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Abstract Plants recognize microbial pathogens by
discriminating pathogen-associated molecular patterns
from self-structures. We study the non-host disease
resistance of soybean (Glycine max L.) to the oomyc-
ete, Phytophthora sojae. Soybean senses a specific
molecular pattern consisting of a branched heptaglucoside
that is present in the oomycetal cell walls. Recognition of
this elicitor may be achieved through a -glucan-binding
protein, which forms part of a proposed receptor com-
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plex. Subsequently, soybean mounts a complex defense
response, which includes the increase of the cytosolic
calcium concentration, the production of reactive oxy-
gen species, and the activation of genes responsible for
the synthesis of phytoalexins. We now report the iden-
tification of two mitogen-activated protein kinases
(MAPKSs) and one MAPK kinase (MAPKK) that may
function as signaling elements in triggering the resis-
tance response. The use of specific antisera enabled the
identification of GmMPKs 3 and 6 whose activity is
enhanced within the signaling pathway leading to
defense reactions. Elicitor specificity of MAPK activa-
tion as well as the sensitivity against inhibitors sug-
gested these kinases as part of the B-glucan signal
transduction pathway. An upstream GmMKKI1 was
identified based on sequence similarity to other plant
MAPKKSs and its interaction with the MAPKs was ana-
lyzed. Recombinant GmMKKI1 interacted predomi-
nantly  with GmMPK6, with  concomitant
phosphorylation of the MAPK protein. Moreover, a
preferential physical interaction between GmMKK1
and GmMPK6 was demonstrated in yeast. These
results suggest a role of a MAPK cascade in mediating
B-glucan signal transduction in soybean, similar to
other triggers that activate MAPKSs during innate
immune responses in plants.
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Abbreviations

A9C Anthracene-9-carboxylate
DP Degree of polymerization
DPI Diphenyleneiodonium
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EGTA Ethylene  glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid

EST Expressed sequence tag

IMAC Immobilized metal chelate affinity
chromatography

MAPK (MPK) mitogen-activated protein kinase

MAPKK (MKK) MAPK kinase

MBP Myelin basic protein

NPPB 5-Nitro-2-(3-phenylpropylamino)-
benzoate

PAGE Polyacrylamide gelelectrophoresis

SA Salicylic acid

SSC Standard saline citrate

Introduction

Plants are able to defend themselves against potential
pathogens. Mounting of multicomponent plant
defenses is facilitated through non-self-recognition sys-
tems for numerous pathogen-derived compounds
called elicitors and through subsequent signal trans-
duction pathways, which mediate the activation of
defense mechanisms in either a cultivar-specific or non-
cultivar-specific mode depending on the type of elici-
tor. Among the latter group are the hepta-B-glucoside
fragment from oomycete cell wall polysaccharides, fun-
gal cell wall chitin fragments, the Pep-13 motif from
Phytophthora transglutaminases, and flg22, a peptide
within the most conserved domain of the N-terminal
part of bacterial flagellin (Ebel and Mithofer 1998;
Felix et al. 1999; Niirnberger and Scheel 2001; Brunner
et al. 2002). Sensing of elicitors by proposed receptors
is generally followed by early changes in levels of free
calcium ions in the cytoplasm and the production of
reactive oxygen species and nitric oxide (Niirnberger
and Scheel 2001). Elicitor signal transduction has been
proposed to involve protein phosphorylation (Ebel and
Mithofer 1998; Niirnberger and Scheel 2001), suggest-
ing that protein kinases are activated or deactivated
during the process. Pharmacological studies using
inhibitors implicated that defense responses are likely
to be controlled by a balanced action of protein kinases
and phosphoprotein phosphatases (Niirnberger and
Scheel 2001). Serine/threonine kinase inhibitors did
not only block ion fluxes and protein phosphorylation,
but also defense activation, while protein phosphatase
inhibitors stimulated the inducible defenses in the
absence of elicitors. In addition, salicylic acid (SA), jas-
monic acid, and ethylene are mediators that can modu-
late responses and give rise to the observed specificity
in plant-pathogen interactions by regulating the appro-
priate multicomponent defense reactions.
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The induction of sets of mitogen-activated protein
kinase (MAPK) cascades is a common response of
plants to abiotic and biotic stimuli including pathogen
infection and elicitor treatment (Romeis 2001; Zhang
and Klessig 2001). Based on the analysis of the Arabid-
opsis thaliana genome sequence, at least 20 genes
encoding putative MAPKs were identified which fall
into 4-6 groups (Tena et al. 2001; Zhang and Klessig
2001; MAPK Group 2002). In all plant systems where
elicitor- or infection-mediated effects on MAPK activ-
ity were studied, activation of closely related members
of the AIMPK6 sub-group was found (Niirnberger and
Scheel 2001; Zhang and Klessig 2001; Nakagami et al.
2005). This includes the responsiveness of tobacco
SIPK to general elicitors, race-specific elicitation, and
TMV infection, of alfalfa SIMK to carbohydrate elici-
tors and ergosterol, and of the A. thaliana AtMPKG6 to
bacterial elicitors. Members of a second group of
MAPKSs with homology to AfMPK3, such as tobacco
WIPK and parsley ERM kinase (PcMPK3a) were also
associated with pathogen defense. Recently, two sepa-
rate, but interdependent, MAPK cascades were pro-
posed to operate downstream of AvrPto-Pto defense
signaling in tomato resistance to bacterial speck dis-
ease (del Pozo et al. 2004; Pedley and Martin 2004).
The tomato studies confirmed the major findings in
tobacco, showing that the orthologues of tobacco SIPK
and WIPK, tomato MPK1, MPK?2, and MPK3, are acti-
vated in this system (Pedley and Martin 2005).

