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A number of studies show that environmental stress conditions such as drought, high salt, and air pollutants increase
polyamine levels in plant cells. However, little is understood about the physiological function of elevated polyamine levels.
We report here that polyamines regulate the voltage-dependent inward K™ channel in the plasma membrane of guard cells
and modulate stomatal aperture, a plant “sensor” to environmental changes. All natural polyamines, including spermidine,
spermine, cadaverine, and putrescine, strongly inhibited opening and induced closure of stomata. Whole-cell patch-clamp
analysis showed that intracellular application of polyamines inhibited the inward K™ current across the plasma membrane
of guard cells. Single-channel recording analysis indicated that polyamine regulation of the K* channel requires unknown
cytoplasmic factors. In an effort to identify the target channel at the molecular level, we found that spermidine inhibited the
inward K" current carried by KAT1 channel that was functionally expressed in a plant cell model. These findings suggest
that polyamines target KAT1-like inward K* channels in guard cells and modulate stomatal movements, providing a link

between stress conditions, polyamine levels, and stomatal regulation.

Polyamines have been found in all the organisms
studied and are required for normal development of
both prokaryotes and eukaryotes (Tabor and Tabor,
1984). In higher plants, earlier studies suggest that
polyamine levels are critical for a number of devel-
opmental processes including cell division, somatic
embryogenesis, root growth, floral initiation, and
flower and fruit development (Evans and Malmberg,
1989; Galston and Kaur-Sawhney, 1990; Slocum and
Flores, 1991, 1995). Recent molecular genetic analyses
have shown that altered polyamine levels have pro-
found effects on plant growth and development
(Fritze et al., 1995; Kumar et al., 1996, Masgrau et al.,
1997; Watson and Malmberg, 1998).

In addition to their function in plant development,
polyamines may play a role in stress responses be-
cause their levels in plant cells increase under a num-
ber of environmental stress conditions (Slocum and
Flores, 1991; Galston and Kaur-Sawhney, 1995). K*
deficiency may be the first stress condition that has
been shown to increase putrescine levels in plants
(Richard and Coleman, 1952; Young and Galston,
1984). Watson and Malmberg (1996) have shown that
Arg decarboxylase, an enzyme critical for inducible
polyamine synthesis, is activated upon K™ deficiency
in Arabidopsis. Osmotic shock, drought, and salt
stress also increase polyamine levels (Evans and
Malmberg, 1989). Upon drought treatment, poly-
amines, especially spermidine, accumulate in wheat
seedlings to a level severalfold higher than that in
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control plants (Kubis and Krzywanski, 1989). Sper-
midine titer returns to the control level when seed-
lings are watered and recovered from drought. Salt
stress increases polyamine levels in several crop
plants including rice, mung bean, maize, and sor-
ghum (Friedman et al., 1989; Krishnamurthy and
Bhagwat, 1989; Erdei et al., 1996). Air pollution has
been correlated with elevated polyamine levels in
plants as well. Plants respond to pollutants such as
ozone and SO, by producing high levels of poly-
amines (Priebe et al., 1978; Kramer et al., 1991; Well-
burn and Wellburn, 1996). In all these studies, poly-
amine concentrations in plant tissues increase from
high micromolar (under normal conditions) to milli-
molar range upon stress treatments. Although a cor-
relation between stress and polyamine levels has
been demonstrated in a number of studies using a
variety of plant materials, the physiological rationale
for stress-induced polyamine accumulation remains
unknown.

Plants respond to stress through many mecha-
nisms, stomatal regulation being one of the most
studied. A stomatal aperture is defined by two guard
cells and is responsible for gas exchange between
plants and the atmosphere (Zeiger; 1983; Mansfield
et al., 1990). Changes in guard cell turgor that insti-
gate stomatal movements are controlled by a number
of ion channels and pumps (Raschke et al., 1988;
Hedrich and Schroeder, 1989; Blatt, 1991, Ward et al.,
1995). Among the ion channels in guard cells, the in-
ward K* channel (I;,), outward K channel (Ix,,,),
and anion channels in the plasma membrane are well
characterized by patch-clamp studies (Schroeder et al.,
1984, 1987; Hedrich and Schroeder, 1989). Many en-
vironmental stress factors regulate stomatal aperture
through modulation of ion channel activity in guard
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cells (for reviews, see MacRobbie, 1997). Some of
these stress factors including drought, high salt, and
air pollutants are also the factors that elevate poly-
amine levels. We speculate that elevated polyamine
levels may be related to stomatal regulation. We
report here that polyamines mimic stress conditions
in blocking stomatal opening and inducing stomatal
closure. Consistent with this finding, patch-clamp
analyses showed that the Iy;, in guard cells was in-
hibited by polyamines. In addition, KAT1, a putative
guard cell K" channel cloned from Arabidopsis, was
also inhibited by polyamines. These studies have pro-
vided a possible mechanism for polyamine function in
higher plants.

