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Auxin-induced growth of coleoptiles depends on the presence of
potassium and is suppressed by K* channel blockers. To evaluate
the role of K* channels in auxin-mediated growth, we isolated and
functionally expressed ZMK1 and ZMK2 (Zea mays K* channel 1
and 2), two potassium channels from maize coleoptiles. In growth
experiments, the time course of auxin-induced expression of ZMK1
coincided with the kinetics of coleoptile elongation. Upon gravis-
timulation of maize seedlings, ZMK1 expression followed the
gravitropic-induced auxin redistribution. K+ channel expression
increased even before a bending of the coleoptile was observed.
The transcript level of ZMK2, expressed in vascular tissue, was not
affected by auxin. In patch-clamp studies on coleoptile protoplasts,
auxin increased K* channel density while leaving channel proper-
ties unaffected. Thus, we conclude that coleoptile growth depends
on the transcriptional up-regulation of ZMK?1, an inwardly rectify-
ing K* channel expressed in the nonvascular tissue of this organ.

o separate auxin-dependent processes related to cell division

from those of cell elongation, coleoptiles represent a classical
model system for studies on the regulation of cell growth and
tropisms. In this tissue the number of cells remains constant and
auxin coming from the tip induces rapid cell elongation. Co-
leoptile segments lacking auxin-producing zones grow only
under growth hormone supplementation. During cell elonga-
tion, cell surface area increases and cell wall polysaccharides, cell
wall proteins, and plasma membrane components are secreted.
Genes responding to changes in auxin concentration, as the
H*-ATPase (1-3) or the SAURs (small auxin up RNAs) and
Aux/TAA (auxin/indole-3-acetic acid) genes, have been shown
to accompany cell elongation (4, 5). Apart from the H*-ATPase,
none of the auxin-induced genes known so far are involved with
events at the plasma membrane (6). The bending of coleoptiles,
resulting from gravitropic stimulation, was postulated by
Cholodny and Went (7) to result from an asymmetrical distri-
bution of growth hormones. This hypothesis was confirmed by
Iino (8) and Parker and Briggs (9).

In well abraded coleoptiles, however, it has been shown
recently that auxin-induced growth strictly depends on external
K* supply (10). Because Rb" could partially replace K* in this
process, but neither Na*™ nor Li*, and the plant K* channel
blockers TEA™ (tetracthylammonium), Ba?*, and Ca®* sup-
pressed auxin-induced growth, K* -uptake channels seem to play
a crucial role in auxin action.

Because in earlier studies we could show that the plasma
membrane of corn coleoptile cells is equipped with a voltage-
dependent, inwardly rectifying K* channel (11, 12), we now
isolated ZMKI and ZMK2 cDNAs coding for coleoptile K*
channels. To understand their role in auxin-dependent signal
transduction, we examined the expression pattern of ZMKI and
ZMK?2 and functionally expressed these ion channels in Xenopus
oocytes. Using the patch-clamp technique, we followed the
increase in channel density in coleoptile cells stimulated by
auxin. Molecular studies on the expression of ZMKI, auxin-
induced growth, and gravitropism displayed similar kinetics.
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Thus, we could provide evidence that coleoptile elongation and
bending involves a transcriptional up-regulation of inwardly
rectifying K* channels.

Materials and Methods

Maize Strains and Growth Conditions. Cloning and Northern blot
experiments were performed on tissues from Zea mays seedlings
(hybrid corn cv. “Apache,” “Garant”). Maize caryopses were
soaked in water, germinated on moistened filter paper in dark-
ness, and grown further under red light (0.2 wmol'm~2s~1) at
25°C. For gravitropic stimulation, seedlings grown in 1% agar
were displaced by 90°. The plane passing through the two
vascular bundles of the coleoptile was parallel to the direction of
gravity. Coleoptiles were harvested with a =2.5-cm length,
lacking the apical 3 mm of the tip region.

Cloning of ZMK1 and ZMK2 cDNA. Degenerated oligonucleotide
primers, directed toward homologous regions of known plant K*
channels, were used to amplify a corresponding region from
reverse-transcribed maize seedling RNA. Using the Marathon
cDNA synthesis kit (CLONTECH) in combination with gene-
specific primers, we amplified overlapping N- and C-terminal K*
channel fragments. The corresponding full-length clones were
generated in a single PCR step by using primers flanking the 5’
and 3’ ends of the coding sequences and ligated into pZErO-1
vector (Invitrogen).