Several MAPK kinases (MAPKKSs) as members of
MAPK pathways have been identified from different
plants, including Arabidopsis, alfalfa, maize, tobacco,
and tomato, and their involvement in pathogen
defense has been established (MAPK Group 2002;
Nakagami et al. 2005; Pedley and Martin 2005). The
results further indicated that the activation of MAPKs
was dependent not only on pair-wise affinities between
MAPKKs and MAPKSs but also on complex signal-
dependent intracellular mechanisms. Through a com-
bination of transient expression analyses, biochemical,
and genetic approaches, AtMPK3 and AtMPK6 were
placed into the first complete MAPK cascade identified
in plants (Asai et al. 2002). In this system, following
fig22 perception by the flagellin receptor FLS2 of Ara-
bidopsis (Chinchilla et al. 2006) the MEKK1-MKK4/
MKKS5-MPK3/MPK6 module acts downstream of the
receptor and upstream of the WRKY22, WRKY?29,
and defense-related genes (Asai et al. 2002). Transient
overexpression of the MEKKI1 kinase domain, consti-
tutively active MKK4 and MKKS5 or WRKY?29 ren-
dered Arabidopsis leaves resistant to infection by
fungal and bacterial pathogens (Asai et al. 2002). By
using similar approaches, support for a causal link
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between MAPK activation and defense gene induction
has also been obtained for tobacco, tomato, and pars-
ley (for review, see Nakagami et al. 2005; Pedley and
Martin 2005). As MAPKSs have also been implicated in
relaying adaptation to many other stimuli in plants,
MAPK cascades apparently constitute central compo-
nents in complex signaling networks (Niirnberger and
Scheel 2001; Nakagami etal. 2005). Evolutionary
aspects of plant MAPK cascades have been described
in greater detail (MAPK Group 2002) and may give a
basis for a systematic analysis of plants not covered so far.
In soybean, two recent reports addressed the involve-
ment of MAPKSs in signaling events upon challenge by
external stimuli. Wounding of soybean plants activated
a MAPK that was recognized by an antibody against
alfalfa SIMK (Lee et al. 2001a). Wound activation of the
MAPK was prevented by an inhibitor of phosphatidic
acid production, and exogenously applied phosphatidic
acid activated the MAPK in soybean cell cultures. The
correlation between activation of two MAPKs and of
the oxidative burst was analyzed in soybean cells
employing different elicitor fractions, including an oligo-
galacturonide preparation (Taylor et al. 2001). In the
present biochemical study, we examined the effects and
specificity of B-glucans, known as potent elicitors of a
phytoalexin defense response in soybean, on MAPK
activities and searched for a potential upstream
MAPKK mediating signal transduction in soybean.

Materials and methods

Cell culture propagation, elicitor treatment,
and extraction of phytoalexins

Soybean (Glycine max L. cv. Harosoy 63) cell suspen-
sion cultures were obtained from our culture collec-
tion, propagated in the dark, and treated with a B-
glucan elicitor fraction from Phytophthora sojae
(100 pg/ml glucose equivalents) as described earlier
(Hille et al. 1982; Fliegmann et al. 2003). For immuno-
blot analyses and kinase assays, soybean cultures were
sub-cultured in fresh medium (4 g fresh mass per 40 ml
medium) in the dark for 2 h with shaking (110 rpm)
and 1h without. Aliquots of 500 ul were transferred
into Eppendorf tubes and allowed to settle. The super-
natants were removed and the cells were treated with
glucan elicitors. After 20 min, the medium was
removed with a syringe and the cells were frozen in lig-
uid nitrogen. Other chemicals to be tested were added
in water or dimethyl sulfoxide (final assay concentra-
tion <0.1%). Cell free protein extracts were prepared
according to Suzuki and Shinshi (1995), modified after

Bogre etal. (1997) as described (Fliegmann et al.
2003), and the protein concentration determined using
the method of Bradford (1976). Phytoalexins were
extracted from cell cultures after treatment with glucan
elicitor for 48h and were determined as described
(Fliegmann et al. 2003).

Immunoblot analysis

Protein extracts containing 50 pg of total protein per
lane were separated by SDS-polyacrylamide gelelec-
trophoresis (PAGE) (10% acrylamide in the separat-
ing gel), and the proteins were transferred onto
nitrocellulose membranes (Schleicher and Schuell, Das-
sel, Germany, or PALL) using a semi-dry electroblotting
unit. Blocking was performed in 50 mM Tris—HCI, pH
7.8, containing 150 mM NaCl, 1 mM MgCl, and 0.05%
tergitol supplemented with 5% low-fat milk powder,
for 1 h at room temperature. The blots were probed
over night at 4°C with primary antibodies (M23 or
M?24, respectively, raised against C-terminal peptides
of MMKI1 (M23) or MMK4 (M24) of Medicago sativa
L.; Cardinale et al. 2000) dissolved in blocking suspen-
sion (1:5,000 and 1:2,500, respectively). An anti-rabbit
alkaline phosphatase-conjugated secondary antibody
(1:20,000, Sigma St. Louis, MO, USA) was used to
detect the antibody-protein complexes by the hydroly-
sis of the substrate, tetrazolium-5-bromo-4-chloro-3-
indolyl phosphate.

Kinase assays

In-gel kinase activity assays (Suzuki and Shinshi 1995)
were performed as described (Fliegmann et al. 2003).
Relative kinase activity was analyzed by visualizing the
phosphorylated myelin basic protein (MBP, Sigma)
using a phosphorimager and was documented by auto-
radiography.

Immune complex-kinase assays of GmMPK3 and
GmMPK6 were performed according to Jonak et al.
(1996) with modifications by incubating protein
extracts (50 pg total protein, unless otherwise noted)
with anti-MAPK antiserum (M23 and M24) and pro-
tein A-Sepharose over night at 4°C. The precipitates
were washed twice with 20 mM Tris-HCI, pH 7.5,
5mM ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid (EGTA), 100 mM NaCl,
1 mM Triton X-100 and once with kinase buffer con-
taining 20 mM Hepes, pH 7.5, 15 mM MgCl,, 5 mM
EGTA, 1 mM dithiothreitol, and 0.2 mg/ml bovine
serum albumin. The kinase reaction was started by
adding 25 pl kinase buffer supplemented with 100 pg/
ml MBP, 100 uM ATP, and 37 KBq [y-**P]ATP. After
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30 min at room temperature, the reaction was stopped
by adding SDS sample buffer and heating to 100°C for
5 min. Kinase activity was analyzed after SDS-PAGE
(15% acrylamide) as described above.

