated for biochemical characterization. In addition,
AtRALF1-induced cytoplasmic Ca?* elevation found in this
study provides new insight into intracellular signaling events
that may link this peptide to the regulation of plant growth
and development.

EXPERIMENTAL PROCEDURES

Cytoplasmic Ca’t Assay in Arabidopsis Seedlings. To
assay for changes in Ca?' levels, an Arabidopsis line
homozygous for a single insertion of a transgene encoding
a cytoplasmically expressed apoaequorin driven by a cau-
liffower mosaic virus 35S promoter was used (46). Seeds
were sterilized and plated on medium containing Murashige-
Skoog salts (PhytoTechnology Laboratories, Shawnee Mis-
sion, KS), 3% (w/v) sucrose, and 0.4% (w/v) agar. The plates
were kept at 4 °C for 2 days, exposed to red light (30 umol
m~2 s~") for 30 min, and incubated at 20 °C under continuous
light (45 umol m~2 s71) for 4 days. A single seedling was
transferred into each well of a 96-well white microplate
(Thermo Labsystems, Franklin, MA) containing 200 uL of
liquid Murashige-Skoog medium supplemented with 2.5 uM
coelenterazine cp (Sigma, St. Louis, MO) and incubated in
the dark at 24 °C for 16 h. Into each well of the plate was
added 45 uL of 20 mM potassium phosphate buffer (pH 7.5)
containing a test substance or fractionated extract. The
resulting luminescence emission was monitored using a
microplate reader (SPECTRAFluor PLUS, Tecan Inc.,
Durham, NC) for 10 time points over approximately 160 s
or 20 time points over 320 s. Calcium levels are presented
as the sum of the luminescence counts that were obtained
during the assay. All the data showing the cytoplasmic Ca>*
level as luminescent counts were collected using the assay
described above. For dose—response analysis, GraphPad
Prism (GraphPad Software, Inc., San Diego, CA) was used
to fit a sigmoidal curve and calculate ECs.

Plant Materials and Growth Conditions for Biochemical
Assays. Approximately 250 seeds (Arabidopsis thaliana, Ws
ecotype) were surface-sterilized and transferred to a 250 mL
flask containing 75 mL of half-strength Murashige-Skoog
salts and 1% (w/v) sucrose. Seedlings were grown under
constant light (100 gmol m~2 s~!) on an orbital shaker at
100 rpm (New Brunswick Scientific, Edison, NJ) at 24 °C.
Two-week-old seedlings were harvested, frozen in liquid
nitrogen, and stored at —80 °C until they were used.

Tissue Extraction and Separation for Screening. Tissue
(200 g) was homogenized in 600 mL of 0.1% (v/v) TFA,
filtered through Miracloth (Calbiochem, La Jolla, CA), and
centrifuged at 10000g for 15 min at 4 °C. The supernatant
was filtered through Whatman paper and applied onto a C4
reverse phase column (Vydac, 15 um, 1 cm x 25 cm)
equipped with a pump (HPLC Pump 501, Waters, Milford,
MA). The captured material was eluted with 50% (v/v) ACN
in 0.1% (v/v) TFA, dried down by a vacuum centrifuge,
dissolved in 2 mL of 2% (v/v) ACN in 0.1% (v/v) TFA,
and spun down. The supernatant was separated by being
applied on a preparative C4 HPLC system with an isocratic
run of 2% (v/v) ACN in 0.1% (v/v) TFA for 10 min and a
gradient from 2 to 50% ACN in 0.1% TFA over 150 min
(column, Vydac, 5 um, 4.6 mm x 250 mm; HPLC, 2795
Separation Module, Waters) (Figure 1A). For enriching
macromolecules in additional experiments (Figure 1B), the
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FIGURE 1: Multiple peaks of cytoplasmic Ca®>" increase activity are observed in HPLC-fractionated Arabidopsis seedling extracts. (A)
Seedling extracts that were captured by a C4 preparative column were separated by C4 HPLC as described in Experimental Procedures.
Forty-five microliters of each 500 uL fraction was dried, resuspended in 20 mM KH,POy, buffer, and used for the aequorin Ca?* assay. The
UV (215 nm) trace is shown as a gray line. The dotted line indicates the ACN gradient. Relative Ca>* increasing activity is expressed as
the total luminescence counts and plotted with 4 symbols and a black line. (B) Seedling extracts that were captured by a C4 preparative
column and enriched in macromolecules by gel filtration were separated via C4 HPLC. Fractions were subjected to the Ca®" assay as
described for panel A. The peak denoted with an asterisk was due to the acidity of the fraction. Chromatograms shown in panels A and B
are each one example of triplicate analyses. (C) The activity observed in peaks A—I of panel B was subjected to heat stability and protease
sensitivity tests. Data are means =+ the standard error of three samples, and the experiment was repeated twice with similar results.

material eluted in 50% (v/v) ACN from a C4 column was
peptide-sized by being applied to a Sephadex G25 column
(Sigma, 1.6 cm x 36 cm) that was equilibrated with 0.1%
(v/v) TFA in water. The material recovered in the void
volume was dried, dissolved in 2 mL of 2% (v/v) ACN in
0.1% (v/v) TFA, and separated by C4 HPLC as described
above.

