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The effect of ethylene on MAPKinase-like activity in Arabidopsis thaliana
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Abstract Protein kinase activity was studied in cytosolic
extracts from leaves of wild type Arabidopsis thaliana, the
ethylene-insensitive mutant, etrl, and the constitutive triple-
response mutant, ctrl. Treatment of wild type with ethylene
resulted in increased myelin basic protein (MBP) phosphoryla-
tion. In etrl, constitutive protein kinase activity was lower than
in wild type, but in ctrl, activity was enhanced. A protein of
M, ~ 47 kDa associated with MBP-phosphorylating activity was
detected using in gel protein kinase assays and phosphorylation
of this protein was promoted by ethylene treatment in wild type
while activity in the mutants reflected that of MBP phosphor-
ylation. Both MAPKinase (ERK 1) and phosphotyrosine
antibodies immunoprecipitated MBP-phosphorylating activity
and detected a polypeptide band at M, ~47 kDa. Immunopre-
cipitated MBP-phosphorylating activity was again much lower in
etr] compared to wild type but much higher in ctr1. Antibodies to
phosphorylated MAPKinase recognised proteins at ~47 kDa
and the signal was upregulated in response to ethylene. The data
obtained suggest that the detected protein(s) is a MAPKinase
and provide further evidence confirming that a MAPKinase
cascade(s) is involved in ethylene signal transduction.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

Genetic and biochemical evidence suggests that ethylene
signal transduction may, at least in some responses, be medi-
ated through a MAPKinase cascade [1,2]. The ctr/ mutant of
Arabidopsis exhibits constitutive ethylene responses and the
gene corresponding to the mutation has been cloned and
found to resemble the Raf family of serine/threonine protein
kinases [1]. This family encodes the MAPKKKinases which,
in animal systems, have been reported to phosphorylate
MAPKKIinases which then catalyse the activation of MAPKi-
nases [3]. A variety of genes encoding MAPKinases have been
identified from plants [4] and data so far obtained suggest that
MAPKinases play a role in plant responses to environmental
stresses [5] and in the mediation of responses to ABA [6],
auxin [7], gibberellin [8] and salicylic acid [9].

The aim of the present work was firstly to determine the
effect of ethylene on MAPKinase-like activity in cytosolic ex-
tracts from leaves of wild type Arabidopsis thaliana and sec-
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ondly to compare activity in wild type with that of the ethyl-
ene-insensitive mutant, etr/ [10], which appears to be defective
in protein phosphorylation mechanisms [11] and the constitu-
tive triple-response mutant, ctrl.

2. Materials and methods

2.1. Plant material and treatments

Plants of A. thaliana (Columbia wild type, etrl and ctrl mutants)
were grown in compost in a greenhouse under a 16 h photoperiod at
20°C for 6 weeks. Rosette leaves (~ 10 g FW) were placed in sealed 1 1
Kilner jars lined with moist filter paper to which 1 pl 17! ethylene was
applied for 1 h in the light at room temperature. After treatment, the
leaves were used immediately for protein isolation.

2.2. Protein isolation

All chemicals were purchased from Sigma or Fisher and all proce-
dures were carried out at 4°C. Plant material was homogenised using
a Polytron or MSE Atomix homogeniser in buffer (1:1.5, w/v) which
contained 50 mM Tris-HCI, 10 mM MgCl,, 2 mM EDTA, 1 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM diethyldithiocarbamic acid sodium salt, 5 mM vr-ascorbic acid,
3.6 mM L-cysteine and 250 mM sucrose at pH 7.6. Polyvinylpolypyr-
rolidone was added to the buffer in a ratio of 1:10 (w/w) of plant
tissue. The homogenate was filtered through 200 um nylon mesh and
the filtrate centrifuged at 12000X g for 20 min, the pellet discarded
and the supernatant centrifuged at 130 000 X g for 3 h. The final super-
natants were transferred into an appropriate buffer by gel filtration on
PD-10 columns (Pharmacia Biotech) and used for biochemical and
immunological assays. Protein concentration was determined using
the BCA protein assay (Pierce).