Phosphorylation of MBP by partially purified
recombinant GmMPK3y, . and GmMPK6,, was
assayed by incubating 1 pg of protein after immobi-
lized metal chelate affinity chromatography (IMAC)
(see below) with 100 uM ATP and 37 KBq [y->P]ATP
in 30 mM Hepes, pH 7.5, 40 mM KCI, 4 mM MgCl,,
5.2% glycerol in a total volume of 50 pl. After incuba-
tion for 30 min at room temperature, 1 ug of MBP was
added. After a further 30 min at room temperature,
proteins were precipitated by adding 1 ml of cold
methanol. The samples were held at —20°C for 2 h and
then centrifuged at 10,000 g for 15 min at 4°C. The pro-
teins were dissolved in 20 pl of SDS sample buffer,
heated for 5 min at 100°C, and separated by SDS-
PAGE (15% acrylamide). Relative kinase activity was
analyzed as described above.

Phosphorylation of partially purified recombinant
GmMPK3y; and GmMPKy; s as substrate was stud-
ied with recombinant GmMKK1 ;. The MAP kinases
(equal amounts) were incubated with and without
GmMKK1 ;6 and 50 pM ATP containing 148 KBq [y-
32P]ATP in 20 mM Tris-acetate, pH 7.5, 10 mM MgCl,,
1 mM NaF, 1 mM dithiothreitol, 2 pg aprotinin/ml in a
total volume of 35 pul for 1.5 h at 30°C. After precipita-
tion with cold methanol, the proteins were subjected to
SDS-PAGE (10% acrylamide). Relative kinase activ-
ity was analyzed as described above.

Phosphoamino acid analysis of GmMPK ;6

The phosphoamino acid analysis was performed as pub-
lished (Contor et al. 1987; Boyle et al. 1991). After indi-
vidual phosphorylation assays with GmMPK6y;, as
substrate in the presence or absence of GmMKKI1 ;.
20 samples were pooled and subjected to SDS-PAGE.
Following transfer to a nitrocellulose membrane by
using a semi-dry electroblotting unit, the proteins were
localized by Ponceau S staining. The area of the mem-
brane corresponding to the GmMPK6;y,, band was cut
out, the Ponceau S dye was removed, and the proteins
were eluted over night in 100 mM ammonium acetate,
pH 8.9, and 50% pyridin at 37°C. The samples were
dried in a vacuum concentrator, hydrolyzed in 6 N HCI
for 1 h at 110°C, and the hydrolysate was dried again.
The residue was dissolved in 5 pl of 2.5% formic acid
and 7.8% acetic acid, pH 1.9, containing phosphoamino
acid standards (P-S, P-T, and P-Y), and the solution
spotted onto a TLC plate (cellulose, 0.1 mm, POLY-
GRAM CEL 300, Macherey-Nagel, Diiren, Germany).
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Electrophoresis was carried out in 2.5% formic acid
with 7.8% acetic acid, pH 1.9, for 1.5 h at 500 V in the
first dimension and in 5% acetic acid with 0.5% pyri-
dine, pH 3.5, for 1.75 h at 500 V in the second dimen-
sion. The phosphoamino acid references were
visualized by ninhydrin and the incorporation of radio-
activity was analyzed by phosphorimaging.

MAP kinase and MAPK kinase cDNA selection

A soybean root cDNA library (Mithofer et al. 2000)
was screened by filter hybridization using the MMK4
cDNA clone of M. sativa L. as a probe (Jonak et al.
1996). Hybridization conditions were according to
Fliegmann et al. (2003). Membranes were washed at
high-stringency conditions for 20 min twice in 0.5x
standard saline citrate (SSC), 0.1% (w/v) SDS at 65°C
and autoradiographed between intensifying screens at
—80°C. A positive clone (GmMPK3, AF104247) carry-
ing an open reading frame of 1,116 bp was sequenced
and shown to encode a protein of 371 amino acids with
a calculated molecular mass of 42.7 kDa. The cDNA
was cloned into pTrcHisC (Invitrogen, Carlsbad, CA,
USA) using PCR in order to eliminate the start codon
by introducing a Xhol site (forward primer: 5'-aact-
gatggctcgagttaat-3'; reverse primer: vector primer).

The cDNA encoding the soybean MMK1 homologue
GmMPK6 (AF329506) was isolated by using PCR. A
cDNA library from a non-elicited soybean cell suspen-
sion culture (5 days after sub-culturing) was used as a
template. The degenerated forward oligonucleotide (5'-
atactcgagaahaatggawggwggagswsmws-c-3') was designed
after comparing the cDNA sequences of known plant
MMK1 homologues, the reverse primer (5'-tag-
aagcttctactgctgatactcagggttaaatgetag-3') corresponded to
the coding sequence (3'-end) of an expressed sequence
tag (EST) clone from soybean (AW102298) that showed
homology to MAP kinase MMKI1 from M. sativa. The
resulting PCR fragment was verified as MMK1 homo-
logue (open reading frame of 1,176 bp) by sequencing
and performing BLAST homology search and cloned
into the expression vector pQE-31 (Qiagen, Crawley,
UK). The calculated molecular mass of GmMPK6 con-
sisting of 391 amino acids was 44.8 kDa.

The cDNA encoding the soybean GmMKKI1
(AY070230) was isolated by screening a soybean root
cDNA library (as above, Mithofer etal. 2000; see
Fliegmann et al. 2003) with the soybean EST clone
(BE059041) as a probe that showed high homology to
the 5’-sequence of the tobacco SIPKK in a BLAST
homology search. The resulting clone (AY070230) was
sequenced and verified as a SIPKK homologue by
BLAST homology screening. The cDNA encoded a
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protein of 356 residues corresponding to 39.5 kDa and
was cloned into the expression vector pTrcHisA (Invi-
trogen) using PCR in order to eliminate the start codon
by introducing a Xhol site (forward primer: 5'-tactcga
gaagaaaggaaacttggg-3'; reverse primer: vector primer).

Data retrieval and multiple sequence alignment

Amino acid sequences of MAPK and MAPKK used
for comparisons were deduced from the following
nucleotide sequence accessions: M. sativa MsMMK1
(SIMK, acc. X66469), MsMMK4 (SAMK, X82270),
MsPRKK (AJ293275), and MsSIMKK (AJ293274);
Nicotiana tabacum NtSIPK (U94192), NtWIPK (D61377),
NtMEK1 (AJ302651), NtMEK2 (AF325168), and
NtSIPKK (AF165186); A. thaliana AIMPK3 (D21839),
AtMPK6 (D21842), and AMKK2 (ABO015313);
Lycopersicon esculentum LeMEKI1 (AJ000728); Petro-
selinum crispum PcMPK3a (Y12785), PcMPK3b (AY1
73415), PcMPK6 (AY173413), PcMKK2 (AY533301),
and PcMKKS5 (AY533302). Amino acid sequences
were aligned using MultAlin (Corpet 1988) and opti-
mized manually. Pair-wise identities using the opti-
mized alignments were calculated using the BioEdit
Sequence Alignment Editor (Hall 1999).