Protease Digestion and Heat Treatment of Active Frac-
tions. Fractions (Figure 1C, A—H) determined to be active
in eliciting a Ca®" increase in the bioluminescence assay were
dissolved in 20 mM potassium phosphate buffer (pH 7.5)
and incubated with 0.1 mg/mL Pronase (Sigma) at 37 °C
for 2 h. Heat treatment was carried out via incubation at 65
°C for 20 min.

Isolation of Peptide(s) Causing a Cytoplasmic Ca’*
Increase. Tissue (200 g) was homogenized in 600 mL of
0.1% (v/v) formic acid. The homogenate was filtered through
Miracloth and centrifuged. The supernatant was filtered
through Whatman paper and adjusted to 25% (v/v) ACN.
The extract was applied onto a strong cation exchange (SCX)
column that was equilibrated with 5 mM ammonium formate
(pH 3.0) in 25% (v/v) ACN (flow rate of 5 mL/min, 12 um,
7.5 mm x 75 mm, polySULFOETHYL A, The Nest Group,
Southborough, MA). The active fraction was eluted with 1
M ammonium formate (pH 3.0) in 25% (v/v) ACN and
concentrated. The resulting active fraction was loaded onto
a Sephadex G235 column. The cytoplasmic Ca®* increase
activity eluting in the void volume was concentrated,
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lyophilized, and separated on a C4 column (Vydac, 214TP54,
5 um, 4.6 mm x 250 mm) at a flow rate of 0.5 mL/min
with an isocratic run of 2% (v/v) ACN in 0.1% (v/v) TFA
for 10 min and a gradient from 2 to 50% (v/v) ACN over
150 min. Chromatography was monitored at 215 nm (model
2996 photodiode array detector, Waters). The active fractions
from the previous C4 column were purified on a SCX column
(5 um, 4.6 mm x 250 mm, polySULFOETHYL A) operating
at a flow rate of 0.5 mL/min with an isocratic run of 300
mM ammonium formate (pH 3.0) in 25% (v/v) ACN for 10
min and a gradient run from 300 to 800 mM ammonium
formate (pH 3.0) in 25% (v/v) ACN over 100 min. Chro-
matography was monitored by the fluorescent signal (excita-
tion at 270 nm, emission at 310 nm, model 2475 fluorescence
detector, Waters). The active fractions from the SCX column
were fractionated with a C18 column (Vydac, 218TP54, 5
um, 4.6 mm x 250 mm) with an isocratic run of 5% (v/v)
ACN in 0.1% (v/v) TFA for 20 min and a gradient from 5
to 40% (v/v) ACN over 95 min. For Ca>" assays, various
volumes (10—200 uL) of chromatographic fractions were
dried in a vacuum centrifuge and dissolved in 45 uL of 20
mM potassium phosphate (pH 7.5). Prior to the assay, the
pH of test fractions was verified to be neutral using pH strips
(EMD Biosciences, Inc., San Diego, CA).

Mass Spectrometry Analysis and Peptide Sequencing.
Analytes were dissolved in 50% (v/v) ACN and 0.1% (v/v)
TFA, mixed with the matrix, o-cyano-4-hydroxycinnamic
acid (Aldrich) on a MALDI-TOF-MS plate (AnchorChip,
Bruker), and air-dried. MALDI-TOF mass spectra were
recorded using a Bruker (Billerica, MA) BIFLEX III
instrument. For sequencing, 150 pmol of bioactive peptide
was dissolved in 12 mM DTT in 100 mM ammonium
bicarbonate, incubated at 50 °C for 40 min, modified with 6
mM iodoacetamide at 24 °C for 40 min, and purified by C18
HPLC as described above. The modified peptide was
incubated with sequencing-grade modified trypsin at a
trypsin:peptide ratio of 1:100 (w/w) (Promega, Madison, WI).
Sequencing of trypsin-digested peptides was performed using
tandem mass spectrometry (model 1100 series LC/MSD trap,
Agilent Technologies, Palo Alto, CA). Peptides were sepa-
rated using a C18 capillary HPLC system (3.5 um, Zorbax
SB300 C18, 75 um x 150 mm) with a 20 to 50% (v/v) ACN
gradient in 0.1% (v/v) formic acid over 80 min at a flow
rate of 0.28 yL/min. Ton mass lists were searched using an
in-house version of the MASCOT search tool (Matrix
Science, London, U.K.) against an Arabidopsis protein
database obtained from The Institute of Genomic Research
(http://www.tigr.org/).

Peptide Synthesis, Modification, Purification, and Quan-
tification. AtRALF1 peptide was synthesized at the 50 xmol
scale at the Peptide Synthesis Facility, Biotechnology Center,
University of Wisconsin. The synthetic peptide mixture (80
mg) was dissolved in 50 mL of 100 mM ammonium
bicarbonate, stirred at 4 °C for 16 h, and lyophilized.
Synthetic peptides were separated with a Sephadex G25
column and SCX and C18 HPLC as described above. The
biologically active AtRALF1 peptide was detected by the
aequorin Ca?" assay and MALDI-TOF-MS. The concentra-
tion of isolated peptide was calculated using the method
described by Pace et al. (47).

