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Abstract Alternative splicing of introns is essential to

ensure the complexity of mammalian genome functions. In

particular, the generation of a high number of different

isoforms by alternative splicing is an important character-

istic of genes coding for signalling proteins such as mito-

gen activated protein kinases (MAPKs). This is thought to

allow these proteins to transduce multiple stimuli in a

highly regulated manner. Plant genes are also subjected to

alternative splicing. Nevertheless, clear examples of the

functional consequences of this phenomenon are still

scarce in plants. MIK is a maize gene coding for a GCK-

like MAP4K that can be activated by interaction with

maize atypical receptor kinase (MARK), an atypical

receptor kinase. Here we show that MIK is subjected to

alternative splicing. Expression of MIK leads to, at least, 4

different mature mRNAs that accumulate with particular

expression profiles during maize development. Our results

show that the polypeptides encoded by the different MIK

mRNAs display different kinase activity and are differen-

tially activated by interaction with the MARK receptor.

Two MIK isoforms display constitutive kinase activity, one

isoform is inactive but can be activated by MARK, and the

fourth MIK isoform is inactive and cannot be activated by

MARK. Our results constitute a clear example of the bio-

chemical consequences of alternative splicing in plants.

The selective conservation during evolution of the intron–

exon structure of the region coding for the regulator

domain of MIK, as well as the maintenance in maize, rice

and Arabidopsis of the alternative splicing of some of these

introns, are strong indications of its functional importance.
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Introduction

Alternative splicing of introns is a process that allows ge-

nomes to generate multiple transcripts from a single gene.

More than 40% of human (Modrek and Lee 2002) and

mouse (Okazaki et al. 2002) genes are subjected to alter-

native splicing, and is supposed to be important to ensure the

complexity of mammalian genome functions (Brett et al.

2002). Mitogen Activated Protein Kinases (MAPKs) are

Ser/Thr kinases that play a key role in signal transduction in

eukaryote systems. MAPKs modulate many different pro-

cesses, including cell proliferation, differentiation, devel-

opment or responses to different stress situations. The

existence of multiple genes for each type of MAPKs ex-

plains, in part, their capacity to transduce different types of

signals, but the generation of a high number of different

isoforms by alternative splicing is thought to be an impor-

tant characteristic of MAPK genes. Indeed, alternative

splicing is a common feature to all MAPKs, leading to

isoforms with altered capacities to interact with substrates or

effectors (Kramer et al. 1996), different subcellular locali-

sation (Yung et al. 2001) or dominant negative effects

(Cameron et al. 2004). GCK-like kinases are a subfamily of

MAPK kinase kinase kinase (MAP4K), which often connect

membrane-located receptors to MAP kinase modules (Ky-

riakis 1999; Dan et al. 2001). These kinases are also regu-

lated by alternative splicing (see for example Hu et al. 2004;

Machida et al. 2004).
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Plant genes are also subjected to alternative splicing,

although to a lesser extent. Analyses of full-length cDNAs

have shown that in both Arabidopsis (Iida et al. 2004) and

rice (Kikuchi et al. 2003) alternative splicing affects 10%

of the pre-mRNAs. Nevertheless, clear examples of the

functional consequences of this phenomenon are still

scarce in plants (Kazan 2003; Lorkovic et al. 2000).

MAP kinases are also important players in plant signal

transduction, and mediate stress, hormone and develop-

mental related processes (Jonak et al. 2002; Tena et al.

2001). Nevertheless, although the expression of a large

number of MAPK has been analysed in plants, only two

examples of possible alternative splicing of MAPKs tran-

scripts have been described to date, an Arabidopsis MAPK

kinase kinase (Nishihama et al. 1997), and a rice MAPK

(Xiong and Yang 2003), and very little is known on their

regulation and biological relevance.

Mark Interacting Kinase (MIK) is a maize gene coding

for a kinase related to the GCK subgroup of MAP4Ks

(Llompart et al. 2003). We have previously shown that

MIK interacts with Maize Atypical Receptor Kinase

(MARK), an atypical receptor expressed during embryo-

genesis and in the meristems of maize. Interestingly, the

interaction with the intracellular domain of MARK

(MARK-ID) results in MIK activation, and we have al-

ready proposed that this interaction could release MIK

from a possible auto inhibited state (Llompart et al. 2003).