Production in E. coli and isolation of recombinant
proteins

Escherichia coli strains SG13009 harboring the plas-
mid pQE-31/GmMPKG6 and BI21(DE2)pLysS harbor-
ing pTrcHisC/GmMPK3 or pTrcHisA/GmMKK1
were grown at 37°C until Ay~ 0.5 was reached,
induced with 1 mM isopropyl-B-D-thiogalactopyrano-
side, and incubated for 4 h at 37°C. After centrifuga-
tion, the bacterial cells were resuspended in 25 mM
Tris-HCI, pH 8.0, containing 5 mM MgCl,, 200 mM
NaCl, and 0.5 mM phenylmethylsulfonyl fluoride and
disrupted by sonication (SG13009 cells) or by a freeze-
thaw cycle (BI121(DE2)pLysS cells). After removing
cellular debris by centrifugation (10,000 g for 10 min
at 4°C), the recombinant fusion proteins containing
N-terminal Hisg-tags were purified by IMAC using a
Ni-NTA metal affinity matrix (Qiagen) according to
the instructions of the manufacturer. The eluents were
frozen immediately in liquid nitrogen and stored at
—80°C.

Interaction of GmMPKy;c with GmMKK1 ;6 in yeast
The ProQuest™ Two-Hybrid System (Invitrogen)

was used to analyze the interaction of GmMPKs and
GmMKKT1 in Saccharomyces cerevisiae. Both MAP

kinase cDNAs and the MAPKK cDNA were inserted
into pDBLeu or pPC86 using Sall and Notl restric-
tion sites. Oligonucleotides containing 5’ Sall and 3’
Notl sites were used to amplify the respective
cDNAs. The yeast strain MaV203 was co-trans-
formed with pDBLeu/GmMPK3 (or pDBLeu/
GmMPK6) and pPC86/GmMKKI1. Both combina-
tions were examined for the activation of the HIS3
reporter gene and for the activation of lacZ in a
membrane-based X-Gal-assay. To determine the
threshold of resistance to 3-amino-1,2,4-triazole
(3AT), a series of increasing 3AT concentrations up
to 100 mM was included in plates lacking histidine.
Activation of the HIS3 reporter gene was analyzed in
the presence of 25 mM 3AT and the absence of histi-
dine, leucine, and tryptophan in the growth medium.
The strength of interaction was estimated by compar-
ing the results of growth assays with the behavior of
control strains under the same conditions.

Results

Phytophthora B-glucan elicitors induce protein kinase
activation in cultured soybean cells

Among the multiple responses to elicitor compounds
in plants, the induction of MAPKs was reported in
different systems (Niirnberger and Scheel 2001). For
the activation of protein kinases in soybean, suspen-
sion-cultured cells were treated with B-glucan elicitors
from the oomycete pathogen of this plant, P. sojae.
Cell samples were collected at different time points
after onset of treatment and cell free extracts of the
samples were analyzed by in-gel kinase assays using
MBP as an artificial substrate. As shown in Fig. 1a, pro-
tein kinases with relative molecular masses between 43
and 45 kDa were rapidly activated in elicitor-treated
cells. Activities increased at ~5 min following onset of
treatment, highest activity levels occurred at ~20 min,
and thereafter returned to basal levels at ~120 min
(Fig. 1b). These results show that P. sojae B-glucan elic-
itors induce rapid and transient protein kinase activa-
tion in soybean cells, reminiscent to several other rapid
responses that have been observed after elicitor treat-
ment in this plant (Mithofer etal. 1997, 1999, 2001,
2005; Ebel and Mithofer 1998).

The effectiveness of the B-glucan elicitors to cause
protein kinase activation was analyzed by exposing
soybean cells to different glucan concentrations for
20 min (Fig. 1c¢). Over a concentration range between 3
and 1,000 pg/ml of B-glucans, protein kinase activation
differed greatly, with half-maximal activation occurring
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4 Fig. 1 Enhancement of MBP kinase activities by B-glucan elici-

tors in soybean cell cultures. a, b Time course of elicitor-induced
activity changes. Soybean cells were treated with a pB-glucan elic-
itor fraction from P. sojae (100 pg/ml glucose equivalents) for var-
ious periods of time. Cells were harvested, cell free extracts
prepared, and kinase activities measured by in-gel kinase assays
using MBP as substrate (a). b Kinase activities at each time point
were determined in triplicate by phosphorimage analysis and
plotted against length of treatment (filled circle B-glucan elicitor,
open circle control using equivalent of water). ¢ Concentration
dependence of kinase activation by B-glucan elicitors. Cells were
treated with various concentrations of B-glucan elicitor for
20 min. MBP kinase activities were measured as indicated above.
Activity levels were plotted against the maximum response seen
following treatment of cells with 1,000 pg/ml B-glucan elicitor. d
Differential effects of various B-glucan fractions on kinase activity
levels. Cells were treated with different B-glucan fractions
(100 pg/ml of CE; 50 uM for all other glucan fractions) for 20 min.
Kinase activities in response to each treatment were determined
in triplicate as indicated above and plotted against the level found
with crude B-glucan elicitor (CE crude elicitor; 100%). Abbrevi-
ations denote: ¢ control, DP5 purified B-glucan fraction with de-
gree of polymerization (DP) of 5, DP <7 purified B-glucan
fraction with DP smaller than 7, DP 7-15 (DP 15-25) purified B-
glucan fractions with different size ranges, HG synthetic hepta-f-
glucoside, cycl. cyclic B-glucan from Bradyrhizobium japonicum.
B-Glucan sources were as reported earlier (Mithofer et al. 1999)

