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Arabidopsis thaliana rapid alkalinization factor 1 (AtRALF1)
is a small secreted peptide hormone that inhibits root growth by
repressing cell expansion. Although it is known that AtRALF1
binds the plasma membrane receptor FERONIA and conveys its
signals via phosphorylation, the AtRALF1 signaling pathway is
largely unknown. Here, using a yeast two-hybrid system to
search for AtRALF1l-interacting proteins in Arabidopsis, we
identified calmodulin-like protein 38 (CML38) as an AtRALF1-
interacting partner. We also found that CML38 and AtRALF1
are both secreted proteins that physically interact in a Ca®* - and
pH-dependent manner. CML38-knockout mutants generated
via T-DNA insertion were insensitive to AtRALF1, and simulta-
neous treatment with both AtRALF1 and CML38 proteins
restored sensitivity in these mutants. Hybrid plants lacking
CML38 and having high accumulation of the AtRALF1 peptide
did not exhibit the characteristic short-root phenotype caused
by AtRALF1 overexpression. Although CML38 was essential for
AtRALF1-mediated root inhibition, it appeared not to have an
effect on the AtRALF1-induced alkalinization response. More-
over, acridinium-labeling of AtRALF1 indicated that the bind-
ing of AtRALF1 to intact roots is CML38-dependent. In sum-
mary, we describe a new component of the AtRALF1 response
pathway. The new component is a calmodulin-like protein that
binds AtRALF1, is essential for root growth inhibition, and has
no role in AtRALF1 alkalinization.

Rapid alkalinization factor (RALF)” is a 5-kDa peptide hor-
mone, ubiquitous in the plant kingdom. It has been found in
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phytopathogenic fungi and was first isolated from tobacco leaf
extracts using the alkalinization assay (1, 2). RALF increases the
pH of extracellular media, and it inhibits root growth by
repressing cell expansion (3-5).

The first RALF gene isolated from the leaves of tobacco
plants was shown to encode a precursor protein that includes
an N-terminal signal sequence followed by a non-conserved
region and a conserved C-terminal sequence that harbors the
active peptide (1). When fused to GFP, the tobacco RALF pre-
cursor was detected in the endoplasmic reticulum and later in
the apoplast (6). In Arabidopsis, the genome includes a RALF
gene family composed of 39 members; RALF genes are
expressed in all tissues and developmental stages (7—10). In the
root-specific isoform AtRALF1, a conserved dibasic site located
upstream of the active peptide is essential for proper precursor
processing. The subtilisin-like serine protease AtS1P has been
identified as responsible for the processing of another isoform,
AtRALF23 (11, 12).

The binding of AtRALF1 to the FERONIA receptor-like
kinase has been demonstrated (4). FERONIA (FER) is a com-
plex multitask receptor that partners with glycosylphosphati-
dylinositol-anchored proteins to convey defense signaling and
developmental pathways (13, 14). Upon AtRALF1 binding, FER
recruits a receptor-like cytoplasmic kinase (RPM1-induced
protein kinase; RIPK) that is then transphosphorylated by FER
(15). Using an '**I-labeled AtRALF1, it was shown that '*°I-
AtRALF1 binding was reduced by ~40% in the FER mutant
fer4; this finding suggests the existence of other proteins that
may work as receptors, as previously shown in tomato suspen-
sion culture experiments (4, 16). The tomato '**I-azido-LeR-
ALF peptide binds to two plasma membrane proteins, of 25 and
120 kDa, that may be involved in a receptor complex on the
surface of tomato suspension-cultured cells (16). A similar pair
of membrane proteins was observed when the iodinated LeR-
ALF peptide was exposed to tobacco and alfalfa cells.

1QD, 1Q67 domain; ITC, isothermal titration calorimetry; ER, endoplasmic
reticulum; PI, propidium iodide; PCC, Pearson’s correlation coefficient; BFA,
brefeldin A; YFP, yellow fluorescent protein; GST, glutathione S-transfer-
ase; FM4-64, N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phe-
nyl)hexatrienyl)pyridinium dibromide.
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Transgenic Arabidopsis plants overexpressing the isoform
AtRALFI1, AtRALF23, or AtRALF8 have a semi-dwarf, bushier
phenotype with short roots (11, 12, 17). In the native tobacco
Nicotiana attenuata, where only one RALF isoform was found,
transgenic plants in which the NaRALF gene was silenced
exhibited long roots (18). Partial silencing or knockout of the
AtRALF] isoform produced plants with longer roots (4, 19).

Calcium is a universal second messenger involved in the reg-
ulation of a diverse array of response pathways, including abi-
otic and biotic stimuli as well as development-related signals
(20, 21). In the roots of Arabidopsis seedlings, the active
AtRALF1 peptide induces a rapid and strong increase of cyto-
plasmic Ca®>* from extra- and intracellular stores (22). Calmo-
dulins (CaMs) are Ca**-binding proteins that are highly con-
served between plants and humans. CaMs perceive Ca®"
oscillations and serve as Ca®>" sensors to mediate cellular
responses (23, 24). A distinctive set of proteins similar to CaMs,
known as CaM-like (CML) proteins, also act as Ca>" sensors in
plants. The Arabidopsis genome has seven CaM and 50 CML
genes that encode potential Ca®* sensors (23, 25). Upon Ca*>"
binding, conformational changes are induced in CaM/CMLs.
These conformational changes affect interactions with a wide
range of target proteins, modulating their activity (26, 27). In
Arabidopsis, a broad range of CaM/CML targets have been
identified to be involved in the regulation of abiotic stress
responses, developmental and defense-related cellular re-
sponses, cell cycle control, and root development (28). Interest-
ingly, a plant-specific IQ67 domain (IQD) family of CaM-inter-
acting proteins were proposed to act as scaffold proteins
integrating CaM/CML signaling, regulating cell function,
shape, and growth (29, 30).

Although CaM proteins mediate intracellular Ca®" signal-
ing, they may also act as extracellular agents to regulate cell
growth and development (31, 32). The CAM2 protein stimu-
lated the proliferation of suspension-cultured cells; CAM2 was
detected in the cell wall and in the culture medium (31). It was
demonstrated that CAM?2 specifically binds to sites on the
plasma membrane (32). CML37, -38, and -39 are part of a dis-
crete clade within the group IV of EF-hand- containing pro-
teins in Arabidopsis (33). CML37 is an intracellular Ca>* sensor
involved in wound and herbivory response that mediates Ca®"
and jasmonate signaling (34). Calmodulin-like protein 38
(CML38) is involved in development and stress responses and
more recently has been localized to ribonucleoprotein com-
plexes induced by hypoxia (35, 36). The last member of this
group, CML39, is also a Ca®>" sensor that works in the percep-
tion of light signals and function in the early seedling establish-
ment (37).