RESULTS

Spermidine Inhibits Light-Invoked Stomatal
Opening and Induces Stomatal Closure

To test the hypothesis that polyamines may regu-
late stomatal aperture, we performed stomatal open-
ing assays in the presence of spermidine. According
to previous studies, polyamine concentrations in
plant tissues reach low millimolar range under stress
conditions (Slocum and Flores, 1991, Watson and
Malmberg, 1996). Therefore, submillimolar and low
millimolar concentrations of spermidine were used
in the stomatal opening experiment. Prior to light
illumination, the stomatal aperture was typically in
the range of 3.7 = 0.6 um. After a 2-h illumination,
stomatal aperture reached 14.0 * 2.7 um in the
peeled strips incubated in the control solution with-
out spermidine. In the solution with 1 mm spermi-
dine, the light-induced stomatal opening was com-
pletely blocked. Significant effect of spermidine on
stomatal opening was observed at 0.5 mm or higher
concentrations (Fig. 1A).

Stress conditions such as drought and air pollution
not only inhibit stomatal opening but also induce
closure of fully open stomata. To examine whether
spermidine induces stomatal closure, we incubated
epidermal strips with open stomata in the peel solu-
tion containing various concentrations of spermidine.
After a 2-h incubation under light, stomatal aperture
was measured. As shown in Figure 1B, when sper-
midine concentration reached 0.5 mm™ or higher in the
peel solution, the stomatal aperture was significantly
reduced during the 2-h incubation. At 3 mm, spermi-
dine reduced the aperture from 12.4 = 0.6 um to the
size prior to light illumination (3.7 = 0.5 pm).

All Natural Polyamines Modulate Stomatal Aperture

Plants under stress conditions accumulate higher
levels of polyamines including putrescine, spermi-
dine, spermine, and cadaverine (Galston and Kaur-
Sawhney, 1990). Spermidine regulation of stomatal
movements may represent a general function for all
polyamines. We tested this notion by including pu-
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Figure 1. Effect of spermidine on stomatal movements. Epidermal
peels were obtained from 4-week-old V. faba leaves. Stomatal pore
size was measured after 2-h incubation in peel solution containing 0,
0.1, 0.5, 1.0, 3.0, and 6.0 mm spermidine. For stomatal opening
assay (A), peels were collected from the plants before light cycle, and
the initial stomatal pore size was typically in the range of 3.7 + 0.6
pm. After 2-h illumination, the pore size reached 14.0 = 2.7 um in
the control solution without spermidine. For stomatal closure assay
(B), peels were collected from the plants 4 h after light cycle, and the
initial pore size was 12.4 + 0.6 um. The data in both A and B are
presented as mean * st from seven individual experiments.

trescine, spermine, and cadaverine, respectively, in
the peel assay. The inhibitory effect of these three
polyamines on stomatal opening process is shown in
Figure 2A. After a 2-h incubation, all polyamines
significantly inhibited stomatal opening. The potency
of these four polyamines was reflected by the inhibi-
tion of stomatal opening at a given concentration. For
example, 1 mm spermidine and spermine completely
prevented light-induced stomatal opening, whereas
cadaverine and putrescine inhibited this opening by
88% and 63%, respectively. Their effects in inducing
stomatal closure are shown in Figure 2B. Although
all polyamines significantly reduced the stomatal ap-
erture, spermidine and spermine appeared to be
more effective than putrescine at 1 mm (P < 0.05).
To determine the specificity of polyamine effect on
stomatal movements, we tested three groups of
chemicals in the peel assay. One group, Orn and Arg,
represent the precursors of polyamines. The second
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Figure 2. Regulation of stomatal aperture by natural polyamines. At
various concentrations, effects on stomatal aperture of three poly-
amines (spermine, O; putrescine, [J; and cadaverine, A) were com-
pared. The procedures of stomatal opening assay (A) and closure
assay (B) are as described in Figure 1. All polyamines were used at
concentrations of 0.1, 0.5, 1.0, 3.0, and 6.0 mm and presented in
common log scale. Seven individual experiments were performed
and the data were presented as mean * SE.

group, y-aminobutyric acid, and succinate are meta-
bolic products of polyamine oxidation (Evans and
Malmberg, 1989). The third group, butylamine, is a
chemical analog of polyamines. None of these com-
pounds (at 1-mM concentration) had significant effect
on stomatal aperture (data not shown).