Northern Blot Analysis. Total RNA was isolated from maize
seedlings by using the Plant RNeasy Extraction kit (Qiagen)
followed by purification of poly(A)* RNA with Dynabeads
(Dynal). For quantification of transcript abundance, dotted
poly(A)* RNA was hybridized at 68°C in P; buffer (250 mM
NaP;/pH 7.2/7% SDS/1 mM EDTA/1% BSA) against 32P-
radiolabeled, full-length cDNA probes of ZMKI and ZMK?2. In
parallel, poly(A)*" RNA dots were hybridized at 42°C against a
[y-32P]dATP end-labeled oligo(dT) probe, modified according
to ref. 13. The relative transcript content was calculated by
normalizing the signal density of the specific channel probe to
that of the oligo(dT) probe (mean of 5, 10, and 15 ng of dotted
mRNA).
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Two-Electrode Voltage-Clamp Experiments. [ vitro transcription of
cRNA as well as preparation and injection of oocytes were
carried out as described in ref. 14. Two-electrode voltage-clamp
measurements of ZMK1 and ZMK2 channels and data analysis
were performed as described previously (14-16). The standard
external solution for ZMK1 contained 100 mM KCI, 1 mM
CaCl,, 2 mM MgCl,, and 10 mM Mes/Tris (pH 5.6) and, for
ZMK?2, 50 KCI, 2 MgCl,, 10 Mes/Tris (pH 7.2). In pH-step
experiments pH 7.4 was buffered with 10 mM Mes/Tris, and pH
4.5 was buffered with citrate/Tris. The Rb™ conductance was
studied in 100 mM RbCl, compared with 100 mM KCI at a
membrane voltage of —150 mV.

Patch-Clamp Experiments. Patch-clamp experiments in the whole-
cell and cell-attached mode were performed as described in refs.
17 and 18 on cortical and epidermal coleoptile protoplasts, which
were isolated according to refs. 12 and 19. Current densities were
calculated from the steady-state current at —140 mV. The
standard bath and pipette solution contained 30 mM KGluc, 20
mM CaCl,, 1 mM MgCl,, and 10 mM Mes/Tris (pH 5.6) and 150
mM KGluc, 2 mM MgCl,, 10 mM EGTA, 2 mM MgATP, and
10 mM Hepes/Tris (pH 7.2), respectively. To study the Rb*
conductance, 30 mM KGluc in the bath was replaced by 30 mM
RbCL. Protoplasts for cell-attached measurements were incu-
bated in standard bath solution containing 500 mM sorbitol, 1
mM CaCl,, 60 mM Mes/KOH (pH 6.1), giving a K* concen-
tration of 30 mM. The standard pipette solution contained 120
mM KCI and 20 mM Mes/KOH (pH 6.1). In cell-attached
recordings the free-running membrane voltage is unknown, and,
therefore, the relative voltage (V') is given as the negative
command voltage of the clamp circuit. In our measuring con-
ditions, the free-running voltage of the protoplasts can be
assumed to be about —20 mV so that the test voltage, V*, is
about 50 mV more negative than V'. For individual combina-
tions of solutions, liquid junction potentials were estimated
according to Neher (20), and voltages were corrected accord-
ingly. For voltage-ramp protocols, the patch first was clamped
from holding V* (= —90 to —110 mV) to conditioning voltage
(700 ms at +75 or +100 mV) to inactivate the K*-inward
rectifier. The patch then was subjected to voltage ramps (32-47
mV-s~!) from the conditioning voltage to —200 mV = V*
=-125 mV.

Growth Experiments. Auxin-induced growth of SiC-abraded co-
leoptile segments was monitored as described (10). For Northern
blot experiments, 30—40 coleoptile segments were removed from
the buffer and subjected to RNA preparation at indicated times.
2-NAA (1-naphtalene-acetic acid), fusicoccin (FC), acidifica-
tion, and IAA dose-response experiments as well as cyclohexi-
mide (CHX) treatments were performed with nonabraded co-
leoptile segments, incubated for 60 min with the respective
effector.

