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MsERKl: A Mitogen-Activated Protein Kinase from a 
Flowering Plant 
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Department of Plant Biology, University of Illinois, Urbana, lllinois 61801 

The induction of proliferation and differentiation in cultured mammalian cells is mediated by a cascade of protein phos- 
phorylations. A key enzyme in this signaling pathway is mitogen-activated protein (MAP) kinase (or ERK, extracellular 
signal-regulated kinase). We report the recovery of a full-length cDNA clone encoding a MAP kinase from alfalfa. We 
have named the 44-kD protein encoded by this clone MsERK1. Recombinant MsERKl (rMsERKl), when overexpressed 
in fscherichia coli, is recognized by antibodies raised against MAP kinases from rat, Xenopus, and sea star and by anti- 
phosphotyrosine antibodies. Site-directed mutagenesis of MsERKl demonstrated that Tyr-215 is either directly or indirectly 
responsible for recognition of the protein by anti-phosphotyrosine antibodies. Semipurified rMsERKl phosphorylated 
itself and a model substrate, myelin basic protein, in vitro, but the Tyr-215 mutant did neither. Genomic DNA gel blot 
analysis suggested that the gene that encodes MsERK1 is either a member of a small multigene family or a member 
of a polymorphic allelic series in alfalfa. Because MAP kinase activation has been associated with mitotic stimulation 
in animal systems, such an enzyme may play a role in the mitogenic induction of symbiotic root nodules on alfalfa by 
Rhizobium signal molecules. 

INTRODUCTION 

The transitions between quiescence, differentiation, and the 
mitotic state in eukaryotic cells are promoted and accompa- 
nied by avariety of cellular changes. Among the most studied 
of these is the alteration in the pattern of protein phosphoryla- 
tions. Treatment of cultured mammalian cells with growth 
factors, insulin, mitogenic phorbol esters, or transforming pro- 
teins of oncogenic viruses results in serine phosphorylation 
of the 40s ribosomal subunit S6 (Pelech et al., 1990). This post- 
translational modification leads to an enhancement in protein 
synthesis presumably required for cells to negotiate a new de- 
velopmental pathway. 

The S6 ribosomal subunit is phosphorylated by either of two 
protein kinases, S6 kinase II (pp9(YSk, 90-kD ribosomal protein 
S6 kinase phosphoprotein) or the 70-kD S6 kinase (pp7OSGk, 
70-kD S6 kinase phosphoprotein) (Ballou et al., 1991). Each 
of these enzymes is, in turn, regulated by phosphorylation. 
The upstream kinase responsible for phosphorylation of S6 
kinase II has several designations, including p42, mitogen- 
activated protein (MAP) kinase, or extracellular signal-regu- 
lated kinase (ERK). Additional substrates for MAP kinase 
include the protooncogene transcription factor c-jun (Pulverer 
et al., 1991), the epidermal growth factor receptor (Takishima 
et al., 1991), myelin basic protein (MBP) (Cicirelli et al., 1988), 
and microtubule-associated protein-2 (Ray and Sturgill, 1987). 
MAP kinase homologs have been identified in rat (Boulton et 
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al., 1990,1991), mouse (Ray and Sturgill, 1987), chick (Cooper 
et al., 1984), human (Hoshi et al., 1988), Xenopus (Ferrell et 
al., 1991; Posada et al., 1991), budding yeast (Courchesne et 
al., 1989), fission yeast (Toda et al., 1991), and starfish (Posada 
et ai., 1991). 

Whereas the elements downstream from MAP kinase in the 
signal transduction pathway have been relatively well charac- 
terized in animal cells, neither the multiplicity nor the exact 
nature of the upstream signaling steps between binding of 
ligand to a cell surface receptor and MAP kinase activation 
is well understood. MAP kinases do not appear to be direct 
substrates for receptor kinases themselves (Seger et al., 1991; 
Sturgill and Wu, 1991). ldentification of MAP kinase activators 
has been complicated by MAP kinase’s ability to autophos- 
phorylate in vitro on threonine and tyrosine residues (Boulton 
et al., 1991; Crews et al., 1991; Seger et al., 1991; Wu et al., 
1991). Therefore, it is possible that, in some systems, the MAP 
kinase activator may be a noncatalytic regulatory subunit that 
provides or enhances the enzyme’s auto-activation capacity 
in vivo (Ahn et al., 1991). However, several candidates for 
upstream kinases that can phosphorylate, and thus activate, 
MAP kinase in vivo have been reported recently (Adams and 
Parker, 1991; Gomez and Cohen, 1991; Ettehadieh et al., 1992; 
Wllemain et al., 1992). The development of phosphorylatable, 
kinase-dead MAP kinase variants by site-directed mutagenesis 
has facilitated the identification of what now appear to be 
authentic MAP kinase kinases (Wllemain et al., 1992). The 
identification and cloning of a mouse MAP kinase kinase has 
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recently been reported (Alessandrini et al., 1992; Crews et al., 
1992a; Crews and Erickson, 1992). 

Whereas developmental arrest is a feature of the cell differ- 
entiation process in both the plant and animal kingdoms, plants 
ubiquitously employ a return from proliferative quiescence dur- 
ing the course of development. Examples include germination 
in dormant seeds, sprouting in bulbs and tubers, “breaking” 
of axillary buds, and the mitotic stimulation of the root cortex 
by rhizobia. As a consequence of our pursuit of the mecha- 
nism of mitotic induction in the latter system, we report here 
the cloning and partia1 characterization of a MAP kinase homo- 
log from alfalfa, a legume in the roots of which Rhizobium 
melilori induces an organogenic mitotic response. We also re- 
port the apparent tyrosine autophosphorylation of this protein 
when expressed in Escherichia coli. 

RESULTS 

Cloning and Sequence Analysis of an Alfalfa 
MAP Kinase 

We used a pea cdc2 homolog cDNA(Feiler and Jacobs, 1990, 
1991) to screen an alfalfa root cDNA library for a MAP kinase 
clone. cdc2 gene products and MAP kinases are members 
of the same protein kinase subfamily based on primary amino 
acid sequence homologies (Boulton et al., 1990). Of three posi- 
tive clones obtained, the clone carrying the longest insert ( 4 . 5  
kb) was sequenced in its entirety, as shown in Figure 1. This 
clone contains an open reading frame of 387 amino acids 
encoding a polypeptide with a predicted molecular mass of 
44,373 D. Of the three potential translation initiation sites (lo- 
cated at nucleotides 79,115, and 145; Figure l), the nucleotide 
sequence context surrounding the first ATG, at nucleotide 79, 
conforms best to the published consensus for eukaryotic trans- 
lation initiation (Kozak, 1989). Specifically, the ATG at nucleotide 
79 (Figure 1) is both preceded by a purine residue at position 
-3 and followed by a G residue at position +4 (Kozak, 1989), 
one of which is lacking from the alternative start sites at nucleo- 
tides 115 or 145. 