Spermidine Inhibits the Iy, in Guard Cells

After we observed the inhibitory effect of poly-
amines on stomatal movements, we examined
whether polyamines regulate I;,, in guard cells using
patch-clamp techniques. Figure 3A shows the voltage
protocol used in the whole-cell configuration. The
membrane potential was clamped at —50 mV and
stepped to values from —160 to —20 mV with 20-mV
increment to activate Iy;,. Under the control condi-
tion, a typical time course of Iy;, was recorded from
a guard cell protoplast of Vicia faba (Fig. 3B). When 1
mM spermidine was included in the pipette solution,
the magnitude of Iy;, was reduced immediately fol-
lowing the establishment of the whole-cell configu-
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ration (Fig. 3C). If 1 mm spermidine was perfused to
the bath solution for a 15-min period, the current was
not affected (Fig. 3D). Figure 3E summarizes the
current-voltage (I-V) relationship under the control
condition and in the presence of 1 mm spermidine in
the pipette solution. At —160 mV, 1 mm spermidine
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Figure 3. Effect of spermidine on I;, in guard cells. In V. faba guard
cell protoplasts, whole-cell patch-clamp recordings revealed the
typical I, current (B), I, current with 1 mm spermidine in pipette
solution (C), and with 1T mm spermidine in bath solution (D). During
the recordings, the holding potential was —50 mV, the currents were
recorded at the membrane potentials from —20 to =160 mV with
increment of —20 mV (A), and the current and time scales for B, C,
and D are indicated by vertical and horizontal bars shown in D. The
current amplitudes (mean = sg) from 14 control cells (O) and 18 cells
treated with 1 mm spermidine in the pipette solution (@) are pre-
sented as current-voltage (I-V) curves in E. All data shown here were
collected from whole-cell configuration with 2.5 GQ or higher seal
resistance. Spd, Spermidine.
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reduced the whole-cell current from 325 * 46 pA/
cell to 126 = 12 pA/cell, a 61% decrease of the control
level.

External perfusion of polyamines did not affect
Ixin, suggesting that spermidine exerts its specific
effect on I, from the cytoplasmic side of the plasma
membrane. In the peel assay, extracellular applica-
tion of polyamines regulated stomatal aperture pos-
sibly due to polyamine uptake by plant cells during
the 2-h incubation (Caffaro et al., 1993). In the patch-
clamp recording, extracellular perfusion was con-
ducted up to 15 min that may not be long enough to
allow sufficient polyamine transport. For this reason,
we have also tried to incubate the protoplasts with
spermidine for 2 h before patch-clamp recording.
However, at 1-mM concentration, spermidine se-
verely prevented seal formation, making the patch-
clamp recording technically unfeasible.

When we included 0, 0.1, 0.5, 1, and 5 m™ spermi-
dine in the pipette solution, a dose-dependent inhi-
bition of Iy;,, was observed. As shown in Figure 4, 0.5
mM or higher concentrations of spermidine had a
significant inhibitory effect on Iy;,. At 5 mMm, spermi-
dine reduced the current by 74% of the control level
at =160 mV.

We have also tried to test spermidine on Iy, and
the anion channel activity across the plasma mem-
brane in guard cells. But no effect was observed on
these channels (data not shown), which may indicate
a channel type-specific modulation by spermidine in
guard cells.

Effect of Four Natural Polyamines on I;,

As shown earlier, all natural polyamines regulate
stomatal aperture. To test whether all polyamines
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Figure 4. Dose response of ;, to spermidine. The responses of I,
to different concentrations of spermidine in the pipette solution are
shown as |-V curves (control, n = 14; 0.1 mmM, n = 9; 0.5 mM, n =
12; T mm, n = 18; and 5 mm, n = 7). The same voltage protocol was
used as in Figure 3. The data were presented as mean * SE.
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Figure 5. Effects of natural polyamines on I;,. At =160 mV, the
whole-cell current amplitudes in the presence of 1 mm tested com-
pounds are shown as percentage of the control. CTL, control, n = 14;
BUT, butylamine, n = 9; PUT, putrescine, n = 8; CAD, cadaverine,
n = 9; SPD, spermidine, n = 18; SPM, spermine, n = 11. Asterisks
indicate significant differences as compared with the control
(P < 0.05).

inhibit Iy;,, we included 1 mm putrescine, cadaver-
ine, spermidine, and spermine, respectively, in the
pipette solution. The results in Figure 5 compare the
effects of four polyamines and butylamine on I, at
—160 mV. All these polyamines inhibited I, except
butylamine. In addition to butylamine, several re-
lated compounds such as Orn and y-aminobutyric
acid that did not affect stomatal aperture, had no
effect on Iy;, in guard cells (data not shown).