Here we show that MIK pre-mRNA is subjected to alter-

native splicing leading to, at least, 4 different mature

mRNAs that accumulate with particular expression profiles

during embryogenesis and in the meristem of adult maize

plants. Interestingly, the polypeptides encoded by the dif-

ferent MIK mRNAs display different kinase activity and

are differentially activated by interaction with MARK.

Two MIK isoforms are truncated proteins that only contain

the MIK Kinase Domain (MIK-KD) and display constitu-

tive kinase activity; one isoform, containing MIK-KD and

the complete Regulatory Domain (MIK-RD) is inactive but

can be activated by MARK; and the fourth MIK isoform,

which contains a truncated MIK-RD, is inactive and cannot

be activated by MARK. The analysis of the biochemical

properties of the different MIK polypeptides has allowed us

to get new insight on the mechanisms of MIK activation by

MARK, and suggests that differential splicing could be an

important control of MIK activity.

Experimental procedures

Plant material

Zea mays cv. W64A plants were grown at 26�C on a 16-h

light/8-h dark cycle.

RNA extraction and PCR amplification

Total RNA was isolated from the indicated tissues using

TRIzol� reagent (Invitrogen), and contaminating DNA was

removed using DNase I. Two microgram of total RNA was

used for first-strand cDNA synthesis with M-MLV reverse

transcriptase (GibcoBRL), using a modified oligo(dT) as

described (Casacuberta et al. 1995). The first-strand cDNA

was used as a template for PCR amplification. Reaction

conditions were as follows: amplification with F3 (5¢-CAC

GAT CTT CAA GGT CAA GG C-3¢) and R3 (5¢-CAG

AAG CTT AAC AGA GTT AAG ATC TTG AG-3¢), 30

cycles (45 s 94�C, 45 s 58�C, 1 min 72�C); amplification

with F2 (5¢-GGA GCT TCT CAA GCA TCG TTT C-3¢)
and R4 (5¢-CTC TGA CTG CAG ATT TCC TAA C-3¢), 30

cycles (45 s 94�C, 45 s 56�C, 40 s 72�C). PCR fragments

were subcloned into pCRII-vector (Invitrogen), and se-

quenced. PCR controls were performed in the absence of

added reverse transcriptase to ensure RNA samples were

free of DNA contamination.

For quantitative PCR, Real-time PCR experiments were

done in the ABI Prism 7000 sequence detection system

(Applied Biosystems) using SYBR-Green� (Applied Bio-

systems) as a fluorescent reporter. Relative quantification

was performed using the DCt method (Relative quantifi-

cation of gene expression. Applied Biosystems, user bul-

letin #2 ABI PRISM 7700, sequence detection system

2001) using Ubiquitin (UBQ) as a house-keeping gene.

Primers for quantitative PCR (see below) were designed

using Primer Express 2.0 program (Applied Biosystems),

and in order to check the specificity of annealing of the

nucleotides, a dissociation kinetics was performed at the

end of the experiment. Primers used were: MARK-RT-F

(5¢-CGC CTC AAG GAC GTG ACT CT-3¢), MARK-RT-

R (5¢-GGA AAT GCG TTC ACG GAA CT-3¢), UBQ-RT-

F (5¢-GGT CGT TTA AGC TGC CGA TG-3¢), UBQ-RT-R

(5¢-CAT ATG GAG AGG GCA CCA GAC-3¢), E11-F (5¢-
CTC CCT TCC CTG AAA GAG GCT A-3¢), E11-R (5¢-
AAC AGC AGG CCG ATC AAA CT-3¢), I11-F (5¢-TGC

AGT TAT CTC ACC TCA TGA TGG-3¢), I11-R (5¢-GAA

TCC TTT GAG CTG CGG G-3¢), I4-F (5¢-TGC ACT CGA

ATG TTT ATA TCA TTC TG-3¢), I4-R (5¢-ACC AAT

AAC AGT AAT AGA AGG CAC ACA-3¢), I5-F (5¢-TTT

TGG TGT GTC TTC ACT TAC CTG A-3¢) and I50-R (5¢-
TTC CTT GAC TAC AGT AGA AAA AAG AAT CA-3¢).