Reports support the idea that RALF peptides act as signals to
regulate cell expansion (1, 3, 4, 38, 39), and more than one
receptor seems to be involved in this process (4, 16). However,
we do not have a comprehensive understanding of the mecha-
nisms underlying RALF recognition by cells. To identify poten-
tial interacting proteins and better understand the mechanisms
of RALF recognition and signal transduction, we used a yeast
two-hybrid system using AtRALF1 as bait. Herein, we show
that AtRALF1 interacts with CML38. We demonstrate that
both AtRALF1 and CML38 proteins are secreted and that the
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interaction occurs in the extracellular space in a Ca®>*- and
pH-dependent manner. We further demonstrate that the
inhibitory effect of AtRALF1 on root growth is dependent on
CML38 and that PRO35S:AtRALF1 plants in ¢ml38 mutant
background exhibited normal growth despite the high accumu-
lation of the AtRALF1 peptide. This finding suggests that,
besides having a cytosolic role involved in stress, CML38 pro-
tein is also localized in the apoplast, functioning as an
AtRALF1-interacting protein. Unexpectedly, CML38 does not
seem to affect alkalinization response elicited by AtRALF1, sug-
gesting that AtRALF1 may have an alternative signaling path-
way that is independent of alkalinization.

Results
AtRALF1 physically interacts with CML38

To further our understanding of the signaling pathway
involved in AtRALF1 responses, we searched for putative
AtRALF1-interacting proteins using a yeast two-hybrid system.
In our screening, preproAtRALF1 (locus at1g02900) was used
as bait to identify putative interacting proteins from the
CD4-10 cDNA library. Over 100 positive transformants were
recovered, and cDNA clones were determined. One of the pos-
itive recovered plasmids harbored a 327-bp fragment of the 5’
region of the Atlg76650 locus. The 109-amino acid sequence
fragment encodes CML38, a development- and stress-related
Ca®"-binding protein (35, 36). To confirm the interaction and
determine the region of preproAtRALF1 involved in the inter-
action, the full-length CML38 protein was fused to the yeast
GAL4 activation domain, and preproAtRALF1 (120 amino
acids), proAtRALF1 (Gly*’—Ser'?°), and the mature AtRALF1
peptide (Ala”>~Ser'*°) were fused to the DNA-binding domain.
All constructs resulted in positive interactions, demonstrating
that full-length CML38 interacts with AtRALF1 and that the
mature peptide is sufficient for this interaction (Fig. 1A4). Recip-
rocal testing of CML38 and the mature AtRALF1 peptide con-
firmed that the interaction is independent of the vector used,
and the lack of interaction between CML38 and AtRALF34
suggests specificity (Fig. 1B). AtRALF34, like AtRALF], is one
of nine RALF isoforms from Arabidopsis that is closely related
to the original RALF isolated from tobacco (10). We also eval-
uated the interaction of AtRALF1 with the closest CML38 ho-
mologs, CML37 and CML39. Neither CML37 nor CML39
interacted with AtRALF1 in the yeast two-hybrid assay, con-
firming that the interaction is specific (Fig. S1).

The interaction between CML38 and AtRALF1 was further
analyzed in vitro using pulldown assays. Both proteins were
expressed in Escherichia coli and purified using affinity chro-
matography. The AtRALF1 peptide was incubated with the
GST-CML38 protein and Ca®>* and pulled down using gluta-
thione immobilized on agarose (Fig. 1C). The addition of EGT A
to the incubation buffer abolished this interaction. AtRALF1
was not pulled down when incubated only with glutathione-
agarose beads. The CML38 double band observed in the pres-
ence of Ca®" is probably due to a change in mobility caused by
Ca®* binding. Such an effect was reported for CML38 (35). The
CML38/AtRALF1 physical interaction was sensitive to the pH
of the interaction buffer. At a pH of 7.5, the AtRALF1 peptide
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Figure 1. The AtRALF1 peptide interacts with the CML38 protein. A and B, yeast two-hybrid assay on complete (+His) or selective medium (—His). AD,
activation domain construct; BD, binding domain construct. C, pulldown assay with the recombinant proteins AtRALF1 and GST-CML38 in the presence of Ca® ™"
orthe Ca®" chelator EGTA. D, pulldown assay with the recombinant proteins AtRALF1 and GST-CML38 in identical incubation buffers with different pH values.
E, pulldown assay with the recombinant proteins AtRALF1, GST-CML38, and the closest homolog to CML38, GST-CML39. F, ITC of CML38 versus AtRALF1in 15
mm HEPES, pH 6.8. ITC experiments were simulated using the following parameters. Left, 28 injections of AtRALF1 (0.3 mm, volume 10 ul) on CML38 (0.03 mm),
cell volume = 1.4 ml at 25 °C. Right, 28 injections of CML38 (0.3 mm, volume 10 wl) on AtRALF1 (0.03 mwm), cell volume = 1.4 ml at 25 °C. The number of sites and
K, were estimated subtracting the heats of dilution from the heats of titration (left and right) and using inversion (right only).

was not pulled down with GST-CML38. At a pH of 6.5, the
peptide was pulled down as expected (Fig. 1D). The CML38
protein has 76% amino acid sequence identity with CML39
(Atlg76640), the most closely related protein in the Arabidop-
sis CML family (23). To further test the specificity between
CML38 and AtRALF1, we produced a GST-CML39 protein.
GST-CML39 was not able to pull down the AtRALF1 peptide
(Fig. 1E). To quantify the CML38/AtRALF1 interaction, we
performed isothermal titration calorimetry (ITC) assays. In this
assay, precise quantitative measurements of the heat generat-
ed/absorbed when molecules interact are taken and used to
determine the equilibrium dissociation constant (K ;) and bind-
ing stoichiometry (N) of the interaction between two or more
molecules in solution (40). Because AtRALF1 self-associates
when in high concentrations, as indicated by the positive peaks
in Fig. 1F (left) (also see Fig. S2), ITC assays were performed
injecting AtRALF1 as ligand, but also reversing the titration and
injecting CML38 as ligand (Fig. 1F, right). In both assays, the
estimated AtRALF1/CML38 stoichiometry was ~1:1 (N = 1.03
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and 1.24), and the estimated K, was 4.5 and 4.48 um (Fig. 1F).
The addition of EDTA avoided the binding, and the only energy
quantified by the ITC was the endothermic process produced
by the AtRALF1 dilution (Fig. S2). Our results demonstrate that
the CML38 protein and the AtRALF1 peptide physically inter-
act and that the interaction is Ca®>*- and pH-dependent.