Spermidine Does Not Affect the Single-Channel
Current of I,

To further investigate the mechanism of polyamine
inhibition of Iy;, in guard cells, we performed single-
channel analyses of Iy, in both inside-out and
outside-out configurations. One major type of single-
channel current for Iy;, was identified in both inside-
out and outside-out patches excised from the plasma
membrane of guard cells as described before (Liu and
Luan, 1998). This current was present in 65 of 70
membrane patches excised from different cells. In
both configurations, the single-channel current was
activated at —80 mV and more negative membrane
potentials. The channel conductance was 13.12 * 0.54
pS (n = 6) in inside-out patches and 16.84 + 1.73 pS
(n = 20) in outside-out patches under the given
conditions.

To test whether polyamines modulate Iy;, by a
membrane-delimited mechanism, we perfused the
membrane patches with 1 mm spermidine in bath
solution. Under the outside-out configuration, bath
perfusion applied spermidine to the extracellular
face of the plasma membrane and had no effect on
the single-channel current, consistent with the study

Plant Physiol. Vol. 124, 2000
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Figure 6. Effect of spermidine on single-channel
current of I, in guard cells. The inside-out
patch was obtained from V. faba guard cell
protoplasts, and single-channel current of I,

was recorded in the control bath solution for
30 s. Then the bath chamber was perfused with
the solution containing T mm spermidine. The

single-channel recording was performed again

for 30 s after perfusion for 5 min. The current
traces from a representative patch are shown in

A before (control) and after perfusion of 1 mm
spermidine. During the recording, the mem-

brane potential was held at —100 mV. The dot-
ted lines indicate the closing state and different
opening levels. In this patch, there are at least 4
channels opening to hyperpolarized membrane
potential. The analysis of P, for this patch is
shown in B. Six patches have been studied upon
spermidine application. The average single-

c channel conductance is 13.83 * 0.43 pS, which
is not significantly different from the control
(13.12 = 0.54 pS, P> 0.05).
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under the whole-cell configuration (Fig. 3). Under the
inside-out configuration, bath perfusion supplied
spermidine to the intracellular face of the plasma
membrane. The single-channel activity of the inside-
out patch was also unaffected by spermidine (Fig.
6A). Figure 6B summarizes the analysis of opening
probability (P,) for a representative patch. The data
from six patches in inside-out configuration showed
no significant difference in the P, values between
spermidine and control groups (data not shown).
This finding suggests that cytoplasmic components
play a role in polyamine regulation of Iy;,,.

Polyamine Regulation of KAT1 Channel in a
Plant Cell Model

To provide further molecular basis for polyamine
regulation of Iy, in higher plants, it is important to
identify the channel molecules that are regulated by
polyamines. Several Iy;, have been cloned and char-
acterized from higher plants (Anderson et al., 1992;
Sentenac et al., 1992; Cao et al., 1995; Mueller-Roeber
et al,, 1995). One of these channel genes, KATI, is
preferentially expressed in guard cells (Nakamura et
al., 1995), suggesting that KAT1 channel activity may
constitute, at least part of, inward K" current de-
tected in a guard cell. We decided to examine

Plant Physiol. Vol. 124, 2000
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whether the KAT1 channel, like I;, in guard cells, is
regulated by spermidine.

In a recent study (Bei and Luan, 1998), we found
that tobacco mesophyll cells did not produce endog-
enous inward K+ current. Ectopic expression of
KAT1 in these cells generated a large inwardly rec-
tifying current with similar properties as compared
with Iy;, in guard cells. This has established a model
system for further study of KAT1 regulation in plant
cells. Using this model, we tested whether spermi-
dine regulates KAT1 channel in mesophyll cells. As
shown in Figure 7A, control cells do not produce
inward K" currents. A KAT1-expressing cell gener-
ated large inward current (Fig. 7B). In the presence of
1 mm spermidine in the pipette solution, the magni-
tude of KAT1 current declined to 62% of the control
(Fig. 7C). The curves (I-V) in Figure 7E summarized
the current magnitudes in control and KAT1-
expressing cells in the presence or absence of
spermidine.

