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Abstract—The role of CI™ transport across the plasma membrane was studied in an early step of pollen grain germination in
tobacco Nicotiana tabacum L. The CI~ channel blockers, 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) and niflu-
mic acid, completely suppress the germination with ICs, ~ 8 uM. At this concentration NPPB reduces the rate of Cl~ efflux
out of pollen grain by 1.8-fold in the interval 5-12 min, and niflumic acid reduces the rate 1.2-fold. 4,4'-
Diisothiocyanatostilbene-2,2’'-disulfonic acid, a known inhibitor of CI~ channels and antiporters, completely suppresses ger-
mination as well (/Cs, = 240 uM), but has no effect on the rate of ClI~ efflux. Inhibitors of chloride co-transporters, such as
furosemide, bumetanide, and bis(1,3-dibutylbarbituric acid)pentamethine oxonol, suppress the germination by less than
50%. This set of data suggests that NPPB-sensitive anion channels are involved in the activation of pollen grains in the early

stage of germination.

Key words: anion channel, anion co-transporter, NPPB, DIDS, furosemide, bumetanide, DiBAC,(5), pollen germination

Transport proteins such as anion channels,
antiporters, and symporters carrying chlorine ions across
a membrane play an important role in the biology of plant
cells. Anion channels are involved in the transformation
of signals induced by hormones, blue light, or interaction
with pathogenic or symbiotic organisms [1, 2]. These
channels control the level of transmembrane potential
and thus the activity of H"-ATPase in the cell membrane
and the transport of ions and metabolites through the
membrane [3, 4]. Anion channels are involved in the reg-
ulation of cell volume, osmoregulation [5-7], and regula-
tion of growth processes and of the main biosynthetic
pathways by blue light [8, 9]. The functions of antiporters
and symporters in plant cell are studied relatively poor.
Antiporters, along with the channels, are involved in the
regulation of intracellular pH [10, 11], and electroneutral
cation-chloride symporters control proliferation process-
es in plant cells [12] as in animal cells [13].

The pollen grain and pollen tube of angiosperm
plants represent a relatively well studied model object in
the elucidation of the role of plasma membrane transport

Abbreviations: NPPB) 5-nitro-2-(3-phenylpropylamino)ben-
zoic acid; DIDS) 4,4'-diisothiocyanatostilbene-2,2’-disulfonic
acid; DiBAC,(5)) bis(1,3-dibutylbarbituric acid)pentamethine
oxonol; DMSO) dimethyl sulfoxide; FDA) fluorescein diac-
etate.

* To whom correspondence should be addressed.

proteins in the regulation of growth processes. The pulse
character of pollen tube growth in tobacco plants is due in
part to the periodic activation of chloride ion channels
[14, 15]. The blockage of these channels induced an
increase in volume of the apical tube and its tearing. The
role of proteins transporting anions in activation of
growth processes at the initial step of pollen germination
is not studied. The activation of tobacco Nicotiana
tabacum L. pollen grain was shown recently to be accom-
panied in vitro by CI~ efflux from the grain, and the inhi-
bition of the CI~ efflux results in germination arrest [16].
The present work was aimed to reveal the transport pro-
teins in plasma membrane providing the CI~ efflux from
pollen grain during its germination. To solve this ques-
tion, germination was studied under the blockage of vari-
ous transport proteins (anion channels, antiporters, elec-
troneutral cation-chloride transporters). Several sub-
stances were used that are capable of inhibiting the activ-
ity of these proteins in animal and plant cells. The degree
of inhibition of CI~ efflux from pollen grains under the
action of inhibitors that retard germination was studied.

MATERIALS AND METHODS

The tobacco plants Nicotiana tabacum L. Petit
Havana SR1 were grown from seeds in a climate chamber
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(25°C, 16-h day) in soil, provided with daily rinsing with
mineral salt solution [17]. The pollen was accumulated
from completely opened flowers and wetted in a wet
chamber during 1 h at 26°C. Thereafter pollen grains were
cultivated in liquid nutritive medium [18], which consist-
ed of 0.3 M sucrose, 1.6 mM H;BO;, 3 mM Ca(NO,),,
0.8 mM MgSO,, and 1 mM KNO; in 25 mM Mes-Tris
buffer, pH 5.9. The medium was prepared with bidistilled
water using chemically pure reagents.