RNA Isolation and RT-PCR Analysis. Total RNA was
extracted from various tissues of 4-week-old Arabidopsis
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plants using the RNeasy mini kit (Qiagen, Valencia, CA).
The RNA template used for reverse transcription was first
treated with DNase (Promega). Reverse transcription was
carried out with SuperScript II reverse transcriptase as
described by the manufacturer (Invitrogen, Carlsbad, CA).
One microliter of each cDNA mixture was used as the
template for PCR. The primer sequences for PCR are
5-TGGACAAGTCCTTTACTCTGTTC-3 and 5’-CCAAACA-
ACTTCATGGATCA-3’ for AtRALF1 and 5-CTGTTTC-
CGTACCCTCAAGC-3"and 5-AGGGAAACGAAGACAGC-
AAG-3’ for AtTUB4.

AtRALFI Promoter Analysis. A 1185 bp DNA fragment
of the AtRALF1 promoter region was PCR-amplified and
cloned into pCAMBIA1301 (www.cambia.org). The result-
ing construct was introduced into plants via Agrobacterium
tumefaciens GV3101. Plants were screened by hygromycin
resistance and GUS immunoblotting. Four-day-old T2 seed-
lings were subjected to GUS staining at 37 °C for 6—16 h
[50 mM sodium phosphate buffer (pH 7.2), 0.2% Triton
X-100, 2 mM potassium ferrocyanide, 2 mM potassium
ferricyanide, 15% methanol, and 2 mM 5-bromo-4-chloro-
3-indolyl B-p-glucuronic acid]. Images were viewed with a
Nikon E400 clinical microscope and recorded using a Spot
Insight color digital camera (Diagnostic Instruments).

Imaging of Cytosolic Ca®>* Levels. To image cytosolic Ca*"
levels with cellular resolution, we used Arabidopsis express-
ing the FRET-based Ca®>" sensor yellow cameleon 3.6 (44).
Four-day-old seedlings were transferred to purpose-built
cuvettes and mounted in agarose containing '/4-strength
Murashige-Skoog salts (pH ~ 6) supplemented with 1% (w/
v) sucrose (modified from ref 48). Shortly before an
experiment, the agarose was dissected from around the root
tip, and 100 uL of liquid medium containing '/4-strength
Murashige-Skoog salts and 1% (w/v) sucrose (pH ~ 6) was
added to the cuvette. For treatment with 100 nM AtRALF]1,
100 uL of a 200 nM peptide solution (dissolved in !/4-
strength Murashige-Skoog medium) was gently added to the
cuvette. Roots were ratio imaged with a Zeiss LSM 510 laser
scanning confocal microscope (Carl Zeiss Inc., Thornwood,
NY) using a 40x water immersion, 1.2 numerical aperture,
C-Apochromat objective. The YC3.6 Ca®>" sensor was excited
with the 458 nm line of the argon laser and imaged using a
458 nm primary dichroic mirror and the Meta detector of
the microscope. CFP and FRET-dependent Venus emission
were collected at 473—505 and 526—536 nm, respectively.
For time-lapse analysis, images were collected every 4 s.
Bright-field images were acquired simultaneously using the
transmission detector of the Zeiss LSM 510 microscope.

RESULTS

Optimizing Experimental Conditions of the in Vivo Cyto-
plasmic Ca?t Assay. To identify endogenous plant peptides
that could elicit Ca?>" signaling events, we used an Arabi-
dopsis line expressing the Ca’>"-dependent luminescent
protein aequorin as an assay tool to measure cytoplasmic
Ca”* changes after treatment with fractionated extracts from
Arabidopsis seedlings. A single aequorin-expressing seedling
and an aliquot of Murashige-Skoog medium containing the
cofactor required to reconstitute active aequorin, coelentera-
zine cp, were dispensed into a well of a 96-well microtiter
plate, and active aequorin was reconstituted in the plant
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overnight. Subsequently, the intensity of luminescence emis-
sion from each seedling was recorded when each was treated
with a fraction from seedling extracts. Prior to this screening,
we first tested the effects of the various reagents used for
extracting tissues and chromatographically separating bio-
molecules to assess whether these might yield artifactual
increases in Ca?*. The effect of adding Murashige-Skoog
salts or phosphate buffer on the cytoplasmic Ca®>" level was
negligible (Supporting Information, Table 1). The threshold
concentration of NaCl causing cytoplasmic Ca>* increases
was determined to be in a range of 46—92 mM. Similar
effects were observed when seedlings were treated with KCI.
The Ca?" increase in response to salts reached its maximum
within 15 s of treatment and was comparable to the results
reported in earlier studies of the cytoplasmic Ca?* responses
to salinity and osmotic stresses (/5). Common reagents used
in peptide and protein fractionations such as SDS, ACN, and
TFA all caused cytoplasmic Ca*" elevation when tested at
the concentrations used during fractionation. On the basis
of these results, compounds such as salts, organic solvents,
and detergents were eliminated from the test solutions or
kept at a much lower concentration than those shown to affect
the Ca®" assay.