Transient expression, immunoprecipitation, immune

complex kinase assay and Western blotting

The full-length MIK sequence was obtained by RACE

PCR, as described (Llompart et al. 2003). The partial

cDNA corresponding to MIK-KD (1090 bp, 363 aa) was

obtained deleting the BglII fragment of the full-length MIK
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sequence. MIK2 sequence was obtained substituting a

HindIII fragment of the full-length MIK sequence, by the

F2-MIKR3H3 amplified fragment of the MIK2 corre-

sponding clone. MIK1, MIK2 and MIK-KD sequences

were subcloned into pCMV-HA (Clontech) and pFLAG-

CMV (Sigma) expression vectors.

Mammalian 293T cells were transfected at approxi-

mately 70% confluence using lipofectamine transfection

reagent (Invitrogen) according to the manufacturer’s rec-

ommendation. Transfected cells were lysed 24 h after

transfection in 0.5 ml immunoprecipitation buffer (50 mM

Tris–HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-

40, 10 lg/ml leupeptin, 10 lg/ml pepstatin, 10 lg/ml

aprotinin, 1 lg/ml E-64 and 1 mM phenylmethylsulfonyl

fluoride). Cell lysates were centrifuged at 10,000 rpm for

10 min and the supernatant was recovered. Five hundred

micrograms of the extract were pre-cleared with 12 ll of a

25% slurry of protein G-Sepharose 4B fast flow (Sigma)

and incubated with anti-HA mouse monoclonal antibody

(clone number 16B12) (Covance MMs-101R) or anti-

FLAG mouse monoclonal antibody (Sigma F3165) for 2 h

at 4�C. Twenty-five microliters of a 25% slurry of protein

G-Sepharose 4B fast flow (Sigma) was added to the mix-

ture and incubated for 1 h at 4�C. Immunocomplexes were

washed three times with immunoprecipitation buffer. Cell

lysates or immunoprecipitates were separated on a 10%

SDS-PAGE gel before electrophoretic transfer onto a

PVDF membrane. Proteins were detected with the respec-

tive antibodies.

Kinase assays of the different MIK polypeptides were

performed as follows. After immunoprecipitation, immu-

nocomplexes were treated with alkaline phosphatase at

30�C during 60 min and washed twice with immunopre-

cipitation buffer and twice with buffer P (20 mM Tris 7.5,

50 mM NaCl, 0.01% triton, 1 mM DTT). Three different

dilutions (1/2) were tested for each MIK polypeptide. Ki-

nase reactions were performed in 20 ll buffer P containing

10 mM MgCl2, 2 lg of MBP, 50 lM ATP and 10 lCi of

[c-33P] ATP 3000Ci/mmol (Amersham). The protein ki-

nase reactions were performed at 30�C for 10 min and the

reactions were stopped by adding 2· loading buffer. After

phosphorylation, proteins were separated in a 11% SDS-

PAGE. The gel was stained with Coomassie Brilliant Blue

and dried. Radioactive signals were quantified with a

PhosphoImager using the Quantity One program (Bio-

Rad). To verify equal loading of the different MIK con-

structs, equivalent amounts of the immunoprecipitated

were separated on a 10% SDS-PAGE gel before electro-

phoretic transfer onto a PVDF membrane. Proteins were

detected with antibodies raised against the MIK-KD

polypeptide.

Kinase assays for the analysis of MIK1 and MIK2

activation by MARK were performed as follows. The

FLAG-MARK-ID protein obtained from 6 different im-

munoprecipitations was eluted at 4�C with 50 ll of buffer

P containing 0.1 mg/ml of FLAG peptide. Kinase assays

were performed with 1/5 of the HA-MIK1, HA-MIK2

immunocomplexes in 20 ll of buffer P containing 10 mM

MgCl2, 2 lg of MBP, 50 lM ATP and 10 lCi of [c-33P]

ATP 3000Ci/mmol (Amersham), containing 0, 1 or 4 ll of

eluted FLAG-MARK-ID. A control kinase reaction was

performed using immunocomplexes from non-transfected

cells. The reactions were performed and analysed as

described for the different MIK polypeptides.