2.3. Protein kinase assay

Protein kinase activity was assayed using a modified method of
Sontag et al. [12]. Supernatant fractions (5-15 pg of protein) were
incubated with myelin basic protein (MBP, 0.25 mg ml™!; Gibco/
BRL) for 20 min at 30°C in a final volume of 50 ul of buffer con-
taining 20 mM Tris-HCI (pH 7.6), 10 mM MgCl,, 1 mM MnCl,,
1 mM EGTA, 1 mM DTT, 1| mM PMSF, 2 mM Na3;VOy4, 10 mM
B-glycerophosphate, 1 mM benzamidine, 10 uM ATP and 74 kBq
[y-*P]JATP (Amersham). The reaction was stopped by the addition
of trichloroacetic acid (TCA)-sodium pyrophosphate solution with
the final concentration of each component being 5 and 1%, respec-
tively. Proteins were pelleted and washed with stop solution. The
pellets were suspended in 0.2 N NaOH, mixed with Emulsifier-Safe
(Packard) scintillation cocktail and the radioactivity counted in a
Packard TRI-CARB 2500 TR liquid scintillation analyser. Incorpo-
ration of 3P into MBP was calculated as the difference between radio-
activity of samples incubated in the presence and absence of MBP
[13].

Alternatively, the reaction was terminated by adding an equal vol-
ume of double concentration Laemmli sodium dodecyl sulfate (SDS)
sample buffer [14] and samples were boiled for 3 min. Phosphorylated
MBP was resolved using 15% SDS-polyacrylamide gel (PAG) and
visualised by autoradiography on Kodak Biomax MR-1 film. Analysis
of autoradiographs was carried out by scanning on a GS-690 Imaging
Densitometer (Bio-Rad) and quantified using Phoretix 1D (version
4.01) software.

2.4. In gel MAPKinase assay
Supernatant fractions were transferred in 20 mM Tris-HCI, pH 7.6,
by gel filtration on PD-10 columns, mixed 1:1 with double concen-
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tration SDS sample buffer containing 10 mM EDTA and 200 mM
DTT and boiled for 3 min prior to electrophoresis. Electrophoresis
was performed in 10% SDS-PAG to which 0.5 mg ml~' MBP was
added before gel polymerisation. All following incubations were per-
formed according to Lee et al. [15]. In order to fix gels and remove
SDS, gels were washed twice with 20% 2-propanol in 50 mM Tris—
HCI buffer (pH 8.0) and further for 1 h in several gel volumes of 50
mM Tris—HCI (pH 8.0) containing 5 mM 2-mercaptoethanol. Protein
kinase was denatured by incubation in the same buffer but containing
6 M guanidine HCI for 1 h and then renatured by five washes each of
10 min in several gel volumes of 50 mM Tris—HCI (pH 8.0) containing
0.04% Tween 40 and 5 mM 2-mercaptoethanol. The gels were prein-
cubated for 1 h with 40 mM HEPES (pH 8.0) containing 2 mM DTT,
10 mM MgCl, | mM MnCl, and 0.1 mM EGTA. Phosphorylation
of MBP within the gel was carried out by incubation for 1 h in the
same buffer but supplemented with 74 kBq mI~! of [y-*>P]ATP and 40
uM ATP. The reaction was terminated by washing the gels several
times in the TCA-sodium pyrophosphate stop solution until the ra-
dioactivity in the washings reached background levels. Finally, the
gels were fixed for 1 h in 20% ethanol:7.5% acetic acid, dried and
autoradiographed.