The following inhibitors of chloride ion transport
were used: 5-nitro-2-(3-phenylpropylamino)benzoic
acid (NPPB) (Sigma, USA), niflumic acid, 4,4'-diiso-
thiocyanatostilbene-2,2'-disulfonic acid (DIDS), fu-
rosemide, and bumetanide (ICN, USA), bis(1,3-dibutyl-
barbituric acid)pentamethine oxonol (DiBAC,(5))
(Molecular Probes, The Netherlands). All the inhibitors
were diluted in dimethyl sulfoxide (DMSO) (Fluka,
Switzerland) to the following concentrations: 40 mM
NPPB; 200 mM niflumic acid, DIDS, bumetanide, and
furosemide; 20 mM oxonol. Working solutions were pre-
pared from these stock solutions using the medium for
germination. The final concentration of DMSO did not
exceed 0.5%. Control experiments showed that DMSO
does not influence the pollen grain germination at this
concentration.

The tubes with pollen grain suspension were incubat-
ed in a thermostat at 26°C for 50 min in the experiments
on the effect of inhibitors on germination. Then the
pollen were harvested by centrifugation for 30 sec at 400g
and fixed by 4% paraformaldehyde at 6°C in 50 mM
phosphate buffer, pH 7.4.

The fixed material was used for the count of the por-
tion of germinated pollen using a light microscope. The
pollen grains with pollen tubes no shorter than the diame-
ter of the grain were taken as germinated. No less than 500
pollen grains were counted in each sample. The depen-
dences of germination on the concentration of inhibitor
are derived from averaging of 4-7 individual curves.

The total amount of CI~ emerged from all pollen
grains (viable and dead) into the medium during the incu-
bation for 2-12 min with or without inhibitors was meas-
ured first in the experiments on the effect of the inhibitors
on CI™ efflux. The number of dead pollen grains was
determined simultaneously to introduce a correction in
the data obtained for the amount of CI~ emerged from the
cells due to their death.

The suspensions of wet pollen were incubated at
26°C, then the pollen grains were harvested by centrifuga-
tion for 30 sec at 400g, and the supernatant was used for
Cl~ determination. The samples for count of dead pollen
grains were prepared by the same way, but the cell suspen-
sion was incubated with a dye for 5 min (see below). The
samples for determination of CI~ amount emerged from
dead cells were prepared by homogenizing the suspension
of pollen grains for 12 min at 31,800 rpm using the DIAX
900 6G homogenizer (Heidolph, Germany). The data of

MATVEYEVA et al.

light microscopy confirmed the entire destruction of
pollen grains under these conditions. Fragments of
decomposed cells were harvested by centrifugation for
10 min at 11,000g, and the concentration of CI~ was
determined in the supernatant.

The determination was conducted by potentiometric
analysis with a Cl -selective flow electrode ELIT 261
(Nico, Russia) and pH-meter ELIT 3305 (Jenway, UK).
Calibration was performed using KCI solutions in the ger-
mination medium. The sample volume was ~120 ul. Each
experiment was repeated with 7-11 biological samples,
and each of them was analyzed twice.

The portion of dead pollen grains was determined by
a conventional method [19] using fluorescein diacetate
(FDA) at the final concentration of 20 uM. Following the
incubation with the dye, pollen grains were precipitated
and photographed in two modes: the first revealing the
fluorescence of stained pollen grains and the second
revealing (in the same field) all pollen grains, both viable
and dead. We used a Leitz-Orthoplan microscope (Leitz,
Germany) equipped with the PLOEMOPAK device (10x
objective lens) and a Camedia C3030 Z digital camera
(Olympus, Japan). Fluorescence was exited by a xenon
lamp, the excitation light being passed through a unit 13
input filter (Leitz, Germany). The ratio between viable
and dead pollen grains was calculated using the software
package Olympus DP-soft (Soft Imaging System GmbH,
Germany). About 300 pollen grains were counted in each
sample. Six or seven biological repeats were in each vari-
ant.

We found from our experiments that 83 = 3.4 nmol
of CI™ abandon each milligram of dying pollen grains.
The portion of dead pollen grains was 5.6 £ 0.1% in con-
trol, 6.3 &+ 0.1% in the presence of NPPB, 11.8 + 0.1% in
the presence of niflumic acid, and 13.7 £ 0.3% in the
presence of DIDS. These data allow the calculation of
CI1~ efflux from pollen grains for each sample in nmol per
1 mg wet viable pollen grains.