Recombinant proteins, production of antibodies

and gel filtration assays

A partial cDNA corresponding to the last 325 amino acids

of MARK protein, which coincide with its putative intra-

cellular domain (ID-MARK), and two partial MIK cDNAs

corresponding to the last 143 amino acids of MIK (Ab

2899) and to the entire MIK-RD polypeptide (Ab 165)

were cloned into a pET28 vector and the recombinant His6-

tagged-ID-MARK and His6-tagged-MIK were obtained by

standard methods. Antibodies against ID-MARK and

C-MIK were obtained in rabbits inoculated with the His6-

tagged-ID-MARK and His6-tagged-C-MIK recombinant

proteins. Gel filtration experiments were performed as

previously described (Llompart et al. 2003).

Results

Different transcripts of MIK are generated

by differential splicing

Characterisation of MIK expression in maize immature

embryos by RT-PCR gave amplified bands of different

molecular sizes (Fig. 1A and not shown). The cloning and

sequencing of these bands, and their comparison with the

MIK genomic sequence, revealed the presence of intron-

like sequences in these cDNA fragments. This suggests the

existence of partially spliced MIK transcripts. The possible

contamination with genomic DNA was ruled out with

control amplification experiments where no reverse trans-

criptase was added to the samples (not shown). Moreover,

first-strand cDNA synthesis was performed with oligo(dT)

primer and, more importantly, correct splicing events for

other predicted introns were depicted in the cloned partial

cDNAs, confirming that they indeed correspond to alter-

natively spliced MIK mRNAs. We describe here 4 pre-

dicted MIK mRNA species (Fig. 1B): MIK1 results from

the complete splicing of the 12 MIK introns (partial cDNA:

DQ390216); MIK-KD1 is the result of intron 4 retention
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(partial cDNA: DQ390218); MIK-KD2 contains intron 5

(partial cDNA: DQ390219), and MIK2 results from the

retention of intron 11 (partial cDNA: DQ390217). The

three new MIK splice variants here described were gener-

ated by the retention of an intron, and in all the cases this

generated a premature STOP codon. Intron retention is not

infrequent in plants. It has been recently reported that, in

Arabidopsis, 30% of alternatively spliced transcripts are

generated by intron retention (Ner-Gaon et al. 2004).

The predicted MIK mRNAs here described potentially

code for four different polypeptides: MIK1, the previously

described MIK protein, which contains an N-terminal ki-

nase domain (MIK-KD), and a C-terminal regulator domain

(MIK-RD) (Llompart et al. 2003); MIK-KD1 and MIK-

KD2 that are truncated proteins that only contain MIK-KD;

and MIK2 that lacks the last 67 amino acids of the C-ter-

minal region of the RD (Fig. 1B). Using antibodies raised

against different regions of MIK-RD we were able to detect

two different MIK-related bands with electrophoretic

mobilities coinciding with those of recombinant MIK1 and

MIK2 (see Fig. 3B), confirming that different alternative

spliced MIK mRNAs were translated into proteins.

Analysis of the kinase activities of the peptides encoded

by the different MIK splice variants

MAP4Ks very often contain a kinase-unrelated domain that

usually inhibits their kinase activity (Creasy et al. 1996;

Eichinger et al. 1998; Guertin and McCollum 2001).

Activation of these MAP4Ks involves the release of auto
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Fig. 1 MIK structure and splice variants. (A) RT-PCR using different

MIK primers with RNAs obtained from different maize tissues (shoot

apical meristem, SAM; leaf; 2, 5, 7 and 10 days after pollination

(DAP) kernels; 12, 15, 17, 18, 20 and 30 DAP embryos). A negative

control without RNA (-) is also shown. The names of the primers used

are shown on the left of each amplification experiment and the

migration position of two relevant molecular weight markers are

shown on the right. The structure of the MIK gene, the position of the

primers used and the number of the introns alternatively retained are

shown on the top. Exons are indicated by grey boxes and introns by

solid lines. (B) Structure of the MIK gene (top) and MIK splice

variants and predicted polypeptides (bottom). Intron-like sequences

retained in MIK transcripts are shown as black boxes. The kinase

domain (KD) and the regulatory domain (RD) of MIK are shown by

filled and open boxes, respectively. The number of residues of each

predicted polypeptide is shown on the right, and the predicted

molecular weight is shown between brackets
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inhibition by phosphorylation or protein–protein interac-