at about 60 pg/ml. Protein kinase activation also
strongly depended on the chemical composition and
the size of the B-glucan fragments (Fig. 1d). An unfrac-
tionated B-glucan extract from purified P. sojae cell
walls caused an approximately tenfold enhancement of
protein kinase activity level in soybean cells. Similarly
effective were (1,3-1,6)-B-glucan fragments with a
degree of polymerization (DP) >7, whereas little induc-
ing capacity resided in fragments of DP =5 or <7. The
chemically defined hepta-B-glucoside (Sharp et al.
1984a, b) was as active as B-glucan fragments with
DP > 7 of the natural polysaccharide. In contrast, the
cyclic (1,3-1,6)-B-glucan from Bradyrhizobium japoni-
cum, described as a suppressor of linear B-glucan-elic-
ited defense in soybean (Mithofer etal. 1996),
possessed a low capacity to enhance protein kinase
activity levels. The relative efficiency of the B-glucans
to cause kinase activation is thus in good agreement
with several other B-glucan-mediated responses in soy-
bean cells (Cosio et al. 1990; Mithofer et al. 1996, 1999,
2001).

Influence of inhibitors and antagonists on protein
kinase activation

Various inhibitors and antagonists have earlier been
found to affect several PB-glucan elicitor-mediated
responses in soybean cells to different degrees. In par-
ticular, putative anion channel inhibitors and calcium
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antagonists blocked rapid Ca?* influx into the cells and
subsequent phytoalexin production, whereas dipheny-
leneiodonium (DPI), a known inhibitor of mammalian
NAD(P)H oxidase, inhibited an oxidative burst in soy-
bean, but did not affect calcium flux and phytoalexin
synthesis (Stib and Ebel 1987; Mithofer et al. 1997,
1999, 2001).

As demonstrated in Table 1, the putative anion
channel inhibitors, anthracene-9-carboxylate (A9C)
and 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB),
efficiently blocked the activation of MBP kinase activ-
ity at low concentrations. The concentration causing
50% inhibition (ICy,) of the MBP kinase response was
10 uM for A9C and 7 uM for NPPB. Likewise, the ICy,
for the calcium antagonists, La** and EGTA, was 1 and
2.5 mM, respectively. Similar values for the calcium
antagonists were found for causing inhibition of elici-
tor-mediated enhancement of the cytosolic Ca** con-
centration (Mithofer et al. 1999). The comparatively
low concentration of La** resulting in the inhibition of
phytoalexin production (Table 1) may result, at least in
part, from the long exposure time (96 h) of the cells to
La* (Stib and Ebel 1987) when compared with treat-
ments for the MBP kinase assay. In contrast, DPI was
inactive in the concentration range tested (Table 1).
These data support the hypothesis that there exist two

Table 1 Effects of pharmacological compounds on MBP kinase
activity and phytoalexin accumulation in soybean cell cultures

Treatment B-Glucan elicitor-induced response
MBP kinase
activity
(1Cso (uM)]

Anion-channel inhibitors

A9C 10
NPPB 7
Calcium antagonists

La%* 1,000
EGTA 2,500
NAD(P)H-oxidase inhibitor
DPI No effect

The inhibition by pharmacological compounds of elicitor-stimu-
lated responses in soybean cells was determined after treatment
of the cells with increasing concentrations of the effectors or with
water as control. The experimental data for kinase activity ob-
tained from soybean cells after 20 min of elicitor + effector treat-
ment and for phytoalexin products after 48 h of elicitor + effector
treatment were plotted against the concentration of effector. The
ICs, values represent the concentration of effector giving the 50%
inhibition of the responses elicited in the control cells. Data for
MBP kinase activity are the average of at least four independent
experiments for each of the treatments

& Mithofer et al. (2001)
b Stib and Ebel (1987)
¢ Mithofer et al. (1997)

parallel pathways in soybean cells for triggering
defense reactions in response to B-glucan signals, one
leading to the oxidative burst, and a second being inde-
pendent of this response and resulting in the activation
of phytoalexin production concomitantly with calcium
and MBP kinase(s) responses.

Use of M23 and M24 antibodies to recognize MAPKs
and to reveal their B-glucan-induced activation

To investigate whether the 43- and 45-kDa protein kin-
ases correspond to known MAPKs from alfalfa (M.
sativa), protein extracts from -glucan-treated and
untreated soybean cells were subjected to immunoreac-
tions with antibodies specifically recognizing SIMK
(MMK1) and SAMK (MMK4) from alfalfa. Antibodies
raised against C-terminal peptides of SIMK (MMKI1,
M23) and SAMK (MMK4, M24; Munnik et al. 1999;
Cardinale et al. 2000) were used to probe proteins of cell
extracts after SDS-PAGE and transfer to nitrocellulose
membranes. As shown in Fig. 2a, a major crossreactive
protein of ~45kDa could be visualized with antibody
M23, whereas M24 detected a protein of ~43 kDa. Anti-
body M23 appeared to be less specific than antibody
M24 against soybean proteins as the former detected a
protein of 43 kDa in addition to the 45-kDa protein.
Immunodetection of the 45- and 43-kDa proteins could
be inhibited by the peptides against which the corre-
sponding antibodies were raised (Cardinale et al. 2000;
Fig. 2a). As was shown later (see below), the cDNAs
encoding the two 45- and 43-kDa protein kinases con-
tained C-terminal peptides that are entirely conserved
when compared with SIMK and SAMK, respectively.
Peptide P13 specifically inhibited immunodetection of
the 45-kDa protein by the M23 antibody. Peptide P14
competed the immunodetection of the 45- and 43-kDa
protein by the M23 and M24 antibody, respectively. This
cross competition might be explained by the high degree
of similarity between the P13 and P14 peptides (Munnik
et al. 1999; Cardinale et al. 2000).