Consistent with the regulation pattern in guard
cells, spermidine applied to the bath solution did not
have any significant effect on KAT1 current. In addi-
tion, single-channel current of KAT1 channel in an
excised membrane patch was not affected by poly-
amines (data not shown). Together with previous
analyses of KAT1 channel expressed in plant cells
(Bei and Luan, 1998), these findings support the hy-
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Figure 7. Effect of spermidine on KAT1 channel activity in a plant cell
model. Whole-cell patch-clamp recording was performed on the to-
bacco mesophyll cells over-expressed with KAT1 gene (for details, see
“Materials and Methods”). I;,, was recorded in the cells from vector-
only transformed plant (A), KAT1-expressing plant (B), and KAT1-
expressing plant with T mm spermidine in the pipette solution during
the recording (C). The current shown here was elicited at the mem-
brane potential from —40 to —180 mV, whereas the holding potential
was kept at =50 mV (D). E, |-V curve summarizing the currents from
the control cells (O), KAT1-expressing cells (@), and KAT1-expressing
cells with T mm spermidine (CJ). The data presented as mean = st were
collected from more than 10 individual cells in each group. The
currents were normalized to pA per pF membrane capacitance.

pothesis that KAT1-like channel activity is part of the
inward K" current in guard cells. Identification of
KAT1 channel as a target for polyamines provides a
model for dissecting further the molecular basis of
polyamine action in higher plants.
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Free Polyamine Levels and Their Responses to
Drought in V. faba Leaves

Polyamines inhibit Iy, and KAT1 currents, consis-
tent with their effects on stomatal movement. How-
ever, the effective concentrations of polyamines (mil-
limolar range) in this study are much higher than
those of typical plant hormones (micromolar range).
Although many studies have shown that free poly-
amine levels in plants accumulate to millimolar lev-
els in response to environmental stresses (Galston
and Kaur-Sawhney, 1995), no evidence has been pro-
vided that the same is true in 4-week-old V. faba
leaves that we used as plant materials for the stoma-
tal assays and patch-clamp studies.

To determine whether millimolar levels of poly-
amines are in the physiological range, we measured
free polyamine levels in V. faba leaves and their re-
sponse to drought conditions. As shown in Figure
8A, four natural polyamines including putrescine,
cadaverine, spermidine, and spermine were detected
in the plant extract, whereas hexanediamine was
used as an internal standard. The concentrations of
polyamines were calculated and illustrated in Figure
8B. Of four assayed analogs, spermidine is present at
the highest level. The concentration is 0.5 * 0.12
pmol per gram fresh weight, which can be approxi-
mately converted to 0.5 * 0.12 mmMm, assuming that
polyamines distributed evenly in plant cells. Drought
treatment doubled spermidine concentration to
1.03 = 0.31 umol/g (mm), and also increased the
levels of putrescine and cadaverine but not spermine.
These results are consistent with findings in other
plant species and suggest that millimolar concentra-
tions of polyamines mimic the polyamine levels un-
der stress conditions such as drought.

DISCUSSION
Polyamines in Stress Responses

Environmental stresses often increase tissue levels
of plant hormones that in turn elicit further cellular
responses. A typical instance is abscisic acid (ABA)
response to water stress. Water stress increases ABA
level to hundreds of nanomole or less, which is suf-
ficient to close stomata (Davies et al., 1990). Poly-
amines also close stomata by inhibition of I;,,. How-
ever, the effective concentrations for polyamines in
all studies including patch-clamp analyses presented
here are much higher than those for conventional
plant hormones. This is a major concern regarding
whether polyamines should be considered as a group
of plant hormones (Evans and Malmberg, 1989).

It is conceivable that the high “threshold” of effec-
tive concentration for polyamines may simply reflect
their high background (or basal) levels under normal
conditions. If the basal levels are in the high micro-
molar range (Galston and Kaur-Sawhney, 1995), only
higher levels (millimolar) of polyamines would elicit