Both the AtRALF1 and CML38 proteins are secreted

RALF peptides have a standard secretion signal at the N ter-
minus. To confirm that AtRALF1 is secreted, we developed a
PROAtRALFI:AtRALFI-GFP construct and stably integrated
into the Arabidopsis genome. The fluorescence signal from
PROAtRALFI:AtRALFI-GFP was detected inside root cells in
structures that resemble the ER (Fig. 24). Fluorescence was also
detected in the apoplast, as shown by colocalization with cell
wall dye propidium iodide (PI) and in partially plasmolyzed root
cells (Fig. 2, B and C). The colocalization between AtRALF1-
GFP and PI was quantified by cross-correlation analysis (41).
Both AtRALF1-GFP and PI images (Fig. 2B, inset) were ana-
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Figure 2. AtRALF1 is secreted via the default secretory pathway. A-C
show the AtRALF1-GFP gene driven by its native promoter (PROAtRALFI:
ATRALF1-GFP) expressed in the root cells of 4-day-old seedlings. The AtRALF1-
GFP signal is seen in structures like the ER (A) and partially in the apoplast of
endodermal cells (B); an arrowhead indicates the colocalization of GFP signal
and the cell wall dye PI, and magpnification is shown in the inset. Treatment
with HEPES (10 mm, pH 7.0, for 4 h) was used to enhance the GFP signal in the
apoplast of an endodermal cell partially plasmolyzed with 0.8 v mannitol for
30 min (C). A merged image of GFP and the bright field is shown. Bars, 10 um.
Arrowheads, plasma membrane and cell wall. D, AtRALF1-GFP gene driven by
the constitutive 35S promoter (PRO35S:AtRALF1-GFP) in N. benthamiana leaf
epidermal cells. The AtRALF1-GFP signal is seen in structures like the ER and at
the periphery of epidermal cells. E, a similar set of cells showed in D plasmo-
lyzed by 0.8 M mannitol. Merged images of GFP and the bright field are shown
in Dand Einthe far-right panels. Bars, 50 um. F, N. benthamiana leaf epidermal
cells expressing PRO35S:AtRALF1-GFP treated with BFA. BFA bodies (arrow-
heads) were stained with FM4-64 (15 min). A merged image is shown (far-right
panel). Bars, 50 wm. G, protein blot of extracts from N. benthamiana leaves
expressing PRO35S:GFP, p19, and PRO35S:AtRALF1-GFP probed with anti-GFP
antibody. CBB, Coomassie Brilliant Blue.

lyzed by computationally shifting the image, and Pearson’s cor-
relation coefficient (PCC) was calculated. Analysis of merged
AtRALF1-GFP and PI images showed an average PCC value of
0.52 = 0.07, supporting the colocalization of the AtRALF1-GFP
and PI. Using the promoter 35S, we transiently expressed the
construct PRO35S:AtRALF1-GFP into Nicotiana benthamiana
leaves. The GFP fluorescent signal was localized at the periph-
ery of cells, and when cells were plasmolyzed by mannitol (0.8
M), the fluorescent signal was localized in the apoplast and cyto-
plasm (Fig. 2, D and E). Cells expressing PRO35S:AtRALF1-GFP
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further treated with brefeldin A (BFA), an inhibitor of protein
secretion via ER-Golgi that causes the formation of endosomal
aggregates (BFA bodies/compartments), showed a reduction in
the GFP fluorescence at the periphery of cells and the presence
of the small aggregates resembling BFA bodies/compartments
(Fig. 2F). FM4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino)phenyl)hexatrienyl)pyridinium dibromide) is a
lipophilic dye that labels cell membranes and stains intra-
cellular BFA bodies/compartments (42). Colocalization of
AtRALF1-GFP aggregates with FM4-64-stained BFA-induced
bodies in cells transiently expressing PRO35S:AtRALFI-GFP
(average PCC = 0.77 £ 0.1) indicates that AtRALF1-GFP pro-
tein is secreted via a default secretory pathway. Confirmation of
AtRALF1 secretion via the default pathway was also demon-
strated using colocalization with an ER marker (Fig. S3). Pro-
tein extracts from leaves transiently expressing AtRALF1-GFP
showed an anti-GFP antibody-reactive band of ~30 kDa cor-
responding to AtRALF1-GFP chimeric protein (Fig. 2G).
CML38 does not have a typical secretion signal, and when the
protein was fused to 3 copies of the yellow fluorescent protein
(YEP), the CML38-YFP-YFP-YFP was found in ribonucleopro-
tein complexes (36). However, SecretomeP, a sequence-based
neural-network method for predicting leaderless protein secre-
tion, gives CML38 a neural-network score of 0.808, well above
the 0.5 minimum considered to predict extracellular localiza-
tion (43). Because AtRALF1 physically interacts with CML38
and there is no evidence that AtRALF1 peptide is cytosolic, we
further investigated the subcellular localization of CML38.
Although several attempts were made using the chimeric gene
PROCML38:CML38-GFP, we were unable to detect a fluores-
cence signal in untreated transgenic plants harboring the
construct. However, with the 35S promoter, we transiently
introduced the construct PRO35S:CML38-GFP into N. ben-
thamiana leaves, and the GFP fluorescent signal was localized
at the periphery of cells (Fig. 34). To distinguish between the
GEFP signal in the apoplast and in the cytoplasm, epidermal cells
were also plasmolyzed. Partially plasmolyzed cells showed a
CML38-GFP fluorescent signal in the apoplast and cytoplasm
(Fig. 3B). Even without a typical signal sequence, the localiza-
tion of the chimeric CML38-GFP protein suggests that CML38
is secreted. To investigate whether CML38 secretion occurs via
the default secretory pathway, we incubated N. benthamiana
leaves expressing the PRO35S:CML38-GFP gene with BFA and
the dye FM4-64. As opposed to what was observed for
AtRALF1-GFP, neither reduction in CML38-GFP signal nor
colocalization with FM4-64-stained BFA-induced bodies
was found (Fig. 3C). Undetectable CML38-GFP signal in
PROCML38:CML38-GFP plants is probably due to low gene
expression conferred by its own promoter. Because CML38
gene expression is induced by AtRALF1 and hypoxia (Fig. S4)
(36), we used both treatments to induce the CML38-GFP trans-
gene in the root cells of PROCML38:CML38-GFP plants.
PROCML38:CML38-GFP plants treated with 1 um AtRALF1
peptide showed GFP fluorescence signal at the periphery of
root cells (Fig. 3D). Root cells expressing CML38-GFP were
stained with cell wall dye PI, and the overlay of images from the
two detection channels was used to calculate the PCC of the
two fluorescent signals. An average PCC value of 0.19 = 0.06
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Figure 3. CML38 is secreted via an unconventional protein secretion
pathway. A, CML38-GFP gene driven by the constitutive 35S promoter
(PRO35S:CML38-GFP) in N. benthamiana leaf epidermal cells. The CML38-GFP
signal is seen at the periphery of epidermal cells. B, a set of cells similar to that
shown in A plasmolyzed by 0.8 m mannitol. Merged images of GFP and the
bright field are shown in A and B in the far-right panels. Bars, 50 um. C, N. ben-
thamiana leaf epidermal cells expressing PRO355:CML38-GFP treated with
BFA. BFA bodies (arrowheads) were stained with FM4-64 (15 min). A merged
image is shown (far-right panel). Bars, 50 um. D, CML38-GFP gene driven by its
native promoter (PROCML38:CML38-GFP) in root cells (4 days old) treated with
AtRALF1 (1 um, 4 h). Roots were stained with PI. E, roots of PROCML38:CML38-
GFP seedlings induced by AtRALF1 and incubated with BFA (30 min). BFA
bodies were stained with FM4-64 (15 min). Bars, 10 um. Merged images are
shown in the far-right panels. F, protein blot of extracts from N. benthamiana
leaves expressing p35S:GFP, p19, and p35S:AtRALF1-GFP probed with anti-
GFP antibody. CBB, Coomassie Brilliant Blue. G, protein blot of extracts from
Arabidopsis cells (MM1) and cultured medium of suspension cells induced by
AtRALF1 (2 and 5 um, 4 h). Blots were probed with anti-CML38 antibody.
CML38, recombinant CML38 protein with a His tag (21.73 kDa).

