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Abstract

Activation of the mitogen-activated protein kinase (MAP kinase) pathways in cultured porcine 

aortic vascular smooth muscle cells (VSMCs) was determined following a 5-min stimulation with 

endothelin-1 (ET-1), phorbol 12-myristate 13-acetate (PMA), H2O2, or sodium arsenite. 

Extracellular signal-related kinase (ERK1/2), p38, and c-Jun N-terminal kinase (JNK1/2) MAP 

kinase activation was assessed using anti-phospho-MAPK kinase antibodies. The activation of 

these kinase cascades was also determined by resolving lysates on Mono Q using a fast protein 

liquid chromatography (FPLC) system and measuring the phosphorylation of specific substrates 

ERK1, c-Jun, and hsp27. The substrates were subsequently resolved from each other and the 

[γ-32P]ATP in the reaction mixture by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

the incorporation of 32P was quantified by phosphor imaging. This technique revealed the 

presence of multiple peaks of activity phosphorylating ERK1 (5), c-Jun (7), and hsp27 (9). 

Differences in activation revealed by the chromatographic technique suggest that, although 

equivalent levels of activation may be detected by immunoblotting, the actual nature of the 

response differed depending upon the stimulus. Each stimulus that activated the MAP kinase 

cascades did not result in equivalent ‘profile’ of activation of kinase activities. These results 

suggest the presence of a mechanism of structural organization of the MAP kinase signaling 

molecules themselves resulting in the compartmentalization of responses with respect to the 

various cellular stimuli.
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1. Introduction

The three parallel well-characterized subfamilies of the mitogen-activated protein kinase 

(MAP kinase) family are the extracellular-signal regulated kinase (ERKs), the c-Jun N-

terminal kinases (JNKs) that are also known as stress-activated protein kinases (SAPKs), 

and the p38 MAP kinases (Fig. 1). MAP kinases are proline-directed, serine/threonine 

protein kinases that play a central role in the intracellular signal transduction pathways in 

response to a variety of cellular stimuli. A MAP kinase cascade consists of three 

sequentially acting kinases, and this organization may function as a switch to provide a 

threshold-like input–output response to receptor activation (Ferrell, 1996; Huang & Ferrell, 

1996). The last member of the cascade, MAPK, is activated by dual phosphorylation at 

tyrosine and threonine residues in a T–X–Y motif, where X represents the amino acids 

glutamic acid, glycine, and proline for ERK, p38, and JNK, respectively. In each case, the 

activating kinase is the second kinase in the cascade, MAPKK. MAPKK is, in turn, activated 

by phosphorylation at serine and threonine residues by the first member of the cascade, 

MAPKKK. These cascades of kinase reactions occur in the cytosol with the activated 

MAPK phosphorylating targets in both the cytosol and nucleus.

Both ERK (Adams & Hathaway, 1993; Childs & Mak, 1993; Childs et al., 1992; Gerthoffer 

et al., 1996) and p38 (Hedges et al., 1998; Yamboliev, Hedges, Mutnick, Adam, & 

Gerthoffer, 2000) MAP kinases phosphorylate caldesmon, an actin-binding protein that 

inhibits actin-activated myosin ATPase activity in a phosphorylation-dependent manner 

(Ngai & Walsh, 1987). In addition, hsp27, a substrate for MAP kinase-activated protein 

kinase-2 (MAPKAP kinase-2) (Stokoe, Engel, Campbell, Cohen, & Gaestel, 1992), is an 

actin-capping protein that has been implicated in regulating smooth muscle contraction via 

interactions with the actin filaments (Bitar, Kaminski, Hailat, Cease, & Strahler, 1991). In 

both airway and colonic smooth muscle, muscarinic agonists induce activation of p38 MAP 

kinase and phosphorylation of hsp27 (Larsen, Yamboliev, Weber, & Gerthoffer, 1997). 

These effects are blocked by the specific inhibitor of p38 MAP kinase, SB203580 (Larsen et 

al., 1997). Inhibition of p38 (Yamboliev, Hedges, et al., 2000), but not ERK (Gorenne, Su, & 

Moreland, 1998; Yamboliev, Hedges, et al., 2000), reduces smooth muscle contraction, 

whereas both ERK and p38 activity are required for the regulation of chemotactic migration 

in colonic myocytes (Yamboliev, Wiesmann, Singer, Hedges, & Gerthoffer, 2000). Hence, 

the p38 and ERK MAP kinase cascades may play roles in regulating smooth muscle 

function.