A FASTA search (Pearson and Lipman, 1988) of the GenlPept 
data base with the derived amino acid sequence revealed 
greatest identities with the following polypeptides, as shown 
in Figure 2: rat ERK2 (52%) (Boulton et al., 1991), Xenopus 
p42 (52%) (Posada et al., 1991), rat ERK1 (52%) (Boulton et 
al., 1990), budding yeast KSS7 (49%) (Courchesne et al., 1989), 
rat ERK3 (40%) (Boulton et al., 1991), and maize 
(37%) (Colasanti et ai., 1991). The first five of these are mem- 
bers of the ERK or MAP kinase family of serinelthreonine 
protein kinases, whereas the last reflects the similarity between 

We have named the protein encoded by the alfalfa MAP ki- 
nase clone MsERK1. Its amino acid sequence contains all of 
the consensus amino acids and oligopeptide motifs charac- 
teristic of the 11 stereotypical serinelthreonine protein kinase 

and MAP kinases. 

subdomains (Hanks et al., 1988) (Figure 2). In particular, the 
MsERKl cDNA sequence encodes the DLKPSN variation of 
the DLxxxN motif in subdomain VI and the TxYxxTxxYxAxEver- 
sion of subdomain VIII, both characteristic of, if not unique to, 
the ERK family of serinelthreonine protein kinases. Conserv- 
ing the latter (subdomain VIII) motif in this plant gene is 
significant because the TxY tripeptide represents the target 
for stimulatory threonine and tyrosine phosphorylations in a 
mouse MAP kinase (Payne et al., 1991), and protein tyrosine 
phosphorylation in higher plants has yet to be unequivocally 
demonstrated. The derived amino acid sequence of MsERK1 

GTTAGGGAGAGATAGTACAGATCTGTTTGACCAAAAGCATTCACAACA 
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Figure 1. Nucleotide and Derived Amino Acid Sequence (Single Let- 
ter Code) of the MsERKl Clone. 

Numbers at right indicate the number of final nucleotide or amino acid 
residues in that row. The cDNA sequence has been submitted to Gen- 
Bank and has been given accession number L07042. 
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. . .  . .  . . .  . . .  
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yeost KSSI . . . . . . .  YH . . .  W . I L . V L  . . . .  FE.FNOIKSKR . .  E . . A N P M R . . . L P W E T V W S . . T D L N . D M . . . L D . . . P . N . D . . . S A A E . . R . . . . A M Y .  
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moize p34 . . . . .  0 S E I D E . F K I F R I L  . . .  N.aSWP-GVSCLPD.FKTA---F,RWOA.DLATVV.NLD.AGL . .  L S  . . .  RYE.S . . . .  A R O . . E . E . F K D . .  
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r o t  E R K l  . P T . . . . A E E . . T . . M . - L D D . P K . R L . . . . F D . T A R . O .  
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X e n o p u s  p42 . P  . . . . .  AEA.LK.EM . -  L D D . P K . T L  . . . .  F E . 1 A R . O .  G.  

m o i z e  p34 EVVO 

Figure 2. Comparison of Amino Acid Sequences of MsERKl and Other Closely Related Protein Kinases. 

A hyphen indicates that a gap has been introduced to optimize alignment, whereas a period represents identity with MsERKl. Serinehhreonine 
protein kinase consensus subdomains (Hanks et al., 1988) are numbered with Roman numerals. Nine highly conserved residues, characteristic 
of tyrosine-autophosphorylating protein kinases, are underlined in subdomain XI (Seger et al., 1991). 

contains nine of the 11 conserved tyrosines and 10 of the 11 
conserved prolines identified among ERK homologs in rat, 
Xenopus, and the yeasts (Crews et al., 1992b). The MsERKl 
sequence also includes, in the consensus catalytic segment 
of protein kinase subdomain XI (Figure 2), all nine residues 
recently identified to be highly conserved among tyrosine- 
autophosphorylating protein kinases (Seger et al., 1991). That 
this alfalfa gene is not a member of the cdc2 subgroup is evi- 
denced by its lack of the signature PSTAIR oligopeptide motif 
in subdomain 111,  characteristic of all kinases. 

Genomic Organization of MsERKl in Alfalfa 
Cultivar lroquois 

In rat, multiple MAP kinase genes constitute a small multigene 
family (Boulton et al., 1991). Genomic DNA gel blot analysis 
provides an initial view of such genetic structural features. A 
gel blot of digested alfalfa genomic DNAs was prepared and 
hybridized with a probe consisting of the entire MsERK1 cDNA 
clone, as illustrated in Figure 3. The sums of the lengths of 
the fragments detected in all but the Hindlll lane are greater 

than the length of the probe (1.5 kb). This result suggests that 
either MsERKl is a member of a small gene family or an al- 
lelic series, or simply that the MsERK1 genomic coding 
sequence is interrupted by large introns. Alfalfa is an au- 
totetraploid that does not naturally self-pollinate. The DNA that 
was blotted in this experiment was prepared from pooled leaf 
tissue obtained from more than 100 lroquois alfalfa plants. 
Given the genetic structure of alfalfa, such a genomic DNA 
preparation might be expected to display considerable poly- 
morphism at any given locus. 

Expression of MsERKl in E. coli and Alfalfa 

While the primary amino acid sequence of MsERKl suggests 
that it is a MAP kinase homolog, we sought more biochemical 
confirmation of its membership in this broad family of protein 
kinases. The MsERKl coding sequence was ligated into an 
E. coli expression vector, where it was translationally fused 
to a strong bacteriophage T7 promoter (Studier et ai., 1990). 
To determine whether the MsERKl clone encoded a protein 
with higher order (than primary) structural similarity to reported 
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antibody 4G10 (Drucker et al., 1989). This antibody detects a
polypeptide, shown in Figure 5, lane 5, with an electrophoretic
mobility corresponding to the slowest migrating species in the
~44-kD family of signals recognized by the anti-ERK antibody
691 (Figure 5, lanes 1 to 4). Phosphorylated proteins gener-
ally run slower in SDS gels than their unphosphorylated
counterparts. A comparison of the intensities of immunoblot
signals obtained with anti-phosphotyrosine 4G10 versus anti-
ERK 691 antibodies suggests that only a small fraction of the
MsERKI produced in E. coli may betyrosine phosphorylated.
Alternatively, the difference in signal intensity obtained with
the two antibody probes may be partially attributable to differen-
tial affinity of the antibodies for their respective sites on
MsERKI.

That the signal detected by antibody 4G10 is attributable
to its specific binding to phosphotyrosine was confirmed by
incubating the anti-phosphotyrosine antibody with phos-
photyrosine, phosphoserine, and phosphothreonine prior to
probing the rMsERKI immunoblot (Figure 5, lanes 6, 7, and
8, respectively). Complete inhibition of the 44-kD signal by
phosphotyrosine, but not by phosphoserine or phospho-
threonine, strongly suggests that rMsERKI is tyrosine
phosphorylated in E. coli, presumably by an autophosphory-
lation mechanism, because protein tyrosine phosphorylation
is not otherwise known to occur in E. coli.