Analysis of Endogenous IAA Concentrations. Coleoptiles of 2-cm
length were selected and harvested after gravitropic stimulation.
After cutting the coleoptile in upper and lower halves, the
segments were sectioned further into four 5-mm parts. Tissue
from three individual seedlings were pooled and weighed for
each analysis (10- to 20-mg tissue/sample). After harvesting, the
tissue was frozen immediately in liquid nitrogen. Purification
and quantification of endogenous concentrations of IAA were
done on triplicate samples by GC-MS as described (21). The
mass spectrometer was operated in the selected-reaction mode
(SRM), and the IA A concentration in the sample was calculated
from isotopic dilution of 500 pg of 3C6-labeled TAA added as
internal standard before purification.
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Results and Discussion

Isolation, Characterization, and Localization of ZMK1 and ZMK2 cDNA.
We isolated ZMK1 and ZMK?2 from maize seedling cDNA via
reverse transcription-PCR and rapid amplification of cDNA
ends techniques. The cloning strategy took advantage of highly
conserved regions in the Shaker-related, but inwardly rectifying
family of known plant K*-uptake channels. Identification and
sequence analysis of the ZMKI (2,661 bp, GenBank accession
no. Y07632) and ZMK2 (2,547 bp, GenBank accession no.
AJ132686) cDNAs revealed the basic features of this family. On
the amino acid level, ZMK1 showed the highest homology (61%
identity) to the Arabidopsis root K* channel AKT1 (22) and,
therefore, belongs to this plant K* channel subfamily. Based on
a 56% amino acid identity, ZMK2 is closely related to the
phloem K* channel AKT3 (23, 24). From hydrophobicity anal-
ysis of both channels we deduced six putative transmembrane
domains (S1-S6) with a proposed voltage sensor in segment 4
and a K*-selective pore (P) formed by the amphiphilic linker
between S5 and S6 (for structure—function analysis of plant K*
channels, see ref. 25). In Northern blot analysis of coleoptile
tissue we identified ZMKI1 as a 2.8-kb and ZMK2 as a 2.7-kb
transcript, respectively (Fig. 14). To determine the distribution
of ZMKI and ZMK?2 within the coleoptile, we separated non-
vascular from vascular-enriched tissue. Whereas ZMKI is ex-
pressed in both tissues, ZMK2 transcripts were preferentially
expressed in the fraction containing vascular bundles (Fig. 1 A
and B). We could, however, not exclude that the ZMKI signal in
vascular-enriched tissue is due to at least 50% contamination by
nonvascular cells (see Fig. 14 Right). In 4-day-old maize seed-
lings the expression of both channels could be detected in
rapid-growing coleoptiles and mesocotyls, whereas ZMK2
mRNA also was found in developing and strongly vasculated
primary leafs (Fig. 1C). It should be mentioned that ZMK2
homologues from Arabidopsis thaliana and Vicia faba are ex-
pressed predominantly in vascular tissues, too (24).

