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Calmodulin (CaM) is a highly conserved intracellular calcium
sensor. In plants, CaM also appears to be present in the
apoplasm, and application of exogenous CaM has been shown to
influence a number of physiological functions as a polypeptide
signal; however, the existence and localization of its corre-
sponding apoplasmic binding sites remain controversial. To
identify the site(s) of action, a CaM-conjugated quantum dot
(QD) system was employed for single molecule level detection at
the surface of plant cells. Using this approach, we show that
QD-CaM binds selectively to sites on the outer surface of the
plasma membrane, which was further confirmed by high reso-
lution transmission electron microscopy. Measurements of
Ca>* fluxes across the plasma membrane, using ion-selective
microelectrodes, demonstrated that exogenous CaM induces a
net influx into protoplasts. Consistent with these flux studies,
calcium-green-dextran and FRET experiments confirmed that
applied CaM/QD-CaM elicited an increase in cytoplasmic Ca>*
levels. These results support the hypothesis that apoplasmic
CaM can act as a signaling agent. These findings are discussed in
terms of CaM acting as an apoplasmic peptide ligand to mediate
transmembrane signaling in the plant kingdom.

Calmodulin (CaM)? is a conserved multifunctional calcium
sensor that mediates intracellular Ca®* signaling and regulates
diverse cellular processes by interacting with calmodulin-bind-
ing proteins (1-3). Interestingly, in both animals and plants,
CaM may also act as an extracellular agent to regulate physio-
logical events (4). Consistent with this notion, extracellular
CaM has been detected within the cell walls of a broad range of
plant species (4, 5).
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Functional studies have established that exogenously applied
CaM can stimulate the proliferation of suspension-cultured
plant cells (6) as well as affect intracellular activities of hetero-
trimeric G proteins and phospholipases in protoplasts (7, 8).
Based on these findings, it has been proposed that, in plants,
extracellular CaM may function as a signaling agent involved in
the regulation of cell growth and development (4). However, as
a 17-kDa hydrophilic protein, exogenously applied CaM could
well be retrieved from the apoplasmic space and then exert its
effects on components within the cytoplasm. Evidence against
this hypothesis was provided by studies with Arabidopsis thali-
ana suspension-cultured cells in which it was shown that 24 h
of incubation in exogenous CaM did not result in protein
uptake or degradation (4).

To exertan effect from the apoplasm, it would seem logical to
assume that a protein(s) within the plant plasma membrane
would have a CaM-binding site exposed to the apoplasm.
Although a number of studies have addressed the molecular
mechanism(s) by which extracellular CaM might act as a signal
(6, 9) and attempts have been made to identify extracellular
CaM-binding proteins (4, 6), currently there is no direct evi-
dence in support of the hypothesis that specific CaM-binding
sites exist at the surface of plant cells.

To address this question, a CaM-conjugated quantum dot (QD)
system was employed for single molecule level detection (10-13)
at the surface of plant cells. These nanoparticles have several
advantages over conventional fluorophores for light microscopic
imaging, including their higher brightness and photostability (14,
15). In addition, because of their electron dense nature, QDs can be
used for single labeling studies at the transmission electron micro-
scope level (16, 17). Using this QD-CaM system, we demonstrate
that QD-CaM binds selectively to sites on the outer surface of the
plant plasma membrane. We also show by three independent
methods that applied CaM can modulate Ca>" fluxes across the
plasma membrane, leading to alterations in cytoplasmic Ca>" sta-
tus. These findings support the hypothesis that, in plants, apoplas-
mic CaM can act as a signaling agent.

EXPERIMENTAL PROCEDURES
Cadmium Telluride QD Preparation—Briefly, sodium

hydrogen telluride was prepared by mixing sodium borohy-
dride and tellurium (molar ratio of 2:1) in water, and N,-satu-
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rated deionized water was then added to yield a final concen-
tration of 47 mm sodium hydrogen telluride. Next, a precursor
solution was prepared by dissolving CdCl, (1 mm) and 3-mer-
captopropionic acid (1.2 mm) in 50 ml of deionized water; the
pH value was then adjusted to 9.0 by the stepwise addition of
NaOH solution. An aliquot (100 ul) of oxygen-free solution
containing fresh sodium hydrogen telluride, cooled to 0 °C, was
then added to 10 ml of precursor solution and vigorously
stirred. The resultant solution was put into a Teflon-lined stain-
less steel container and autoclaved at the reaction temperature
for periods ranging from 5 to 180 min. Solutions containing the
3-mercaptopropionic acid-capped cadmium telluride QDs
were then cooled to room temperature, and the fluorescence
emission spectrum measured on a Fluorolog-3 spectroflu-
orometer (see supplemental Fig. S1 for a full description of the
procedures employed).