Figure 3. Genomic DMA Gel Blots of Alfalfa DNA Probed with the
MsERKI cDNA.
Autoradiogram of cultivar Iroquois alfalfa DNA that was digested with
the six indicated restriction endonucleases, electrophoresed, blotted,
and probed with the full-length MsERKI cDNA. Numbers at left are
length markers in kilobases.
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MAP kinases, we surveyed a number of anti-MAP kinase anti-
bodies obtained from other laboratories for cross-reactivity with
the alfalfa gene product. Antisera raised against MAP kinases
from sea star, shown in Figure 4, lane 2, and rat, shown in
Figure 4, lanes 4, 6, and 8, detected an ~44-kD protein pres-
ent in £ coli carrying the fusion construct, but not in strains
carrying the vector alone. The anti-rat ERK2 antibody 691
yielded a particularly strong signal (Figure 4, lane 8), probably
owing to the high homology (16 of 23 amino acids) between the
peptide against which it was raised (KRITVEEALAHPYLEQYY-
DPTDE; Boulton and Cobb, 1991) and the corresponding se-
quence in MsERKI (subdomain X\; Figure 2).

Rat ERK1 and ERK2 and mouse Erk-1 MAP kinases ex-
pressed in E. coli autophosphorylate on threonine, serine
(mouse Erk-1), and tyrosine residues (Boulton et al., 1991; Crews
et al., 1991; Seger et al., 1991; Wu et al., 1991). We tested
whether MsERKI expresses a tyrosine autophosphorylation
activity in E coli by probing immunoblots of recombinant
MsERKI (rMsERKI) with the monoclonal anti-phosphotyrosine

36-

Figure 4. Recognition of E. coli Overexpressed MsERKI by Anti-MAP
Kinase Antibodies.

The antibody probes are given as follows: lanes 1 and 2 contain affinity-
purified rabbit polyclonal antibody raised against entire purified sea
star p44mP* (Sanghere et al., 1991); lanes 3 and 4, affinity-purified rab-
bit polyclonal antibody raised against subdomain III region of rat ERK1
(PFEHQTYCQRTLREIQILLGFRHENVIGIRDILRAP); lanes 5 and 6,
affinity-purified rabbit polyclonal antibody raised against the carboxy
terminus of rat ERK1 (PFTFDMELDDLPKERLKELIFQETARFQPG-
PEAP); lanes 7 and 8, affinity-purified rabbit polyclonal antibody 691
raised against a peptide from subdomain XI of rat ERK1 (KRITVEEAL-
AHPYLEQYYDPTDE) (Boulton and Cobb, 1991). Lanes 1, 3, 5, and 7
contain total E. coli lysate of BL21(DE3) carrying vector pET11d with-
out insert. Lanes 2,4,6, and 8 contain total E. coli lysate of BL21(DE3)
carrying vector pET11d with MsERKI insert. Molecular mass standards
are given at left in kilodaltons.



Alfalfa MAP Kinase 91

1 2 3 4 5 6 7 8
55-

36-

29-

Figure 5. Anti-Phosphotyrosine-Probed Immunoblot of MsERKI Pro-
tein Overexpressed in £ coli.

Each lane contains whole cell lysate from E. coli overexpressing
MsERKI. Antibody probes were anti-ERK 691 (lanes 1 to 4) and anti-
phosphotyrosine 4G10 (lanes 5 to 8). Prior to probing the blot, primary
antisera were incubated with buffer alone (lanes 1 and 5), phos-
photyrosine (lanes 2 and 6), phosphothreonine (lanes 3 and 7), or
phosphoserine (lanes 4 and 8). Molecular mass standards are given
at left in kilodaltons.

At this initial stage of its characterization, it was important
to verify that rMsERKI has an authentic counterpart in alfalfa
cells. Polyclonal antibodies were raised against a synthetic pep-
tide corresponding to the carboxy-terminal 17 residues of the
derived amino acid sequence of MsERKI. When this antise-
rum was used to probe a protein blot carrying whole cell protein
extracts from alfalfa roots and shoots, a single band was de-
tected at ~44-kD, as shown in Figure 6, supporting the notion
that the gene we have cloned is indeed expressed in Iroquois
alfalfa.

The MsERKI clone detects an RNA of ~1.7 kb in RNA gel
blot hybridizations with alfalfa total and poly(A)+ RNA (data not
shown), suggesting that the 1.5-kb cDNA clone described
above may be missing 100 to 200 bp of 5'-untranslated RNA
present in the authentic MsERKI transcript. Preliminary results
suggest that there is little or no variation in the level of MsERKI
mRNA among alfalfa tissues and between mock-inoculated
roots and those inoculated with Rhizobium (data not shown).

Site-Directed Mutational Analysis of MsERKI
Phosphorylation in E. coli

Activation of mouse MAP kinase's enzymatic activity is as-
sociated with phosphorylation of a threonine and a tyrosine
corresponding to Thr-213 and Tyr-215 in MsERKI (Payne et
al., 1991). We hypothesized that tyrosine autophosphorylation
of MsERKI in E coli is dependent upon these residues and
therefore changed them to the nonphosphorylatable amino
acids valine and phenylalanine, respectively, in two separate
mutant proteins. Each of these mutants was overexpressed
in E. coli and lysates were analyzed by immunoblotting. The

tyrosine—phenylalanine substitution at position 215 (Y215F),
which is shown in Figure 7, abolished recognition of the pro-
tein by the anti-phosphotyrosine antiserum 4G10, whereas the
threonine—valine mutation at position 213 (T213V; Figure 7)
had no detectable effect. The simplest interpretation of this
result is that Tyr-215 is the sole phosphorylated tyrosine in the
protein, when expressed in £ coli, and that a substitution of
phenylalanine at this position eliminates the only autophos-
phorylated tyrosine in rMsERKI. However, it is also possible
that phosphorylation at Tyr-215 is required for acquisition of
an enzymatic activity which results in autophosphorylation at
other tyrosine residues. The lack of effect of the T213V muta-
tion suggests that phosphorylation at this residue is not
essential for rMsERKI autophosphorylation in £ coli, but
leaves open the possibility that this residue is indeed modi-
fied during, and required for, the enzyme's activation in the
plant.

