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Summary

Membrane vesicle traffic to and from the plasma mem-

brane is essential for cellular homeostasis in all eu-
karyotes [1–3]. In plants, constitutive traffic to and

from the plasma membrane has been implicated in
maintaining the population of integral plasma-

membrane proteins and its adjustment to a variety of
hormonal and environmental stimuli [2, 3]. However,

direct evidence for evoked and selective traffic has

been lacking. Here, we report that the hormone absci-
sic acid (ABA), which controls ion transport and tran-

spiration in plants under water stress [4, 5], triggers
the selective endocytosis of the KAT1 K+ channel

protein in epidermal and guard cells. Endocytosis of
the K+ channel from the plasma membrane initiates

in concert with changes in K+ channel activities
evoked by ABA and leads to sequestration of the K+

channel within an endosomal membrane pool that re-
cycles back to the plasma membrane over a period

of hours. Selective K+ channel endocytosis, seques-
tration, and recycling demonstrates a tight and dy-

namic control of the population of K+ channels at the
plasma membrane as part of a key plant signaling

and response mechanism, and the observations point
to a role for channel traffic in adaptive changes in the

capacity for osmotic solute flux of stomatal guard cells
[5, 6].

Results and Discussion

To explore the dynamics of the KAT1 K+ channel in ab-
scisic acid (ABA), we took advantage of GFP fluores-
cence—and that of a photoactivatable variant
(paGFP)—to monitor movement of tagged KAT1 pro-
teins [7] expressed in tobacco epidermal and guard
cells. ABA controls the gating of guard cell K+ and Cl2

channels—among these the KAT1 K+ channel of Arabi-
dopsis and its homologs in tobacco and Vicia—to
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promote osmotic solute efflux, close stomata, and pre-
vent transpirational water loss from plant leaves in re-
sponse to water stress [4, 5, 8]. ABA is associated with
adaptive changes, notably in the capacity for solute
flux in guard cells [6] and their ability to retain a ‘‘mem-
ory’’ of stress [9], implying selective alterations in the
population of functional transporters at the plasma
membrane. ABA also regulates ion transport in other
tissues, including roots, epidermal, and mesophyll cells
[10–12]. Previous studies uncovered a role for the mem-
brane trafficking proteins NtSyp121 from tobacco and
its Arabidopsis homolog AtSyp121 in the distribution
and anchoring of the KAT1 K+ channel within the plasma
membrane [7]. NtSyp121 and AtSyp121 are members of
the superfamily of SNAREs (soluble NSF [N-ethylmalei-
mide-sensitive factor] attachment protein receptors)
that drive membrane traffic in all eukaryotes [1–3].
NtSyp121 and AtSyp121 act late in the secretory path-
way to the plasma membrane, and disrupting their activ-
ity affects secretory traffic and cellular development [13]
and suppresses the regulation by ABA of guard cell K+

and Cl2 channels [14]. Of these, the KAT1 K+ channel lo-
calizes to microdomains at the plasma-membrane sur-
face [7]. This organization is affected by the SNAREs
[7] and, thus, might underpin ABA-mediated control of
the K+ channels.

ABA Triggers KAT1 K+ Channel Internalization
Figures 1A and 1B summarize results from one experi-
ment with confocal images taken at 5 min intervals
throughout to minimize photobleaching (see also
Movies S1–S3 in the Supplemental Data available on-
line). The same patterns of fluorescence redistribution
were obtained in each of ten other experiments and
with guard cells expressing the tagged KAT1 constructs
after biolistic transfection (Figures 1C and 2B). As before
[7], KAT1 was distributed in discrete, positionally stable
microdomains at the cell perimeter before ABA treat-
ments. In no case was KAT1 fluorescence observed
within endomembrane compartments that would sug-
gest a mistargeting from overexpression (see also Sutter
et al. [3]). After adding ABA, however, this distribution
pattern was generally lost within 10–20 min, leaving
a mobile and diffuse fluorescence around the cell pe-
riphery; after 30 min in ABA, GFP fluorescence was
strongest in mobile structures moving in and out of
transvacuolar cytoplasmic strands (see Movie S5). We
examined the lateral mobility of this diffuse pattern by
fluorescence recovery after photobleaching (FRAP)
with 488 nm light. Unlike control experiments before
ABA treatments, when photobleaching was carried out
30–60 min after adding ABA, the local fluorescence re-
covered within 60 s of photobleaching (Figure S4,
Movies S4 and S5), indicating a high mobility of the
tagged K+ channel within the cytoplasm [7]. Control ex-
periments, adding 20 mM K+-acetate in place of ABA,
showed a progressive photobleaching (see Figure 2C)
as expected, but offered no evidence for loss in

https://core.ac.uk/display/82829866?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:m.blatt@bio.gla.ac.uk