Screening Arabidopsis Seedling Extracts for Ca’* Increas-
ing Activity. To screen for endogenous molecules inducing
cytoplasmic Ca®" increases, Arabidopsis seedlings were
extracted and the extract was fractionated and then used for
the aequorin-based seedling assay outlined above. Acidified
water was used to initially extract tissues based on our
assumption that it would denature most proteins whereas
peptides are more stable in a low-pH environment. Peptides
and other solutes from seedling extracts representing ap-
proximately 200 g of tissue were captured and concentrated
with a preparative C4 column, fractionated with an analytical
C4 HPLC column, and then used in the aequorin seedling
Ca”* assay (Figure 1A). A C4 column was chosen since it
is a standard procedure for separating small proteins and
polypeptides. In separate experiments, seedling extracts were
applied to a preparative C4 column as described above,
further enriched for peptide-sized (i.e., greater than 1000 Da)
higher-molecular mass macromolecules by gel filtration
chromatography, fractionated with an analytical C4 HPLC
column, and then also subjected to the aequorin seedling Ca>*
assay (Figure 1B). The latter sample preparation method
allowed us to eliminate the majority of inactive compounds
and thus load more materials onto an analytical C4 HPLC
column. The profiles of Ca?*-eliciting fractions in the two
sample preparation methods were similar and reproducible.
Active peaks A—I observed in Figure 1B were further studied
for their heat and protease sensitivity. Essentially, all the
activity peaks were heat-stable and susceptible to protease
treatment, suggesting that they are peptide-based molecules.
To further characterize the compound(s) responsible, the peak
with the greatest activity, peak H eluting at 52 min in Figure
1B, was subjected to additional biochemical tests. The
activity in peak H was recovered from a SCX cartridge with
salt concentrations of 500—1000 mM. Furthermore, in a
dose—response experiment, a linear relationship was ob-
served between its Ca>" increasing activity and a dilution
series from 1 to 1:1000 (data not shown).

Isolation and Structural Determination of AtRALFI, a
Peptide Triggering a Cytoplasmic Ca*" Increase. On the
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basis of the results of the biochemical characterization of
activity peak H described above, we established an isolation
procedure for the active factor(s) using the following series
of sequential chromatographic steps: (1) SCX column, (2)
gel filtration, (3) C4 reverse phase HPLC, (4) SCX HPLC,
and (5) C18 reverse phase HPLC. In the first step of
purification, the activity was captured with a SCX column,
then eluted, and further size-separated by gel filtration (data
not shown). The fractions containing Ca>" mobilizing activity
were enriched with an analytical C4 HPLC column (68—76
min in Figure 2A) and further purified using SCX HPLC
(Figure 2B). The fraction exhibiting Ca?>* mobilizing activity
that eluted at 76—77 min was subsequently isolated via C18
HPLC (Figure 2C), and the degree of its purity was
determined with MALDI-TOF mass spectrometry (Figure
3A). Mass spectrometric analyses of the isolated fraction
showed the presence of two peaks that were interpreted as
the singly charged and doubly charged states of a molecule
with a molecular mass of 5463 Da, which is consistent with
the size of a peptide. Fragmenting this species ion using ESI
ion trap MS/MS tandem mass spectrometry and searching
the generated MS/MS peak lists by MASCOT software
resulted in a match to At1g02900, a rapid alkalinization fac-
tor family protein similar to RALF precursor (Nicotiana
tabacum), with a Mascot score of 39 and an E value of 0.031
(Figure 3B). The RALF peptide found here was termed
AtRALF]1 by following the nomenclature described by Olsen
et al. (49). Considering that the mature form of RALF peptide
has two pairs of disulfide bonds (44), the expected mass of
the biologically active AtRALF1 peptide is 5463.09 Da.
Thus, our observed peptide mass in the MALDI-MS analysis,
5463 Da, agrees with the theoretical mass of the AtRALF1
peptide. The biologically active peptide component capable
of eliciting Ca?" increases was found at amino acid positions
72—120 and so is likely processed from a 120-amino acid
precursor polypeptide (Figure 3C). The yield of AtRALF1
peptide from 2.8 kg of ~66000 two-week-old Arabidopsis
seedlings was estimated to be 370 pmol on the basis of a
comparison of the UV absorbance at 215 nm of the purified
extract to that of chemically synthesized AtRALF1 peptide
(see below).