anti-GFP
anti-CML38

CBB

was obtained, indicating an existing although low correlation
between both signals. Although CML38 gene induction by
hypoxia was also observed, the increase in fluorescence signal
appears lower than when induced by AtRALF1 treatment (Fig.
S5). We next evaluated the FM4-64 —stained root cells of
CML38-GFP-expressing plants treated with AtRALF1 and
BFA. FM4-64 -stained aggregates did not colocalize with
CML38-GFP signal (Fig. 3E, average PCC = 0.08 £ 0.03). The
integrity of the CML38-GFP fusion protein was confirmed by
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protein blotting (Fig. 3F). Immunodetection of the native
CML38 protein in extracts from cells and culture medium of
Arabidopsis cell suspensions with or without AtRALF1 treat-
ment was also performed. An anti-CML38 antibody-reactive
band of ~20 kDa corresponding to CML38 protein was
detected in cell and culture medium extracts, and in both
extracts, the amount of accumulated protein was increased by
AtRALF1 treatment (Fig. 3G). The subcellular localization of
the AtRALF1-GFP and CML38-GFP fusion proteins demon-
strates that although both proteins are found in the apoplast,
the former is secreted via the default secretory pathway and the
latter is secreted unconventionally.

CML38 T-DNA insertion mutants are insensitive to AtRALF1

To examine whether AtRALF1 response is dependent on
the presence of CML38, we obtained two T-DNA insertion
mutants defective in CML38 gene expression (cml38-1 and -2).
We used wildtype plants and a CML39 T-DNA insertion
mutant (cm/39) as controls. All mutants were confirmed to be
knockout lines homozygous for T-DNA insertions (Fig. S6).
Mutant seedlings (2 days old) were incubated for 48 h in liquid
media with or without 5 um of AtRALF1, and their root growth
was evaluated. Wildtype and cml39 mutant seedlings were
inhibited by the AtRALF1 peptide; the same treatment had no
effect on ¢mi38-1 and c¢mi38-2 seedlings (Fig. 44). In another
experiment, c¢m/38-1 and -2 plants were evaluated later, and
similar results were observed (Fig. 4B). A side-by-side experi-
ment with CML38 mutants and fer4 showed that the insensi-
tivity of the CML38 mutants is not dose-dependent (Fig. S7).
FERONIA knockout plants show longer primary root than
wildtype plants only when under blue light (4). CML38 mutants
show longer primary root than wildtype plants under white
light. Under blue light treatment, the root length of cmli38
mutants is even larger (Fig. 4B and Fig. S8). Our results suggest
that AtRALF1 and CML38 are both secreted proteins. There-
fore, we examined whether exogenous CML38 protein could
rescue the AtRALF1 sensitivity phenotype in cm/38 mutants.
The addition of CML38 protein to medium containing the
AtRALF1 restored the root inhibitory activity of the peptide in
the cml38-1 and -2 mutants, whereas the addition of CML39 to
media containing the AtRALF1 did not restore (Fig. 4C). The
application of only CML38 or CML39 to either wildtype or
cml38 seedlings had no effect on root growth. We also crossed
the PROCML38:CML38-GFP plant with the ¢m/38-1 mutant to
re-introduce the CML38 gene into the mutant background.
Plants from the F3 generation, selected for the presence of the
PROCML38:CML38-GFP gene and absence of the endogenous
CML38, were exposed to the AtRALF1 peptide and showed
restoration of the AtRALF1 sensitivity phenotype (Fig. 4D and
Fig. S94). Root growth assays demonstrated that both cmI38
mutants are insensitive to the inhibitory effect of the AtRALF1
peptide. These findings suggest that the CML38 protein is an
absolute requirement for the root growth inhibition caused by
AtRALF1. We examined the effect of an anti-CML38 antibody
on the AtRALF1 root growth inhibition. Our rationale was that
the antibody would sequester the available CML38 in the apo-
plast. The exogenous treatment with only anti-CML38 anti-
body caused the roots to grow longer (Fig. 4E). This effect could
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Figure 4. cm/38 mutants are insensitive to the inhibitory activity of AtRALF1 on root growth, and sensitivity is restored by exogenous treatment with

CML38 or by introgression of the PROCML38:CML38-GFP gene. A, Arabidopsis seedlings (2 days old) were treated with AtRALF1 for 48 h. Values are the

means * S.D. (error bars) of at least 25 seedlings. ***, p < 0.001 (Student’s t test). ns, not significant. B, 2-day-old seedlings were transferred to medium
containing 5 um of AtRALF1, and the root length was measured after 6 days of treatment. Data represent mean values = S.D. (n = 15). Student's t tests were
used to compare treated with AtRALF1 and water control. ***, p < 0.001. C, Arabidopsis seedlings (2 days old) were treated with AtRALF1 (R7), CML38, or CML39
proteins for 48 h. Values are means = S.D. (error bars) of 35 seedlings. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Student’s t test). D, introgression of the
PROCML38:CML38-GFP gene into the cm/38-1 mutant restores the root growth inhibition caused by AtRALF1. Two-day-old parental lines cm/38-1 and
PROCML38:CML38-GFP or F3 progeny PROCML38:CML38-GFP/cmi38-1 were treated with water or AtRALF1 for 3 days. Values are the means =+ S.D. of at least 30
seedlings. ***, p < 0.01 (Student’s t test). £, Arabidopsis seedlings (2 days old) were treated with water, AtRALF1 (R1), 12 ng of anti-CML38 (anti-CML) antibody,
12 ug of preimmune serum, or combinations of the peptide with anti-CML or preimmune serum for 48 h. Values are means * S.D. of 30 seedlings. ***,p < 0.001

(Student’s t test).