Evoked Traffic of a Plant K+ Channel
1397
Figure 1. ABA Evokes K+ Channel Internalization in Tobacco Epider-

mis and Guard Cells and Its Recovery in Endosomal Compartments

(A) Three-dimensional reconstructions of one tobacco epidermal

cell expressing haKAT1-GFP before (2ABA) and 60 min after

(+ABA) adding 20 mM ABA show a loss of the GFP fluorescence sig-

nal from the KAT1 microdomains at the cell periphery. Similar results

obtained with 1 mM ABA (not shown). Image stacks collected at 5

min intervals to give deep sections within the epidermal cell layer

parallel to the leaf surface (see also Movies S1 and S2). Boxed

area refers to image frames in (B). Chloroplasts (in red) show en-

hanced fluorescence in the GFP channel after repeated excitation

with 488 nm light. Similar results were obtained in 10 independent

experiments, in single-plane image series taken at 2 and 3 min inter-

vals and with photoactivation of haKAT1-paGFP.

(B) Three-dimensional image frames of the same epidermal cell area

(above) showing KAT1 microdomains and time course (in min) of K+

channel withdrawal therefrom.

(C) Central sections through one guard cell pair expressing haKAT1-

GFP before (2ABA) and 60 min after (+ABA) adding 20 mM ABA.
microdomain structure or fluorophore dispersion (not
shown). Parallel western blot analyes, carried out after
isolating microsomes and two-phase partitioning
(Figure 1D), showed the K+ channel (HA) epitope almost
exclusively in the plasma membrane fraction in the
absence of ABA, consistent with previous results [7].
However, the K+ channel was found primarily within
endomembrane fractions when leaf sections were har-
vested 60 min after infiltration with 20 mM ABA. In neither
case was GFP- or HA-antibody binding found in the
soluble fractions (not shown), ruling out degradation.

K+ Channel Endocytosis Initiates without Delay
and Is Selective

We made use of kymographic analysis, recording the
fluorescence signal around the periphery of each cell
to quantify KAT1 internalization. The results (Figure 2)
supported visual inspections showing stationary do-
mains of high fluorescence with a common discontinuity
and decay upon addition of ABA, thus discounting
a spreading of the K+ channel microdomains in ABA.
We extracted kymograph segments corresponding to
KAT1 microdomains to determine the relaxation kinet-
ics. In every case, the fluorescence decay was well fitted
as a single exponential decay, and within any one exper-
iment virtually identical results were obtained from each
microdomain (Figure 2C), yielding a mean halftime of
11 6 3 min. Extrapolating the fitted curves to the initial
fluorescence signal recorded prior to adding ABA also
yielded initial lag times (1.8 6 0.1 min) similar to the
period required for solution exchange in the chamber
(1.6 6 0.1 min, n = 5), indicating that KAT1 internalization
began within 20 s of ABA delivery.

To test whether KAT1 internalization was selective, we
examined the fluorescence distribution and mobility of
the GFP-tagged PMA2 H+-ATPase from Nicotiana plum-
baginifolia. The H+-ATPase yields uniform GFP fluores-
cence at the cell surface [7, 15], with no evidence of
the exclusion zones reported for the yeast H+-ATPase
[16] and, like KAT1, is found in detergent-resistent mem-
brane fractions [7, 17, 18]. So, it is likely that the submi-
croscopic distributions of these membrane proteins
overlap. Unlike KAT1, ABA had no effect on PMA2-
GFP distribution, even after 120 min exposure. Instead,
the H+-ATPase was uniformly distributed at the cell pe-
rimeter without the appearance of internal structures

Similar results obtained with 1 mM ABA (not shown). Note the nuclear

ring, cytoplasmic strands, and internal labeling in ABA and the cor-

responding loss of KAT1 microdomains from the cell periphery. The

small decrease in stomatal aperture apparent in these images is un-

likely to reflect the true change in response to ABA, because reliable

estimates based on fluorescence images require the use of extracel-

lular or peripheral markers and three-dimensional reconstructions

[39, 40]. Measurements taken from brightfield images indicated

a normal stomatal response to ABA after KAT1 expression (see Fig-

ure S1). Scale bars represent 20 mm (A), 5 mm (B), and 10 mm (C).