We report here a means whereby the activation of the ERK, p38, and JNK MAP kinase 

cascades can be determined simultaneously. In addition, we demonstrate that different 

patterns of kinase activation, which were not apparent when the activation status of the MAP 

kinases were determined by their phosphorylation, may be observed using this methodology. 

These data suggest that, even within a given MAP kinase cascade, there exists a level of 

organization such that specific modules become activated in response to different agonists or 

forms of cellular stress.
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2. Materials and methods

2.1. Materials

[γ-32P]ATP was from Amersham Pharmacia Biotech (Baie d’Urfé, Québec). Membrane 

grade (reduced) Triton X-100, leupeptin, and phenylmethylsulfonyl fluoride (PMSF) were 

from Roche Molecular Biochemicals (Laval, Québec). SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) reagents, nitrocellulose, and Bradford protein assay reagents 

were from Bio-Rad Laboratories (Canada) (Mississauga, Ontario). Microcystin LR and 

phorbol 12-myristate 13-acetate (PMA) were from Calbiochem-Novabiochem (San Diego, 

CA). Endothelin-1 (ET-1) was from American Peptide (Sunnyvale, CA). Cyclic AMP-

dependent protein kinase inhibitory peptide (PKI, amino acid sequence 

TTYADFIASGRTGRRNAIHD) was from the University of Calgary Peptide Synthesis Core 

Facility (Calgary, Alberta). Canine hsp27, cloned into the pET24a expression vector (Larsen, 

Gerthoffer, Hickey, & Weber, 1995), was from Dr. William Gerthoffer, Reno, NV. 

Glutathione S-transferase (GST)-ERK1 (K71A), GST-c-Jun (1–169), and antibodies raised 

against a synthetic peptide, CGGPFTFDMELDDLPKERLKELIFQETARFQPGAPEAP, 

which corresponds to residues 333–367 of rat ERK1 MAP kinase and recognizes both ERK1 

and ERK2, were from Dr. Steven Pelech, Vancouver, BC. Anti-phospho-ERK1/2, p38, and 

JNK1/2 were from New England BioLabs (Mississauga, Ontario). Antibodies against p38 

MAP kinase and JNK1 were from Santa Cruz Biotechnology (Santa Cruz, CA). HRP-

conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories (West 

Grove, PA). All other reagents were of analytical grade or best grade available.

2.2. Culture of vascular smooth muscle cells (VSMCs)

Cultured porcine aortic smooth muscle cells (passage 5) were seeded onto 100-mm Petri 

dishes and grown to 80% confluence in medium (DMEM, supplemented with 2 mM 

glutamine, amphotericin B and gentamycin) containing 10% calf serum and 10% fetal 

bovine serum as described previously (Hadrava, Tremblay, & Hamet, 1989). Cells were 

washed with phosphate-buffered saline (PBS) and placed in serum-free medium for 16 h. 

The medium was replaced with fresh serum-free medium 90 min before the cells were 

stimulated.

2.3. Stimulation of VSMCs and preparation of lysates

Cells were stimulated for 5 min at 37°C with 10 −7 M ET-1, 10 −7 M PMA, 2 mM H2O2, or 

0.2 mM sodium arsenite. Agonists were prepared as 1000-fold stock solutions in dimethyl 

sulfoxide (DMSO) (PMA, ET-1) or dH20 and added directly to the medium while mixing. 

To terminate the incubation, cells were placed on ice and washed twice with ice-cold TBS 

(20 mM Tris, 150 mM NaCl, pH 7.5). Cells were drained and lysed in the presence of 1.0 ml 

of ice-cold lysis buffer, which comprised 50 mM Tris-HCl (pH 7.5 at 5°C), 20 mM β-

glycerophosphate, 20 mM NaF, 5 mM EDTA, 10 mM EGTA, 1 mM Na3VO4, 10 mM 

benzamidine, 0.5 mM PMSF, 10 μg/ml leupeptin, 5 mM dithiothreitol (DTT), 1 μM 

microcystin LR, and 1% (v/v) Triton X-100 (reduced). Cells were scraped into lysis buffer, 

transferred to 1.5-ml microcentrifuge tubes, extracted by mixing for 15 min at 5°C using a 

clinical rotator, centrifuged at 13,000 ×g and 5°C for 15 min, and the soluble fraction 
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retained. Protein concentrations were determined by the method of Bradford (1976) using 

bovine γ-globulin as standard.

2.4. Determination of phospho-MAP kinases

Phospho-ERK1/2, phospho-p38, and phospho-JNK1/2 were determined in lysates using 

anti-phosphoprotein antibodies following the procedure described by the manufacturer. 