Data were processed using conventional statistical
methods. The significance of differences was evaluated
from the Student’s 7-test; mean = SD values are given.

RESULTS

The first step of the study was to answer the question
what Cl™-transporting proteins are involved in pollen ger-
mination. With this aim the effect of transport protein
inhibitors on pollen germination was studied in vitro. The
inhibitors were taken at the concentrations routinely used
in studies on animal and plant cells: 1-100 uM NPPB or
niflumic acid [3, 8, 9, 20, 21]; 1-800 uM DIDS [11, 22];
100-1000 uM furosemide or bumetanide [12, 21]; and
0.5-10 uM oxonol DiBAC,(5) [23, 24].

NPPB, niflumic acid, and DIDS almost completely
inhibited the germination (Fig. 1a). The concentration
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Fig. 1. Inhibitory effect of NPPB (/), niflumic acid (2), DIDS (3) (a), furosemide (4), bumetanide (5), and DiBAC,(5) (6) (b), the
inhibitors of CI~ transport across the plasma membrane, on tobacco pollen germination in vitro.

curves for NPPB and niflumic acid are virtually identical.
Total inhibition was achieved at 20 uM NPPB or 50 uM
niflumic acid, and the ICs, value was 8§ uM for both
inhibitors. The effect of DIDS on the germination
became visible only at concentrations exceeding 80 uM,
and ICs;, was ~240 uM for this inhibitor.

Furosemide and bumetanide inhibited the pollen
grain germination by no more than 40% (Fig. 1b). So,
these inhibitors were excluded from consideration along
with oxonol, whose inhibitory effect did not exceed 16 +
0.6% at concentration of 10 uM (Fig. 1b).

Since NPPB, niflumic acid, and DIDS are anion
channel inhibitors, one can assume their involvement in
pollen germination. Therefore, in the second step we
studied the release of Cl~ from pollen grains into the
incubation medium, as well as the effect of the mentioned
inhibitors on the rate of this process.

The data demonstrating the kinetics of Cl~ release
from pollen grains and the effect of 50 uM NPPB (one of
the substances completely inhibiting the pollen germina-
tion) on this process are given in the Fig. 2. An intense
and NPPB-independent efflux of Cl~ occurred predomi-
nantly from massive envelopes of pollen grains during the
first 2 min of incubation. Within 5-12 min the efflux of
CI™ linearly depended on time and significantly decreased
in the presence of NPPB. It is the interval that was cho-
sen for the measurements of CI~ efflux rate in further
experiments.

The rate of Cl™ efflux was more than three times
lower in the presence of 50 uM NPPB and 1.4 times lower
in the presence of 50 uM niflumic acid (Table 1).
Although DIDS (800 uM) also inhibited germination, no
significant difference from the control was observed with
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DIDS (Table 1), thus this inhibitor was excluded from
further consideration.

To compare the effect of inhibitors on the germina-
tion and CI™ efflux, the rate of CI~ efflux from pollen
grains was studied at various concentrations of NPPB and
niflumic acid (Fig. 3). The change in the CI~ efflux rate
depending on the inhibitor concentration for each
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Fig. 2. Efflux of CI~ from tobacco pollen grains (nmol per I mg
wet viable pollen) at the initial germination stage in vitro in the
absence (/) or presence (2) of 50 uM NPPB.
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Table 1. Effects of NPPB, niflumic acid, and DIDS on
the rate of CI™ efflux from tobacco pollen grains in vitro
in the time range of 5-12 min

o Rate of CI” efflux,
Inhibitor nmol/min per mg
pollen
Control (without inhibitors) 0.84 + 0.03
NPPB (50 uM) 0.23 £0.07**
Niflumic acid (50 uM) 0.60 £ 0.09*
DIDS (800 uM) 0.70 £ 0.09
*p<0.05.
**p <0.01.

inhibitor (Fig. 3) correlated with the change in germina-
tion (Fig. 1a); in both cases » = 0.99. Taken at the con-
centration of 8§ pM corresponding to ICs, for the germi-
nation (Fig. 1a), NPPB caused 1.8-fold decrease in CI~
efflux rate in comparison with the control (p < 0.01),
whereas the niflumic acid caused only 1.2-fold decrease
(p < 0.05) (Fig. 3). Thus the effective concentrations of
NPPB causing half-inhibition of germination and the
transport of CI™ are virtually equal.