Plant Physiol. Vol. 124, 2000
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Figure 8. HPLC analysis of polyamines in V. faba leaves. The stan-
dard HPLC procedure was used to measure polyamine levels in the
extracts from 3- to 4-week-old V. faba leaves. Four analogs of natural
polyamines were assayed, and an unnatural polyamine, hexanedia-
mine, was added as an internal standard. The recording traces in A
show the peaks of polyamine standards (upper trace), extracts of
normal plant (middle trace), and extracts of drought-treated plant
(lower trace). The calculated polyamine concentrations from three
individual experiments were presented as mean = St in micromolars
per gram fresh weight and plotted in B. PUT, Putrescine; CAD,
cadaverine; HDA, hexanediamine; SPD, spermidine; SPM, spermine.
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an effect that is absent under normal conditions.
Indeed, in many different plants, basal polyamine
levels range from tens to hundreds of micromole, and
all stress conditions examined so far increase the
polyamine levels to submillimolar and millimolar
range (Galston and Kaur-Sawhney, 1995). Concern-
ing the physiological relevance of these high concen-
trations of polyamines on stomatal movement and
Ixin, we measured polyamine levels in the same plant
material, V. faba leaves. The basal level of total poly-
amines is as high as 0.5 mm. Spermidine constitutes a
major proportion of total polyamines, and drought
treatment increases spermidine level to 1.0 mm (Fig.
8B). These findings are consistent with the data in
stomatal aperture assay and patch-clamp. The high
basal level of polyamines suggests that polyamines
may not function as conventional plant hormones to
regulate plant response to stress. The fact that poly-
amines inhibit stomatal opening at the concentration
that can be induced under stress conditions support
the idea that polyamines serve as stress “messen-
gers” for plants to respond to the encountered
stresses.

Polyamines are cations. The electrostatic charges in
their molecules are associated with anions, which is
considered as part of polyamine functions (Schuber,
1989). Many metabolic products and precursors of
polyamines have electrostatic charges. Because poly-
amines are readily metabolized in the cell, the effect
observed in stomatal aperture assay might be a
consequence of polyamine metabolism during the
lengthy assay process (Evans and Malmberg, 1989).
To address the specificity of polyamine function, we
included polyamine precursors, oxidative products,
and chemical analogs (either charged or uncharged)
as negative controls in both stomatal aperture assays
and patch-clamp experiments. Our studies strongly
suggest the presence of a specific mechanism for
polyamine regulation of the Iy, in plant cells. Several
results support this conclusion: (a) Polyamines exert
their effect rapidly (2-5 min) on Iy;, with a dose-
dependent manner, suggesting a direct regulation by
polyamines but not by their metabolites; (b) Poly-
amines function specifically upon delivery into cy-
tosol, indicating an intracellular location of poly-
amine target(s); (c) Spermine has more positive
charges than spermidine but did not show stronger
effect, suggesting that the polyamine effect is not
simply a “charge effect”; (d) Spermidine does not
affect the single-channel activity of Iy, in either
inside-out or outside-out patch under bath perfusion,
suggesting that the K™ channel is not regulated in a
membrane-delimited manner. This finding excludes
the possibility that polyamines exert their non-
specific effect by binding to the membrane lipids
or proteins; and (e) A cloned K" channel molecule,
KAT1, was regulated by spermidine in a similar fash-
ion. Together, these results suggest that polyamines
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regulate Iy;, in guard cells through a specific intra-
cellular pathway.

Ion Channel Regulation as a Mechanism for Polyamine
Action in Organisms Ranging from Bacteria and
Plants to Animals

Both electrophysiological and molecular studies
demonstrate that polyamines modulate a number of
ion channels in animal systems (for reviews, see
Johnson, 1996). In higher plants, a recent study shows
that polyamines block the fast-activating vacuolar
cation channel. The channel activities are regulated at
both whole-cell and single-channel level, indicating a
direct blockage (Briiggemann et al., 1998). This is
consistent with the mechanism found in both animal
and bacterial cells where polyamines modulate ion
channels by direct binding to the channel protein or
membrane component (Delavega and Delcour, 1995;
Johnson, 1996). However, polyamine inhibition of
Ixin reported here appears to be mediated by a cyto-
plasmic pathway, which is different from the direct
blockage previously reported in other systems. This
non-membrane delimited mechanism has been shown
with both native K* channels in guard cells and KAT1
channel expressed in tobacco mesophyll cells.

As to the molecular mechanism for polyamine reg-
ulation of ion channels in plant cells, evidence has
been reported on specific polyamine-binding pro-
teins in cytoplasmic fractions from plant cells (Apel-
baum et al., 1988; Mehta et al., 1991). In addition,
polyamines have been shown to regulate a protein
kinase and a Tyr phosphatase activity in both animal
and plant cells (Keuhn et al., 1979; Datta et al., 1987;
Gupta et al., 1998). More work will be required to
delineate the molecular details involved in poly-
amine regulation of ion channels in guard cells and
other cell types. Toward this goal, we have estab-
lished a model system for further study of KAT1
regulation by polyamines. Future studies will allow
identification of KAT1 structural element that is re-
sponsible for polyamine regulation. However, iden-
tification of polyamine “receptor” molecules will
provide a more direct link between polyamines and
ion channels.