(D) Western blot analysis (10 mg total protein/lane) of the H+-ATPase

(PMA2-GFP) and KAT1 K+ channel (haKAT1-GFP) localization ex-

pressed in tobacco leaves alone (Control) and after 60 min in ABA

(+ABA). Solubilized microsomal membranes separated by two-

phase partitioning between plasma membrane (PM) and endomem-

brane (IM) fractions. Proteins separated by SDS-PAGE. Western

blots probed with polyclonal antibody to GFP and HA and visualized

by radiotracer phosphoimaging.
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(see Movie S6), and FRAP analysis indicated no signifi-
cant mobility in ABA (not shown), much as was observed
before without ABA [7]. Finally, western blot analysis af-
ter two-phase partitioning showed that the H+-ATPase

Figure 2. ABA Mobilizes the KAT1 K+ Channel from Plasma Mem-

brane Microdomains

(A) Kymographic analysis of KAT1 fluorescence from Figure 1B

taken over the time course of the experiment from pixels along

a line traced around the edge of the cell (dotted line, inset) and aver-

aged over a width of 10 pixels (w1.4 mm). Similar results were ob-

tained with line widths of 3, 5, and 8 pixels (0.5–1.0 mm). Position

along the line determines the horizontal axis, time progresses down-

ward, and fluorescence intensity is color coded (scale above). Time

of ABA addition indicated on the left (lollipop).

(B) Similar kymographic analysis of KAT1 fluorescence decay from

one guard cell pair. The region of analysis (insets) taken to avoid

the fluorescence from chloroplasts around the cell periphery and

lip of the stomatal pore. Note the loss of fluorescence in ABA without

evidence of filling or lateral movement near the edges of the micro-

domains (compare Figures 4 and 8 in Sutter et al. [7]).

(C) Microdomain fluorescence decay with ABA addition (at t = 0).

Fluorescence normalized to time of ABA addition and shown for

four individual microdomains (open symbols) and as means 6 SE

(closed circle) of data from six independent experiments (epidermal

and guard cells). Data fitted by nonlinear least-squares as a single-

exponential decay (halftime, 11 6 3 min). Normalized means 6 SE of

three experiments imaged with the same settings and addition of 20

mM acetate (open diamond) indicates the time course of fluores-

cence bleaching.
(GFP) epitope was recovered almost exclusively in the
plasma membrane fraction both before and 60 min after
adding ABA (Figure 1D). Thus, both the image and bio-
chemical studies lead us to conclude that ABA triggers
the selective internalization of KAT1 from the plasma
membrane.

KAT1 Is Sequestered in an Endosomal Pool
for Recycling to the Plasma Membrane

The recovery of KAT1 after ABA treatments in inner
membrane fractions and within internal cytoplasmic
structures prompted us to explore their nature in dual-
labeling studies. We used FM4-64 as a marker for endo-
cytosis [19–21] and coexpressed selected YFP-tagged
proteins to test for colocalization within degradative
and associated endosomal pathways. Internal ha-
KAT1-GFP labeling was found to colocalize with FM4-
64 (Figure 3A), consistent with vesicular endocytosis of
KAT1 and its recovery in inner membrane fractions
(Figure 1D). By contrast, whereas some overlap be-
tween the endosomal and KAT1 markers was seen, no
consistent pattern of colocalization was visible either
with the Golgi marker sialyl-transferase-YFP (not shown)
or with BP80-YFP, a marker for the Golgi and prevacuo-
lar compartment [22] (Figure 3B). Similarly, no consis-
tent colocalization was evident with YFP-tagged FYVE
domain peptide (Figure 3C) or with ARA7-YFP
(Figure 3D), which label early endosomes and the lytic
pathway to the vacuole [20, 23, 24]. Instead, the over-
whelming pattern was of noncoincidence between
markers, indicating that KAT1 is sequestered in a sepa-
rate, as-yet-unidentified endomembrane compartment.