be explained by sequestration of endogenous CML38 leading to
derepression of cell expansion or a still unidentified RALF-inde-
pendent action of CML38. Simultaneous treatment with both
AtRALF1 and anti-CML38 antibody also induced the roots to
grow longer than the seedlings that were treated with AtRALF1
only; treatment with preimmune serum or preimmune serum
in combination with AtRALF1 did not produce this effect (Fig.
4E). A set of AtRALF1-inducible genes has been reported (19).
We tested whether the presence of CML38 is a requirement for
the induction of AtRALF1-inducible genes. None of the genes
tested were induced in the ¢m/38-1 and cml38-2 T-DNA inser-
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tion mutants (Fig. S9B). Although the lack of CML38 causes the
insensitivity to AtRALF1, the overexpression of the CML38
gene did not show hypersensitivity (Fig. S10). None of the 17
PRO35S:CML38 lines obtained exhibited an abnormal pheno-
type. Altogether, these results indicate that CML38 is essential
for AtRALF1 recognition. However, the presence of CML38 is
not a rate-determining step. RALF peptides induce the rapid
and strong alkalinization of the extracellular media of cell sus-
pension cultures (1). Unexpectedly and in contrast to root
inhibitory activity, alkalinization assays demonstrate that
CML38 does not cause alterations in the pH of the extracellular
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media, indicating that CML38 is not essential for the alkaliniza-
tion response (Fig. S11, A and B). Both c¢mI38 mutants treated
with AtRALF1 showed normal alkalinization of the rhizosphere
in media containing the pH indicator bromcresol purple and no
hypersensitivity to lithium ions as opposed to fer4 mutants (Fig.
S11, C-E). Altogether, our results suggest that CML38 is not
involved in the alkalinization response caused by AtRALF1.

CML38is essential for the semi-dwarf phenotype produced by
AtRALF1 overexpression

Arabidopsis plants transformed with the A(RALFI gene
under the control of the 35S promoter (PRO35S:AtRALFI)
exhibit reduced root growth and a semi-dwarf phenotype (11).
To determine whether CML38 is essential for this phenotype in
planta, we introduced the PRO35S:AtRALFI construct into the
c¢ml38 background by crossing both PRO35S:AtRALFI semi-
dwarf plants with the ¢mI38-1 mutant. Lines homozygous for
the PRO35S:AtRALFI transgene and the T-DNA insertion
were selected from 70 F2 descendants from a ¢mi38-1 X
PRO35S:AtRALFI cross. The evaluated c¢ml38-1/PRO3S5S:
AtRALFI line had no detectable CML38 expression, and the
levels of AtRALF1 mRNA were similar to the levels found in the
parent line PRO35S:AtRALF1 (Fig. 5A). To ensure that the
peptide accumulated as in the original parent line PRO35S:
AtRALFI, we isolated the active AtRALF1 peptide (11). In
plants overexpressing AtRALF1 in cm38-1 mutant background
(¢cml38-1/PRO35S:AtRALF1I), the peptide accumulated simi-
larly to the PRO35S:AtRALF1I parent line (Fig. 5B). Homozy-
gous plants descending from the cmi38-1/PRO35S:AtRALFI
plants were grown on vertical plates, and their root length was
evaluated (Fig. 5C). The root length of cml38-1/PRO3S5S:
AtRALFI plants was similar to that of the cm/38-1 mutant. The
root length of both plants overexpressing AtRALF1 in cml38-1
mutant background and mutant was longer than that in the
wildtype plants used as the control. Hypocotyl elongation of
dark-grown PRO35S:AtRALF1 seedlings was also reduced
compared with wildtype (19). The hypocotyl length of cm/38-
1/PRO35S:AtRALF1I seedlings grown in the dark was similar to
that of wildtype (Fig. 5D). Representative images of seedlings at
the time they were measured are shown in Fig. 5 (C and D,
right panels). The semi-dwarf phenotype observed in cml38/
PRO35S:AtRALF1I plants due to the overexpression of AtRALF1
is dependent on the presence and expression of CML38.

AtRALF1 labeled with chemiluminescent acridinium
(acriAtRALF1) shows decreased specific binding in cmi38
mutants

Acridinium can be used as a sensitive tool for protein detec-
tion, and acridinium-labeled peptides have been used to effi-
ciently detect specific peptide-binding sites in plant cells (44).
We have produced and purified an acriAtRALF1 peptide to
investigate the role of CML38 in AtRALF1 binding (Fig. S124).
AcriAtRALF1 showed activity similar to that of unlabeled
AtRALF1 in an aequorin/Ca®* assay (Fig. S12B). Wildtype
seedlings were incubated with acriAtRALF1 and extensively
washed. The acriAtRALF1 bound to seedlings was measured by
exposing the seedlings to hydrogen peroxide in front of a
chemiluminescence detector. In wildtype seedlings, total
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Figure 5. Gene expression analysis, AtRALF1 peptide accumulation, and
phenotype of plants overexpressing the AtRALF1 gene in the cmI38-1
mutant background. A, expression analysis of the AtRALF1 and CML38 genes
in roots of 15-day-old plants. GAPDH expression was used as an internal con-
trol. B, blot of protein extracts from Arabidopsis seedlings. Extracts were sep-
arated by reversed-phase chromatography. /, I, and /I, HPLC fractions. C, Ara-
bidopsis seedlings were grown for 3 days in vertical plates for root growth
measurements. Values are the means = S.D. (error bars) of 34 plants. Repre-
sentative images of the seedlings are shown. D, Arabidopsis seedlings were
grown in the dark for 2 days for hypocotyl length measurements. Bar, 5 mm.
Values are the means =+ S.D. of at least 35 seedlings. *, significant difference
(p < 0.05, Student’s t test). Representative images of the seedlings are shown.
wt, wildtype. 35S:R1, plants overexpressing AtRALF1. cmi38-1/35S:R1, plants
overexpressing AtRALF1 in cm/38-1 mutant background. cmi38-1, T-DNA
insertion mutant.

acriAtRALF1 binding was reduced to 69% when a 10-fold
excess of unlabeled AtRALF1 was added (Fig. 6). No reduc-
tion was observed when a 10-fold excess of AtRALF34 or
AtRALF1(9-49), an inactive analog (Fig. S13), was added. A
100- or 500-fold excess of AtRALF1 further reduced acriA-
tRALF1 binding to 36%, demonstrating that AtRALF1-specific
binding was responsible for 64% of total binding. Although the
entire seedling was incubated with acriAtRALF1, the chemilu-
minescent signal was emitted from the roots and not from other
parts of the seedling (Fig. S12C). When ¢mi38-1 and cml38-2
mutants were incubated with acriAtRALF1, total binding was
reduced to 47 and 46% of that observed in wildtype seedlings.
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Figure 6. cmI38 mutants show a reduced AtRALF1 binding to intact seedlings. Seedlings were treated for 15 min with 7 nm acriAtRALF1 (acriR1), acriA-
tRALF1 and an excess of unlabeled AtRALF1 (R7), RALF1(9-49) (R1(R9-49)), or CML38, as indicated. Values are the means = S.D. (error bars) of two measure-

ments (5 seedlings each). RLU, relative light units.