Characterization of AtRALF 1-Triggered Cytoplasmic Ca’*
Elevation. To test our hypothesis that the AtRALF1 peptide
is indeed responsible for the Ca?* mobilizing activity purified
from our extracts, we examined the biological activity of a
chemically synthesized peptide corresponding to the amino
acid sequences located at residues 72—120 in AtRALF1
(Figure 3C). The synthetic peptide was first purified from a
crude synthetic peptide mixture by standard HPLC fraction-
ation. The synthetic peptide capable of mobilizing Ca’>" in
the aequorin seedling assay was eluted at a retention time
identical to that of the native peptide using C4, C18, and
SCX HPLC (data not shown). A total of 35 nmol of
biologically active synthetic peptide was recovered from 80
mg of the synthetic peptide mixture. The synthetic peptide
triggered a luminescence (i.e., Ca?") signal of 15200 total
counts at a concentration of 100 nM, while that of the native
peptide isolated from Arabidopsis seedlings elicited 14726
counts at the same concentration. The time course of Ca**
mobilization by the native and synthetic peptides was also
very similar (Figure 4A).
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FIGURE 2: Ca’" assay-guided purification of AtRALFI from
Arabidopsis seedling. (A) The absorbance (215 nm) of C4 HPLC
fractions is shown with a black line (top panel). A liner gradient
of ACN is shown with a dotted line. The Ca>* mobilizing activity
of the fractions from C4 HPLC is shown with € symbols and a
black line. (B) The fluorescence emission of SCX HPLC fractions
is shown with a black line (top panel). A gradient of ammonium
formate (AF) is shown with a dotted line. The Ca?" mobilizing
activity of the fractions from SCX HPLC is shown with 4 symbols
and a black line (bottom panel). (C) The absorbance (215 nm) of
C18 HPLC fractions is shown with a black line (top panel). A
gradient of ACN is shown with a dotted line. The Ca?>* mobilizing
activity is shown with 4 symbols and a black line. All chromato-
grams represent one example from multiple runs with similar results.

The dose—response relationship between AtRALF1 pep-
tide and cytoplasmic Ca®>" increases was further character-
ized. AtRALF1 caused detectable increases in luminescence
at <10 nM, and its apparent ECs (the concentration inducing
50% of the maximum response) was 22 nM (Figure 4B).
The AtARALF1-induced Ca?" increase was saturated at 1
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FIGURE 3: Mass spectrometric analyses and peptide sequence of
AtRALF1. (A) MALDI-TOF-MS of the isolated biologically active
molecule from peak H in Figure 1B. The peaks at m/z 5464 and
2733.4 correspond to singly charged and doubly charged states with
a molecular mass of 5463 Da, respectively. (B) The tryptic peptide
from the biologically active peptide was fragmented, and its amino
acid sequence was obtained by ESI trap MS/MS. (C) The peptide
sequence of AtRALF1 precursor protein was deduced from DNA
sequence. The amino acid residues corresponding to the mature
AtRALF1 polypeptide are shown with bold letters. The tryptic
peptide fragment that was observed by MS and sequenced by MS/
MS is underlined.

UM. At the end of the Ca* assay, for the highest concentra-
tion of AtRALF1 peptide tested, the remaining aequorin in
the seedling was discharged using 1 M CaCl,, confirming
that the saturation of the AtRALF1-induced response was
not due to the depletion of the available pool of aequorin.
As a reference for the magnitude and efficiency with which
AtRALF1 caused a Ca?" increase, the effect of addition of
exogenous ATP was characterized. ATP has been docu-
mented to cause a cytoplasmic Ca®>" increase and in our assay
showed an apparent ECsy of 43 uM and saturation of the
Ca’" response at 1 mM, consistent with previously published
observations [ECsg values of 2.6 uM determined by Demid-
chik et al. (32) and 50—750 uM by Jeter et al. (33)]. Since
the Ca®" concentrations in bathing media for these two
studies and ours are comparable (~3 mM), the differences
in the ECsy value for ATP are likely due to the differences
in the level of aequorin expression or the types of coelentera-
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FIGURE 4: Characterization of AtRALF1-induced cytoplasmic Ca>"
elevation. (A) Kinetics of the Ca®* increase triggered by 100 nM
native and synthetic AtRAF1 peptide. The traces shown are the
means of four measurements + the standard error. (B) Dose—
response effects of AtRALF1 (M) and ATP (@) on the cytoplasmic
Ca’" increase. (C) Cytoplasmic Ca?t increase activity of the
oxidized (i.e., properly refolded) and reduced (i.e., disrupted
disulfide bonds) forms of AtRALF1 peptide.

zine used for the Ca?t assay. While the maximum Ca®*-
dependent luminescence increases caused by AtRALFI
peptide and ATP are similar, the ECsy value for AtRALF1
was 1000 times lower than that for ATP.

The oxidized state of the four cysteine residues is known
to be essential for the RALF-triggered extracellular alkalin-
ization activity and root growth inhibition (44). To test
whether the AtRALFI1-induced Ca®>" increase activity was
similarly sensitive to its oxidation state in our assay, peptides
were reduced, modified, and subjected to the Ca’" assay
(Figure 4C). The loss of Ca®>" activity in the reduced form
of AtRALF1 peptide is consistent with the loss of alkalinizing
activity by modification of RALF peptide (44).