Plant Material—Newly matured pollen grains were collected
from tobacco (Nicotiana tabacum L.) and lily (Lilium longiflo-
rum Thunb.) growing in a greenhouse at the Botanical Garden
of the Institute of Botany, Chinese Academy of Sciences (Bei-
jing, China). Tobacco BY-2 and A. thaliana suspension-cul-
tured cells were propagated in the appropriate media (18).
Transgenic ECFP-calmodulin-M13-EYFP A. thaliana plants
were grown in a greenhouse (19).

Preparation of Protein-conjugated QD Probes—Purified plant
CaM was prepared from A. thaliana according to Zielinski (20).
The CaM tryptic peptides, CaM TR,C (N-terminal fragment
containing residues 1-75) and CaM TR,C (C-terminal frag-
ment containing residues 78 -148) were kindly provided by
Prof. Akke (Lund University). CmPP16, a 16-kDa RNA-binding
protein from the pumpkin phloem sap, was expressed as a
recombinant protein from Escherichia coli, as previously
described (21).

CaM, BSA, CmPP16, CaMTR,C, and CaMTR,C conjugation
to QDs was performed as previously described (11, 22). The
reaction volume was 0.2 ml of MES-NaOH buffer (pH 5.8) in
which the concentration of QDs was 1 uMm, and that of proteins
was 100 um. Concentrations of 1-ethyl-3-(3)-dimethylamino-
propyl carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
were 1 and 0.3 mm, respectively. The solutions were incubated
and vortexed at room temperature, generally for 4 h. QD-pro-
tein probes were separated from free protein by precipitation,
through the addition of 0.6 ml of acetone, followed by centrif-
ugation for 20 min. The resultant pellet was air-dried in the
dark; prior to use, it was dispersed in phosphate-buffered saline
(pH 7.2) containing 0.1% (v/v) B-mercaptoethanol.

The EDC-NHS-mediated coupling reaction was performed
on the silylanized slides to confirm that the test proteins were
being conjugated to the QD nanoparticles. EDC reacts with a
carboxyl group to form an amine-reactive O-acylisourea inter-
mediate, which can then react with an amine to yield a conju-
gate of the two molecules joined by a stable amide bond. The
addition of sulfo-NHS stabilizes the amine-reactive intermedi-
ate by converting it to an amine-reactive sulfo-NHS ester, thus
increasing the efficiency of the EDC-mediated coupling reac-
tion (23). Either single QDs or QDs and test protein were added
into this reaction system, and after 2 h, the slides were exten-
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sively washed with deionized water and observed with a Bio-
Rad MRC 600 laser-scanning confocal microscope.

Protoplast Preparation—Isolation of pollen protoplasts was
based on the method of Yu et al. (10), with some modifications.
Purified mature tobacco and lily pollen was first germinated in
a medium containing 1 mm KNO,, 1 mm Ca (NO,),, 1 mm
MgSO,, 1 mm H;BO,, and 12% sucrose (pH 5.8). When germi-
nating pollen tubes were as long as the pollen grain diameter,
they were transferred into enzymatic solution containing 1%
cellulase (Onozuka R-10), 1% Macerozyme (R-10, Japan), 1 mm
KCl, 0.8 mm MgSO,, 1 mm CaCl,, 10 mm MES, and 12% man-
nitol (pH 5.8). Intact pollen protoplasts were released after 1-3
h of enzymatic digestion at 30 °C in the dark. A cell wall-specific
stain, Calcofluor White ST, was used to monitor the enzymatic
removal of the wall. Pollen protoplast viability was confirmed
using the vital dye, fluorescein diacetate, as previously
described (10). After staining with 10 mg/ml fluorescein diac-
etate for 20 min, protoplasts were washed with fluorescein diac-
etate-free medium and observed with a Leica Dmire 2 fluores-
cence microscope.

Protoplasts from tobacco BY-2 and Arabidopsis suspension-
cultured cells were isolated by adding 1% cellulase and 1% Mac-
erozyme to the culture medium. Arabidopsis mesophyll proto-
plasts were isolated according to the procedure of Abel and
Theologis (24). Released protoplasts were washed with their
corresponding suspension media and W5 solution (154 mMm
NaCl, 125 mm CaCl,, 5 mm KCl, 5 mm glucose, and 1.5 mm
MES-KOH, pH 5.6).