Incubation with a 10- and 100-fold excess of unlabeled
AtRALF1 reduced binding to ~34 and 23% of the total, respec-
tively. Incubation with a 500-fold excess of unlabeled AtRALF1
did not further reduce acriAtRALF1 binding. Based on the
acriAtRALF1 binding observed in intact seedlings, the CML38
protein accounts for ~50% of AtRALF1 binding. Incubation of
cml38 mutants with acriAtRALF1 in the presence of a 1:1 molar
ratio or 10-fold excess of CML38 protein recovered an average
of 70 and 84% of the total binding observed in wildtype seed-
lings, respectively. The use of a 25-fold excess of CML38 pro-
tein did not further increase acriAtRALF1 binding. The addi-
tion of either CML38 or CML39 proteins to wildtype seedlings
incubated with acriAtRALF1 showed no effect on total acriA-
tRALF1 binding; the CML39 protein was not able to recover
acriAtRALF1 binding in the ¢m/38-1 mutant (Fig. S12D). Our
data with acriAtRALF1 demonstrate that the binding of the
peptide in intact seedlings is specific and partially dependent on
CML38.

Discussion

RALF is a secreted peptide that represses cell elongation (1, 3,
4, 19, 38). During our search for proteins that interact with
AtRALF1, we isolated a cDNA that encodes CML38 by using a
yeast two-hybrid system. CML38 belongs to a 50-member fam-
ily unique to plants. This family is composed of proteins with
EF-hands that have 16 -75% amino acid identity with CaMs,
such as CAM2 (25, 45). Few CMLs have been characterized,
and their functions in plants are still largely unknown. Herein,
we demonstrate that CML38 physically interacts with the pep-
tide hormone AtRALF1 (Fig. 1). CML38 has been characterized
previously as a Ca®>"-binding protein with a role in develop-
ment and stress responses (35). AtRALF1 and CML38 are both
secreted proteins. Although CML38 does not contain a typical
N-terminal secretion signal, we have shown that it is secreted
unconventionally (Fig. 3). Based on the subcellular localization
of both AtRALF1 and CML38, the interaction occurs in the
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apoplast. This interaction is dependent on an acidic pH, in
agreement with the acidic nature of the apoplast (46, 47). A
pH-dependent interaction was also reported for CML18
(At3g03000), a vacuolar CML that interacts with a tonoplastic
Na*/H™ antiporter (48). CaMs are well-known intracellular
Ca”" sensor proteins. Extracellular CaMs have also been iden-
tified and characterized to some extent in oat (49) and in cell
suspensions from Angelica dahurica, carrot, tobacco, and Ara-
bidopsis (31, 50, 51). In Arabidopsis, CaM is proposed to play a
role as a polypeptide signal; CaM receptor-like binding proteins
have been found on the cell surface (31, 32).

Initially, the following two major biological activities were
attributed to RALF peptides: the inhibition of primary root
growth and the alkalinization of the extracellular medium of
cell suspension cultures (1). The inhibition of primary root
growth was later confirmed to be a consequence of the inhibi-
tion of cell expansion (3, 4, 11, 19). We tested two c¢mi38
mutants in root growth assays. These mutants were insensitive
to treatment with the peptide. We were also able to reestablish
sensitivity upon the exogenous application of the CML38 pro-
tein (Fig. 4C). Although the role of extracellular CaMs in plant
growth has been investigated for quite some time, it remains
enigmatic. The exogenous application of CaM proteins from
Arabidopsis and cauliflower has been shown to enhance the
division of suspension culture cells and the growth of pollen
tubes, respectively (31, 52). However, only high concentrations
of CaM inhibitors are able to inhibit root growth. Concentra-
tions of CaM antagonists as high as 1 uM have been shown to
have no effect on root growth (53, 54). Based on our data, it is
unlikely that CML38 has a positive effect on growth. If CML38
enhances growth, the role of AtRALF1 would be its sequestra-
tion in the apoplast and the consequent inhibition of its
enhancer effect. In that case, cm/38 mutants would have short
roots due to the lack of the enhancer CML38, an effect also
expected when wildtype seedlings would be exposed to anti-
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Figure 7. Proposed model for the involvement of CML38 in AtRALF1 recognition. In the plasma membrane, FER is complexed with LRE-like GPI-AP1
(LLG1)/LORELEI (LRE) protein and, upon AtRALF1 binding, recruits the receptor-like cytoplasmic kinase RIPK and inactivates the H"-ATPase AHA2. Parallel to
these events, the secreted protein CML38 binds to the AtRALF1 peptide and then to another receptor complex, probably involving BAK1 and another yet
unknown plasma membrane receptor. Upon binding to the receptor, CML38-AtRALF1 up-regulates the expression of AtRALF1-inducible genes. The expres-
sion of these genes ultimately leads to root inhibition. In contrast to the AtRALF1 receptor FER, the CML38-AtRALF1 complex does not interfere with the plasma
membrane H" -ATPase AHA2. Both sets of receptors may cooperate in the observed root inhibition effect (question marks). Solid lines depict proven actions, and

intersecting lines indicate putative actions. For more details, see “Discussion.”

CML38 antibody. Additionally, AtRALF1-inducible genes
would be repressed by CML38. In this case, such genes would
also be induced in ¢m/l38 genotypes. Interestingly, all previous
information regarding RALF connects the inhibition of root
growth with the alkalinization of the extracellular medium.
When AtRALF1 binds to the plasma membrane, the H*-
ATPase AHA?2 is phosphorylated and inhibited; this inhibition
causes the alkalinization of the apoplast (4). The lack of an alka-
linization effect in response to the addition of the CML38 pro-
tein (Fig. S11A) or the sequestration of the available protein by
the antibody specific for CML38 (Fig. S11B) suggests that alka-
linization and the inhibition of root growth may be dissociated.
The sequestration of active CaMs that results from exposure to
anti-CaM antibodies has been used to block the enhancer effect
of CaMs on Arabidopsis cell suspension proliferation and pol-
len tube growth (31, 55). Recently, a role for RALFs as modula-
tors of immune response has been proposed, and it has been

SASBMB

suggested that their new function is independent of alkaliniza-
tion activity (56).