To examine whether the AtRALF1-induced cytoplasmic
Ca’" elevation arose from extracellular or intracellular
sources, chemicals widely used to affect mobilization of Ca?*
from each of these sites were tested for their effect on the
AtRALFI-induced Ca>* elevation (Figure 5). Prior to the
assay, seedlings were treated for 1 h with EGTA (Ca*"
chelator), LiCl (inhibitor of the phosphatidylinositol cycle),
or neomycin (phosphatidylinositol interactor/PI specific
phospholipase C inhibitor). Treating seedlings with those
chemicals did not cause any visible changes in the seedlings.
Prereatments with EGTA, LiCl, or neomycin inhibited
AtRALFI-induced Ca®" increases by 44, 40, and 26.3%,
respectively.
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FIGURE 5: Suppression of AtRALFl-induced cytoplasmic Ca**
increase by Ca?" chelator and IPs-signaling inhibitors. Seedlings
were incubated with water, 20 mM EGTA, 20 mM LiCl, or 100
uM neomycin for 1 h prior to the Ca>* assay. Results are means +
the standard error of four measurements and one representation of
duplicated experiments.
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FIGURE 6: AtRALF1 expression analyses demonstrating the highest
level of transcription in roots. (A) RT-PCR analyses of AtRALF1
and AtTUB4 expression in 4-week-old plants. Total RNA from
silique (Si), cauline leaf (Cl), rosette leaf (Rl), flower (Fl), stem
(St), and root (Rt) were subjected to RT-PCR. (B) AtARLF1
promoter activity visualized by GUS staining in germinating
seedlings: whole seedling (left) and root hair zone (right).

Root Localization of AtRALF1 Gene Expression and
Peptide Activities. To characterize the AtRALF1 gene at the
molecular level, its expression in various tissues of adult
Arabidopsis plants was surveyed by RT-PCR analyses. As
shown in Figure 6A, the AtRALF]1 transcript predominantly
accumulated in root tissues. The GUS reporter assay was
further used to identify cell types expressing the AtRALF1
gene. GUS staining was first detected in the root hair zone
of seedlings with the highest intensity in the vascular bundles,
cortex, and endodermis (Figure 6B). Staining in the hypo-
cotyl and the veins of cotyledons was detected much later
(data not shown). Similar AtRALF1 gene expression patterns
were observed in the microarray analyses of the Arabidopsis
root (50).

To identify organs and tissues exhibiting cytoplasmic Ca**
elevation in response to treatment with AtRALF1 peptide,
aequorin-based luminescence Ca®>" assays were carried out
using dissected shoots and roots of 5-day-old seedlings.
Noticeably, the largest Ca>" mobilizing activity of AtRALF1
was mostly found in roots (Figure 7). Although this observa-
tion implies the root is more sensitive and responsive to
AtRALF1, it is possible that the waxy cuticle covering aerial
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FIGURE 7: AtRALF1-induced cytoplasmic Ca’>" elevation in roots.
Dissected shoots and roots of 5-day-old seedlings were incubated
with coelenterazine for 16 h. The tissues were subjected to the
aequorin Ca?* assay for detection of AtRALF1-induced cytoplasmic
Ca”* responses. Data are means of four measurements with the
standard error.

MO| < -0 -+ ybiy

FIGURE 8: AtRALF]1 triggers a rapid increase in cytoplasmic Ca?"
levels in root cells of Arabidopsis. Epidermal cells in the proximal
elongation zone of the root were imaged every 4 s before and after
treatment with AtRALF1 peptide. At time zero, 100 nM AtRALF1
peptide (at 2x concentration) was gently mixed into the medium.
Numbers represent time. B denotes the bathing medium and V the
vacuole.

tissues makes them less accessible for the exogenously
applied peptides than roots, resulting in reduced Ca?t
responses. There was a consistent loss of luminescence signal
in the sum of the dissected shoot and root compared to that
in the whole seedling, which may be due to metabolic
changes caused by dissecting (i.e., wounding), Ca’>" eleva-
tions during the handling needed for dissection dissipating
some of the aequorin pool, or the requirement of tissue
integration for the maximal AtRALF1-induced Ca®* response.

To visualize the cellular dynamics of AtRALF1-induced
cytoplasmic Ca’>" elevation, Ca?" levels in the root were
imaged using the GFP/FRET-based ratiometric Ca>* sensor
YC3.6. The roots of 4-day-old seedlings expressing the
cameleon protein were treated with 100 nM AtRALF1
peptide, and the changes in cytoplasmic Ca?* concentration
were recorded (Figure 8). Cells in the epidermal cell of the
proximal elongation zone showed clear Ca>" increases upon
treatment with AtRALFI peptide. The cytoplasmic Ca?*
elevation was first detectable at the side facing the bathing
medium, i.e., in contact with the medium containing the
added AtRALF1. This increase then spread as a wave inward
across the cell body to the side internal to the root. The time-
lapse analyses of Ca>" concentration changes indicated that
AtRALF1-induced cytoplasmic Ca>" elevation reaches its
maximum within 60 s, agreeing with the kinetics of
AtRALF1-induced Ca* elevation measured by the aequorin
Ca’" assay shown in Figure 4A. Adding the bathing medium
alone did not change the FRET signal, i.e., did not elicit a
detectable Ca®>" change (data not shown).
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DISCUSSION