Cell Labeling and Analysis of QD-Protein Probes—To label
cells with QD-protein probes, intact cells or their protoplasts
were incubated in the appropriate germination or suspension
culture medium containing QD-CaM, QD-BSA, QD-CmPP16,
QD-CaMTR,C,QD-CaMTR,C, or QDsat 1 um for 3hat 25 °C.
The cells were then carefully washed three to five times with the
appropriate medium. The images were collected using a Bio-
Rad MRC 600 laser-scanning confocal system attached to an
Optiphot microscope (Nikon).

CaM Competitive Binding Assays—Equal quantities of lily
pollen protoplasts were either incubated in medium containing
1 uM QD-CaM probe or were preincubated with 0, 1, 10, or 100
uM CaM, BSA, CmPP16, CaM TR, C, or CaM TR,C separately
and then transferred to medium containing 1 um QD-CaM
probes. Protoplast-associated fluorescence was quantified by
fluorimetry, using an F-4500 fluorospectrometer (Hitachi).

Detection of QD-CaM Probes by Transmission Electron
Microscopy—TLily pollen and tobacco BY-2 protoplasts were
incubated, for 3 h at 25 °C, in medium containing 1 um QD-
CaM, QD-CaM TR,C, QD-CaM TR,C, or QDs. After washing
three to five times with their corresponding culture medium,
the protoplasts were fixed, for 1 h at 4 °C in 1% glutaraldehyde
in the appropriate medium. Protoplasts were then transferred
for an additional 1 h at 4 °C to medium containing 2% glutaral-
dehyde followed by three washes with 100 mm phosphate
buffer, pH 7.2, and then post-fixed for 3 h in the same buffer
containing 1% OsO,. The protoplasts were then dehydrated in
an ethanol series and finally embedded in Spurr’s resin. No
staining was performed to avoid contamination. Ultrathin sec-
tions were mounted on Formvar-coated grids and observed
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with a transmission electron microscope (JEOL 1210), operated
at 80 kV.

Measurement of Ca®" Fluxes—Net Ca®>" fluxes crossing the
plasma membrane of lily pollen protoplasts were measured
using the scanning ion-selective electrode technique (25, 26),
using an Applicable Electronics, Inc. system (Beijing, China).
Ca®" ion-selective microelectrodes with an external tip diam-
eter of ~3 um were manufactured and salinized with tributyl-
chlorosilane and tips backfilled with commercially available
ion-selective mixture (calcium ionophore I - mixture A, 21048;
Fluka, Busch, Switzerland); only electrodes with Nernstian
slopes of >25 mV were used.

Protoplasts were first adhered to glass coverslips treated with
apoly-L-lysine (Sigma) solution. Gradients in Ca®>* activity next
to individual protoplasts were measured by moving the Ca®" -
selective microelectrode between two positions, in a preset
excursion (5-30 wm), at a frequency of between 0.3 and 0.5 Hz.
Three Ca”>"-selective microelectrodes were equally spaced
around each protoplast and were located within the equatorial
plane of the protoplast. All of the cellular ion flux experiments
were repeated at least three times, and a minimum of 10 proto-
plasts were used per treatment. Individual protoplasts were
monitored in control bathing medium for 20 min, and only
those displaying a stable pattern in which net uptake of Ca*"
was close to zero were used in subsequent experiments. Net
Ca?™ fluxes were calculated as described (27).

Measurements of Cytosolic Ca®" Levels—Pollen protoplasts
were first microinjected with the Ca>"-sensitive dye, Calcium
Green-1 linked to a 10-kDa dextran (Invitrogen) and then given
a 1-h recovery period at 25 °C. Subsequently, 1 um CaM, QD-
CaM, CaM TR, C, CaM TR,C, or single QDs were added to the
bathing medium containing 1 mm KCI, 0.8 mm MgSO,, 1 mm
CaCl,, 10 mm MES, and 12% mannitol (pH 5.8). Sequential
fluorescence images were then acquired by using a Leica TCS
4D laser-scanning confocal microscope: excitation wavelength,
488 nm; emission spectra collected between 515 and 550 nm.

Cytoplasmic Ca®" levels were also investigated by means of
FRET, according to Adachi and Tsubata (28). Mesophyll pro-
toplasts, derived from transgenic A. thaliana plants expressing
the ECFP-calmodulin-M13-EYFP cameleon, were first ana-
lyzed under a laser-scanning confocal microscope, and images
were collected using LSM 510 software (Carl Zeiss, Jena, Ger-
many). For ECFP analysis, we used an excitation wavelength of
458 nm, and emission spectra were collected between 475 and
490 nm; for EYFP, we used an excitation wavelength of 514 nm,
and emission spectra were collected between 530 to 600 nm.
The images were again collected in a time course following the
introduction to the bathing medium of 1 um CaM, QD-CaM,
CaM TR,C, CaM TR,C, or single QDs. FRET ratios for these
various treatments were calculated, using Image J software, as
the ratio of EYFP to ECFP intensity, according to the following
formula: ratio = 1000-EYFP/ECEP.