In general, the data presented here suggest that Cl™
transport proteins sensitive to NPPB are present in plas-
ma membrane of vegetative pollen grain cells, and the
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Fig. 3. Effect of NPPB (/) and niflumic acid (2) on the rate of

CI™ efflux from tobacco pollen grains (nmol/min per mg
pollen) during incubation in vitro in the range of 5-12 min.
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inhibition of the functioning of these proteins completely
blocks the germination process.

DISCUSSION

Each CI~ transport inhibitor used in our study
inhibits specifically a distinct transport mechanism (Table
2). NPPB, niflumic acid, and DIDS are the blockers of
anion channels. Niflumic acid and DIDS inhibit func-
tions of anion antiporter. The oxonol dye DiBAC,(5),
being a tool for measurement of membrane potential [27],
is the most potent from known inhibitors of CI~ anion
antiporter in animal cells (a protein of band 3) and also is
a blocker of Cl™-channels activated by the enlargement of
cell volume. Furosemide and bumetanide are the blockers
of electroneutral cation-chloride symporters: the first of
them preferentially inhibits the K*-dependent symport of
CI, the second one Na*,K*-dependent symport of CI.

The data suggest an interrelation between Cl~ trans-
port and pollen germination. The anion channels of plas-
ma membrane, which possess a high affinity to NPPB,
are apparently functionally important. In fact, the effect
of low NPPB concentrations on these channels com-
pletely prevented the germination (Fig. 1a) and inhibited
the CI™ efflux from pollen grains (Figs. 2 and 3, Table 1).
Since the concentration of NPPB causing the 50% inhi-
bition of germination (8 uM; Fig. 1a) reduces about twice
the rate of Cl~ efflux (Fig. 3), one can conclude that the
effect of this inhibitor on CI~ channels of plasma mem-
brane in vegetative pollen grains is specific.

The ability of niflumic acid and DIDS to complete-
ly inhibit the germination (Fig. 1a) along with relatively
weak influence on the rate of CI™ efflux (niflumic acid)
(Table 1, Fig. 3) or even in absence of such influence
(DIDS) (Table 1) can be explained from the effect of
these inhibitors on the intracellular anion-transporting
proteins. Niflumic acid-sensitive channels of tonoplast
were found in cells of higher plants [2]. In yeasts, DIDS
inhibits the transfer of ATP across the endoplasmic retic-
ulum membrane [31]. In trypanosomes, DIDS (50-
200 uM) expresses uncoupling activity, eliminating the
mitochondrial membrane potential [32].

Activation of electrically neutral cation-chloride
symporters appears to be less significant for pollen germi-
nation because the inhibition of these transport proteins
by furosemide or bumetanide decreased the germination
by less than 50% (Fig. 1b). Since this effect of the
inhibitors on the germination was only achieved at very
high concentration (1 mM), it is likely nonspecific.
Effects of antiporters and oxonol-sensitive channels are
still less significant (Fig. 1b).

Thus, the anion channels of the plasma membrane of
vegetative pollen grain cells contribute appreciably to the
transport of Cl™ at the initial germination step. These
channels differ from those of the apex of growing tobacco
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Table 2. Characteristics of inhibitors of CI™ transport used in this work and their effect of pollen germination

Blockage of pollen

Inhibitor Mechanism of transport grain germination References
NPPB anion channels + [3, 7-9, 15, 21, 22, 25]
Niflumic acid anion channels, anion antiporter + [20, 21, 25, 26]
DIDS anion channels, anion antiporter + [11, 15, 22]

Oxonol DiBAC,(5)

Furosemide

Bumetanide

enlargement of cell volume

cation-chloride symporter K*-CI~

anion antiporter, anion channels activated by the -

cation-chloride symporter Na™-K*-2CI~

[23, 24, 27, 28]

- [12, 21, 29, 30]
- [12, 29, 30]

pollen tube in sensitivity to Cl™-channel inhibitors [15].
Actually, a complete termination of both tube growth and
release of CI~ from the apex by DIDS was achieved at
80 uM [15], a concentration one order lower than that
necessary to arrest the pollen grain germination (800 uM;
Fig. 1a); however, both the processes are equally sensitive
to NPPB. This fact suggests that distinct CI"-channels are
involved in the activation of pollen grain germination and
in the control of pollen tube growth.
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