tion-induced conformational changes or by cleavage of the

regulatory domain (Glantschnig et al. 2002; Guertin and

McCollum 2001). We have previously proposed that the

regulatory domain of MIK, MIK-RD, could negatively

regulate MIK activity, and that the interaction of MIK,

through the RD, with the MARK receptor could activate

MIK by releasing from its auto-inhibited state (Llompart

et al. 2003). Two of the MIK splice variants here described

(MIK-KD1 and MIK-KD2), were predicted to code for MIK

isoforms where most of the RD is absent. We tested the

auto- and trans-phosphorylation activity of a MIK poly-

peptide in which we deleted most of the RD (named MIK-

KD), which makes it similar to the polypeptides encoded

by MIK-KD1 and MIK-KD2 splice variants. This kinase

activity was compared to that of the complete MIK (MIK1)

and the polypeptide encoded by MIK2, which contains a

truncated RD (Fig. 1). The different constructs were

transfected into mammalian 293T cells, immunoprecipi-

tated with antibodies against the HA epitope present in the

N-terminus of all polypeptides, and different dilutions of

the proteins were subjected to auto- and trans-phosphory-

lation assays. Coomassie staining of the SDS-PAGE gels,

as well as immunoblots blots with an antibody raised

against the MIK-KD polypeptide, were used to compare

the amount of proteins loaded (Fig. 2 top and bottom). The

results presented in Fig. 2 showed that the auto and trans-

phosphorylation activity of MIK-KD is higher than the one

displayed by equivalent amounts of MIK1 and MIK2

proteins. These results showed that MIK is auto-inhibited

by its RD, and that the shorter RD present in MIK2 is

sufficient for this auto-inhibition. In vitro phosphorylation

experiments in which increasing concentrations of the

MIK-RD were added to the MIK-KD phosphorylation

reactions showed that the inhibitory effect of MIK-RD

could also be accomplished in trans (not shown).

Phosphorylation

MBP

MIK2

MIK1

MIK-KD

HA-MIK1 HA-MIK2 HA-MIK -KD

Coomassie 

MBP

MIK2

MIK1

MIK-KD*

*

205

97
66

45

29

IB:  MIK-KD

MIK2

MIK1

MIK-KD

Fig. 2 Analysis of the kinase

activity of MIK1, MIK2 and

MIK-KD. Mammalian 293T

cells were transfected with the

indicated clones. Serial

dilutions (1, 1/2 or 1/4) of the

anti-HA immunoprecipitates

were assayed for auto-

phosphorylation and

phosphorylation activity on

myelin basic protein (MBP).

Reaction products were

separated by SDS-PAGE,

stained with Coomassie blue

(upper panel) and visualised by

autoradiography (middle panel).

The amount of MIK1, MIK2

and MIK-KD proteins in the

immunocomplexes was

determined by immunoblotting

(IB) with antibody against MIK-

KD (lower panel).

Immunoglobulin light chain and

heavy chain, which partially

overlaps with MIK-KD, are

indicated by asterisks.

Molecular weight markers (kD)

are shown on the left of the

upper panel
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Interaction with and activation by MARK

of the different MIK isoforms

We have already shown that the C-terminal 143 amino

acids of MIK are sufficient to specifically interact with

MARK-ID, and that MARK-MIK interaction results in

MIK activation (Llompart et al. 2003). Nevertheless, the

minimal MIK region necessary for the interaction was not

determined, and nothing was known on the possible

interaction of MARK-ID with other MIK domains. We

thus compared the interaction of MIK1 and MIK2, which

lacks the 67 amino acids of the C-terminus, with MARK-

ID by co-transfecting HA-MIK1 or HA-MIK2 together

with Flag-MARK-ID tagged proteins into mammalian

293T cells. Figure 3A shows that MIK2 failed to co-

immunoprecipitate MARK-ID in the conditions in which

MIK1 protein efficiently did. This result demonstrates that

the C-terminal part of MIK-RD is the only domain of MIK

that can interact with MARK-ID, and that the last 67 amino

acids of MIK are necessary for the interaction.