The suggested dissociation of AtRALF1 biological activities
motivated us to update our model for AtRALF1 recognition
(Fig. 7). In this model, AtRALF1 has two different receptors on
the plasma membrane. One receptor, FER, forms a complex
with LRE-like GPI-AP1 (LLG1)/LORELEI (LRE) in the cell
membrane and, when bound to AtRALF1, recruits the recep-
tor-like cytoplasmic kinase RIPK and inactivates AHA?2, lead-
ing to an increase in cytoplasmic Ca** (4, 13, 14, 15). We
have recently identified the membrane protein BRI1-associated
receptor kinase 1 (BAK1) as an AtRALF1 co-receptor (57).
According to our model, upon AtRALF1 binding to FER, the
H* flux is inhibited, leading to a transient alkalinization of the
apoplast, causing the dissociation of BAK1 from the BRI1-BL-
BAK1 complex (not depicted in the model) (57). Herein, we are
proposing that AtRALF1 binds to apoplastic CML38 and then
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to BAK1, recruiting or mediating the interaction with another
yet unidentified receptor. The newly formed complex would
then convey the message to inhibit root growth. There are data
to support the existence of more than one RALF receptor. In
tomato, tobacco, and alfalfa cell suspension cultures, incuba-
tion with a '*’I-azido-RALF resulted in labeled 120- and
25-kDa cell surface proteins (16). A biochemical characteriza-
tion of the biological activities of nine AtRALFs also suggests
the existence of multiple RALF receptors (10). In the FER
mutant fer4, ~40% of '*’I-AtRALF1-specific binding was lost;
insensitivity to AtRALF1-mediated root inhibition was specific
but not complete in this mutant (4). Binding studies using
acriAtRALF1 and bakl and fer4 mutants demonstrated the
existence of an apoplastic factor and more than two membrane
receptor proteins (57). Taken together, these observations sug-
gest that FER may depend on an association with other mem-
brane proteins to regulate root inhibition. Our model proposes
that CML38 is involved solely with this second, still unidenti-
fied, AtRALF1 receptor complex that probably involves BAK1.
As cml38 mutants have a normal alkalinization response,
CML38 would not directly interact with FER. Our model is
supported by the absolute requirement of CML38 for the root
inhibitory effect of AtRALF1 and the normal alkaliniza-
tion response shown by cm/38 mutants. Acridinium-labeled
AtRALF1 specifically binds to intact roots of wildtype seedlings
(Fig. 6). The proportion of the total binding that was AtRALF1-
specific, as measured using acriAtRALF1, was similar to the
specific binding measured with iodinated AtRALF1 in a previ-
ous study: 64% for acriAtRALF1 and ~50% in a fer4 mutant (4).
The proportion of the specific binding that depends on CML38
was also similar between our findings and those of the previous
study, and this proportion did not overlap with the proportion
that depends on FER, with an average of 46.5% for both cml38
mutants in our study and 40% for the fer4 mutant in the previ-
ous study (Fig. 6) (4). These results support the co-existence of
two receptors, one dependent on CML38 and another depen-
dent on FER. The acriAtRALF1 binding experiments show that
CML38 is involved in the root inhibition effect of AtRALF1 and
is essential for the binding of the AtRALF1 peptide to its recep-
tor. The recovery of >80% of acriAtRALF1 binding in both
c¢ml38 mutants when exogenous CML38 is supplied demon-
strates the importance of CML38 in AtRALF1 binding.

Experimental procedures
Plant materials and growth conditions

The T-DNA insertion mutants c¢m/38-1 (SALK_066538),
cml38-2 (SALK_001571), and c¢mi39 (SALK_078400) were
acquired from the ABRC (58). Plants overexpressing AtRALF1
were generated previously (10). Transgenic Arabidopsis plants
were produced as described (59). The primers used for geno-
typing and semiquantitative RT-PCR are shown (Table S1).
Arabidopsis thaliana (Col-0) seeds were surface-sterilized,
stratified for 72 h at 4 °C, and then germinated on soil or in
plates containing half-strength MS medium without sucrose
and vitamins (pH 5.8) with or without Phytagel™ (Sigma-Al-
drich). Plants on soil were grown in a Conviron growth cham-
ber (16-h light, 150 umol m > s ', and 8-h dark) at 22 * 2 °C.
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The plates were kept in a growth room under the same light
conditions. Wildtype N. benthamiana plants for agroinfiltra-
tion experiments were grown on soil under 14-h light and 10-h
dark at 22 = 2 °C.

Two-hybrid system in yeast

The full-length coding sequence of the AtRALF1 precursor
(locus At1g02900) was fused to the GAL4 DNA-binding
domain using the Ndel/BamHI sites in the pGBKT7 (Clontech)
bait expression vector. The construct was then transformed
into the yeast strain AH109 as described previously (60). The
resultant yeast cells were transformed with a AACT two-hybrid
¢DNA library (CD4-10 from ABRC). Yeast two-hybrid screen-
ing was performed using the Matchmaker GAL4 Two-Hybrid
System 3 (Clontech). Yeast transformants were screened on a
synthetic complete medium lacking leucine, tryptophan, and
histidine. Plasmid DNA was recovered from positive yeast col-
onies, and the E. coli strain DH5« (TOP10, Life Technologies,
Inc.) was transformed with these plasmids. Plasmid DNA was
isolated from E. coli cultures for sequencing. The full-length
coding regions of CML37 (At5g42380), CML38 (Atlg76650),
CML39 (Atlg76640), AtRALF34 (At5g67070), and AtRALF1, as
well as AtRALFI deletions, were amplified from Arabidopsis
genomic DNA or ¢cDNA and cloned into pGBKT7 or pGADT7
vectors, as indicated, for further testing. The transformed cells
were selected on synthetic complete medium lacking leucine,
tryptophan, and histidine. A list of all primers used is available
(Table S1).

Recombinant proteins and the in vitro pulldown assay

AtRALF1, CML38, and CML39 coding regions were ampli-
fied by conventional PCR using specific primers (Table S1). The
amplified AtRALF1 coding region was cloned into the pET28b
vector at the Ndel/HindIII restriction sites. The amplified
fragments coding for the truncated and inactive peptide
AtRALF1(9-49), CML38, and CML39 were cloned into the
pENTR D-TOPO (Life Technologies) vector and transferred to
the pDEST17 (Life Technologies) vector by recombination. All
of the peptides were fused to a histidine tag at their N termini.
The vectors were then introduced into the E. coli strain Rosetta
DE3. The recombinant proteins AtRALF1, AtRALF1(9-49),
CML38, and CML39 were produced, purified, and analyzed as
described (10). After affinity purification, the recombinant pep-
tides AtRALF1 and AtRALF1(9—-49) were dialyzed against 1%
(v/v) formic acid (5 X 4 liters in 4 days at 4 °C) and later freeze-
dried. CML38 and CML39 were suspended in phosphate-buff-
ered saline buffer. GST fusion proteins were purified and bound
to glutathione-agarose beads (Thermo Scientific) as described
(61, 62). Purified GST-tagged fusion proteins were lyophilized
and suspended in phosphate-buffered saline buffer. Purified
proteins were combined in a total volume of 200 ul of interac-
tion buffer (8 mm NaH,PO,, 2.7 mm KH,PO,, 100 mm NaCl, 2.7
mM KCI, 1 mm phenylmethylsulfonyl fluoride, 0.05% (v/v)
Tween supplemented or not with 1 mm CaCl, and 10 mm
EGTA) at pH 6.5 or 7.5 and incubated overnight at 4 °C.
This solution was incubated with glutathione-agarose beads
(Thermo Scientific) for 30 min at 4 °C. The beads were washed
five times with interaction buffer, and proteins were eluted in
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40 wl of cold elution buffer (50 mm Tris-HCI, pH 8.0, 10 mm
reduced glutathione). The eluted proteins were analyzed by
protein blotting. Anti-AtRALF1 (1:2000) and anti-CML38
(1:5000) rabbit antibodies were produced by CelulaB, UFRGS
(Brazil). Blots were visualized using an AP-conjugated anti-rab-
bit IgG (Bio-Rad; 1:30,000) and Lumi-Phos WB (Pierce) or
horseradish peroxidase— conjugated anti-rabbit IgG (Bio-Rad;
1:30,000) and SuperSignal West Femto (Thermo Fisher Scien-
tific). All experiments were repeated at least three times (inde-
pendent biological replicates).