RESULTS

General Nonspecific Binding of QD-Protein Probes to Cell
Walls—To investigate whether CaM-binding sites exist on the
surface of intact plant cells, we first prepared water-soluble and
photostable QD (supplemental Fig. S1). These freshly prepared
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QDs were then used to conjugate CaM and various control
proteins to yield luminescent test probes (supplemental Fig.
S2). As controls for our binding studies, we prepared QD-BSA
and QD-CmPP16; the latter is a hydrophilic 16-kDa protein
equivalent in size to CaM (21, 29). Two CaM tryptic fragments
were also prepared; QD-CaM TR, C and QD-CaM TR,C, con-
taining residues 1-75 and residues 78-148, respectively
(30, 31).

As a control, we first determined whether nonconjugated
QDs could permeate and/or adhere to the surface of plant cells.
For this purpose, N. tabacum (tobacco) and L. longiflorum (lily)
pollen grains, as well as tobacco BY-2 and A. thaliana suspen-
sion-cultured cells, were incubated for 3 h in medium + 1 uMm
QDs. After a thorough rinse with incubation medium, the cells
were examined under a fluorescence microscope. Both control
and QD-treated pollen grains (supplemental Fig. S3) and sus-
pension-cultured cells (supplemental Fig. S4) were devoid of
fluorescent signals, thus indicating that nonconjugated QDs do
not adhere to, or become bound by, these plant cell walls.

Equivalent experiments were next performed in which cells
were incubated for 3 h in 1 um QD-CaM probe. Here, strong
green fluorescent signals were detected around the cell walls of
tobacco and lily pollen grains (supplemental Fig. S3) as well as
BY-2 and Arabidopsis suspension-cultured cells (supplemental
Fig. S4). To test for the specificity of this CaM binding, the cells
were incubated with 1 um QD-CmPP16 or QD-BSA probes.
Both probes also yielded strong green fluorescent signals with
tobacco and lily pollen grains (supplemental Fig. S3) as well as
BY-2 and Arabidopsis suspension-cultured cells (supplemental
Fig. S4). Taken together, these experiments indicated that the
observed CaM binding to plant cell walls is likely caused by
steric hindrance rather than by CaM interacting with a specific
protein(s).

CaM Binds to the Protoplast Plasma Membrane—To test for
the presence of CaM-binding sites on the external surface of the
plasma membrane, a series of experiments was next performed
with protoplasts isolated from both pollen grains (supplemen-
tal Fig. S5) and suspension-cultured cells. Control experiments
performed with free QDs established that they did not bind to
the surface of tobacco pollen protoplasts (Fig. 1, A and B).
In contrast, when incubated with 1 um QD-CaM probe,
tobacco and lily pollen protoplasts exhibited clear fluores-
cent signals on the outer surface of the plasma membrane
(Fig. 1, C and H, respectively). Importantly, no fluorescent
signals were observed after protoplasts were incubated with
the control probes QD-CmPP16 (Fig. 1, D and I) or QD-BSA
(Fig. 1, E and J). These results provided support for the
hypothesis that the QD-CaM probe can interact, specifically,
with a protein(s) located at the outer surface of the plasma
membrane. Interestingly, neither QD-CaM TR, C (Fig. 1, F
and K) nor QD-CaM TR,C probe (Fig. 1, G and L) bound to
the protoplast surface. This finding suggested that only
native CaM can bind to the putative plasma membrane-lo-
cated binding site(s).

Equivalent experiments were next performed on protoplasts
prepared from BY-2 and Arabidopsis suspension-cultured cells.
Here, incubation with the QD-CaM probe gave a clear fluores-
cent signal associated with the plasma membrane (Fig. 2, A
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FIGURE 1. Detection of CaM-binding sites on the plasma membrane of
protoplasts prepared from tobacco and lily pollen grains. A, brightfield
image of tobacco pollen protoplasts. B, fluorescence micrograph of same
protoplastsin Aincubated with 1 um QD; note the absence of any fluorescent
signal at the protoplast surface. C, tobacco pollen protoplastincubated with 1
uM QD-CaM probe. Note the presence of a clear fluorescent signal along the
plasma membrane. D-G, tobacco pollen protoplasts incubated with 1 um
QD-CmPP16, QD-BSA, QD-CaMTR,C, and QD-CaMTR,C probes, respectively.
Note the absence of any fluorescent signal at the protoplast surface. H, lily
pollen protoplast incubated with 1 um QD-CaM probe. Note the presence of a
clear fluorescent signal along the plasma membrane. I-L, lily pollen proto-
plasts incubated with 1 um QD-CmPP16, QD-BSA, QD-CaMTR,C, and
QD-CaMTR,C probes, respectively. Note the absence of any fluorescent signal
at the protoplast surface. The magnification of A is the same as for B, C—F are
the same as G, and /-K are the same as L. All scale bars, 5 um.