Although changes in the cytoplasmic Ca>" concentration
have been implicated in a broad range of signal pathways in
plants (8), our understanding of how these changes relate to
specific regulatory signaling pathways is incomplete. A
wealth of data demonstrates peptides regulate animal physi-
ology through second-messenger systems such as Ca>*
signaling cascades. In plants, there is a growing appreciation
that endogenous peptide regulators may play a similarly
critical role in plant growth and development. However,
although peptides such as phytosulfokine are thought to
regulate cell proliferation and CLAVATA3 regulates the
balance between cell division and stem cell maintenance in
the shoot meristem, both activities central to plant develop-
ment, to date only in the case of the defense-related signal
systemin has a peptide been shown to elicit changes in the
classical second-messenger system, Ca’>" (24, 34). The
changes in Ca" are thought to play key roles in triggering
downstream responses elicited by systemin perception through
the SR160 receptor-like kinase (RLK). The Arabidopsis
genome contains approximately 400 RLKs with no identified
ligand, suggesting there may be many peptide hormones
operating via RLKSs or other, as yet undefined, receptors still
to be discovered in plants. We therefore screened the soluble
peptide fraction from Arabidopsis for Ca?’" mobilizing
activities as one strategy of identifying endogenous peptides
with the potential to trigger Ca®* signaling cascades within
the plant. This approach identified AtRALF1, a 49-amino
acid polypeptide, as a peptide hormone that triggers cytosolic
Ca”" increases consistent with receptor-mediated types of
behavior. The previous discovery of RALF was based on
its ability to alkalinize the medium of tobacco cell cultures
(44). Our identification of AtRALFI peptide as inducing
cytoplasmic Ca®>" elevation illustrates an alternative means
of searching for hormone-like peptides from plants. Further-
more, this study suggests the involvement of Ca?*-related
components in RALF-mediated intracellular signal trans-
duction leading to root growth and development.

Our assay was based on the observation of which fractions
from a soluble extract of Arabidopsis seedlings were capable
of eliciting a Ca®>" increase in plants expressing the Ca’*-
dependent luminescent photoprotein aequorin. With the use
of coelenterazine cp, an improved version of a cofactor for
aequorin (20, 26), we were able to detect cytoplasmic Ca>*
increases in this single-seedling assay upon treatment with
Arabidopsis tissue extract. Because whole-seedling measure-
ments did not allow us to distinguish the (sub)population of
cells in which Ca?" increases occurred (7, 51, 52), it is not
possible to correlate luminescence intensity with specific
Ca’" concentrations. Therefore, to semiquantitatively de-
scribe the treatment-induced changes in cytoplasmic Ca?*,
we summed the Ca?*-dependent luminescence readouts
obtained from a single seedling during the entire time course
of treatment (160 or 320 s) and defined this sum as the total
luminescence count elicited by the corresponding extract
fraction. With the use of an aequorin-expressing line previ-
ously generated by Lewis et al. (46), we showed very small
variation in luminescence emission among different seedlings
(standard error between 6.6 and 26.9% of the mean).
Demidchik et al. (32) noted that their cytoplasmic Ca?t assay
with an aequprin-expressing line displayed a standard error
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averaging less than 15% of the means. Combined with the
exceptionally high Ca>" sensitivity of aequorin, these features
enabled us to reproducibly identify fractions containing
molecules with Ca>" mobilizing activity (Figure 1A,B).
This screen identified nine fractions with Ca?t mobilizing
activity (Figure 1B,C, peaks A—I). Interestingly, the Ca?*
increases triggered by these fractions differed both in
amplitude and in temporal pattern (Figure 1B, data not
shown), indicating possible differences in the abundance of
active molecules in each fraction, in the Ca’" signatures of
intrinsic signaling cascades, and/or in the location of target
cells. The predominant activity isolated from fraction H, the
fraction eliciting the strongest Ca>" response, was identified
as AtRALF1, a member of the rapid alkalinzation factor gene
family (Figures 2 and 3). Both endogenous and synthetic
AtRALF1 caused a cytoplasmic Ca’>* elevation that was ra-
pid (Figures 4A and 8), saturable (Figure 4B), and specific
(Figure 4C) as well as highly sensitive to the added peptide
(Figure 4B). The ECsq for AtRALF1 obtained in our Ca>"
assay with whole seedlings was somewhat higher than ECs,
values reported for the pH assay using tomato cell cultures
[22 nM compared to 2 nM (Figure 4B) (44)]. This difference
may indicate that tomato or tomato suspension cells have a
higher sensitivity to RALF peptides than Arabidopsis
seedlings. Alternatively, a lower ECs value may be attributed
to the greater density and accessibility of responsive cells
in the homogeneous cell culture assay. If the response in
the intact seedling is highly tissue specific, the increase in
luminescence emanating from a small subset of cells may
well be obscured against the background luminescence of
unresponsive tissues, requiring higher peptide levels to trigger
maximal detectable response, simulating lower sensitivity.
Indeed, our experiments suggest that it is the epidermis
of the seedling root that shows the strongest cytoplasmic Ca?t
increase upon treatment with exogenous AtRALF1 (Figures
7 and 8). Ca?* imaging using seedlings expressing the FRET-
based Ca’" sensor YC 3.6 revealed that AtRALF1 first
triggered an elevation of Ca?* at the side of an epidermal
cell facing the external medium, which then quickly spread
throughout the entire cell (Figure 8). This is consistent with
the idea that RALF interacts with cell surface receptors, the
identity of which is yet to be determined (53), and thus alters
plasma membrane Ca?" and H" transporter activities, result-
ing in a cytoplasmic Ca®" increase and extracellular alka-
linization (Figures 4, 7, and 8) (44). Similar scenarios seem
to operate in early signaling events of pathogen-defense
responses in plants where binding of the bacterial elicitor
flagellin to a plasma membrane receptor is associated with
rapid extracellular alkalinization and cytoplasmic Ca?*
elevation (54). The receptor-mediated Ca>* transient induced
by the Phytophthora-derived elicitor was also proposed to
result primarily from an influx of Ca*" from the extracellular
space, though phospholipase C-dependent release of Ca?"
from intracellular stores also seems to contribute to the Ca?*
increase (23). In our study, we observed that the AtRALF-
induced cytoplasmic Ca?* increase was significantly reduced
by the Ca*" chelator EGTA and the IP; signaling inhibitor
LiCl but was completely abolished by the Ca?>' channel
blocker La’t (Figure 5), consistent with both extra- and
intracellular stores being involved in Ca?" release.
Intriguingly, exogenous AtRALF1 elicited a strong eleva-
tion of cytoplasmic Ca’>" in the epidermis of the root tip,
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including meristem, elongation, and root hair zone (data not
shown). However, both our analysis of AfRALFI gene
expression using a promoter GUS assay and a previous root
gene expression study using a microarray indicate that
AtRALF1 is expressed predominantly in the mature root with
the highest expression levels occurring in the vascular tissues
(Figure 6B) (50). This observation could imply that AtRALF1
peptide acts as a diffusible signal with a role in cell-to-cell
communication. Alternatively, exogenously applied AtRALF1
may cross-react with a receptor for another member of the
RALF family that consists of more than 34 isoforms in
Arabidopsis (49), suggesting that specificity of RALF action
would be imposed by a tight regulation of RALF localization.
Given that AtRALF1 is constitutively expressed (Figure 6)
(50) and translated into bioactive peptide (Figure 2) but
seedlings can still respond to exogenously applied AtRALF1
peptide by a dose—response manner in the Ca®* assay, it is
likely that the availability of AtRALF1 peptide to target cells
is the critical step activating or deactivating its downstream
events.