Because K+ channel traffic offers a potential mecha-
nism for post-translational regulation of K+ flux capacity,
we were interested to test whether, once sequestered,
KAT1 recycled to the plasma membrane. For this pur-
pose, we took advantage of paGFP photoactivation to
monitor haKAT1-paGFP redistribution from the endo-
somes after ABA washout.We anticipated that if KAT1
was recycled to the plasma membrane, then K+ chan-
nels photoactivated after internalization should be re-
covered in nonmobile, fluorescent microdomains at
the cell periphery after ABA washout. Use of paGFP en-
sured that any fluorescence recovered in microdomains
will have had to come from those KAT1 proteins photo-
activated at the end of the ABA treatment. By the same
reasoning, it was expected that internalized GFP fluo-
rescence should reform in microdomains, even when
de novo protein synthesis was blocked. Thus, in sepa-
rate experiments, we monitored haKAT1-GFP distribu-
tions after pretreatment with 20 mM ABA for 60 min
and in 300 mM cycloheximide. Additionally, we used
FRAP to check the recovery of positionally stable micro-
domains at the plasma membrane [7]. Finally, we carried
out western blot analysis after two-phase partitioning of
transfected leaves infiltrated with ABA for 1 hr and sub-
sequently washed by infiltrations with cycloheximide
alone (see Experimental Procedures). All four strategies
yielded complementary results. After ABA pretreat-
ments, photoactivation and conventional GFP fluores-
cence indicated the predominant distribution of KAT1
in mobile endosomes, both in guard cells and in epider-
mal cells, and the fluorescent signal was recovered in
peripheral microdomains after 6–8 hr superfusion
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Figure 3. KAT1 K+ Channels Localize together with FM4-64 Internal-

ized from the Plasma Membrane but Do Not Colocalize with Markers

for Early Endosomes and the Lytic Pathway to the Vacuole

For clarity, images are three-dimensional reconstructions of stacks

through the epidermis omitting the outer and inner cell surfaces and

parallel to the leaf surface, in each case with (left to right) overlay,

GFP, and YFP/FM4-64 channels. Similar results obtained in at least
without ABA (Figure 4 and Figures S2 and S3); FRAP
analyses (Figure S4 and Movie S7) showed a coincident
recovery of positional stability to the microdomains and
a loss of mobile, internal fluorescent compartments; fi-
nally, western blot analysis of leaf tissues taken 8 hr after
ABA washout showed that the K+ channel was found al-
most entirely in the plasma membrane fraction (compare
Figure 4D and Figure 1D). Thus, the KAT1 K+ channel is
recycled to the plasma membrane after ABA washout.

Evoked Traffic in Dynamic K+ Channel Control

The results outlined above establish the principle and
demonstrate the dynamics of hormonally evoked and
selective traffic for an integral plasma membrane pro-
tein in plants. They provide direct evidence for a trig-
gered endocytosis and for recycling of the KAT1 K+

channel from the plasma membrane, events that are ini-
tiated in parallel with changes in K+ channel activities
known to be evoked by ABA [4, 5, 8]. We interpret this
sequestration and recycling in the context of adaptive
modulation of the K+ channel population at the plasma
membrane. In guard cells, ABA triggers the activation
of Cl2 channels and inactivation of inward-rectifying
K+ channels, notably KAT1, within the 30–60 s of expo-
sure, changes that are mediated through cellular sig-
nals, including elevated cytosolic-free [Ca2+] [4, 5, 8].
Significantly, the time course for these events is roughly
one order of magnitude less (t1/2, 20230 s) than for
KAT1 endocytosis. Even in barley roots, for which the
time course for response has been partially character-
ized by electrophysiological means [10], ABA evokes
changes in K+ transport that are faster than that KAT1
endocytosis. However, KAT1 sequestration and recy-
cling accords with longer-term changes in channel
activities [12] and solute flux capacity [6], and with
so-called programmed closure of stomata, a delayed
reopening that is manifest over several hours after
cytosolic-free [Ca2+] elevation [9].

Electrophysiological studies have yet to address the
question of K+ channel recovery from ABA and water
stress. Nonetheless, we note that the expression of
many K+ channels—notably in guard cells [25]—is sur-
prisingly insensitive to drought and ABA, implying an im-
portant role for ion channel exchange with endomem-
brane pools for long-term adaptive control. By
contrast, guard cell Cl2 channel activities respond and
recover their resting activity within 1–3 min of ABA addi-
tion and washout [26], supporting the idea of a selective
traffic of the K+ channels. These characteristics are

three independent experiments in each case and at time points 1–3

hr in the presence of 20 mM ABA.

(A) Tobacco epidermal cells expressing haKAT1-GFP labeled with

5 mM FM4-64 for 5 min prior to adding 20 mM ABA for 60 min shows

uniform coincidence of the internalized K+ channel marker with FM4-

64.

(B–D) haKAT1-GFP coexpressed with BP80-YFP (B), YFP-tagged

FYVE domain peptide (C), and ARA7-YFP (D) as markers for the

Golgi apparatus, the prevacuolar compartment [22], and for early

endosomes [20, 23, 41], respectively. See also Movies S8–S11.