FIGURE 2. Detection of CaM-binding sites on the plasma membrane of
protoplasts prepared from tobacco BY-2 and A. thaliana suspension-cul-
tured cells. A-E, fluorescence micrographs of BY-2 cell protoplasts incubated
with protein-conjugated QD. A, protoplast incubated with 1 um QD-CaM
probe; note the presence of a clear fluorescent signal along the plasma mem-
brane. B-E, protoplasts incubated with QD-CmPP16, QD-BSA, QD-CaMTR,C,
and QD-CaMTR,C probes, respectively. Note the absence of any fluorescent
signal at the protoplast surface. F-J, fluorescence micrographs of A. thaliana
protoplasts incubated with protein-conjugated QD. F, protoplast incubated
with 1 um QD-CaM probe; note the presence of a clear fluorescent signal
along the plasma membrane. G-J, protoplasts incubated with QD-CmPP16,
QD-BSA, QD-CaMTR,C, and QD-CaMTR,C probes, respectively. Note the
absence of any fluorescent signal at the protoplast surface. The red signal
represents chlorophyll autofluorescence. The insets are the corresponding
brightfield images of the fluorescence micrographs. The magnifications of
A-E are uniform and F-J are uniform; all scale bars, 2.5 pm.

and F). Again, no signal was detected in the presence of QD-
CmPP16 (Fig. 2, Band G), QD-BSA (Fig. 2, C and H), QD-CaM
TR, C (Fig. 2, D and I), or QD-CaM TR, C (Fig. 2, E and J) probe.
These results suggested that the plasma membrane-localized
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CaM-binding site(s) may be present on a wide range of plant
cells.

Binding of QD-CaM Probe Is Specific—To further test the
binding specificity of the QD-CaM probe to the plasma mem-
brane-localized site(s), we next performed a series of competi-
tion assays. Lily protoplasts were first incubated for 1 h in
medium containing various concentrations of CaM, BSA,
CmPP16, CaM TR,C, or CaM TR,C, followed by transfer to
medium containing 1 um QD-CaM probe. After a 2-h incuba-
tion period, protoplasts were washed thoroughly, and fluores-
cence intensity was quantified using fluorimetry. The fluores-
cence level associated with the bound QD-CaM probe was
found to decrease as a function of increasing CaM concentra-
tion in the pretreatment medium (supplemental Fig. S6). In
marked contrast, the pretreatment with BSA, CmPP16, CaM
TR,C, or CaM TR,C had no effect on the level of QD-CaM
binding to lily protoplasts. These results indicate that only
native CaM can compete with the QD-CaM probe for binding
to a specific target protein(s), presumably located on the outer
surface of the lily pollen protoplast plasma membrane.

High Resolution Imaging Locates QD-CaM Probe to the
Plasma Membrane—An aliquot of the lily protoplasts used in
the above QD-CaM binding studies was processed for chemical
fixation and embedment. Sectioned material was examined by
high resolution transmission electron microscopy to test for the
presence of QD-CaM probes bound to the outer surface of the
plasma membrane. Electron dense particles, associated with
the QD-CaM probe, were routinely observed on the surface of
lily protoplast plasma membranes (Fig. 3, A—C). In contrast, few
if any particles were found along the plasma membrane of lily
protoplasts incubated with single QDs (Fig. 3D). Specificity of
QD-CaM binding was further confirmed by the absence of elec-
tron dense particles along the plasma membrane of lily proto-
plasts incubated with QD-CaM TR, C probe (Fig. 3E).

Parallel studies were also performed with protoplasts pre-
pared from BY-2 suspension-cultured cells. Again, incubation
of these protoplasts with QD-CaM probe resulted in the pres-
ence of particles bound to the outer plasma membrane surface
(Fig. 3, F and G). However, protoplasts incubated with the QD-
CaM TR, C probe (Fig. 3H) or single QDs (data not shown) were
found to be devoid of bound particles. Taken together, these
results provide further support for the hypothesis that the plant
plasma membrane contains a protein(s) that can bind to extra-
cellular CaM.