As an important player in stomatal regulation, the
Ixin is an indirect target of polyamine action. A num-
ber of studies have shown that Iy;,-inhibiting pro-
cesses or factors often inhibit stomatal opening (Ass-
mann, 1993). Such factors include ABA (Schwartz et
al., 1994), high Ca?* levels (Schroeder and Hagiwara,
1989; Gilroy et al., 1990), and polyamines (this study).
Both ABA and polyamines also induce stomatal clo-
sure. Whereas ABA has been shown to activate anion
channels and Iy, that elicit turgor loss in guard cells
leading to stomatal closure (MacRobbie, 1997; Pei et
al., 1997), polyamines did not affect the Iy, or anion
channel. There must be other polyamine targets in
addition to Iy;, in guard cells that account for induc-
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tion of stomatal closure. We speculate that poly-
amines may serve as “chemical messengers” for
plants to respond to various stress signals. Inhibition
of Iy, together with other unidentified polyamine-
induced cellular processes, modulates stomatal aper-
ture, which serves as one of the mechanisms for
protecting plants from further stress damage.

MATERIALS AND METHODS
Chemicals

Spermidine, spermine, cadaverine, putrescine, hex-
anediamine, and butylamine were purchased from Sigma
(St. Louis).

Plant Materials and Peel Assays

Vicia faba plants were grown in a plant growth chamber
with a 10-h light/14-h dark cycle. The light intensity was
set at 180 pumol m~* s '. The temperature during day and
night was 20°C and 18°C, respectively. Epidermal peels
were obtained from leaves of 4-week-old seedlings. For the
“stomatal opening” assay, leaves were picked in the early
morning before the light cycle started. Epidermal peels
were prepared under dim green light and then transferred
in the peel solution (50 mm KCl and 10 mm MES [2-(N-
morpholino)ethanesulfonic acid], pH 5.7) containing vari-
ous concentrations of polyamines. Because polyamines are
alkaline, the pH of all solutions was always readjusted to
the desired values with HCI after addition of polyamines.
After 2-h incubation under light (200 umol m ™2 s~ ), sto-
matal aperture was examined under the microscope
equipped with a CCD camera. The images of stomata in the
epidermal peels were captured and stored in the computer.
The maximum width of each stomatal pore was measured,
and data were collected from 100 stomata for each treat-
ment. For the “stomatal closure” assay, leaves were picked
4 h after the light cycle went on. The peeled strips were
prepared and incubated in control and polyamine-
containing solutions for 2 h under light before being exam-
ined under the microscope. A total of 100 stomata were
examined for each treatment unless otherwise stated. All
data in this study are presented as mean * s, and Stu-
dent’s t test was used to determine the significant differ-
ence between each two groups.

Protoplast Preparation and Patch-Clamp Procedures

Guard cell protoplasts were isolated using leaves from
3-week-old seedlings according to the procedure described
by Kruse et al. (1989). The whole-cell patch-clamp proce-
dure we used has been described previously (Liu and
Luan, 1998). Currents from isolated guard cell protoplasts
were recorded with an Axopatch 200B patch-clamp ampli-
fier (Axon Instruments, Foster City, CA) connected to a
Dell Optiplex GL+5100 computer system via DigiData-
1200 interface (Axon Instruments). Recording pipettes
were made from borosilicate glass capillaries (Kimax-51,
Kimble Glass, Vineland, NJ) by using a vertical
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two-stage pipette puller (PB-7, Narishige, Tokyo) and fire-
polished by a microforge (MF90, Narishige) before use. The
pipette solution contained 100 mm K-Glu, 2 mm EGTA, 2
mMm MgCl,, 2 mm MgATP, and 10 mm HEPES (4-[2-
hydroxyethyl]-1-piperazineethanesulfonic acid), pH 7.2.
The osmolality was adjusted to 500 mosmol with
D-sorbitol. Protoplasts were bathed in a solution consisting
of 10 mm K-Glu, 1 mm CaCl,, 4 mm MgCl,, and 10 mm
MES, pH 5.7. The bath solution osmolality was adjusted to
450 mosmol with p-sorbitol. Voltage-clamp steps and data
acquisitions were performed using pClamp 6.0 software
(Axon Instruments). Whole-cell currents were low-pass fil-
tered at 1 kHz during each measurement. Liquid junction
potentials were corrected in all the experiments according
to Neher (1992).