Protein Kinase Activity of rMsERKI

We assayed the protein kinase activity of wild-type and mu-
tant rMsERKI As shown in Figure 8, wild-type rMsERKI
phosphorylates both itself and the model substrate, MBP
(~17 kD). The T213V mutant showed reduced activity relative
to wild-type rMsERKI, and the Y215F mutant lacked both au-
tophosphorylation and MBP kinase activity, further confirming
that enzymatic activity requires a tyrosine, and presumably
a phosphotyrosine, at position 215.

root shoot rMsERKI

36-
Figure 6. Immunoblot of Cultivar Iroquois Alfalfa Proteins and Wild-
Type rMsERKI Probed with Antibodies Raised against the Carboxy-
Terminal Peptide of MsERKI.
The band at ~50 kD in the shoot lane corresponds to the large subunit
of rubisco, the most abundant protein in shoot tissues, to which either
the primary or secondary antibody bound nonspecificially. Molecular
mass standards are given at left in kilodaltons.
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Figure 7. Anti-Phosphotyrosine-Probed Immunoblot of Site-Directed
Mutants of MsERKI Overexpressed in £ coli.

Lane designations are as follows: pET11d, E. coli carrying an empty
expression vector; wt, wild-type rMsERKI; Y215F, rMsERKI carrying
Tyr-»Phe mutation at position 215; T213V, rMsERKI carrying Thr->Val
mutation at position 213. The gel in the upper panel was probed with
anti-phosphotyrosine antibody 4G10; the gel in the lower panel was
probed with anti-rat ERK peptide antibody 691. Molecular mass stan-
dards are given at left in kilodaltons.

components of the cell division regulatory network described
in yeast and animal systems are present in higher plants
(Jacobs, 1992). On the basis of primary sequence compari-
sons alone, MsERKI is arguably a member of the MAP kinase
family. However, it should be noted that there are lengthy
stretches of amino acid sequence identity among rat ERK1,
rat ERK2, and Xenopus p42, which MsERKI does not share
(Figure 2). MsERKI's divergence in these otherwise conserved
domains suggests that its cellular role, regulation, and/or sub-
strates may differ from those of the heretofore identified ERKs.

ERK genes occur in small families in animal cells (Boulton
et al., 1991; Gonzalez et al., 1991). The polymorphic pattern
revealed in genomic DNA gel blot analysis of MsERKI in al-
falfa cultivar Iroquois (Figure 3) suggests that this plant MAP
kinase gene may be a member of a small family as well. How-
ever, alfalfa is an autotetraploid with a tendency to outcross.
Commercial varieties of tetraploid alfalfa such as cultivar Iro-
quois are not inbred, but are, in fact, mixtures of genotypes,
selected for their relative phenotypic homogeneity. Thus, a sin-
gle plant can carry as many as four alleles at a given locus,
and a population of plants, such as those pooled in our DNA
gel blot analysis, could carry as many alleles as are extant
within the population. Further analyses of individual Iroquois
alfalfa plants and additional alfalfa cDNA library screens should
contribute to a more complete understanding of the genomic
organization of alfalfa MAP kinases.

MAP kinase from insulin-stimulated Swiss 3T3 cells is phos-
phorylated on the first and third residues of the conserved
TEYVxTR motif (corresponding to residues 213 to 219 in
MsERKI) (Payne et al., 1991). rMsERKI is recognized by anti-
phosphotyrosine antibodies, but the Y215F mutant is not (Fig-
ure 6). However, a threonine at position 213 is not essential

DISCUSSION

In animal systems, the proliferative or differentiation response
to a particular extracellular signal is frequently mediated via
an intracellular phosphorylation signaling cascade, initiated
by a ligand's binding to its receptor. MAP kinases (ERKs) have
been identified as downstream effectors in such cascades in
a variety of ligand/receptor systems (Sturgill and Wu, 1991).
These pathways include responses of mammalian cells to in-
sulin and mitogenic phorbol esters (Tobe et al., 1991), cytokines
(Bird et al., 1991), and both mitogenic and differentiation-induc-
ing growth factors (Rossomando et al., 1989; Schanen-King
et al., 1991) as well as yeast cells' response to mating phero-
mone (Courchesne et al., 1989; Elion et al., 1990, 1991).

We have cloned an alfalfa gene whose translation product
compares favorably in primary sequence, size, antigenicity,
and enzyme activity with animal cell MAP kinases. The find-
ing of a MAP kinase homolog in alfalfa is in keeping with
mounting evidence that more than just the p34ccfc2 and cyclin

MsERKI Y215F T213V no enzyme

18.4-

Figure 8. Phosphorylation Products of Wild-Type (MsERKI) and Mu-
tant (Y215F and T213V) Proteins.

The lanes labeled "-" contain products of autophosphorylation as-
says, whereas those labeled"+" contain products of MBP kinase assays.
Molecular mass standards are given at left in kilodaltons.
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for tyrosine autophosphorylation in E. coli (Figure 7). This is 
consistent with the Xenopus system, in which in vivo phos- 
phorylation of Xp42 at a residue analogous to MsERKl's Tyr-215 
is independent of the presence of a threonine two residues 
upstream (Posada and Cooper, 1992). We have yet to deter- 
mine whether Thr-213 of MsERK1 is phosphorylated in €. coli 
or in alfalfa roots. Recent results from Xenopus and mammalian 
systems suggest that autophosphorylation plays a role sec- 
ondary to that played by distinct upstream protein kinases in 
the MAP kinase activation pathway (Adams and Parker, 1992; 
Crews et al., 1992a; Crews and Erickson, 1992; Ettehadieh et 
al., 1992; Wllemain et al., 1992; Posada and Cooper, 1992). 

Regulatory protein tyrosine phosphorylation has yet to be 
unequivocally detected in plant proteins, although members 
of the family have now been reported in plants (John 
et al., 1989; Feiler and Jacobs, 1990; Colasanti et al., 1991) 
and that protein is regulated by tyrosine phosphoryiationlde- 
phosphorylation in yeast and animal cells. The failure of 
researchers in the past to detect protein tyrosine phosphory- 
lation in higher plants may have been largely the result of 
inadequate analytical tools and a lack of distinctly identified 
candidate proteins. Extrapolating from the MsERKl autophos- 
phorylation data, it is not unreasonable to propose that this 
alfalfa protein is regulated in the plant by a post-translational 
phosphorylation mechanism not unlike that reported in Xeno- 
pus, mouse, and rat cells (Ray and Sturgill, 1988; Posada et 
al., 1991). Further application of the immunological tools de- 
veloped in this work should resolve this issue, at least with 
respect to MsERK1. 

There is little overlap between the pharmacopoeias of ef- 
fective mitotic inducers for plant versus animal and yeast cells. 
Mitotic responses in plants are generally elicited by low mo- 
lecular weight signal molecules and intrinsic developmental 
cues, but not generally by peptides or phorbol esters, factors 
which induce MAP kinase activation in animal cells. There- 
fore, it is inevitable that the upstream elements of any plant 
mitotic signal transduction cascade containing MsERKl must 
diverge from those in analogous animal systems. Substrate 
quantities of alfalfa MAP kinase will provide valuable tools for 
characterizing upstream steps in the pathway (Gomez and 
Cohen, 1991). Additional upstream elements in the animal cell 
MAP kinase activation pathway include MEK, a MAP kinase 
kinase from murine cells (Crews et al., 1992a), and the raf-7 pro- 
tooncogene product, an enzyme with inducible protein kinase 
activity against the MAP kinase kinase (Kyriakis et al., 1992). 