CaM and QD-CaM Probe Stimulate Ca®™" Influx across the
Protoplast Plasma Membrane—To investigate the possible bio-
logical function, in lily pollen protoplasts, of extracellular CaM
and the QD-CaM probe on intracellular Ca®>*, we next used the
scanning ion-selective electrode technique to investigate net
Ca?" flux (27). Three scanning ion-selective electrodes were
used to simultaneously record the Ca>* flux crossing the
plasma membrane of individual protoplasts (Fig. 4, A and B).
Monitoring of these fluxes in normal bathing medium for 20
min established that the net uptake of Ca®>" was close to zero.
The addition of either 1 um CaM or QD-CaM probe resulted in
a change of this condition to a net Ca®>" influx. This alteration
away from flux equilibrium was generally apparent within 10
min of adding CaM/QD-CaM (Fig. 4B). Importantly, the addi-
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FIGURE 3. Localization of QD-CaM probe to the outer surface of the
plasma membrane of both lily pollen and tobacco BY-2 protoplasts.
A-E, transmission electron micrographs of lily pollen protoplasts incubated
with QD-CaM probe or unbound QDs. A, low magnification image of a proto-
plast incubated with QD-CaM probe. B, higher magnification of area high-
lighted in A. Note that the QD-CaM probe was confined to the outer surface of
the protoplast. C, higher magnification of the area highlighted in B. Arrow-
heads identify single QD-CaM probes bound to the outer surface of the
plasma membrane. D and £, lily protoplast incubated with unbound QDs and
QD-CaM TR, C probe, respectively. No particles were detected bound to the
plasma membrane. F, presence of QD-CaM probe bound to the plasma mem-
brane of a BY-2 protoplast. G, higher magnification of the area highlighted in
F. Arrowheads identify single QD-CaM probes bound to the outer surface of
the plasma membrane. H, BY-2 protoplast incubated with QD-CaM TR,C
probe; no particles were bound to the plasma membrane. Scale bars, A, 10
um; B-H, 0.5 um. M, mitochondria; L, lipid.

tion of QDs alone, or QD-CaM TR,C probe to the bathing
medium did not significantly alter the Ca®" flux status of the
protoplast (data not shown).

Parallel experiments were also performed with calcium-green-
dextran (32) to monitor the affects of CaM and the QD-CaM
probe on cytoplasmic Ca®" levels in lily pollen protoplasts. Follow-
ing microinjection-based loading of calcium-green-dextran into
the cytoplasm of lily protoplasts, the resting intracellular Ca*>"
level was monitored for 15 min (Fig. 5). Introduction of CaM or
QD-CaM probe was found to elicit a clear increase in the cyto-
plasmic Ca®>" level within 7—15 min (Fig. 5, A and B, respec-
tively). In contrast, no change in the resting intracellular Ca**
levels were detected in equivalent experiments performed in
the presence of single QDs or the QD-CaM TR, C probe (data
not shown). Taken together, our scanning ion-selective elec-
trode experiments and calcium-green-dextran studies provide

12004 JOURNAL OF BIOLOGICAL CHEMISTRY

Solution
changed
1o B : ——CaM
. —A—CaM-QD
50 .

Net Ca?* flux (pmol cm? s°')

-100 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Time (min)

FIGURE 4. Exogenously applied CaM alters the Ca?* flux across the
plasma membrane of protoplasts isolated from lily pollen grains. A, lily
protoplast illustrating the location of the three scanning ion-selective elec-
trodes (arrows) employed to simultaneously record the plasma membrane
Ca" fluxes. B, affect of CaM or QD-CaM probe on net Ca®* flux. Note that
both CaM and QD-CaM caused a net influx of Ca®* into lily protoplasts. The
data represent the average values obtained for the three scanning ion-selec-
tive electrodes. The positive values represent Ca™ efflux, whereas the nega-
tive values represent influx.

A:CaM treatment

FIGURE 5. Time course of CaM/QD-CaM probe-induced changes in intra-
cellular Ca* levels in lily pollen protoplasts. A, upper panels, pseudocolor
images of the resting intracellular Ca>* concentration in a lily protoplast
loaded with calcium green-dextran (control). Lower panels, affect on the intra-
cellular Ca®* level upon adding 1 um CaM to the bathing solution. B, upper
panels, pseudocolor images of the resting intracellular Ca** concentration in
a lily protoplast loaded with calcium green-dextran (control). Lower panels,
affect on the intracellular Ca®* level upon adding 1 um QD-CaM to the bath-
ing solution. Scale bars, 2.5 um. The bar on the right shows the relationship
between Ca®* concentration and cell pseudocolor. The asterisks indicate the
locations of micropipettes used to introduce calcium green-dextran.

support for the hypothesis that addition of extracellular CaM or
QD-CaM probe can induce a consistent change in Ca** flux
across the protoplast plasma membrane.