To support the protein kinase function of the 45- and
43-kDa proteins, immunoprecipitation-protein kinase
assays were performed (Fig. 2b). Equal amounts of pro-
tein extracted from B-glucan-treated and untreated cells
were immunoprecipitated with the antibodies. The
immunoprecipitated proteins were subjected to in vitro
kinase assays using MBP as substrate, and the reaction
products were analyzed by SDS-PAGE followed by
autoradiography. As demonstrated in Fig. 2b (upper
part), the precipitates with both antibodies showed
kinase activity, which was higher in the extracts from
elicitor-treated compared with extracts from untreated
cells. The precipitate with the M23 antibody contained
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Fig. 2 Use of MAPK-specific antisera and immunoprecipitation/
protein kinase assays to identify 43- and 45-kDa protein kinases
as MAPKs. a Specificity of antibodies raised against peptide se-
quences contained in alfalfa MMKI1 (SIMK) and MMK4
(SAMK), respectively. Antisera crossreactivity was tested by
Western blotting following separation by SDS-PAGE of cell free
protein extracts from cultured soybean cells and using antibodies
M23 directed against MMKI1 or M24 against MMK4 in the pres-
ence or absence of competitor peptides (20 pg/ml) corresponding
to the C-termini of MMKI1 (P13) and MMK4 (P14; Cardinale
et al. 2000). An anti-rabbit alkaline phosphatase-conjugated sec-
ondary antibody was used to detect primary antibody-protein
complexes. b Immune complex-protein kinase assays (upper part)
and immune complex-in-gel kinase assays (lower part). Soybean
cells were elicited with B-glucans, and cell free extracts containing
50 pg protein were incubated with the indicated antiserum (upper
part) and protein A-Sepharose. The immune complexes adsorbed
to protein A-Sepharose were subsequently tested for kinase
activity by measuring incorporation of 3P from [y*’P]ATP into
MBP visualized following separation of the reaction products by
SDS-PAGE. Immune complex-in-gel kinase assays (lower part)
were performed with protein fractions extracted from immune
complexes adsorbed to protein A-Sepharose. In-gel kinase activ-
ity was monitored by phosphorimage analysis

the 45-kDa kinase, as documented by a subsequent in-
gel kinase assay (Fig. 2b, lower part). Although the M23
antibody also detected a 43-kDa protein (Fig. 2a) no 43-
kDa kinase could be detected in the precipitate. A simi-
lar assay using the M24 antibody for the suspected 43-
kDa kinase failed. This might have been due to a low
recovery of the protein or to a loss of activity during the
handling. These results indicate that soybean cells con-
tain MAPKSs whose activity is induced by B-glucan elici-
tor treatment of the cells and that these are related to
MAPKSs from alfalfa.

Isolation of GmMPK3, GmMPK6, and GmMKK1
cDNAs and interactions in the yeast two-hybrid system

To identify the MAPKSs detected in the Western blot-
ting, immunoprecipitation, and in-gel kinase assays,
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and to study an upstream MAPKK whose function
might be correlated with elicitor signal transduction we
decided to clone different cDNAs encoding MAPK
members. Screening of a soybean root cDNA library
(Mithofer et al. 2000) with the cDNA encoding SAMK
of M. sativa as a probe (Jonak et al. 1996) resulted in
the identification of GmMPK3 cDNA. The open read-
ing frame coded for a protein of 371 amino acids with a
calculated molecular mass of 42.7 kDa. The cDNA
encoding the soybean homologue (GmMPKG6) of the
alfalfa SIMK (Jonak etal. 1993) was isolated using
PCR and a cDNA library from a non-elicited soybean
cell culture as template. The forward oligonucleotide
was designed according to the SIMK cDNA and the
reverse primer corresponded to the coding sequence of
an EST clone from soybean that showed homology to
the alfalfa SIMK cDNA (3’-end). The open reading
frame contained in the PCR fragment encoded a pro-
tein of 391 amino acids with a calculated molecular
mass of 44.8 kDa for GmMPK6. Comparison of the
deduced amino acid sequences of the encoded proteins
showed a high level of sequence identity when com-
pared with SIMK and SAMK and other related kinases
of this group (Table 2).

The cDNA encoding a putative soybean MAPKK
(GmMKK1) was isolated by screening a soybean root
cDNA library (Mithofer et al. 2000) with the soybean
EST clone, BE059041, as a probe that showed high
homology to the MAPKK amino acid sequences of
alfalfa PRKK (Cardinale etal. 2002) and tobacco
SIPKK (Liu etal. 2000). The resulting GmMKK1
clone was verified as an alfalfa PRKK homologue with
a high level of sequence identity when compared with
other known plant MAPKKs (Table 3).

To study protein-protein interactions in S. cerevisiae
between the soybean MAPKs and the MAPKK, both
MAPK cDNAs and the MAPKK cDNA were inserted

Table 2 Comparison of deduced amino acid sequences of
GmMPK3 and GmMPKG6 with closest homologues

Identity of deduced amino acid sequences (%)

GmMPK3 GmMPK6
GmMPK3 100 74
GmMPKG6 74 100
MsMMK1 (SIMK) 74 96
MsMMK4 (SAMK) 93 72
NiSIPK 72 90
NtWIPK 81 71
AMPK3 81 71
AfMPKG6 71 88
PcMPK3a 81 71
PcMPK3b 78 70
PcMPK6 73 91
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Table 3 Comparison of the deduced amino acid sequence of GmMKKI1 with related plant MAPKKs

Identity matrix of deduced amino acid sequences (%)

Sub-group Al Sub-group C

MsPRKK PcMKK?2  NiSIPKK LeMEK1  ArMKK2 NMEK1 NtMEK2  PcMKKS  MsSIMKK
GmMKK1 88 74 74 72 67 59 32 32 32
MsPRKK 74 74 72 67 58 31 31 31
PcMKK?2 79 78 69 59 33 35 32
NiSIPKK 93 68 58 34 34 30
LeMEK1 68 60 33 34 31
AMKK2 54 33 32 32
NMEXK1 33 34 33
NtMEK?2 72 66
PcMKKS5 64

into pDBLeu or pPC86, respectively. The yeast strain
MaV203 was co-transformed with pDBLeuw/GmMPK3
(or pDBLeu/GmMPK6) and pPC86/GmMKKI1. The
transformants were examined for the ability to confer
histidine prototrophy to the yeast cells and for the acti-
vation of lacZ using an X-Gal assay. The results pre-
sented in Supplementary Fig. S1 demonstrate that the
GmMKK1-GmMPK6, but not the GmMKKI-
GmMPK3 combination resulted in the expression of
the lacZ reporter gene. In the assay for histidine proto-
trophy, both kinase combinations indicated at least
some degree of histidine independent growth.