We have already shown that MARK and MIK form

stable complexes in vivo, as they co-fractionate when a

protein extract obtained from 15 DAP embryos is separated

on a Superose 6 gel filtration column (Llompart et al.

2003). As MIK2 does not interact with MARK it should be

absent from high molecular weight MARK-MIK com-

plexes. We thus reanalysed the Superose 6 gel filtration

protein fractions with two different antibodies raised

against MIK-RD. Figure 3B shows that the two MIK-RD

antibodies immunoreact with two different polypeptides

with electrophoretic mobilities coinciding with those of

recombinant MIK1 and MIK2. The polypeptide corre-

sponding to MIK1 co-fractionated with MARK while the

polypeptide corresponding to MIK2 did not, suggesting

that it is absent from MARK–MIK complexes in vivo.

As the interaction of MARK with MIK results in the

activation of the phosphorylation activity of the latter, we

analysed the ability of MARK-ID to activate the kinase

activity of MIK1 and MIK2 proteins. Figure 4 shows that

MIK1 auto- and trans-phosphorylation activity was highly

induced by MARK-ID, in accordance with our previous

observations (Llompart et al. 2003). On the contrary, the

auto- and trans-phosphorylation activity of MIK2 was not

affected by the presence of increasing concentrations of the

MARK-ID protein.

Differential expression of MIK splice variants

In order to analyse the possible regulation of the splicing of

the MIK pre-mRNA, we measured the expression of the

different splice variants. We designed specific oligonucle-

otides for the amplification of introns 4, 5 and 11 by

quantitative Real-Time RT-PCR, and we compared the

accumulation of these mRNA species with that of the total

MIK mRNA (analysed by amplification of an invariant

exon with specific oligonucleotides). The expression of the

different MIK splice variants, as well as the total MIK

expression, were referred to the expression of the Ubiquitin

gene and were compared with the expression of the MARK

gene. Figure 5 shows that the total MIK expression
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Fig. 3 Analysis of MARK-

MIK interaction. (A)

Mammalian 293T cells were

transfected with clones

corresponding to the indicated

proteins. About 1/10 of the

extracts (INPUT, left panels)

and 1/3 of the anti-HA

immunoprecipitates (HA IP,

right panels) were subjected to

immunoblot (IB) against MIK

(upper panels) and MARK

(lower panels). (B) Total protein

extract from 15 DAP maize

embryos were fractionated on a

Superose 6 column. Fractions

were analysed by Western blot

using the antibodies indicated to

the right of each panel. The

bands showing the same

mobility as the recombinant

MIK1 and MIK2 are indicated

to the left of each panel. Arrows

indicate where size standards

eluted from the column
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increased during early embryogenesis, with a maximum at

15 Days After Pollination (DAP), and was reduced after-

wards, it being high in meristems while remaining low in

adult leaves (Fig. 5 lower panel). This pattern of expres-

sion is similar to that of MARK (Fig. 5 upper panel), in

accordance with its role as MIK activator. The analysis of

the expression of the different MIK splice variants revealed

that the frequency of intron retention varied along

embryogenesis. At the beginning of the process, intron 11

was frequently found in MIK mRNA (65% of MIK mRNAs

contained intron 11) while at mid embryogenesis, when the

expression of MARK, a protein that can activate MIK

through its C-terminal domain, reaches the maximum, in-

tron 11 was efficiently spliced (in embryos of 15 DAP, e15,

only 26% of MIK mRNAs contained intron 11). In order to

confirm these data by a different approach, we amplified by

conventional RT-PCR the entire MIK-RD coding region of

MIK mRNAs from e15 RNA and we analysed 30 inde-

pendent clones. Nine out of 30 (30%) partial cDNAs

contained intron 11, the rest containing only the predicted

exonic sequences, which perfectly coincides with the re-

sults obtained by quantitative Real-Time RT-PCR.
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HA-MIK2

–
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MBP
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+    +    +     
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– – – –
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Fig. 4 Analysis of MIK1 and MIK2 activation by MARK. Mamma-

lian 293T cells were transfected with clones coding for HA-MIK1,

HA-MIK2 and FLAG-MARK-ID, and those recombinant proteins

were immunoprecipitated using anti-HA or anti-FLAG antibodies.