FRET-based Ca®" Measurement by Laser Scanning Confocal
Microscopy—To measure the influence of extracellular CaM/
QD-CaM on intracellular Ca>* levels by a noninvasive method,
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FIGURE 6. FRET-based measurement of CaM/CaM-QD-induced changesin
Ca?* levels in mesophyll protoplasts isolated from transgenic ECFP-cal-
modulin-M13-EYFP Arabidopsis plants. The images were collected by laser
scanning confocal microscopy; ECFP was excited at 458 nm. FRET was
detected when protoplasts were incubated with 1 um CaM (A) and 1 um
CaM-QD (B). Scale bars, 2.5 um.

0 min 9 min

we next isolated mesophyll protoplasts from transgenic Arabi-
dopsis plants expressing a fluorescent indicator cameleon (28).
These cells contained the ECFP-calmodulin-M13-EYFP
Ca®" reporter system for which confocal microscopy and
FRET technology can be used, at the single-cell level, to
measure the dynamics of cytoplasmic Ca®>* in response to
applied treatments.

FRET analysis performed on these Arabidopsis protoplasts
revealed a rise in cytoplasmic Ca*>" shortly after CaM or the
QD-CaM probe was introduced into the bathing medium. A
time course of FRET measurements showed that marked FRET
occurred within 2 min after protoplasts were givena 1 um CaM
(Fig. 6A) or QD-CaM probe (Fig. 6B) treatment. No change was
elicited in response to single QDs, CaMTR,C, or CaMTR,C
(data not shown). Each treatment was examined on 20 proto-
plasts, and a consistent response was observed in all but one or
two protoplasts.

Ratio increases resulted from a rise in the fluorescence of the
acceptor EYFP. However, no perceptible or very small
decreases in the fluorescence of the donor ECFP were observed
(Fig. 6). This was due in large part to the high levels of chloro-
plast autofluorescence present in these Arabidopsis proto-
plasts, which caused a high background against which ECFP
changes were measured. In any event, the mean for the ratio of
EYFP/ECEFP fluorescence showed a significant increase in pro-
toplasts after treatment with CaM or the QD-CaM probe (sup-
plemental Fig. S7).

DISCUSSION

Like animals, plant cells may make use of peptide signals (33).
Although some 10 polypeptide hormones or putative polypep-
tide signals have been reported in plants, only a few have been

MAY 1, 2009+VOLUME 284+-NUMBER 18

Binding and Function of Extracellular CaM

well characterized at the genetic and biochemical level (34, 35).
It has also been proposed that extracellular CaM may serve as a
polypeptide signal in plants (5, 6, 8, 9). Experimental confirma-
tion of the existence and localization of such CaM-binding sites
on the cell surface was the subject of the present study. Here, we
used CaM-labeled QDs to detect CaM-binding sites on the cell
surface at both the light and electron microscopic levels in
intact plants and their protoplasts.

Synthesized QD-Protein Probes are Highly Specific and
Photostable—The preparation of biocompatible water-soluble
QDs is a key step in the use of semiconductor QDs for live cell
imaging. We first synthesized mercaptopropionic acid capped
cadmium telluride QDs with good luminescence properties
using the protocol of Chen and Zhong (36). Carbodiimide was
used to mediate the formation of amide linkages between a
carboxylate and an amine group to synthesize luminescent
probes of CaM-QDs and other protein-QDs. To detect whether
CaM and other proteins were successfully bioconjugated to the
QD nanoparticles, the EDC-NHS-mediated coupling reaction
on the silylanized slides was performed. These experiments
indicated that bioconjugation is specific, and these proteins are
indeed covalently bound to the nanocrystal surface.

Presence of the Membrane-localized Specific CaM-binding
Sites Was Universal in Living Plant Cells, Whereas CaM Bind-
ing to the Cell Wall Was Most Likely Caused by Steric
Hindrance—Our fluorescent labeling results with protoplasts
isolated from a range of cell types and different plant species
revealed that CaM-QDs can bind to the plasma membrane via
an interaction with a specific binding site(s). In contrast, our
studies on intact plant cells demonstrated that not only QD-
CaM but also QD-BSA and QD-CmPP16 appeared to bind to
the cell wall. Hence, the observed cell wall-associated CaM-
binding most likely is due to steric hindrance rather than CaM
interacting with specific binding sites within the matrix of the
wall.