Recombinant GmMKKI1 is an active MAPKK
and accepts GmMPKG6 as substrate

To determine whether GmMKKI1 encodes a functional
MAPKK, the activity of recombinant GmMKK1 using
the GmMPKs as putative substrates was examined.
The cDNAs encoding the three kinases were expressed
in E. coli as inducible fusion proteins containing N-ter-
minal Hisg-tags. Following immobilized metal affinity
chromatography, the recombinant kinase proteins
showed the expected molecular masses as calculated
for the fusion proteins when using the in-gel kinase
assay and crossreacted with the antisera M23 and M24
directed against the M. sativa kinases (results not
shown). When subjected to in-gel kinase assays, both
GmMPK3 and GmMPKG6 displayed some basal kinase
activity with MBP as substrate. Phosphorylation of the
recombinant MAPKs as substrate by GmMKKI1 was
analyzed by incubating equal amounts of the purified
MAPKSs with purified recombinant GmMKKTI1 in the
presence of [y-*P]ATP. After precipitation with meth-
anol, the proteins were separated using SDS-PAGE,
and the relative GmMKKI1 activity analyzed using a
phosphorimager. As shown in Fig.3a, GmMKKI1
caused a significant enhancement of the phosphate

content of GmMPK6 but was inactive toward
GmMPK3. To localize the radioactive phosphate
group, samples of GmMPKG6 before and after incuba-
tion with GmMKK1 were subjected to phosphoamino
acid analysis. Following hydrolysis using 6 N HCI and
separation of the amino acid mixture by two-dimen-
sional electrophoresis, phosphotyrosine was the pre-
dominantly labeled amino acid (Fig. 3b). The results
indicate that recombinant GmMKKI1 is a functional
MAPKK enzyme, which is able to preferentially cata-
lyze the phosphorylation of one of the identified
MAPKs, GmMPKG®, in vitro.

Discussion

Remarkable similarities exist between mammals,
insects, and plants for the systems by which microbial
pathogens are sensed and defenses are activated to
combat infections (Janeway and Medzhitov 2002;
Nirnberger et al. 2004). In the well-studied cases of
mammals and insects, pattern recognition receptors
are biosensor proteins that interact with pathogen-
associated molecular patterns and subsequently trans-
duce signals necessary for activation of an appropriate
innate immune response (Medzhitov and Janeway
1997). For non-host resistance, plants likewise employ
sensitive perception systems to respond to pathogen-
associated molecular structures, referred to as elicitors,
with the transcriptional activation of defense-related
genes and the synthesis of antimicrobial phytoalexins
(Ebel and Mithofer 1998; Niirnberger and Scheel
2001).

Our previous studies on the interactions of soybean
with P. sojae supported the general conclusions about
the analogy of the defense systems. Surface-exposed [3-
glucan elicitors representing a fraction of a structural
polysaccharide of P. sojae, a typical component of
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Fig. 3 GmMKKI1 is a functional enzyme and catalyzes the differ-
ential phosphorylation of GmMPKs. a Recombinant GmMPK3
and 6 were used as substrates for recombinant GmMKKI1. Pro-
teins purified by IMAC were incubated in the presence of
[Y**P]ATP for 1.5 h and the reactions terminated by adding meth-
anol. After precipitation with methanol, the proteins were sepa-
rated using SDS-PAGE, and the relative activity of GmMKKI1
analyzed using a phosphorimager. b The phosphoamino acid
composition of recombinant GmMPK6 was analyzed following
incubation with [y2P]JATP in the presence or absence of
GmMKKI1. Following SDS-PAGE and transfer of the proteins to
a nitrocellulose membrane, the areas of the membrane corre-
sponding to GmMPK6 were eluted and dried in a vacuum con-
centrator. After hydrolysis in 6 N HCI, the reaction products were
mixed with phosphoamino acid standards and were separated by
two-dimensional electrophoresis on a TLC plate coated with cel-
lulose. The phosphoamino acid references were visualized by nin-
hydrin and the incorporation of radioactivity was analyzed by
phosphorimaging. Abbreviations denote: P-S phosphoserine,
P-T phosphothreonine, P-Y phosphotyrosine

oomycetal cell walls, induced several metabolic
changes in cell cultures and other tissues of soybean,
including rapid calcium fluxes (Mithofer et al. 1999,
2005), the production of H,0, (Mithofer et al. 1997,
2001), changes in the phosphorylation status of pro-
teins, and subsequently the synthesis of phytoalexins
(for review, see Ebel and Mithofer 1998). The results
were compatible with the assumption that an oxidative
burst-independent pathway controls the transcriptional
activation of genes involved in phytoalexin synthesis
which may be connected with the rapid transient
increase in the cytosolic calcium concentration (Mitho-
fer etal. 1997, 2001; Ebel and Mithofer 1998). The
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interaction of B-glucan elicitors with the B-glucan-bind-
ing protein, a proposed B-glucan receptor, has been
suggested to be the critical event initiating defense
reactions (Mithofer et al. 2000; Fliegmann et al. 2004)
implicated in the innate immune response of soybean.