2.5. Immunoprecipitation of M APKinase

Supernatants were transferred in buffer containing 50 mM Tris—
HCI (pH 7.6), 100 mM NaCl, | mM PMSF, 1 mM EGTA, 2 mM
Na3;VOy4, 10 mM B-glycerophosphate, 1 mM benzamidine, 1 mM
DTT and 0.1% Tween 40 by gel filtration on PD-10 columns. The
extracts (1 mg protein) were mixed with 10 ug anti-ERK 1 rabbit
polyclonal or 5 ug anti-phosphotyrosine mouse monoclonal antibod-
ies (Santa Cruz Biotechnology) and 25 pul of 50% pre-washed Protein
G-Sepharose (Pharmacia Biotech) and incubated with continuous
shaking at 4°C overnight. The mixtures were centrifuged for 5 min
at 6000 X g and the pellets washed twice with 0.5 ml of buffer followed
by two further washes with reaction buffer (40 mM HEPES, pH 8.0,
containing 2 mM DTT, 10 mM MgCl,, | mM MnCl, and 0.1 mM
EGTA). The MAPKinase reaction was carried out in 40 ul of reaction
buffer to which 0.25 mg ml~' MBP, 40 uM ATP and 185 kBq
[y-*P]JATP were added. The reaction was allowed to proceed for
30 min at room temperature and was terminated by the addition of
40 ul of double SDS sample buffer and boiling for 5 min. After pellet-
ing of Protein G-Sepharose, proteins were electrophoresed and auto-
radiographed as above.

2.6. Immunodetection of MAPKinase

After electrophoresis (12.5% SDS-PAG), proteins were transferred
onto Hybond-C membranes (Amersham) for Western blotting using a
Trans-Blot SD Electrophoretic Semi-Dry Transfer Cell (Bio-Rad).
Blots were processed using a chemiluminescence kit containing anti-
bodies against phosphorylated and non-phosphorylated MAPKinase
according to the manufacturer’s instructions (PhosphoPlus MAPK
Antibody kit, New England Biolabs Inc.). MAPKinase (p42) protein
in the phosphorylated and non-phosphorylated forms served as pos-
itive and negative controls, respectively.

3. Results

3.1. Protein kinase assays

Initially, protein kinase activity was assessed in vitro by the
incorporation of radioactive phosphate into TCA-precipitated
material from cytosolic extracts of ethylene-treated and un-
treated wild type leaves in the presence and absence of MBP
as a substrate. As protein kinases can be dephosphorylated
and inactivated by protein phosphatases present in the leaf
extracts, the assay mixture therefore contained B-glycerophos-
phate to inhibit serine/threonine phosphatases and orthovana-
date to inhibit protein tyrosine phosphatases. The mixture
also contained EGTA to chelate Ca’* and so to inhibit
MAPKKinase and divalent cation-dependent proteinases
and phosphatases. As MAPKinase activity measured in ex-
tracts has been reported to be nearly as high in the presence
of Mn?* as in Mg?* [16], a ratio of Mg>*/Mn?>* of 10:1 was
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Fig. 1. Autoradiograph of SDS-PAG of MBP phosphorylation in
vitro. Protein loading was ~2 ug per lane and the amount of MBP
was 1.5 (lanes 1 and 4), 3.0 (lanes 2 and 5) and 6.0 (lanes 3 and 6)
ug per lane. Extracts from untreated (lanes 1-3) and ethylene-
treated (lanes 4-6) wild type leaves.

used. When the leaves were treated with 1 ul 17! ethylene for
1 h prior to extraction, the incorporation of phosphate in wild
type extracts was increased from 55351715 to 175331890
cpm per 10 pg protein. In order to show that MBP was
phosphorylated, extracts were electrophoresed and autoradio-
graphed. Fig. 1 shows an autoradiograph of SDS-PAG of
cytosolic extracts phosphorylated in vitro in the presence of
MBP. The phosphorylated bands electrophoresed with a M;
of ~20 kDa which is characteristic of MBP. Phosphorylation
of MBP occurs in an MBP concentration-dependent manner
in both ethylene-treated and untreated extracts. The pattern
of MBP phosphorylation reflects that measured in extracts by
scintillation counting hence it appears that ethylene promotes
MBP phosphorylation in cytosolic extracts of wild type. There
was no effect of ethylene on MBP-phosphorylating activity in
etr] (data not shown).