The MsERK1 cDNA was cloned from a library representing 
mRNAs expressed in the infectible zone of Rhizobium- 
inoculated alfalfa roots. This plant-bacteria interaction is a 
developmentally appropriate system in which to begin the study 
of higher plant MAP kinases because, as part of its infection 
process, Rhizobium induces unscheduled mitoses in the 
differentiating cortex of the host root. It will be interesting to 
determine whether MsERKl is a component of the signal trans- 
duction pathway linking Rhizobium-produced signals (Roche 
et al., 1991) and the mitotic response machinery of the host 
plant. 

METHODS 

cDNA Library Construction and Screening 

A cDNA library was constructed in the plasmid-primer vector system 
pCGN1703 (Alexander, 1987) from mRNA purified (de Vries et al., 1988) 
from 4 cm of the infectible zone of alfalfa (Medicago sativa cv Iroquois; 
Allied Seed, Napa, ID) seedling roots that had been inoculated with 
Rhizobium meliloti 1021,4 days prior to harvest. Approximately 50,000 
colonies were screened with a 3zP-labeled probe made from a par- 
tia1 cdc2 clone from pea (Pisum sativum) (Feiler and Jacobs, 1990). 
Plasmid DNA was prepared from positive colonies and rescreened 
by DNA gel blot hybridization. The largest of three positive clones that 
passed the second screen was subcloned into pTZl8R (Mead et al., 
1986) (this subclone was named pTZMSERKl), and the complete DNA 
sequences of both strands were determined by the dideoxy chain ter- 
mination method with %-labeled nucleotides. Plasmid miniprep DNA 
was used as sequencing template (Kraft et al., 1988) throughout and, 
in addition to T7 and universal sequencing primers, custom oligonu- 
cleotides were obtained as needed from the Genetic Engineering 
Facility of the University of lllinois Biotechnology Center (Urbana). DNA 
Strider and the SeqMan module of DNAStar software were used for 
sequence data management and analysis. 

Alfalfa Genomic DNA Preparation and Gel Blot Analysis 

Seeds of alfalfacultivar lroquois (Allied Seed, Napa, ID) were surface 
sterilized and grown to 4 inches tal1 in vermiculite in a lighted growth 
chamber. Genomic DNA was prepared (Dellaporta et al., 1983) from 
6 g of leaves removed from 4 0 0  17-day-old seedlings. DNA was CsCI- 
gradient purified, digested (10 g per lane) for gel blot analysis with 
restriction enzymes as indicated in Figure 3, separated on 1% agarose/ 
Tris/EDTA/acetic acid gels, and transferred to Magnagraph membranes 
(Micron Separations, Inc., Westboro, MA) using the manufacturets pro- 
tocol. Membranes were baked under vacuum at 80°C for 30 min and 
UV-cross-linked at 0.02 J/c" in a Stratalinker (Stratagene) on auto- 
matic setting. The full-length MsERKl cDNA clone was gel-purified 
(Qian and Wilkinson, 1991) and 3zP-labeled by the random primer 
method (Feinberg and Vogelstein, 1984) to a specific activity of 4.8 x 
108 cpmlpg. Filters were hybridized in 2.5 x 106 cpm/mL hybridiza- 
tion solution overnight at 42% and were washed in 2 x SSPE (1 x 
SSPE is 0.15 M NaCI, 10 mM sodium phosphate, 1 mM EDTA, pH 7.4), 
0.5% SDS at room temperature, 42OC, and 65OC for 20 min each. A 
final wash was performed with 0.2 x SSPE, 0.2% SDS for 20 min 
at room temperature. Filters were exposed overnight to XAR film (Kodak) 
with two intensifying screens. 

Expression of MsERKl in Escherichia col i  

Custom oligonucleotide primers, 5'-CGCCATGGAAGGAGGAGGAGC- 
TCC-3' and 5'-GCGGATCCACATAACAAATTCCAAATCC-3: were 
designed to amplify the coding region of MsERKl by polymerase chain 
reaction (PCR) and subclone the product into the Ncol-BamHI sites 
of the T7 polymerase-driven E. coli overexpression plasmid pETlld 
(Novagen, Inc., Madison, WI). A subclone verified by restriction enzyme 
analysis was transformed into the T7 polymerase-expressing E. coli 
host strain BL21(DE3) (Studier and Moffatt, 1986) and induced for lac 
promoter-driven T7 polymerase expression with 0.4 mM isopropyl-(3- 
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thiogalactopyranoside. After 3 hr, cells were harvested, resuspended 
in SDS-polyacrylamide gel sample buffer, and frozen at -2OOC. 

Antibody Production 

A peptide corresponding to the carboxy-terminal 16 amino acids of 
MsERKl (CELIYREALAFNPEYQQ) was synthesized by the Univer- 
sity of lllinois Biotechnology Center Genetic Engineering Laboratory. 
The amino-terminal cysteine was included to facilitate coupling to a 
carrier. The peptide was coupled to keyhole limpet hemacyanin by 
glutaraldehyde chemistry (Harlow and Lane, 1988), and the purified 
conjugate was injected subcutaneously into New Zealand White rab- 
bits. The animals were boosted with freshly prepared peptide conjugate 
3 weeks following the primary injections. Preimmune serum was col- 
lected prior to the first injections, and immune serum was collected 
2 and 5 weeks following the primary injections. The peptide conjugate 
was emulsified in Freunds Complete and lncomplete Adjuvant for the 
primary and booster injections, respectively. For probing electroblot- 
ted alfalfa proteins (Figure 6), antiserum from the week 5 collection 
was affinity purified by binding to and elution from a Sulfo-Link Cou- 
pling Gel column (Pierce, Rockford, IL) to which the peptide had been 
coupled according to the manufacturer’s instructions. 

lmmunoblots 

Bacterial proteins, prepared by boiling the frozen extracts described 
above, were separated on 12% SDS-polyacrylamide gels and trans- 
ferred to nitrocellulose by a semidry electroblotting method (Multi-phor; 
Pharmacia LKB Biotechnology Inc.). Dilution of the various primary 
anti-MAP (mitogen-activated protein) kinase antibodies was antibody 
specific, but antibody 691, used for all studies following the initial anti- 
body survey, was diluted 1:8000. Anti-phosphotyrosine monoclonal 
antibody 4G10 was diluted 1:4000. Goat anti-mouse or anti-rabbit alka- 
line phosphatase-conjugated secondary antibodies and alkaline 
phosphatase substrates were obtained from Promega and used ac- 
cording to the supplier’s recommendations. 