Important components of the innate immune sig-
naling pathway of plants are MAPK cascades (Lee
et al. 2001b, 2004; Asai et al. 2002; He et al. 2006). In
the present study, we have identified two B-glucan-
responsive MAPKs and an upstream MAPKK, which
might be members within a MAPK pathway involved
in defense response signaling in soybean. GmMPK3
and GmMPKG6 are activated by B-glucan elicitors of
P. sojae under physiological conditions that are favor-
able for inducing phytoalexin production in soybean
cell cultures and other tissues of this plant. The activa-
tion profile observed for the MAPKs when different
size classes and structurally divergent B-glucan frac-
tions were used as elicitor closely matched the relative
activities obtained with the same fractions in ligand-
binding assays with the proposed B-glucan receptor
(Mithofer et al. 2000), and in bioassays on phytoalexin
production (Cosio et al. 1990). This close correspon-
dence also included the dose-response relationships
for the differential enhancement of the cytosolic cal-
cium level by the glucan fractions (Mithofer et al.
1999). Conversely, inhibitors, which are known to
adversely interfere with the B-glucan-mediated stimu-
lation of phytoalexin synthesis also prevented activa-
tion of the MAPKSs, except for DPI that did not affect
enhancement of kinase activity and phytoalexin accu-
mulation but inhibited H,O, production. MAPKK
inhibitors, such as PD98095 or U0126, did not affect
MAPK activation and phytoalexin synthesis in the
soybean cell culture system (data not shown) and
hence these inhibitors did not disclose the interrela-
tionship between MAPK and defense activation. The
time courses and the pattern of inhibitor interference
recorded for B-glucan-induced enhancement in soy-
bean cells of cytosolic calcium levels and MAPK activ-
ity levels indicate that these two metabolic changes
are part of the same or of parallel signaling pathways
mediating defense reactions, such as phytoalexin pro-
duction. A similar correlation between elicitor-
induced MAPK activation and calcium influx, which
did not exist for elicitor-induced production of reac-
tive oxygen species, has been reported for several
plant systems (Niirnberger and Scheel 2001; Naka-
gami et al. 2005). In summary, the correlation between
the enhancement of MAPK activity and the activation
of defense-related metabolic changes suggests that
these kinases could play a role in B-glucan-mediated
defense signaling in soybean.
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GmMPK3 and GmMPK6 were found to be homolo-
gous to MAPKSs implicated in defense signaling in
other plant species (Niirnberger and Scheel 2001;
Zhang and Klessig 2001; MAPK Group 2002; Naka-
gami et al. 2005). Given the large difference in the rela-
tive degree of activation and the lack of further cross-
reacting antisera we have at present no information on
whether other B-glucan-responsive MAPKSs exist in
soybean. The B-glucan-responsive GmMPK3 and
GmMPK6 were shown to be homologous to MsSAMK
(Jonak et al. 1996), NtWIPK (Seo et al. 1995), AIMPK3
(Mizoguchi et al. 1993), PcMPK3a and 3b (Kroj et al.
2003) from alfalfa, tobacco, Arabidopsis, and parsley,
respectively, and MsSIMK (Jonak et al. 1993), NtSIPK
(Zhang and Klessig 1997), AtMPK6 (Mizoguchi et al.
1993), and PcMPK6 (Kroj et al. 2003) from the same
plants, respectively. Each of these pairs of kinases has
been shown to be activated following elicitation by
microbial proteins or peptides (Niirnberger and Scheel
2001; Zhang and Klessig 2001; Nakagami et al. 2005).
Only a few studies have been reported on the activa-
tion by carbohydrate-type elicitors. In alfalfa, chitin
(oligomers) and laminarin-type B-glucans were shown
to preferentially activate MsSIMK and MsMMK3
(Cardinale et al. 2000). Two suspected MAPKs were
observed to respond to oligogalacturonide treatment
of soybean (Taylor et al. 2001) and tobacco cell cul-
tures (Lebrun-Garcia et al. 1998). Likewise, a 48 kDa
kinase was found to be activated in tomato leaves in
response to treatment with polygalacturonic acid and
chitosan (Stratmann and Ryan 1997).

To gain knowledge about how B-glucan elicitors can
activate a common signaling pathway, it is important to
characterize MAPKKSs as putative upstream activa-
tor(s) of GmMPK3 and GmMPK6 in soybean. The
biochemical characteristics of GmMKKI1, identified in
the present studies, disclosed distinct properties with
respect to its capability to accept putative downstream
MAPKSs as substrate in vitro. By using recombinant
GmMKKI1 as a potentially active kinase, recombinant
GmMPKG6 but not GmMPK3 could be phosphorylated
on a tyrosine residue. This result suggested that
GmMKKI1 possessed substrate preference for one of
the MAPKs. Preferential physical interaction of
GmMKK1 with GmMPK6 protein was likewise indi-
cated in S. cerevisiae. Although GmMPKG6 represents
the kinase isoform with the apparent mass of 45 kDa
which responded to B-glucan treatment in vivo with a
much stronger increase in activity when compared to
GmMPK3 (43 kDa), the functional relationship of the
GmMAPKSs to GmMKKI1, as suggested by the present
in vitro studies, should be substantiated by comple-
mentary experiments in vivo, preferably using a B-glu-

can-responsive experimental system involving a model
legume.

Upstream activators of MAPKs have been identified
in A. thaliana following FLS2-mediated perception of
bacterial flagellin (Asai etal. 2002), in tobacco in
response to elicitin from Phytophthora (Yang et al.
2001), in parsley upon perception of Pep-13 elicitor
from Phytophthora (Cardinale et al. 2002; Lee et al.
2004), and in the tomato HR triggered by AvrPto and
AvrPtoB (del Pozo etal. 2004; Pedley and Martin
2005). GmMKKI1 is the orthologue of members of
MAPKK sub-group A, such as AIMKK2, MsPRKK,
NtSIPKK, and PcMKK?2. Several reports indicated that
MAPKKSs of this sub-group can function upstream of
sub-group A MAPKSs, whereas in other cases upstream
activators of group C may dominate (Nakagami et al.
2005; Pedley and Martin 2005). Interestingly, MAPKKs
of different sub-groups were proposed to function in the
activation of the endogenous MAPKs from parsley
(Lee et al. 2004) and of the alfalfa MAPKs, SIMK, and
SAMK, when heterologously co-expressed in parsley
protoplasts and subsequently treated with the Pep-13
elicitor (Cardinale et al. 2002). Another aspect concerns
the mode of activation of MAPKs by MAPKKs. In gen-
eral, MAPKKs are reported to be dual-specific kinases
that phosphorylate threonine and tyrosine residues in
the T-X-Y motif. In most cases, Thr alone or Thr and
Tyr were shown to harbor the transferred phosphate
group coinciding with the activation of plant MAPKs
(Huang et al. 2000; Kiegerl et al. 2000; Niihse et al.
2000). Huang et al. (2000) concluded that AIMEK1 may
not be a dual-specificity kinase. Although ArMPK4
required Tyr phosphorylation, it appeared to occur in
vitro primarily from autophosphorylation. The mode of
activation of the soybean MAPKSs and their integration
in the putative B-glucan elicitor-responsive MAPK
pathway in vivo clearly deserves further analysis. Gain-
of-function experiments overexpressing wild-type and
mutant MAPKK or MAPKSs, which have advanced our
knowledge of the role of MAPK cascades in disease
resistance of a number of plants (Yang et al. 2001; Asai
et al. 2002; Ren et al. 2002; Kroj et al. 2003; He et al.
2006) may aid in the further characterization of defense
signaling in legumes triggered by important pathogens,
such as Phytophthora sp.
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