3.2. In gel protein kinase assay

In order to characterise further the protein(s) associated
with MBP kinase activity, proteins were electrophoresed and
renaturated within the gel prior to phosphorylation with ra-
diolabeled ATP and a typical autoradiograph is shown in Fig.
2. MBP-phosphorylating activity is associated with a protein
of M;~47 kDa in both wild type and mutant extracts and
phosphorylation is promoted by ethylene treatment in wild
type. The constitutive level of activity in etrl is much lower
than in wild type but is significantly upregulated in ctrl to an
even greater extent than ethylene-treated wild type. When ex-
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Fig. 2. Autoradiograph of in gel MAPKinase assay. Gel was cast
with 0.5 mg ml~' MBP. Extracts were prepared from ethylene-un-
treated (lanes 1 and 3) and treated (lanes 2 and 4) wild type, etr!
(lane 5) and ctrl (lane 6) leaves. MBP-phosphorylating activity is
shown in lanes 1, 2, 5 and 6. This activity was eliminated in the
presence of excess ATP (lanes 3 and 4).
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Fig. 3. Autoradiographs of MBP-phosphorylating activity (A) and
in gel MAPKinase assay (B) of extracts immunoprecipitated with
ERK 1 antibodies. Lane 1, preparation from untreated wild type
leaves; lane 2, preparation from ethylene-treated wild type leaves;
lane 3, preparation from ezr/ and lane 4, preparation from czrl.

cess ATP was included, the density of bands was reduced to a
barely detectable level indicating specific incorporation of ra-
diolabeled phosphate.

3.3. Immunocharacterisation

The in gel MBP-phosphorylating protein(s) was purified
further using immunoprecipitation with MAPKinase (ERK
1) antibodies. Protein immunoprecipitated with ERK 1 anti-
bodies electrophoresed to a band of M,~47 kDa and dis-
played activity in terms of MBP phosphorylation and in gel
MAPKinase assays (Fig. 3). This activity was promoted by
ethylene in wild type immunoprecipitates (lanes 1 and 2). In
ERK l-immunoprecipitated extracts from etrl (lane 3), MBP-
phosphorylating activity was reduced by 20% compared to
wild type while that of ctrl was increased 3.5-fold (lane 4).
Similar results were obtained from experiments where protein
was immunoprecipitated with monoclonal phosphotyrosine
antibodies (data not shown).

As activation of MAPKinase can involve phosphorylation
of tyrosine and threonine residues, antibodies raised to both
non-phosphorylated and phosphorylated MAPKinase were
used to detect proteins in wild type extracts. Fig. 4A shows
a Western blot developed with antibodies against non-
phosphorylated MAPKinase where the chemiluminescence il-
lustrates that the antibodies cross-react with polypeptides ir-
respective of phosphorylation status. The amount of protein
at ~47 kDa detected by these non-phosphorylated MAPKi-
nase antibodies is not modified by ethylene treatment. When
the antibodies to the phosphorylated form were used, the
density of the band at M;~47 kDa was increased 3-fold as
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Fig. 4. Western blots of wild type extracts probed with non-
phosphorylated MAPKinase (A) and phosphorylated MAPKinase
(B) antibodies. Lane 1, non-phosphorylated MAPKinase control
protein (PhosphoPlus MAPK Antibody kit); lane 2, phosphorylated
MAPKinase control protein (PhosphoPlus MAPK Antibody kit);
lane 3, untreated extract; lane 4, ethylene-treated extract.
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a result of ethylene treatment compared to the control (Fig.
4B). Cross-reactivity occurred only with the control protein
phosphorylated on tyrosine 204 and threonine 202 (lane 2).
Thus, a protein of 47 kDa shows the capacity to phosphory-
late MBP, the activity of which is upregulated by ethylene,
and this protein is recognised by both phosphorylated and
non-phosphorylated MAPKinase antibodies.