Monoclonal antiserum 4G10 was preincubated for 48 hr at 4OC with 
either phosphotyrosine, phosphoserine, phosphothreonine, each at 
1 mM and pH 8.0, or buffer alone, prior to incubation with protein blots 
(Figure 5). 

Site-Directed Mutagenesis 

Mutant MsERKl clones were generated by a “megaprimer” PCR pro- 
cedure. PCR synthesis was first performed with pTZMSERKl as 
template, and as primers, a mutagenic antisense oligonucleotide 
(5‘-AACAACATATTCAACCATAAAATCGaT-3’ for Thr-213+Val-213 and 
5'-TCTAGTA ACAACA AATTCAGTCATA A A-3' for Ty r-21 5+P he-215) and 
a sense oligonucleotide complementary to vector sequences flank- 
ing the 5’end of the clone in pTZl8R. The entire amplification product 
of this synthesis was purified by isolation from a 4% Nuseive gel (FMC 
BioProducts, Rockland, ME) and used as the sense primer in a sec- 
ond PCR synthesis with pTZMSERKl as template and an antisense 
oligonucleotide complementary to vector sequences flanking the 3 
end of the clone in pTZ18R. The final PCR product was digested with 
appropriate enzymes and ligated into pTZ18R. The authenticity of each 
mutant clone was confirmed by complete DNA sequence analysis. 

Partia1 Purification of MsERKl 

Wild-type and mutant recombinant MsERKl (rMsERK1) proteins were 
semipurified by a modification of published procedures (Boulton et 
al., 1991). One liter cultures of E. coli overexpressing MsERKl were 
grown and induced as described above. Cells were harvested by cen- 
trifugation, frozen, thawed, resuspended in 3 mL lp is  buffer (containing 
0.5 mg lysozyme and 32 U DNase per mL) per gram of cell paste, and 
lysed by gentle agitation overnight. Lysis buffer consisted of 20 mM 
Tris-HCI, pH 7.5,l mM EUA, 20 mM para-nitrophenylphosphate, 50 mM 
sodium fluoride, 50 mM sodium vanadate, 60 mM P-glycerolphosphate, 
2 mM phenylmethylsulfonylfluoride, 5 mM benzamidine, 3 pglmL 
leupeptin, 0.5 pglmL aprotinin, 5 mM dithiothreitol, and 10% glycerol. 
The lysate was clarified by centrifugation, diluted 10-fold with Buffer 
B (20 mM Hepes, pH 7.5,O.l mM EDTA, 20 mM NaCI) and loaded onto 
a 1.5 x 24 cm Affigel Blue (Bio-Rad, Richmond, CA) column 
equilibrated with Buffer 6. The column was washed with Buffer B un- 
til the of the eluate dropped below 0.05. Bound proteins were then 
eluted with a gradient of O to 2 M NaCl in Buffer 6. Eluate fractions 
were assayed by SDS-polyacrylamide gel electrophoresis. rMsERK1 
eluted between 1.8 and 2.0 M NaCI. Selected fractions were dialyzed 
against Buffer B containing 10% glycerol, assayed for total protein con- 
tent (Bradford, 1976), aliquoted, and frozen at -8OOC. The Y215F mutant 
protein bound considerably less tightly to the Affigel Blue column than 
did the wild-type or T213V mutant proteins. All protein purification steps 
were carried out at 4OC. 

Protein Kinase Assays 

Autophosphorylation reaction mixtures consisted of 1 pg semipurified 
MsERKl protein, 20 mM Hepes, pH 7.5, 2 mM dithiothreitol, 1 mM 
MgClp, 1 mM EGTA, 100 pM rATP, 10 pCi y3‘P-rATP (3000 Cilmmole), 
2 mM phenymethylsulfonylfluoride, 2 mM sodium vanadate, 10 mM 
P-glycerolphosphate, 10% glycerol, 0.010/0 Triton X-100, 10 pg/mL pep- 
statin, 3 pglmL leupeptin, and 0.5 pglmL aprotinin in a total reaction 
volume of 15 pL. For myelin basic protein (MBP) kinase assays, reac- 
tion mixtures were supplemented with 1 pglpL MBP. Reactions were 
carried out at 3OoC for 1 hr (autophosphorylation) or 20 min (MBP ki- 
nase) and were terminated by adding 10 pL of SDS-polyacrylamide 
gel sample buffer and boiling for 3 min. Products were immediately 
separated on SDS-polyacrylamide gels and visualized by autoradio- 
graphic exposure to XAR film (Kodak) with two intensifying screens. 

ACKNOWLEDGMENTS 

We wish to thank Melanie Cobb, Steve Pelech, Tom Roberts, Marietta 
Harrison, and Jean Wang for generous gifts of antibodies; Mary Schuler 
and Danny Alexander for help with cDNA library construction; Saw 
Kyin and the University of lllinois Biotechnology Center Genetic En- 
gineering Laboratory for oligonucleotide synthesis; Julianne Dunphy, 
Krishna Kollipara, and GraciaZabalafor help with DNAgel blot analy- 
ses; and Melanie Cobb, Steve Pelech, Marietta Harrison, and Heidi 
Feiler for helpful discussions. This work was funded in part by Grant 
No. DCB 87-02088 from the National Science Foundation and Grant 
No. DE-FG02-90ER20008 from the Department of Energy. 

Received August 18, 1992; accepted December 1, 1992. 



Alfalfa MAP Kinase 95 

REFERENCES potential to phosphorylate tyrosine. Proc. Natl. Acad. Sci. USA 88, 
8845-8849. 

Crews, C., Alessandrini, A., and Erickson, R. (1992a). The primary 
structure of MEK, a protein kinase that phosphorylates the ERKgene 
product. Science 258, 478-480. 

Crews, C., Alessandrini, A., and Erickson, R. (1992b). Erks: Their 
fifteen minutes has arrived. Cell Growth Differ. 3, 135-142. 

Dellaporta, S.L., Wood, J., and Hicks, J.B. (1983). A plant DNA 
minipreparation: Version II. Plant MOI. Bio. Rep. 1, 19-21. 

de Vries, S., Hoge, H., and Bisseling, T. (1988). lsolation of total and 
polysomal RNA from plant tissues. In Plant Molecular Biology Man- 
ual, S. Gelvin and R. Schilperoort, eds (Dordrecht: Kluwer Academic 
Publishers), pp. B6/1-B6/13. 

Drucker, B., Mamon, H., and Roberts, T. (1989). Oncogenes, growth 
factors and signal transduction. New Eng. J. Med. 321, 1383-1391. 

Elion, E.A., Brill, J.A., and Fink, G.R. (1991). FUS3 represses CLN7 
and CLN2 and in concert with KSS7 promotes signal transduction. 
Proc. Natl. Acad. Sci. USA 88, 9392-9396. 

