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Treatment of Pisum sativurn tissue with the protein kinase inhibitor staurosphorine resulted
in impairment of *H-indoleacetic acid transport in etiolated stem segments. The transport inhibi-
tion was accompanied by an increase in net uptake of labeled auxin in the tissue. The magnitude
of auxin accumulation in tissue treated with the phytotropin N-1-naphthylphthalamic acid (NPA)
which specifically blocks the efflux of auxin in the plasma membrane was reduced by the protein
kinase inhibitor, suggesting that inhibition of protein phosphorylation could lead to hindrance
of the auxin-exporting function of NPA receptors. The flavonoid genistein which is also known
to inibit protein kinase likewise reduced NPA-induced auxin accumulation. However, the flavo-
noid did not bring about auxin accumulation by itself, nor did it inhibit auxin transport. In
view of the finding that the flavonoid also competes with NPA for a common binding site,
a mechanism for the flavonoid effect on the NPA action will be proposed.
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Auxin transport can be altercd by a variety of en-
dogenous and environmental factors giving rise to
physiological manifestations such as tropism. epina-
sty and breaking of apical dominance (Burg and
Kang, 1993). Two distinct carnier-mediated transport
of auxin molecules across the plasma membrane.
namely uptake of auxin into and its efflux out of
the cell, accounts for the cellular basis of the conti-
nuity of transport stream (Sussman and Goldsmith,
1981: Hertel, 1983; Hertel er al., 1983;). The latter rep-
resents the rate-limiting element of the auxin trans-
port systcm.

N-1-naphthylphthalamic acid (NPA) which is a
potent and specific inhibitor of auxin transport bi-
nds with a high affinity to the putative auxin efflux
carrier (Katekar, 1985; Katekar er al., 1987). NPA and
related compounds were originally coined phytotro-
pins by Katckar and Geissler (1980). Kinetics of ph-
ytotropin binding to membrane vesicles in vitro is
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thoroughly characterized and its kinetic parameters
well established (Katekar and Geissler. 1977: Jacobs
and Hertel, 1978; Trillmich and Michalke, 1979; Mi-
chalke er al., 1992). Decreascs in the affinity of the
NPA receptor to its ligand by means of treating me-
mbrane vesicles with the lipophilic agent diethyl
ether were suggested to be causally rclated to the
ether effect to enhance polar auxin transport in tis-
sue segments /n vivo (Kang. 1987). Decay in the au-
xin transport capacity in tissue segments following
excision (Yoon and Kang, 1992) and by ethylene
pretreatment (Kang, 1987; Suttle, 1988) was attributa-
ble to a gradual decrease in the number of NPA
binding sites.

In a previous report (Nam and Kang. 1993). we
established in pea seedlings that modulation of the
NPA receptor as disclosed by increased affinity of
the receptor to the phytotropins NPA and 2-(1-pyre-
noyl) benzoic acid (PBA), respectively, was brought
about by inhibition of protein phosphatase activity
with NaF and/or ATP. The receptor modulation was
thought to lead to an enhancement of polar auxin
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traisport in the stem segments. We tested in the pre-
sent work 1s inhibition of protein kinase activity
would eive rise to reversed effects, and the results
obtained from this work are presented.

MATERIALS AND METHODS

Plant material

Subapical third internodal tissue of cticlatea seed-
lings of Pisum sativum L. grown in complete dark
for 9 days were used for poth in vive auxin transport
end in viro NPA binding.

Chenicais

WPA was generously provided by Drs. Wolfgany
Micha'ke and Rainer Hertel, both of University of
Frciburg. Germany. Radio-labelled (2.3.5-'H)-NPA
(55 Ci/mmol) was purchased from American Radio-
labcled Chemicals. Staurosporine and genistein were
Sigma products. and all other chemicals were rea-
geat grade coming {rom various commercial sources.

1solation of microsomal membranes

All operations were carried out 9 to 4C throu-
ghout. Three to four grams of intermodal tissue were
chopped with a razor blade in a plastic container
on ice and ground gently with a motar and pestle
with four weight equivalents of extraction medium,
which consisted of 25 mM N-2'- hydroxyethyl-pipe-
razine-2-cthanolsulfonic acid (HEPES), 3 mM ethy-
lenediaminetetraacetic acid (EDTA), 250 mM sorbi-
tol, 25 mM 1.3-bis-tris(hydroxymethyl)-mcthylami-
nopropane (BisTrisPropanc, or BTP), and 1 mM
KCI at pH 7.8. Immediately before use, 0.1% bovine
serum albumin (BSA), 1 mM dithiothreitol (DTT),
and | mM phenylmethylsulfonylfluoride (PMSF)
were added to the extraction medium The crude
homogenates were squeezed through a nylon cloth
to remove cell wall and unbroken cells. The filtrate
was centrifuged at a low speed (6000 mpm) for 20
min lo remove nuclei and most of the mitochondria.
The supernatant was centrifuged at 38,000 rpm for
20 min with an ultracentrifuge. The resulting micro-
somal pellets were washed twice with he extraction
medium before resuspending with test medium (10
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mv Na citrate-citric acid, 5 mM MgCl, 250 mM
sorbitol, at pH 5.5) for binding assay.