Functional Analysis of ZMK1 and ZMK2. When expressed in Xenopus
oocytes the gene product of ZMKI showed the characteristic
properties of a voltage-dependent, inwardly rectifying plant
K*-uptake channel (Fig. 2 Left). Therefore, ZMKI1 represents
the first member of the AKTI1-type K* channel subfamily
functionally expressed in Xenopus oocytes (26). In two-electrode
voltage-clamp experiments, ZMKI1 activated on hyperpolariza-
tion to membrane potentials negative to —90 mV (Fig. 2C Left).
In contrast to ZMKI1, the gene product of ZMK?2 in Xenopus
oocytes activated in an almost voltage-independent fashion with
fast kinetics (Fig. 2 Right). In agreement with K*-selective
channels, K* currents through ZMK1 and ZMK?2 increased as a
function of the external K* activity. The current reversal po-
tential followed the Nernst potential with a shift of 56.3 mV for
ZMK1 (n = 4in 10 mM K*; n = 9in 100 mM K*) and 59.4 mV
for ZMK2 (n = 3) per 10-fold change in external K* activity. In
contrast to potassium, both K* channels did not conduct sodium
ions (not shown). In the maize cultivar used for cloning both K*
channels, protoplasts from coleoptile cortex and ZMKI-
expressing oocytes in Rb* solutions conducted only 6.9 = 0.8%
(n = 6) and 17.8 = 1.7% (n = 3) of the current observed with
K*. In tight correlation with the suppression of auxin-dependent
coleoptile elongation by Cs* (see below) and the inhibition of
K*-uptake channels in coleoptile protoplasts (11), ZMKI1 was
blocked by millimolar Cs* concentrations in a voltage-
dependent manner. A voltage-independent block was mediated
by TEA™*, which also inhibits auxin-induced coleoptile elonga-
tion and K* uptake into coleoptile protoplasts (10, 12). ZMK2
exhibits a Cs* and TEA* dependence similar to ZMK1 (data not
shown). Upon a drop in extracellular pH from 7.4 to 5.6, K*
currents through ZMKI1 and the inward rectifier in coleoptile
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Fig. 1. Expression pattern of ZMK7 and ZMK2 in maize seedlings. (A Left)
Northern blot of 1 ug of mRNA from vascular-enriched (v) and nonvascular
(n-v) coleoptile tissues, hybridized against a radiolabeled ZMK1 and ZMK2
cDNA probe. (Right) Scheme of a coleoptile cross-section to illustrate the
fragmentation into vascular and nonvascular parts. Notice that vascular-
enriched parts contain nonvascular tissue. (B) Relative quantification of ZMK1
and ZMK2 mRNA content in vascular (v) and nonvascular (n-v) coleoptile
tissues. Relative mRNA content of ZMK1 (open bars) and ZMK2 (solid bars) was
calculated by normalizing ZMK1 and ZMK2 signal density from A as described
in Materials and Methods. The transcript content of ZMK2 in vascular tissue
was set to 1.0 (arbitrary units). (C) Relative content of ZMKT and ZMK2 mRNA
in seedling tissues. The transcript content, representative of n = 3 experi-
ments, was quantified from the signal density of mRNA dot blots as described.
The mRNA content of ZMKT1 in coleoptiles was set to 1.0 (arbitrary units). ¢,
coleoptile; m, mesocotyl; r, root; pl, primary leaf.

cells reversibly increased (Fig. 2 Left; data not shown), indicating
that in vivo ZMKI1 is capable of responding to apoplastic
acidification. An opposite pH dependence was observed with
ZMK?2 (Fig. 2 Right). In line with the predominant expression of
ZMK?2 in the vascular tissue (Fig. 1), we never observed ZMK2-
like currents in coleoptile protoplasts derived from cortex and
epidermis cells used in this study.

Regarding the expression pattern and the biophysical charac-
teristics, such as permeation properties, voltage dependence,
interaction with blocking ions, and acid activation, of the co-
leoptile K* channels in vivo and in vitro (for expression system-
dependent variations, see ref. 27), we conclude that ZMK1
represents the major inward rectifier in cortex and epidermal
cells of growing coleoptiles.

Active Auxins Induce K* Channel Expression. In coleoptile segments
auxin evokes growth under ionic conditions that resemble the
selectivity range of inwardly rectifying K* channels (K™ > Rb*
> Li*, Na™). Furthermore, coleoptile growth can be blocked by
the K* channel blockers TEA* and divalent cations (10).

12188 | www.pnas.org
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Fig.2. Voltage dependence and pH sensitivity of ZMK1 and ZMK2 expressed
in Xenopus oocytes. (A Left) Inward currents of ZMK1 were elicited in response
to 500-ms voltage pulses from +10 mV to —150 mV (10-mV decrements) from
a holding potential of —20 mV. (Right) From the zero current potential of
ZMK2, 500-ms pulses from +40 mV to —150 mV were applied in 10-mV
decrements. (B Left) Upon acidification of the extracellular solution from pH
7.410 5.6, ZMK1 currents increased. (Right) Upon acidification from pH 7.2 to
4.5, ZMK2 currents decreased. (C) Steady-state currents (/s;) at the end of the
voltage pulses from A (O) and B (®) were normalized to /s, (—150 mV) and
plotted against the membrane voltage as mean * SE (n = 4).

Additional studies on the growth inhibition by the channel
blocker Cs* revealed that auxin-induced coleoptile growth was
blocked at concentrations =1 mM (not shown), in line with the
Cs* block of the K*-uptake channel in coleoptile protoplasts
(11) and ZMK1 in Xenopus oocytes.