MIK1 and MIK2 immunoprecipitates were assayed for auto-

phosphorylation and phosphorylation activity on MBP in the presence

of increasing concentrations of MARK-ID. Reaction products were

separated by SDS-PAGE, visualised by autoradiography
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Fig. 5 Analysis of the

expression of MIK splice

variants. Real time RT-PCR

analysis of the expression of

MARK (upper pannel) and MIK

splice variants (lower pannel)

was performed on shoot apical

meristems (sam), leaves and

developing seeds (k: kernel and

e:embryo). The expressions are

shown relative to that of the

Ubiquitin house-keeping gene

and standard deviations are

indicated. The structure of the

MIK gene, the position of the

primers used and the number of

the introns alternatively retained

are shown on the top. Exons are

indicated by grey boxes and

introns by solid lines
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On the other hand, although we have been able to detect

MIK-KD1 and MIK-KD2 mRNAs, the splicing of introns 4

and 5 seems highly efficient in the conditions tested, and

both splice variants are maintained during embryogenesis

at very low levels.

Conservation of MIK differential splicing

in different species

MIK has a possible homologue in rice (AP005127), and

two possible homologues in Arabidopsis MAP4K1 and

MAP4K2, also known as AtMAP4Ka1 and AtMAP4Ka2

(Champion et al. 2004). We thus asked whether the intron–

exon structure of MIK, and its alternative splicing, is

conserved in different species. Figure 6 shows that the

intron–exon structure of the rice MIK gene and the two

Arabidopsis MIK homologues is perfectly conserved. On

the contrary, the maize MIK gene does not contain the first

8 introns, the rest being perfectly conserved. Thus, the

maize MIK gene has a composite structure with a compact

5¢region (coding for most of the kinase domain) and an

intron-rich 3¢region (coding for the regulatory domain).

Although the intron–exon structure of genes is frequently

conserved among related species, introns can also be lost or

gained during evolution, intron loss being much more

frequent than intron gain (Roy et al. 2003). Intron loss is

probably the result of a gene conversion of the genomic

copy of a gene by the reverse transcriptase product of a

spliced transcript (Roy and Gilbert 2005 and references

therein), and this process usually leads to the simultaneous

loss of multiple introns, as it seems to be the case for the

maize MIK gene. A recent study in Caenorhabditis has

shown that intron losses are not randomly distributed along

genes and that the preferential retention of particular

introns could be an indication of its functional importance

(Cho et al. 2004). The selective conservation of the intron–

exon structure of the region coding for MIK-RD thus

suggests that the alternative splicing of these introns could

have been maintained during evolution. Interestingly, in

addition to the completely spliced transcript (AK102538),

the data bases contain a full-length cDNA corresponding to

a splice variant of the rice MIK homologue that retains the

last intron and potentially codes for a protein similar to

MIK2 (AK106514) (Fig. 6). We did not find in the Ara-

bidopsis data base ESTs that could represent alternatively

spliced transcripts of the Arabidopsis MIK homologues.

We thus searched them by an RT-PCR approach. We

cloned a MAP4K1 splicing variant that retains intron 18

(corresponding to intron 11 in the maize gene) and that

would code for a protein homologous to MIK2

(DQ390220), and a MAP4K2 variant that retains part of

intron 11 (corresponding to intron 4 in the maize gene) and

that would code for a protein homologous to MIK-KD1

(DQ390221) (Fig. 6), confirming the existence of equiva-

lent alternatively spliced MIK mRNAs in maize, rice and

Arabidopsis.