Line scan analyses (beginning and end of line scans as indicated

in thumbnails) taken along cytoplasmic strands to avoid the cell pe-

riphery and show a general noncoincidence with these markers.

Scale bars represent 20 mm (A), 50 mm (C), and 10 mm (B and D).
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similar to those for cycling of glucose transporters to
and from the mammalian epithelial plasma membrane
in response to insulin [27] but, to date, find no parallels
with membrane traffic in plants or fungi. Indeed, direct
evidence has been lacking for evoked membrane traffic,
especially of ion channels, although it has been pro-
posed that ion-channel traffic in plants is subject to hor-
monal and environmental control [2, 3]. Previous studies
have identified changes in the constitutive traffic of
a number of plasma membrane proteins in plants lead-
ing to their degradation [21, 28–30]. However, even for
PIN1, a putative auxin transporter, auxin itself affects

Figure 4. KAT1 K+ Channels Recycle to Plasma Membrane-Local-

ized Microdomains

(A–C) Three-dimensional reconstructions (for clarity, omitting upper

and lower surfaces) of tobacco guard cells expressing haKAT1-

paGFP and pretreated with 20 mM ABA for 60 min. Image sets taken

(A) before and (B) after photoactivation (6pa) at the start of ABA

washout, and (C) after a further 7 hr continuous superfusion with

buffer 2ABA (see also Figures S2–S4 and Movies S4, S5, and S7).

Images are (left to right) overlay, GFP, and chloroplast (red) chan-

nels. Brightfield image overlay included in (A). Nuclei (n) are labeled

in (B). Chloroplasts within the stomatal pore in (C) are the conse-

quence of cell debris accumulating during continuous perfusion.

Similar results obtained in three independent experiments. Scale

bar represents 20 mm.

(D) Western blot analysis (10 mg total protein/lane) of KAT1 K+ chan-

nel (haKAT1-GFP) localization expressed in tobacco leaves 60 min

after perfusion with ABA and 300 mM cycloheximide (+ABA), and

8 hr after subsequent perfusion with 300 mM cycloheximide alone

(2ABA +8 h). Solubilized microsomal membranes separated by

two-phase partitioning between plasma membrane (PM) and

endomembrane (IM) fractions. Proteins separated by SDS-PAGE

and western blot probed with polyclonal primary antibody to HA

and visualized by radiotracer phosphoimaging.
only a steady-state turnover at the plasma membrane
[31]. Furthermore, none of these studies provide infor-
mation about the kinetics of traffic beyond endpoint
determinations.

It is of interest that ABA triggers KAT1 endocytosis
when the channel is expressed in epidermal cells as
well as guard cells. Although the transport characteris-
tics of the leaf epidermis has yet to be examined in
any detail, ABA is known to affect ion activities of cells
both of the stomatal complex and of the neighboring
epidermis [32, 33]. ABA also regulates ion transport in
other tissues, including roots and mesophyll cells [10–
12]. We note, too, that KAT1 expression in Arabidopsis
is not restricted to guard cells [25]. Thus, it appears
that KAT1 is capable of engaging within parallel traffick-
ing events triggered by the hormone in these cells. That
ABA selectively mobilizes the KAT1 K+ channel but not
the H+-ATPase from the plasma membrane is especially
intriguing and implies a focused recruitment for endocy-
tosis—plausibly targeted to the microdomains [19]—be-
cause both proteins are found in detergent-resistent
membrane fractions and their distributions at the
plasma membrane appear to overlap [7, 18]. Thus,
KAT1 internalisation is not simply the consequence of
bulk endocytosis during a decrease in cell-surface
area, such as is associated with stomatal closure, and
it contrasts with K+ channel traffic during osmotically
driven changes in volume that maintains transporter
population densities rather than a targeting specific
transport proteins [19].

One of the most intriguing features of KAT1 is its local-
ization within 0.5–0.6 mm diameter microdomains at the
plasma membrane surface [7]. KAT1 clustering is con-
sistent with electrophysiological evidence for nonhomo-
geneous distributions of many ion channels [34], includ-
ing K+ channels of guard cells [19], and accords with
evidence for channel-associated trafficking and scaf-
folding protein complexes [35, 36]. The microdomains
of KAT1 K+ channels are remarkably constant spatially,
and this stability appears important for their regulation
[7]. Although we cannot exclude the possibility of an
anomalous KAT1 distribution—plant ion channels nor-
mally express at levels that are too low for detection
by GFP fluorescence or protein biochemistry—35S-
driven expression commonly aligns closely with that of
the native protein [37], and only with extreme overex-
pression does KAT1 accumulate in the secretory path-
way [7]. In fact, KAT1 clustering appears species and tis-
sue independent [7, 19] and thus may couple to common
signaling pathways with ABA in each case [5, 8].