Specificity in the interaction between the QD-CaM probe
and binding site(s) located on the membrane surface is sup-
ported by two lines of evidence. First, neither QD-BSA, QD-
CmPP16, QD-CaM TR;C, nor QD-CaM TR,C became bound
to the protoplast membrane. Second, increasing levels of single
QDs, QD-BSA, or QD-CmPP16 had no effect on the extent to
which QD-CaM bound to protoplasts. The fact that CaM, but
not QD-CaM TR;C or QD-CaM TR,C, competed with QD-
CaM binding also provided further support for the notion that
the interaction with the target protein is dependent on CaM
being in its native conformation. Taken together, these findings
lead us to conclude that specific CaM-binding proteins are
membrane-localized instead of cell wall-associated.

Membrane Localization of Specific CaM-binding Sites Con-
firmed by Transmission Electron Microscope—The tightly
packed atoms in the core and shell of the QD nanocrystal make
them electron-dense moieties, and thus, they can be visualized
by electron microscopy (16). In the present study, localization
of CaM-binding sites on the plant cell surface, as determined by
light microscopy, was further confirmed using high resolution
electron microscopy. These experiments clearly revealed that
the QD-CaM probe was bound to the outer surface of the
plasma membrane. Again, specificity of this binding to a puta-
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tive receptor was supported by the absence of signal detected
with QDs alone, QD-BSA, QD-CmPP16, QD-CaM TR,C, or
QD-CaM TR,C.

CaM-binding sites Function in Ca®”" Signaling—Intracellular
signal transduction pathways, especially those involving sec-
ondary messengers, provided another avenue to test the
hypothesis that extracellular CaM can act as an apoplasmic
peptide signal (37). In support of this notion, our ion-selective
microelectrode studies provided direct evidence that applica-
tion of either CaM or QD-CaM induced a change in the steady
state condition of the protoplast from no net Ca*>* uptake to a
net influx of Ca®>*. Importantly, the time course for this change
in net flux matched the response in cytoplasmic Ca*>* measured
by calcium-green-dextran and FRET-based experiments using
the ECFP-calmodulin-M13-EYFP cameleon. Again, the inabil-
ity of QDs alone, QD-CaM TR, C, or QD-CaM TR,C to induce
changes in cytoplasmic Ca*>" levels supports our conclusion
that this response is specific and elicited by the applied CaM.

Although these collective findings are consistent with QD-
CaM eliciting an increase in intracellular Ca®>" concentration
through a transmembrane mechanism activated by QD-CaM
binding to an external site on a plasma membrane receptor, our
studies do not preclude the involvement of other ligands. Here,
it is important to note that the Arabidopsis genome contains
some 50 members of the EF-hand family of small, acidic Ca**-
binding proteins in addition to CaM (38). Future studies will be
performed to test whether additional CaM-like proteins can
similarly activate this response pathway.

The biological role for this CaM-mediated change in cytoso-
lic Ca®" level remains to be elucidated. If extracellular CaM is
indeed the specific physiological ligand that activates this
response pathway, then it becomes important to question how
CaM might gain entry into the apoplasm. Under normal condi-
tions, CaM is generally localized to the cytosol (39). Further-
more, CaM lacks any identifiable signal sequence(s) that would
potentially target it for secretion into the apoplasm. Hence, its
entry into the cell wall may occur as a direct result of cellular
damage. CaM is an abundant protein and small in size; thus, its
release upon local damage could well allow it to permeate
through the walls of neighboring cells. Activation of the trans-
membrane signaling pathway by CaM may serve to inform
these surrounding cells of local tissue damage.

In summary, our results clearly demonstrated that the
apoplasmic CaM-binding sites were widely present on surface
in plant cells using the synthesized CaM-QD luminescent
probes. It was revealed via labeling and competition assays that
CaM-binding proteins were membrane- localized instead of
cell wall-associated as reported previously. Transmission elec-
tron microscopy showed the precise localization of the extra-
cellular CaM-binding sites on the membrane surface, providing
the most direct proof for the existence of apoplasmic CaM-
binding sites. In addition, we confirmed that both CaM and
CaM-QDs could mediate intracellular secondary messenger
Ca>" concentrations when binding to the plant plasma mem-
brane. Taken together, our results suggested that QD-CaM, in
addition to its traditional role in mediating the intracellular
Ca®" signal pathway, is able to function as an apoplasmic signal
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in the regulation of plant growth and development after inter-
action with its extracellular binding sites.
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