To define the physiological significance of ZMKI and ZMK?2
in cell elongation, we measured the growth rates of corn
coleoptiles after stimulation by the auxin 1-NAA. Using “auxa-
nometers,” we were able simultaneously to monitor the elonga-
tion rates of corn coleoptile segments (10) and isolate mRNA at
given time intervals. Fig. 34 shows that the elongation of
coleoptiles is delayed by about 15 min with respect to the onset
of auxin treatment. The peak growth rate of the initial auxin
response was reached about 45 min after stimulus onset. This
peak was followed by sustained growth after 60 min. The level
of ZMK]I expression followed this growth rate pattern (Fig. 3B).
The ZMKI transcript levels increased significantly after 45 min
of auxin treatment, reaching a maximum at 60-75 min (n = 3).
In the absence of auxin, growth rates and ZMK1 expression were
low throughout the time course of the experiment (Fig. 3 4 and
B). The induction of ZMKI transcription depended on the
concentration of the physiological-active auxin IAA, character-
ized by a saturation type of behavior with a Ky of around 0.1 uM
IAA (Fig. 3C). ZMK2, expressed in the vascular tissue of maize
coleoptiles, in all experiments, however, lacked transcriptional
activation by auxin (not shown).

Growth experiments have shown that auxin action is ac-
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Fig. 3.

Characterization of the transcriptional induction of ZMK1 by auxin. (A) Kinetics of auxin-induced coleoptile growth. Representative growth curves of

abraded coleoptile segments in K*-containing medium in the presence and absence of 5 uM NAA (® and O, respectively). (B) Kinetics of auxin-induced ZMK1
expression. Transcript abundance of ZMKT1 in coleoptile segments in the presence and absence of 5 M NAA (solid and open bars, respectively). The content of
ZMK1 mRNA at the given times [n = 3, 75 min (m); n = 1, 90 and 105 min [J)] was analyzed by Northern dot blots and quantified as described in Materials and
Methods. The transcript contents were normalized to the ZMK1 mRNA level at t = 0 min, which was set to 1.0 (arbitrary units). According to a t test the ZMK1
mRNA content in auxin-treated coleoptiles was significantly different from untreated tissue after 45 min (5% level). The statistical significance is indicated by
asterisks (+, 5% level; =3, 0.1% level). (C) Concentration dependence of the auxin-induced ZMK1 expression. Half-logarithmic plot of ZMKT mRNA content (®)
in coleoptile segments after 60 min of incubation with different IAA concentrations (n = 2). The relative content of ZMK17 mRNA was analyzed as described, and
the background level of ZMK17 mRNA (0 M IAA) was set to 1.0 (arbitrary units). The concentration dependence of ZMKT expression can be fitted with a saturation
function (gray line), characterized by a Ky of about 0.1 uM IAA. (D) ZMKT1 transcription is induced specifically by the active auxin 1-NAA. Shown are Northern
dot blots of 0.5 ug mRNA from nontreated (-) coleoptiles and tissues treated for 60 min with 5 uM 1-NAA, 5 uM 2-NAA, and 1 pM FC and incubated in pH 3.7,
which were hybridized against aradiolabeled ZMK1 probe. (E) Auxin-induced transcription of ZMK1 is cycloheximide-independent. Shown are Northern dot blots
of 0.5 ug mRNA from coleoptiles treated for 60 min with 5 uM 1AA (IAA), 5 uM I1AA, 70 uM CHX (IAA CHX), and 70 uM CHX (CHX) and nontreated tissue (-), which

were hybridized against a radiolabeled ZMK1 probe.

companied by extracellular acidification (10). To prove
whether the increase in ZMKI expression is directly dependent
on auxin or is a consequence of pH changes, we followed
ZMK] transcript levels in response to 1-NAA, 2-NAA, the
fungal toxin FC, and protons. Fig. 3D demonstrates that the
induction of ZMKI transcription is restricted to the active
auxin 1-NAA and could not be initiated by 2-NAA, FC, or
extracellular acidification. This indicates that ZMKI expres-
sion is under the control of the auxin-signaling pathway.
Treatment with the protein-synthesis inhibitor CHX did not
prevent the auxin-dependent increase in ZMKI transcripts
(Fig. 3E). This channel gene therefore may be classified as an
early auxin-response gene (28).