4. Discussion

Given the effects of ethylene on MBP phosphorylation in
cytosolic extracts of wild type and differences in phosphory-
lation in the mutants efr/ and ctrl, it would appear that
modulation of protein kinase activity is involved, at least in
part, in ethylene signal transduction. Thus, ethylene treatment
in vivo promoted MBP phosphorylation in vitro in wild type
extracts. The incubation time of 1 h was selected because
previous studies have shown that saturation of fast-associat-
ing ethylene-binding sites occurred at that time in leaves of
Arabidopsis [17]. In addition, the effect of ethylene on MBP
phosphorylation in pea over a period of 120 min indicates
that the response is biphasic and the second peak of activity
reached a maximum after 1 h incubation [18]. The differences
in the extent of MBP phosphorylation in wild type, etr! and
ctrl follow similar trends to the constitutive protein phos-
phorylation capacity [19]. However, as the levels measured
represent the steady-state phosphorylation, differences may
be brought about not only by altered kinase activity but
also by changes in phosphatase activity [20,21], or indeed by
the relative balance between these two activities. Nevertheless,
it is clear from Fig. 1 that the capacity to phosphorylate MBP
is greater in ethylene-treated wild type which is indicative of
increased kinase activity especially as phosphatase inhibitors
were incorporated into the buffers used throughout.

Estimates of the molecular weight of the enzyme responsi-
ble for MBP phosphorylation were provided by in gel protein
kinase assays. This activity was localised to a band at M, ~47
kDa which falls within the range of MAPKinases reported in
plants [6,9,22], yeasts and animal systems [3]. The density of
this band was increased in ethylene-treated wild type tissue
but interestingly, results suggest that the protein kinase activ-
ity was lower in etrl but higher in ctrl compared to wild type
(Fig. 2). However, in vitro phosphorylation estimates com-
prise a total of activities and even the in gel assays may rep-
resent MAPKKinase activity as MBP is not a highly specific
substrate and also that MAPKinases are the endogenous sub-
strates for MAPKKinases. Nevertheless, present evidence sug-
gests that the protein kinase activity detected in in gel assays
is that of MAPKinase. The molecular weight is comparable to
those of other MAPKinases, whereas the molecular weights
reported for MAPKKinases are over a much wider range.
Additionally, MAPKinase antibodies (ERK 1) immunopreci-
pitate activity which phosphorylates MBP in vitro and immu-
noprecipitates display in gel MAPKinase activity (Fig. 3).
Both these activities are upregulated in ethylene-treated
leaves. The results from immunodetection experiments with
phospho-MAPKinase antibodies indicate that the increased
phosphorylation of the 47 kDa polypeptide in ethylene-
treated extracts is consistent with activation of MAPKinase
through phosphorylation of tyrosine and threonine residues
(Fig. 4).

As it has been suggested that ethylene inactivates transduc-
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tion on binding to ETR1 [23], the relatively low protein kinase
activity detected in etrl is difficult to interpret until further
information on the expression and function of the ethylene
receptor family is available. Equally, the upregulation of pro-
tein kinase activity in ctrl is difficult to reconcile with the
proposal that CTR1 acts as a negative regulator of ethylene
transduction especially as the constitutive activity is higher
than that of ethylene-treated wild type. It is possible that in
ctrl, the proposed MAPKinase cascade is locked in an acti-
vated state. However, this is unlikely since a number of
known CTRI mutant alleles are null mutations which essen-
tially abolish the CTR1 protein but all show the constitutive
ethylene responses [1]. An alternative explanation is that the
ethylene signal is transduced through interacting cascades and
that the activity detected in ctr! is regulated by another Raf-
type protein (NCBI Database, [24]).

Future work aims to further characterise and purify the
ethylene-modulated MAPKinase(s) to probe for upstream ki-
nases in ethylene signal transduction in wild type, etrl and
ctrl mutants of Arabidopsis.
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