Elion, E.A., Grisafi, P.L., and Fink, G.R. (1990). FUSB encodes a 
cdc2+/CDC28-related kinase required for the transition from mito- 
sis into conjugation. Cell 60, 649-664. 

Ettehadieh, E., Sanghera, J.S., Pelech, S.L., Hessbienz, D., Watts, 
J., Shastri, N., and Aebersold, R. (1992). Tyrosyl phosphorylation 
and activation of map kinases by ~ 5 6 ~ ~ .  Science 255, 853-855. 

Feiler, H.S., and Jacobs, T.W. (1990). Cell division in higher plants-A 
cdc2 gene, its 34-kDa product, and histone-H1 kinase activity in pea. 
Proc. Natl. Acad. Sci. USA 87, 5397-5401. 

Feiler, H.S., and Jacobs, T.W. (1991). Cloning of the pea cdc2 homo- 
logue by efficient immuhological screening of PCA products. PLant 
MOI. Biol. 17, 321-333. 

Feinberg, A.P., and Vogelstein, B. (1984). A technique for radiolabeling 
DNA restriction endonuclease fragments to high specific activity. 
Anal. Biochem. 137, 266-267. 

Ferrell, J.E., Wu, M., Gerhart, J.C., and Martin, G.S. (1991). Cell cycle 
tyrosine phosphorylation of p34Cdc2 and a microtubule-associated 
protein kinase homolog in Xenopus oocytes and eggs. MOI. Cell. 
Biol. 11, 1965-1971. 

Gomez, N., and Cohen, P. (1991). Dissection of the protein kinase 
cascade by which nerve growth factor activates MAP kinases. Na- 
ture 353, 170-173. 

Gonzalez, F.A., Raden, D.L., and Davis, R.J. (1991). ldentification 
of substrate recognition determinants for human ERKl and ERK2 
protein kinases. J. Biol. Chem. 266, 22159-22163. 

Hanks, S., Quinn, A., and Hunter, T. (1988). The protein kinase fam- 
ily: Conserved features and deduced phylogeny of the catalytic 
domains. Science 241, 42-52. 

Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory Manual 
(Cold Spring Harbor, NY: Cold Spring Harbor Laboratory). 

Hoshi, M., Nishida, E., and Sakai, H. (1988). Activation of a Ca2+- 
inhibitable protein kinase that phosphorylates micrdubule-associated 
protein 2 in vifro by growth factors, phorbol esters and serum in quies- 
cent cultured human fibroblasts. J. Biol. Chem. 263, 5396-5401. 

Jacobs, T. (1992). Control of the cell cycle. Dev. Biol. 153, 1-15. 

John, P.C.L., Sek, F.J., and Lee, M.G. (1989). A homolog of the cell 
cycle control protein p34cdc2 participates in the division cycle of 
Chlamydomonas, and a similar protein is detectable in higher plants 
and remote taxa. Plant Cell 1, 1185-1193. 

Adams, P.D., and Parker, P.J. (1991). TPA-induced activation of MAP 
kinase. FEBS Lett. 290, 77-82. 

Adams, P.D., and Parker, P.J. (1992). Activation of mitogen-activated 
protein (MAP) kinase by a MAP kinase-kinase. J. Biol. Chem. 267, 

Ahn, N., Seger, R., Bratlien, R., Dlltz, C., Tonks, N., and Krebs, 
E. (1991). Multiple components in an epidermal growth factor- 
stimulated protein kinase cascade. J. Biol. Chem. 266,4220-4227. 

Alessandrini, A., Crews, C., and Erickson, R. (1992). Phorbol ester 
stimulates a protein-tyrosinelthreonine kinase that phosphorylates 
and activates the frk-7 gene product. Proc. Natl. Acad. sci. USA 

Alexander, D.C. (1987). An efficient vector-primer cDNA cloning sys- 
tem. Methods Enzymol. 154, 41-64. 

Ballou, L., Luther, H., and Thomas, G. (1991). MAP2 kinase and 70K 
S6 kinase lie on distinct signalling pathways. Nature 349,348-350. 

Bird, T., Sleath, P., deRoos, P., Dower, S., and Virca, G. (1991). 
Interleukin-1 represents a new modality for the activation of extracel- 
lular signal-regulated kinases/microtubule-associated protein-2 
kinases. J. Biol. Chem. 266, 22661-22670. 

Boulton, T.G., and Cobb, M. (1991). ldentification of multiple extracel- 
lular signal-regulated kinases (ERKs) with antipeptide antibodies. 
Cell Regul. 2, 357-371. 

Boulton, T.G., Yancopoulos, G.D., Gregory, J.S., Slaughter, C., 
Moomaw, C, Hsu, J., and Cobb, M.H. (1990). An insulin-stimulated 
protein kinase similar to yeast kinases involved in cell cycle control. 
Science 249, 64-67. 

Boulton, T.G., Nye, S., Robbins, D., Ip, N., Radziejewska, E., 
Morgenbesser, S., DePinho, R., Panayotatos, N., Cobb, M., and 
Yancopoulos, G. (1991). ERKs: A family of protein-serinehhreonine 
kinases that are activated and tyrosine phosphorylated in response 
to insulin and NGF. Cell 65, 663-675. 

Bradford, M.M. (1976). A rapid and sensitive method for the quantita- 
tion of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72, 248-254. 

Cicirelli, M., Pelech, S., and Krebs, E. (1988). Activation of multiple 
protein kinases during the burst in protein phosphorylation that pre- 
cedes the first meiotic cell division in Xenopus oocytes. J. Biol. Chem. 

Colasanti, J., Tyen, M., and Sundaresan, V. (1991). lsolation and 
characterization of cDNA clones encoding a functiona\ p34cdc2 
homologue from Zea mays. Proc. Natl. Acad. Sci. USA88,3377-3381. 

Cooper, J., Sefton, B., and Hunter, T. (1984). Diverse mitogenic agents 
induce the phosphorylation of two related 42,000-dalton proteins 
on tyrosine in quiescent chick cells. MOI. Cell. Biol. 4, 30-37. 

Courchesne, W., Kunisawa, R., and Thorner, J. (1989). A putative 
protein kinase overcomes pheromone-induced arrest of cell cycling 
in S. cefevisiae. Cell 58, 1107-1119. 

Crews, C., and Erickson, R. (1992). Purification of a murine protein- 
tyrosine/threonine kinase that phosphorylates and activates the Erk-7 
gene product: Relationship to the fission yeast byrl  gene product. 
Proc. Natl. Acad. Sci. USA 89, 8205-8209. 

Crews, C., Alessandrini, A., and Erickson, R. (1991). Mouse Erk-l 
gene product is a serinehhreonine protein kinase that has the 

13135-13137, 

89, 8200-8204. 

263, 2009-2019. 



96 The Plant Cell 

Kozak, M. (1989). The scanning model for translation: An update. J. 
Cell Biol. 108, 229-241. 