Isothermal titration calorimetry

ITC experiments were performed using a VP isothermal
titration calorimeter with a 1.4-ml standard cell and a 293-ul
titration syringe. Proteins were dissolved in 15 mm HEPES, pH
6.8, ITC buffer before all titrations. Molar protein concentra-
tions for CML38 and AtRALF1 were calculated using their
molecular masses of 27,551 and 7,631 Da, respectively, and 8
mg of each recombinant protein (HPLC-purified). Experiments
were performed at 25 °C. The concentrations for the complex
titrations were 0.3 mm ligand (AtRALF1) in the syringe and 0.03
mM protein (CML38) and 1 mMm calcium chloride or 1 mm
EDTA mixture in the cell at time intervals of 300 s (28 injections
of volume 10 ul) to ensure that the titration peak returned to
the baseline. ITC data were corrected for the heat of dilution by
subtracting the mixing enthalpies for titrant solution injections
into protein free ITC buffer. Data were analyzed using the Ori-
gin software as provided by the manufacturer. Independent
experiments were repeated at least twice with similar results.

Subcellular localization

All recombinant plasmids were introduced into Agrobacte-
rium tumefaciens (GV3101) and used for transient expression
assays in N. benthamiana leaves. Transient expression assays
were performed as described previously (63). The viral RNA
silencing suppressor p19 protein was co-infiltrated with all con-
structions to ensure the appropriate level of transient expres-
sion. For plasmolysis experiments, leaves of transgenic N. ben-
thamiana were incubated for 30 min in a 0.8 M mannitol
solution. Epidermal cells of N. benthamiana leaves were ana-
lyzed 3-7 days post-infiltration for subcellular localization.
Analyses were performed using an inverted Olympus FluoView
1000 confocal laser-scanning microscope. GFP and FM4-64
were excited at 488 and 515 nm, respectively, with an argon ion
laser. Fluorescent emissions recovered in the 505-530-nm
interval corresponded to GFP; emissions in the 630 —650-nm
interval correspond to FM4-64. All transient expression assays
were repeated at least three times with independent biological
replicates, and consistent results were obtained. BFA (30 um)
was infiltrated in transiently transformed N. benthamiana
leaves for 2 h. Roots were treated with BFA for 45 min. BFA
bodies were stained with 2 um FM4-64 dye for 15 min. Stock
solutions were made using DMSO (BFA, 5 mm) and water
(FM4-64, 2 mm).

Plant transformation

The AtRALFI sequence cloned into the pENTR/D-TOPO
vector was transferred by recombination into the destination
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vector pK7FWG2. The PROA(RALFI:AtRALFI:GFP:T35S
sequence (2556 bp) was amplified and cloned into pENTR/D-
TOPO. The fragment was transferred by recombination into
the destination vector pPKGWES7 (64). The CML38 sequence
cloned into the pENTR/D-TOPO vector was transferred into
pK7W@G2. To generate the PROCML38:CML38:GEP vector,
the CML38 gene and a 1438-bp genomic region upstream were
amplified using specific primers (Table S1). The PROCML38:
CML38 fragment (1973 bp) was inserted into the pENTR/
D-TOPO vector and transferred by recombination to the
pK7FW G2 vector. The mRFP-KDEL clone was generated using
the ST-mRFP vector (65) introducing the -KDEL sequence at
the C terminus by conventional PCR using specific primers
(Table S1). The A. tumefaciens (GV3101) was used for the sta-
ble transformation of Arabidopsis using the floral dip method
(66). Transgene expression was confirmed using semiquantita-
tive RT-PCR (Table S1). Third generation (T3) transgenic lines
were used.

Root growth, hypocotyl elongation, and alkalinization assays

Aliquots of half-strength MS liquid medium (1 ml) contain-
ing seeds were distributed into 24-well plates. Unless stated
otherwise, 2 um AtRALF1 and 2 um CML38 or CML39 were
added after 48 h. Alternatively, seeds were germinated in verti-
cal plates with half-strength MS medium containing 9 g liter "
Phytagel ™. The plates were incubated in the growth room for
the times indicated. The seedlings were then transferred to new
plates with the same medium containing AtRALF1 or a pep-
tide-free medium. Root length was measured 8 days after treat-
ment or as indicated. Quantitative data were obtained as
described (59). A lithium sensitivity assay was performed as
described (4). The plates were exposed to light for 1 h and then
incubated for 24 h in the dark for the hypocotyl elongation
assay. Hypocotyl growth was evaluated 2 days after treatment.
Alkalinization assays were performed as described (10). All
experiments were repeated at least three times using indepen-
dent biological replicates.

Binding assay using acridinium-labeled AtRALF1

Acridinium NHS esters were conjugated to the terminal
amino group of the AtRALF1 peptide according to the manufa-
cturer’s instructions (Cayman Chemical). The acriAtRALF1
was separated from the unlabeled peptide and quantified by
HPLC. Five-day-old seedlings were incubated with acriA-
tRALF1 and different concentrations of AtRALF1, CML38, or
CML39 for 15 min at 4 °C on a shaker. After incubation, the
seedlings were washed three times with half-strength MS
medium. Five seedlings or roots were used per treatment. The
resulting luminescence emissions from the acridinium in whole
seedlings or roots were measured using a microplate reader
(Biotec ELx 800) at 2 s after injecting 50 ul of a solution con-
taining 20 mm H,O, in 0.1 M NaOH. The cytoplasmic Ca**
assay was performed as described previously (22). The experi-
ments were repeated at least three times using independent
biological replicates. Duplicates were used for each concentra-
tion or treatment. Data shown are from one representative
experiment.
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