Briefly, 100 μg of each lysate was resolved on 10% acrylamide mini-gels. Following SDS-

PAGE, samples were transferred at 100 V and 5°C for 90 min onto 0.2-μm reinforced 

nitrocellulose membranes in 25 mM Tris base, 192 mM glycine, and 5% methanol. 

Membranes were blocked for 2 h in a solution of 5% (w/v) skimmed milk powder 

(Carnation) in 25 mM Tris (pH 7.5 at 20°C), 150 mM NaCl (TBS), and 0.05% (v/v) 

Tween-20 (TBST). Membranes were incubated with primary antibodies, diluted 1:1000 with 

1% BSA plus 0.4% (w/v) sodium azide in TBST, for 16 h at 5°C. After washing with TBST, 

membranes were reblocked for 10 min with TBST containing 5% skimmed milk powder and 

then incubated in the presence of horseradish peroxidase-labeled anti-rabbit 

immunoglobulin, diluted 1:20,000 in blocking buffer, for 2 h at room temperature. Immune 

complexes were detected by the ECL Western blotting detection method (Renaissance Plus, 

NEN Life Sciences, Boston, MA) according to the manufacturer’s instructions and 

visualized using Kodak BioMax ML film. In order to reprobe the nitrocellulose membranes, 

they were stripped by incubating twice for 15 min at room temperature in 0.2 M NaOH with 

constant mixing, followed by a brief rinse with TBST (Suck & Krupinska, 1996; Wang et 

al., 1999). Membranes were subsequently blocked and incubated with primary antibodies as 

described above. Control experiments determined that this stripping method effectively 

removed the previous primary and secondary antibodies.

2.5. Fast protein liquid chromatography of myocyte lysates

In preparation for separation by fast protein liquid chromatography (FPLC), lysates were 

diluted to a protein concentration of 1.5 mg/ml with lysis buffer, recentrifuged (13,000 × g, 

10 min, 5°C), and injected into a 1.0-ml sample loop. The chromatography system was 

maintained in a chromatography cabinet at 5°C. Separation was achieved using a Mono Q 

HR5/5 column equilibrated with 50 mM Tris–HCl (pH 7.4 at 5°C), 20 mM β-

glycerophosphate, 2 mM EDTA, 2 mM EGTA, 5% (v/v) glycerol, 0.03% (v/v) Brij 35, 1 

mM benzamidine, 1 μg/ml leupeptin, 1 mM Na3VO4, and 0.1% (v/v) β-mercaptoethanol. 

Following a 5-ml isocratic wash, proteins were eluted using a NaCl gradient (24 ml, 0–0.40 

M NaCl; 0.1 ml, 0.40–1.0 M NaCl; 0.9 ml, 1.0 M NaCl) at a flow rate of 0.3 ml/min. Sixty 

fractions of 0.5 ml were collected.

2.6. Assay of MAP kinase activities

MAP/ERK kinase (MEK), JNK, and MAPKAP kinase-2 activities were assayed using, 

respectively, GST-ERK1 (K72A), GST-c-Jun (1–169), and recombinant canine hsp27 

(Stokoe et al., 1992) as substrates. The assay was for 60 min at 30°C in a final volume of 30 

μl in the presence of 50 mM Tris–HCl (pH 7.5 at 30°C), 13 mM β-glycerophosphate, 1 μg 

hsp27, 1 μg GST-ERK1 (K72A), 1 μg GST-c-Jun (1–169), 10 mM MgCl2, 1.3 mM EDTA, 2 

mM EGTA, 1.0 mM Na3VO4, 10 μM [γ-32P]ATP (3.3 Ci/mmol), 1 μM PKI, 10 μg/ml 

leupeptin, and 10 mM DTT. Reactions were initiated by the addition of 10 μl of 3 × assay 
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media and terminated by the addition of 10 μl of 4 × Laemmli sample buffer for a final 

volume of 40 μl. Samples were heated to 70°C for 90 s and then 35 μl applied to SDS-PAGE 

gels. The phosphorylated substrates were resolved from one another and separated from 

[γ-32P]ATP by electrophoresis (see below).

2.7. Electrophoresis and immunoblotting

Protein samples were subjected to SDS-PAGE, using a discontinuous buffer system 

(Laemmli, 1970), in 10–20% acrylamide-gradient slab gels (1.5 mm thick) with a 5% 

acrylamide stacking gel. Gels were run for 3–4 h at 35 mA and 15°C until the dye front was 

1 cm from the bottom of the gel, keeping the dye front containing the unincorporated 

[γ-32P]ATP on the gel. The dye front was cut off each gel and discarded as solid radioactive 

waste. This avoided the generation of 9 l of liquid radioactive waste with each experiment. 