Auxin Increases K* Channel Density. Because in previous whole-
cell patch-clamp studies auxin did not alter the properties of
K* uptake channels in coleoptile protoplasts (11, 12), we
monitored the anticipated changes in channel density in the
cell-attached configuration. In this mode, which maintains the
integrity of the cytoplasm, auxin increased the density of the
inward rectifier in a time-dependent manner (Fig. 4). In the
absence of NAA in the bath medium, only background cur-
rents were observed. After challenging cells with 10 uM
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1-NAA and hyperpolarized voltages, the inward current in-
creased after a lag phase of >10 min (Fig. 4). Biophysical
analysis of the K* currents, which rose nearly two-fold after 15
and 30 min (Fig. 4B), revealed that the current activation is
neither due to a hyperpolarization of the free-running mem-
brane potential nor to a kinetic modulation of channel gating
(not shown). Thus, the most likely explanation is an increase
in the number of active channels in the plasma membrane,
which seems to result from a signal-transduction pathway
leading to the fusion of newly synthesized K* channels into the
membrane patch.

To underline this hypothesis, we investigated the K* current
densities of protoplasts derived from auxin-pretreated and -de-
pleted coleoptile segments in the whole-cell configuration. The
median of current densities in coleoptile plasma membranes (8.7
pwA/cm?, n = 38) increased 3-fold (significant on a 5% and 1%
error level according to a Mann—Whitney test) when treated with
5 uM (23.6 pA/cm?, n = 24) or 10 uM 1-NAA (27.5 pA/cm?,
n = 18) for 3 hr. The auxin-evoked increase in K* channel
densities in the short term and its maintenance during sustained
growth therefore is in agreement with the long-term coleoptile
growth rates and the change in ZMKI transcript levels shown in
Fig. 3.
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Fig. 4. Auxin-induced increase in K* channel density in coleoptile proto-
plasts. (A) In the cell-attached mode, K* currents increased after the addition
of 10 uM 1-NAA after a voltage step from +80 mV to —80 mV. Auxin-evoked
currents (Al) were obtained by subtracting the mean current response (Irm) over
7 min before the addition of auxin (n = 12) from I, collected 15 min (gray trace,
n = 6) and 23 min (black trace, n = 8) after auxin treatment. With incubation
times =23 min, auxin induces a time-dependent inward conductance. (B)
Development of the K*-inward conductance in response to 10 uM 1-NAA. In
the presence of auxin, repetitive voltage ramps (n = 14) monitor the increase
in K* current at times =15 min. In the absence of auxin only background
currents were recorded (shaded area). Each trace in A and B represents the
mean of n voltage ramps averaged.

ZMK1 Expression Follows Auxin Redistribution During Gravitro-
pism. To explore the importance of auxin-regulated ZMKI
expression during physiological processes in intact plants, we
determined the distribution of TAA as well as ZMKI and
ZMK?2 mRNAs during the gravitropic bending of coleoptiles.
After displacement of intact maize seedlings into a horizontal
position (90° angle, Fig. 54), endogenous IAA concentration
was measured in 5-mm coleoptile segments from the apical
part and downward to the mesocotyl. Each segment was
divided into an upper and lower half to investigate the
redistribution of IAA. Interestingly, after only 5 min of
gravitropic stimulation, a significant increase in the levels of
free IA A was observed and was most pronounced in the apical
parts of the coleoptile (Fig. 5B). After 15 min, a redistribution
of IAA occurred in the coleoptile tip with a 25% difference
between the upper and the lower side. The redistribution
thereafter succeeded down the coleoptile, reaching significant
differences between all upper and lower segments after 45 min
of stimulation (Figs. 5B and 6A4). The largest difference in IAA
concentration between lower and upper halves is found in the
segment 0.5-1 cm below the tip (Fig. 5B). In this segment after
45 min, a significant reduction of IAA in the upper part of the
coleoptile was detected. The endogenous IAA concentrations
in the coleoptile vary between 0.2 and 0.08 uM (tip/base). This
concentration range represents the slope of the dose-response
curve for the IAA-induced ZMKI transcription (Fig. 3C).
After 30 min of gravistimulation the ZMKI transcripts in the
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Fig. 5. Coleoptile bending and redistribution of endogenous IAA concen-
tration in response to gravistimulation. (A Left) Time-dependent coleoptile
bending (0-240 min) in response to a 90° gravistimulation. (Right) Cartoon of
a gravistimulated coleoptile. (B) IAA concentration (pg IAA/mg fresh weight,
mean of n = 3 experiments) in 0.5-cm segments of coleoptile halves, gravis-
timulated for 0, 5, 10, 15, 30, 45, and 60 min. The IAA spectrum was decom-
posed into seven concentration ranges and highlighted by a color code. 1,
10.8-13.9 = 3.0; 2, 14.1-17.9 = 3.3; 3, 19.9-23.5 = 5.5; 4, 16.9-31.2 £ 5.9; 5,
34.6-42.5+7.6;6,48.7-49.4 = 6.5;7,51.1-58.8 = 8.0 pg IAA/mg fresh weight.