Discussion

The results presented here show that when the C-terminal

kinase-unrelated domain of MIK, MIK-RD, is eliminated

the kinase activity of MIK is increased, suggesting that

MIK-RD inhibits MIK kinase activity. The auto-inhibition

by regulatory domains is common among MAP4Ks, and

their activation usually requires induced conformational

changes, or the cleavage of this regulatory domain, to

liberate the kinase active site (Creasy et al. 1996; Eichin-

ger et al. 1998; Glantschnig et al. 2002; Guertin and

McCollum 2001). The existence of MIK splice variants

coding for MIK isoforms devoid of MIK-RD suggests that

constitutive active forms of MIK can be generated in

maize. The regulation of the splicing of introns 4 and 5, to

give the splicing variants MIK-KD1 and MIK-KD2 here

described, could thus be a singular way to regulate the

activity of the MIK protein, and could constitute a new

mechanism to selectively overcome the auto-inhibition of

MAP4Ks.

We have previously reported that MIK can interact with

the intracellular domain of the MARK receptor, this

mMIK

osMIK

MAP4K1

MAP4K2

* * *

*

*

*

Fig. 6 Intron–exon structure of MIK genes in maize (mMIK), rice

(osMIK) and Arabidopsis (MAP4K1 and MAPK4K2). Exons coding

for MIK-KD are shown as filled boxes; exons coding for MIK-RD are

shown by open boxes; introns are shown by solid lines; maize MIK

intron 3 has not been completely sequenced due to the presence of

multiple transposable elements (intron length >1000 nt). Correspon-

dence of selected exons among the 4 different genes is indicated for

clarity. Introns retained in MIK mRNAs are marked by an asterisk
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interaction resulting in the activation of MIK kinase

activity (Llompart et al. 2003). Here we show that MARK–

MIK interaction is restricted to the most C-terminal part of

MIK (67 amino acids). When the C-terminal part of MIK is

eliminated, to generate the MIK2 isoform, the interaction

with MARK-ID, and the consequent activation, is abol-

ished. On the other hand, the MIK2 isoform displays low

kinase activity, similar to that of the non-activated entire

MIK protein, suggesting that the truncated MIK-RD of

MIK2 is sufficient to inhibit MIK activity. All these results

support a model in which the N-terminal part of MIK-RD

inhibits MIK kinase activity, and the interaction of the C-

terminal region of MIK-RD with MARK-ID liberates MIK

protein from its auto-inhibition. The results presented here

show that the auto-inhibition of plant MAP4Ks, like their

animal counterparts, can be released by protein–protein

interactions. MIK2 protein might be activated by other

receptors or regulatory proteins. This would not be sur-

prising as it has been shown that most MAPK cassette

components can perform very different functions in dif-

ferent pathways (Jonak et al. 2002). Our results thus show

that differential splicing of the MIK primary transcript

could be an important mechanism to modulate the activity

of the MIK protein and to regulate the signal transduction

pathway(s) in which this protein is potentially involved.

On the other hand, the results presented here show that

the different MIK splice variants accumulate with different

patterns of expression in maize, showing that MIK splicing

is highly regulated. MIK, and its activator MARK, are ex-

pressed during embryogenesis and in the meristems of the

plant, with similar patterns of expression, and we have

already proposed that MIK and MARK could participate in

proliferation/differentiation signalling transduction path-

ways (Llompart et al. 2003). Interestingly, the efficiency of

intron 11 splicing, that gives rise to a MARK-activatable

MIK isoform, increases during embryogenesis reaching a

maximum at mid embryogenesis (e15) when MARK

expression is maximal. This suggests that MIK activation

could be particularly high at this stage. The regulation of

MIK splicing could thus contribute to the precise control of

MIK activity during development. If this is the case,

interfering in splicing regulation should result in develop-

mental abnormalities. Interestingly, it has been recently

shown that the overexpression of the LAMMER kinase

PK12, which is potentially involved in splicing regulation,

results in developmental alterations in Arabidopsis, sug-

gesting that, indeed, splicing regulation plays an important

role in developmental control in plants (Savaldi-Goldstein

et al. 2003). The MIK splice variants here described con-

stitute a good model to analyse splicing regulation at the

molecular level, as well as the role that alternative splicing

could play in the control of signal transduction and plant

development. The selective conservation during evolution

of the intron–exon structure of the MIK region coding for

MIK-RD, and the maintenance of the alternative splicing of

some of these introns in maize, rice and Arabidopsis,

highlight the functional importance of this phenomenon.
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