The RALF peptide was discovered in tobacco extracts as
a factor causing rapid alkalinization in the medium of
suspension cells (44). A ubiquitous role for RALF peptides
in plants was supported by the presence of functional
orthologs in tomato, alfalfa, and poplar and the abundance
of expressed sequence tags encoding RALF peptide(s) in 13
other plant species (44, 55, 56). Although RALF was first
identified in a search for defense signals, it has since been
shown to play a role in the regulation of root and root hair
development. Exogenous RALF arrested root growth in
Arabidopsis and tomato seedlings (44), while silencing RALF
caused disruption of root hair development in Nicotiana
attenuata (57). Consistent with such observations, the growth
rate of Arabidopsis root hairs has been shown to correlate
with oscillations in surface pH at the growing tip (48), with
faster elongation during phases of lower pH and slower
growth with periods of high wall pH. It is possible that
AtRALF1 is a part of the mechanism regulating these pH
oscillations, and silencing RALF has been demonstrated to
cause altered surface pH oscillations in the root hair tip and
disruption of root hair development in tobacco (57). In a
growing root hair cell, cytoplasmic Ca?" is elevated at the
expanding tip with its levels likely regulated through the
action of reactive oxygen species (ROS) generated by plasma
membrane NADPH oxidase (58). In RALF-silenced tobacco,
the root tip accumulated less ROS compared to the wild type,
suggesting a model in which RALF is modulating the
cytoplasmic Ca?' level through a ROS-regulated plasma
membrane Ca”" transporter such as nonselective cation
channel (59).

In summary, our results suggest the aequroin seedling
assay system could be a powerful tool for isolating endog-
enous ligands related to Ca>"-dependent signaling in plants.
Our identification of AtRALFI as a Ca>" mobilizing ligand
also provides insight into how members of this family of
peptides may signal changes in plant growth and develop-
ment. The observation that AtRALF1 can trigger Ca>"
changes in cells away from its major site of expression raises
the intriguing possibility that the RALF family may represent
a grouping of Ca>* mobilizing peptides capable of utilizing
the same receptor family to trigger Ca®t signals, with
specificity imposed by the spatial localization of each peptide.
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Alternatively, AtRALFI may act as a mobile signal coor-
dinating growth between different tissues within the root. It
will be necessary to trace the production, secretion, and
translocation of AtRALF1 peptide to test this hypothesis.
Further identifying AtRALF1 receptors and associating ion
transporters will be a key next step in improving our
understanding of the signal pathway for RALF-regulated root
growth.
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