NPA binding

Microsomal membrane vesicles rcsuspended in
test medium to which 0.98 nM "H-NPA and varying
concentrations of cold ligauds (either NPA or genis-
tein) added were equilibrated with or =vithout test
substances at 0C for 30 min. The binding mixture
had a volume of 500 uL. The tubes were centrifuged
at 15000 rpm for 15 min at 4C. The supernatants
were decanted and pooled together, and radioactivity
of both the supernatant (free ‘H-NPA) and the pel-
lets (bound ‘H-NPA) was determined after extrac-
tion of radioactivity from the pellets with MeOH
for 2) min.

‘H-IAA transport

Auxin transport through internodal segments was
tested using agar blocks, 3 mm X3 mm>X1 mm (1.5%
bulfered with 50 mM Na phosphate at pH 5.0). con-
taming 18.2 nM *H-IAA as a donor and plain buffe-
red agar blocks as a receiver. Ten individual segme-
nts. 6 mm in length, were vertically placed, the basal
cnd Jdowr, between donor and receiver blocks. Test
substances were applied in the receiver block atta-
ched to the basal end of the segment. At the end
or a transport period of 4 h, radioactivity in the re-
ceiver blocks as well as rhat remaining in the tissue
were counted. Each experiment was repeated at least
three times with consistent results. Data from a rep-
resentative experiment are presented as cpm values
fer 5 segments in duplicate.

RESULTS AND DISCUSSION
Effect of staurosporine

In view of our previous findings that auxin trans-
port is promoted by agents inhibiting protein depho-
sphorylation (Nam and Kang, 1995), it might be pre-
dicted to produce a reversed effect, namely inhibition
of auxin transport, with protein kinase inhibitors.
Staurosporine is a microbial alkaloid which is
known to irhibit Ca-*/phospholipid dependent pro-
tein kinase (protein kinase C) which catalyzes phos-
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Fig. 1. Concentration dependency of staurosporine on “H-
IAA transport in third intemode segmenits. Radioactivity
transported through 6 mm segments for 4 h is expressed
as c¢pm values.

Table 1. Effcct of staurosporine (STA) on net uptake of
‘H-IAA in epicotyl slices (1.5 mm) in the absence or prese-
nce of NPA (I uM). Eight slices were incubated in 300
uL medium containing labelled auxin with or without test
substenees for 30 min

cpm _in tissuc  NPA-induced Percent of

STA (uM) _NPA +NPA uptake (cpm) NPA effect
0 4561 7452 2891 634
5 5712 7641 1929 338
10 5342 7061 1719 322

phorylation of proteins on serine/threonine residues
(Tamaoki er al., 1986; Tamaoki, 1991). Data illustra-
ted in Fig. 1 indicale that staurosporine applied in
receiver agar blocks attached to the basal cut end
of stem segments inhibited polar transport of label-
led auxin. The inhibitory effect clearly appears dose-
dependent.

Slices (1.5 mm thick) of the epicotyl tissue comp-
rise only several cell layers and provide an excellent
system for studies on cellular net uptake and efflux
of labelled auxin i vivo. Treatment of these thin
slices with NPA results in an increase in net uptake
of labelled auxin from the bathing medium by spe-
cifically blocking auxin efflux with auxin entry unaf-
fected (Yoon and Kang, 1992). Results from experi-
ments employing thin slices presented in Table 1
indicate that staurosporine also increased net uptake
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Table 2. Effect of STA g *H-IAA transport in internode
segments in the absgace and presence of NPA. Data are
prese led in radioactivity (cpm) transported through 6 mm
segments for 4 h and <ollected in receiver blocks, and that
remaining in the tssue

Treatment cpm
STA M) NPA (M) Receiver / Tissue
0 0 3256 12734
0 10 203 15386
5 0 1785 15311
5 10 367 18776

of labelled auxin suggesting that the auxin efflux
is specifically blocked by the protein kinase inhibi-
tor. The data also indicate that in the presence of
NPA where auxin efflux is fully inhibiled, stauros-
porine exerted no [(urther effect on the net uptake
of auxin. Consequently the magnitude of the NPA
effect was significantly reduced by staurosporine
treatment.