Finally, our data bear witness to a role for K+ channel
traffic that differs from the control of channel gating by
ABA. This last point is especially important because it
gives substance to the idea that the SNAREs NtSyp121
and AtSyp121 contribute to cell signaling by controlling
ion-channel activities in ways that are distinct from their
functions in vesicle trafficking. Work from this laboratory
[14] first implicated a role for these SNAREs in ABA sig-
naling after electrophysiological studies demonstrated
that NtSyp121 is required for early, ABA-mediated con-
trol of K+ and Cl2 channels at the plasma membrane. In
the absence of further knowledge, these observations
left open questions about the relationship between the
SNAREs, K+ and Cl2 channel regulation, whether
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mediated through ion-channel trafficking or through
protein interactions within the plasma membrane. Our
present results are difficult to reconcile with the rapid in-
activation of KAT1 and of similar inward-rectifying K+

channels in ABA [4, 5, 8]; instead, they suggest that
SNARE-dependent interactions and anchoring may be
important to associate the K+ channels with regulatory
elements as part of a signaling protein scaffold. It will
be of special interest now to identify the protein partners
of these SNAREs and to explore the functional impact of
channel clustering at the plant plasma membrane.

Experimental Procedures

Plant Growth, Protoplasts, and Transient Expression

Wild-type tobacco (Nicotiana tabacum) was grown and transfected

either by infiltration with Agrobacterium tumefaciens or by biolistic

delivery via 0.6 mm gold particles coated with the same expression

plasmid DNA (5 mg DNA/60 mg gold) as described previously [7,

19]. Prior to cell fractionation and western blot analysis, hormone,

inhibitor additions, and washout were by infiltration-mediated perfu-

sion. Stock solutions of 20 mM ABA (Sigma, Poole UK) and 300 mM

cycloheximide were prepared in ethanol and diluted 1000-fold for

use in distilled water or in 5 mM Ca2+-MES buffer (pH 6.1) with 0.1

mM KCl. 300 mM cycloheximide was found to suppress >90% of

haKAT1-GFP expression, and ethanol diluted on its own to a final

concentration of 0.1% (v/v) had no effect in control experiments

(not shown).

Confocal Microscopy

Fluorescence was assessed 2 and 3 days after transfection after

mounting leaf sections with Corning Medical Adhesive (Dow Corn-

ing, Midland MI) to a 1 ml custom-built chamber. Air-water bound-

aries that contribute to background fluorescence were eliminated

by vacuum infiltration of the intercellular spaces. End-point experi-

ments were carried out similarly by vacuum infiltration with ABA so-

lutions. Otherwise, experiments were carried out under continuous

superfusion after removing the upper epidermis and palisade cell

layers. FM4-64 labeling was by superfusion with 5 mM dye solution

for 5 min, and solution exchange times were determined by superfu-

sion of leaf segments with propidium iodide. Confocal images were

obtained as before [7] on a Zeiss LSM510-UV microscope (Zeiss,

Jena, Germany) with 458 nm or 488 nm (GFP, FM4-64) and 514 nm

(YFP) excitation and emitted light was collected through a NFT545

dichroic, 505–530 (GFP), 535–590 nm (YFP), and 560–615 nm

(FM4-64) bandpass filters. Chloroplast fluorescence was detected

with a 560 nm longpass filter and brightfield images were collected

with a transmitted light detector. paGFP was photoactivated with

351 nm and 364 nm light from an 80 mW Enterprise II UV laser [7].

Stomatal apertures were determined from brightfield images after

calibration. Numerical analysis was by nonlinear least-squares

[38], and results are reported as means 6 SE where appropriate.

Fractionation and Immunodetection

Total protein was extracted, and plasma membrane and internal

membrane fractions were separated as described previously with

leaves after transient transfection [7, 13]. Proteins were separated

and western blots probed and analyzed as before [7] with radioac-

tive [35S, 0.5 mCi (18.5kBq)/ml] secondary antibody detected with

a Fujifilm FLA5000 Phosphoimager (Raytek Scientific, Sheffield, UK).

Supplemental Data

Four figures and 11 movies are available at http://www.

current-biology.com/cgi/content/full/17/16/1396/DC1/.
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