upper side, which is growth-restricted and auxin-depleted (8),
decreased in a time-dependent manner, resulting in back-
ground signals after 90 min (Fig. 6B). In the lower half, which
is characterized by elevated IAA levels and enhanced growth,
the ZMKI mRNA level increased slightly during the experi-
ment. This differential expression of the ZMK1 gene within the
coleoptile was detectable even before the first bending could
be observed (Fig. 54 and ref. 29). The kinetics of the tran-
scriptional induction of ZMKI in gravistimulated maize seed-
lings correlated with those of the ZMKI mRNA increase
during auxin-induced cell elongation (Fig. 3B) and are in line
with the rates of IAA redistribution, determined in gravi-
stimulated coleoptiles (Figs. 5B and 64 and ref. 8). The
content of ZMK2 mRNA in the coleoptile halves, however,
remained constant throughout the initiation of gravitropic
bending (not shown).

Conclusions. Coleoptile elongation in response to auxin is char-
acterized by a biphasic process (30). A transient increase in
growth, initiated 15 min after stimulus onset, is superimposed by
saturation-type growth kinetics. This second phase, biochemi-
cally distinct from the first response, has been associated with
long-term, steady-state growth. Both phases are accompanied by
increased proton extrusion into the apoplast (10). Although
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Fig. 6. Kinetics of IAA redistribution and differential ZMK17 expression
during gravistimulation of coleoptiles. (A) Time-dependent IAA redistribution
in upper (O) and lower (®) coleoptile halves after gravistimulation. The figure
shows the IAA concentration per mg fresh weight (FW, n = 3 = SE) in segments
0.5-1.5 cm behind the tip (compare with Fig. 5B). (B) Relative transcript
content of ZMKT1 in upper (open bars) and lower (solid bars) coleoptile halves
0.5-1.5 cm behind the tip after 0, 30, 60, and 90 min of gravistimulation. The
mRNA content (n = 3 = SE) was quantified as described in Materials and
Methods. The level of ZMK1 mRNA in the upper half at t = 0 min was setto 1.0
(arbitrary units).

auxin neither directly modulated the properties of K*-uptake
channels in coleoptile protoplasts (11, 12) nor the features of the
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ZMKI1 gene product when expressed in Xenopus oocytes (un-
published data), acidification resulted in an immediate increase
in channel activity (Fig. 2). Thus, we might conclude that the
initial growth response involves posttranslational, auxin-
dependent up-regulation of the H*-ATPase (1, 2) and, in turn,
voltage as well as acid activation of K*-uptake channels (Fig. 2
and ref. 31). In contrast to the first phase of auxin action, further
cell elongation in the second phase, represented by sustained
growth rates, seems to require the induction of gene expression.
Hence, this leads to the incorporation of additionally synthesized
K* channels into the plasma membrane of the elongating cell
and, finally, increases the number of channels in the membrane
(Fig. 4).

The experiments with intact maize seedlings indicate that the
initial sensing of gravitropism probably causes a very rapid
release of free IAA from conjugated IAA pools. The decrease
in TAA in the upper segments after 30 min then is due to the
redistribution of free IAA in the coleoptile tip, most likely by
altering the transport capacity (32-35) on the upper and lower
sides. The differential expression of ZMKI between the upper
and lower halves of gravistimulated coleoptiles is in line with the
spatial and temporal pattern of an auxin redistribution (Fig. 5
and ref. 8). We therefore suppose that in intact coleoptiles,
transcriptional regulation of ZMKI represents a key step in
response to physiological growth stimuli. The transcript level of
ZMK1 in elongating coleoptiles increased 5- to 7-fold, and the
number of channel proteins per cell increased about 3-fold.
Therefore, the auxin-induced increase in channel number during
cell expansion seems to present a mechanism to maintain K*
accumulation and turgor.
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