Polar auxin transport through 6 mm epicotyl seg-
ments was likewise strongly inhibited by NPA and
partially inhibited by staurosporine (Table 2). Also
the preseice of NPA nullified the influence of stau-
rosporine on auxin transport. However, radioactivity
remaining in the tissue whose cells total 4 times
more than thosc n the 1.5 mm slice was further
increased by staurosporine in the presence of NPA
as well. The discrepancy cannot be accounted for
at present, bul it appears apparcnt from the results
of these experiments that inhibition of protein phos-
phrylation could lead to impairment of auxin trans-
port possibly through modulation of auxin efflux
carriers.

Agents known to inhibit protcin phosphatascs,
namely NaF (Pest and Villa-Moruzzi, 1990) and/or
ATP (MacKintosh er al., 1991), promote polar auxin
transport in the pea epicotyl, and this has been sug-
gested to be attnbutable to covalent modification of
the auxin efflus carrier through inhibition of protein
dephosphorylation (Nam and Kang, 1993). Incuba-
tion of membranes with NaF and/or ATP in the
presence of Triton X-100 results in inc¢reased affinity
to both NPA and 2-(1-pyrenpyl)benzoic acid (PBA).
However, treatment of membrane vesicles with stau-
rosporine under the same conditions as described
by Nam and Kang (1995) produced no appreciable
effect on NPA binding in the present work (data
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Table 3. Effect of genistein on "H-1AA transport in inter-
node segments. Data are presented in radioactivity (cpm)
transported through 6 mm segments for 4 h and collected

in receiver blocks, and that remaining in the tissue.

Genistein (uM) Receiver Tissuc
0 4359 11712
1 4603 12307
5 3989 11249
10 4048 14141
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Fig, 2. Effect of genistein on net uptake of *H-TAA in
the absence (closed circles) or prescnce (open circles) of
5 uM NPA. Epicotyl slices (1.5 mm) werc incubated in
a medium containing *H-IAA with various concentrations
of genestein in the absence or presence of 5 uM NPA,

not shown) for reasons unknown at present.
Effect of genistein

Genistein, a flavonoid naturally occuring in pla-
nts, is known to inhibit tyrosine-specific protein ki-
nase (Akiyama and Ogawara, 1991). We tested the
inhibitor for possible action on auxin transport. The
data presented in Table 3 indicate that genistein had
no appreciable eflect on polar auxin transport in
the pea system. Experimental results for net cellular
uptake of auxin using the 1.5 mm slices, however,
revealed an interesting point to be noticed as shown
in Fig. 2. The flavonoid by itself had no significant
effect on the net uptake ol auxin, but it clearly supp-
ressed NPA-induced accumulation ol labelled auxin
in the tissue. The finding suggests that genistein mi-
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Fig. 3. Displacement of bound NPA by cold ligands (NPA
and genistein). To the binding mixturc containing 098 nM
"H-NPA, various concentrations of cold ligands were ad-
ded, and after a 30 min equilibrium period, the twbes were
centrifuged at 15,000 rpm for 15 min and data were prese-
nted as radioactivity bound in the pellets.

ght somehow interact with NPA for binding to the
receplor.

A group of naturally occuring flavonoids inclu-
ding genestein can compete with NPA for binding
to 1ts receptor, and thesc compounds were suggested
to act as endogenous ligands for the NPA receptor
and to play a role as natural auxin transport regula-
tors (Jacobs and Rubery, 1988; Rubery and Jacobs,
1990). Fig. 3 illustrates satration kinetics of NPA
binding with a K;, of 2X107%* M for NPA. Genistein
at a high concentration (10 uM) slightly but consis-
tently displaced labelled NPA bound in the pellet.
Genistein at this concentration increased the Ky, va-
lue for NPA (ie. decreased the affinity) as shown
on a Scatchard plot in Fig. 4. There is a close corre-
lation between biological activity disclosed as per-
cent stimulation of net uptake ol auxin and inhibi-
tion of NPA binding among the phenolic compou-
nds tested, but genistein is the only compound stray-
ing considerably from the line of correlation (see
Fig. 3 in Jacobs and Rubery, 1988). The data indicate
that for its inhibitory activity on NPA binding, geni-
stein has a negligible activity to stimulate net uptake
of auxin. This could be interpreted as binding of
genistein to the NPA receptor with a low allinity
without having biological consequences on auxin
transport. Our results are in excellent agreement with
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Fig. 4. (a) Displacement ol bound NPA by cold NPA at
various contrations in the absence or presence of 10 pM
genistein. (b) Scalchard plots of data presented in (a).

this notion.

The NPA receptor has been implicated as being
linked to auxin action on cell elongation (Hertel,
1983), and this was supported by experimental data
(Kang er al., 1992). The receptor was recently identi-
fied as a 23-kDa protein from maize coleoptile pla-
sma membrane (Zettle et al., 1992).
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