Kraft, R., Tardiff, J., Krauter, K.S., and Leinwand, L.A. (1988). Using 
mini-prep plasmid DNA for sequencing double stranded templates 
with Sequenase. Biotechniques 6, 544-546. 

Kyriakis, J., App, H., Zhang, X.-F., Banerjee, F?, Brautigan, D., Rapp, 
U., and Avruch, J. (1992). Raf-1 activates MAP kinase-kinase. Na- 
ture 358, 417-421. 

CAllemain, G., Her, J.-H., Wu, J., Sturgill, T., and Weber, M. (1992). 
Growth factor-induced activation of a kinase activity which causes 
regulatory phosphorylation of p42/microtubule-associated protein 
kinase. MOI. Cell. Biol. 12, 2222-2229. 

Mead, D., Szczesna-Skorupa, E., and Kemper, B. (1986). Single- 
stranded DNA ‘blue’ T7 promoter plasmids: A versatile tandem pro- 
moter system for cloning and protein engineering. Protein Eng. l, 
67-74. 

Payne, D., Rossomando, A., Martino, P., Erickson, A., Her, J.-H., 
Shabanowitz, J., Hunt, D., Weber, M., and Sturgill, T. (1991). 
ldentification of the regulatory phosphorylation sites in pp42hitogen- 
activated protein kinase (MAP kinase). EMBO J. 10, 885-892. 

Pearson, W., and Lipman, D. (1988). lmproved tools for biological 
sequence comparison. Proc. Natl. Acad. Sci. USA 85,2444-2448. 

Pelech, S., Sanghere, J., and Daya-Makin, M. (1990). Protein kinase 
cascades in meiotic and mitotic cell cycle control. Biochem. Cell 
Biol. 68, 1297-1330. 

Posada, J., and Cooper, J.A. (1992). Requirements for phosphoryla- 
tion of MAP kinase during meiosis in Xenopus mytes.  Science 255, 

Posada, J., Sanghera, J., Pelech, S., Aebersold, R., and Cooper, 
J. (1991). Tyrosine phosphorylation and activation of homologous 
protein kinases during oocyte maturation and mitogenic activation 
of fibroblasts. MOI. Cell Biol. 11, 2517-2528. 

Pulverer, E., Kyriakis, J., Avruch, J., Nikolakaki, E., and Woodgett, 
J. (1991). Phosphorylation of c-jun mediated by MAP kinases. Na- 
ture 353, 670-674. 

Qian, L., and Wilkinson, M. (1991). DNA fragment purification: 
Removal of agarose in ten minutes after electrophoresis. Biotech- 
niques 10, 736-738. 

Ray, L., and Sturgill, T. (1987). Rapid stimulation by insulin of a ser- 
inekhreonine kinase in 3T3-Ll adipocytes that phosphorylates 
microtubule-associated protein 2 in vifm Proc. Natl. Acad. Sci. USA 

Ray, L., and Sturgill, T. (1988). Insulin-stimulated microtubule- 
associated protein kinase is phosphorylated on tyrosine and threo- 
nine in vivo. Proc. Natl. Acad. Sci. USA 85, 3753-3757. 

Roche, P., Lerouge, P., Ponthus, C., and Prome, J.C. (1991). Struc- 
tural determination of bacterial nodulation factors involved in the 

212-215. 

84, 1502-1506. 

Rhizobium melilofi-alfalfa symbiosis. J. Biol. Chem. 266, 

Rossomando, A., Payne, D., Weber, M., and Sturgill, T. (1989). Evi- 
dente that pp42, a major tyrosine kinase target protein, is a 
mitogen-activated serinenhreonine protein kinase. Proc. Natl. Acad. 
Sci. USA 86, 6940-6943. 

Sanghere, J., Paddon, H., and Pelech, S. (1991). Role of protein phos- 
phorylation in the maturation-induced activation of a myelin basic 
protein kinase from sea star oocytes. J. Biol. Chem. 266,6700-6707. 

Schanen-King, C., Nel, A., Williams, L.K., and Landreth, G. (1991). 
Nerve growth factor stimulates the tyrosine phosphorylation of MAP2 
kinase in PC12-cells. Neuron 6, 915-922. 

Seger, R., Ahn, N.G., Boulton, T.G., Yancopoulos, G.D., 
Panayotatos, N., Radziejewska, E., Erlcsson, L., Bratlien, R.L., 
Cobb, M.H., and Krebs, E.G. (1991). Microtubule-associated protein-2 
kinases, ERKl and ERK2, undergo autophosphorylation on both 
tyrosine and threonine residues-implications for their mechanism 
of activation. Proc. Natl. Acad. Sci. USA 88, 6142-6146. 

Studier, F.W., and Moffatt, B.A. (1986). Use of bacteriophage T7 RNA 
polymerase to direct selective high-leve1 expression of cloned genes. 
J. MOI. Biol. 189, 113-130. 

Studier, F.W., Rosenberg, A.H., Dunn, J.J., and Dubendorff, H.W. 
(1990). Use of T7 RNA polymerase to direct expression of cloned 
genes. Methods Enzymol. 185, 60-89. 

Sturgill, T.W., and Wu, J. (1991). Recent progress in characterization 
of protein kinase cascades for phosphorylation of ribosomal pro- 
tein S6. Biochim. Biophys. Acta 1092, 350-357. 

Takishima, K., Griswold, I, Ingebritsen, T., and Rosner, M. (1991). 
Epidermal growth factor (EGF) receptor T669 peptide kinase from 
3T3-Ll cells is an EGF-stimulated “MAP kinase. Proc. Natl. Acad. 
Sci. USA 88, 2520-2524. 

Tobe, K., Kadowaki, T., Tamemoto, H., Ueki, K., Hara, K., Koshio, 
O., Momomura, K., Gotoh, Y., Nlshida, E., Akanuma, Y., Yaraki, 
Y., and Kasuga, M. (1991). lnsulin and 12-O-tetradecanoylphorbol- 
13-acetate activation of two immunologically distinct myelin basic 
protein microtubule-associated protein-2 (MBP/MAP2) kinases via 
de novo phosphorylation of threonine and tyrosine residues. J. Biol. 
Chem. 266, 24793-24803. 

Toda, T., Shimanuki, M., and Yanagida, M. (1991). Fission yeast genes 
that confer resistance to staurosporine encode an AP-1-like transcrip- 
tion factor and a protein kinase related to the mammalian ERKVMAP2 
and budding yeast FUS3 and KSSl kinases. Genes Dev. 5,60-73. 

Wu, J., Rossomando, A.J., Her, J.H., Delvecchio, R., Weber, M.J., 
and Sturgill, T.W. (1991). Autophosphorylation in vitro of recombinant 
42-kilodalton mitogen-activated protein kinase on tyrosine. Proc. Natl. 
Acad. Sci. USA 88, 9508-9512. 

10933-10940. 