The same equipment assembly was used for single-
channel recording. To obtain a membrane patch in the
outside-out configuration, protoplasts were bathed in the
solution containing 100 K-Glu, 1 mm CaCl,, 4 mm MgCl,,
and 10 mm MES, pH 5.7. To obtain an inside-out patch,
protoplasts were bathed in a sealing solution containing
100 mMm K-Glu, 5 mm CaCl,, 4 mm MgCl,, and 10 mm MES
(pH 5.7). In both cases, osmolality was adjusted to 450
mosmol with p-sorbitol. After the inside-out configuration
was set up, the membrane patch was perfused with the
solution used as pipette solution in whole-cell experiments.
Recording pipettes were coated with Sylgard 184 (Dow
Corning, Midland, MI) under the microforge microscope.
Under the outside-out configuration, the pipette was filled
with the same pipette solution as for whole-cell recording.
For the inside-out patch, the pipette was filled with the
bath solution used for whole-cell recording. Data acquisi-
tion was conducted during the subsequent 30 s under
holding potentials of —80, —100, —120, —140, and —160
mV, respectively. Data were filtered at 1 kHz, digitized at
4 kHz, and stored on computer disc. The pClamp 6.0
software was used for analysis of single-channel currents.

Transgenic Tobacco Plants and KAT1 Channel Analyses

Procedures for generating transgenic plants and selec-
tion of transgenic lines for patch-clamp studies were pre-
viously described in detail by Bei and Luan (1998). The F,;
seeds of tobacco (Nicotiana tabacum cv SR-1) transformed by
vector (as control) or KAT1 transgene were surface steril-
ized and plated on Petri dishes containing Murashige and
Skoog medium solidified by 0.8% (v/v) agar. Three-week-
old seedlings were transferred to the soil and grown in a
growth chamber for an additional 5 weeks before use in
patch-clamp experiments. Conditions in the growth cham-
ber are set at 24°C/22°C (day/night) and 14-h light/10-h
dark cycle. Tobacco mesophyll cell protoplasts were iso-
lated as described previously (Li and Assmann, 1993; Bei
and Luan, 1998). Whole-cell patch-clamp recordings were
performed on isolated tobacco mesophyll protoplasts with
an Axopatch 200A patch-clamp amplifier connected to a
Gateway 2000 P4D computer system via DigiData-1200
interface (Axon Instruments). Recording pipettes were
made as described above. The pipette solution included
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100 mm K-Glu, 2 mm EGTA, 2 mm MgCl,, 2 mm Mg-ATP,
and 10 mm HEPES, pH 7.2. The osmolality was adjusted to
720 mosmol with p-mannitol. Protoplasts were bathed in a
solution consisting of 10 mm K-Glu, 2 mm CaCl,, 4 mm
MgCl,, and 10 mm MES, pH 5.7. The osmolality was ad-
justed to 630 mosmol with p-mannitol. Voltage-clamp steps
and data aquisitions were performed using pClamp 6.0
software. Whole-cell currents were low-pass filtered at 1
kHz during measurements. Liquid junction potentials were
corrected in all the experiments according to Neher (1992).

Measurement of Polyamine Levels by HPLC

For polyamine extraction and HPLC analysis, benzoyla-
tion method was performed as described previously
(Flores and Galston, 1982; Smith and Davies, 1987) with
some modifications. In brief, 1 g of fresh tissue was ho-
mogenized in 10 mL of cold 0.2 N per-chloride acid con-
taining 1 wmol of hexanediamine as an internal standard.
The samples are incubated on ice for 40 min, and then
centrifuged at 4°C for 20 min. Aliquots of 0.5 mL of super-
natant were added to 1 mL of 2 N NaOH with 10 uL of
benzoyl chloride. The mixtures were incubated at room
temperature for 20 min, and the reaction was terminated by
the addition of 2 mL of saturated NaCl. Benzoylamines
were extracted with 2 mL of diethyl ether. After centrifu-
gation, the ether layer was collected and dried under ni-
trogen gas. The residues were redissolved in 120 uL of
methanol. Standards were treated in a similar way with 1
wmol of putrescine, cadaverine, hexanediamine, spermi-
dine, and spermine in the reaction mixture. HPLC analysis
was performed with a programmable Kratos dual-pump
liquid chromatograph with a detector 773. The solvent
system consisted of methanol and water, run at 65% (v/v)
methanol at a flow rate of 0.7 mL/min. Five microliters of
benzoylated extracts was eluted at room temperature
through a 4.6 X 250 mm, 5-um particle size reverse-phase
(C,g) column (Varian, Walnut Creek, CA) and detected at
254 mm. The peak areas were recorded on a pen recorder
and calculated by a computer with NIH Image software
(National Institutes of Health, Bethesda, MD).
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