Gels were stained in 45% (v/v) denatured ethanol, 10% (v/v) acetic acid containing 0.1% 

(w/v) Coomassie brilliant blue R-250 and diffusion destained in 20% (v/v) denatured ethanol 

containing 5% (v/v) acetic acid. Destained gels were dried between two sheets of cellophane 

(BioDesign) and exposed to Kodak BioMax MR film for 24 h at −80°C in cassettes fitted 

with Kodak TranScreen-HE intensifying screens. Following autoradiography, gels were 

exposed to Molecular Imaging screens for 48 h, and 32P incorporation was digitized and 

quantified by phosphor imaging (Bio-Rad GS 525 Molecular Analyzer).

2.8. Data quantification

Samples often contain endogenous proteins that become phosphorylated during the 

incubation with [γ-32P]ATP. To insure that the phosphorylation of the exogenously added 

kinase substrates was being quantified, the Coomassie-stained gels were overlaid with the 

autoradiograms for each experiment and used to identify the bands on the autoradiogram 

that corresponded to the exogenously added kinase subsrates (GST-ERK, GST-c-Jun, 

hsp27). This verification step is important as the phosphor imager does not generate a 1:1 

image on the computer screen and thus aligning the phorphorylated proteins with the 

Coomassie-stained gel is difficult. Each lysate was eluted in 60 fractions, including the flow-

through, and 57 fractions were assayed and separated on three 16 × 16 cm gels using Bio-

Rad Protein II xi electrophoresis cells. All three gels were simultaneously exposed to the 

same phosphor imagining screen. The maximum pixel depth for the imaging screens is 

64,000: the values obtained did not exceed 10,000. Quantification was performed using the 

software package Molecular Analyst (version 2.1.2) from Bio-Rad. Fraction 2, which 

preceded the elution of the flow-through fraction from the Mono Q column, was taken as 

background. The value, in pixel density × mm2 (PD × mm2) for fraction 2 was subtracted 

from the other 56 samples. The area integrated for each substrate was chosen based upon the 

area required to encompass the band corresponding to the peak phosphorylation for that 

substrate and kept constant for each of the five lysates. The data from the phosphor imager, 

in PD × mm2, was tabulated and normalized to the value corresponding to the highest 

phosphorylation for the substrate detected in the entire experiment, and expressed as 

‘relative kinase activity.’ Data normalization, analysis, and plotting were performed using 

Prism 2.0 from Graph-Pad Software.
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3. Results

We have examined the activation of the ERK, p38, and JNK MAP kinase cascades in 

cultured porcine aortic smooth muscle cells in response to mitogens and cellular stress. ET-1 

and tumor-promoting phorbol esters are mitogens and activate the ERK pathway, whereas 

H2O2 and arsenite are activators of the stress-activated p38 and JNK MAP kinase pathways 

(Fig. 1). Kinase activities were determined both by using antisera for the dual-

phosphorylated forms of ERK1/2, p38, and JNK1/2, and by chromatography of lysates from 

stimulated and control cells on Mono Q and assaying the fractions with GST-ERK (the 

substrate for MEK1/2), GST-c-Jun (the substrate for JNK1/2), and hsp27 (a substrate for 

MAPKAP kinases).

To stimulate the MAP kinase cascades, VSMCs were treated for 5 min with ET-1 (0.1 μM), 

PMA (0.1 μM), H2O2 (2.0 mM), or sodium arsenite (0.2 mM). The activation of ERK, p38 

and JNK MAP kinases were determined by immunoblotting using antisera specific for the 

dual-phosphorylated, and therefore activated, forms of these enzymes. A basal level of 

ERK1/2 activity was detected and this activity was unaltered after a 5-min treatment with 

either ET-1 or arsenite (Fig. 2, panel 1). Both PMA and H2O2 induced strong increases in 

phosphorylation of both ERK1 (p44) and ERK2 (p42). Phospho-p38 specific antisera (Fig. 

2, panel 2) revealed a weak activation of p38 MAP kinase after 5-min treatment with PMA, 

whereas H2O2 produced a strong activation. ET-1 and arsenite were ineffective in activating 

p38 MAP kinase. In addition, the data suggested the presence of more than one band of 

phospho-p38. Similarly, PMA induced an activation of JNK2 (p54) (Fig. 2, panel 3), 

whereas H2O2 activated both JNK1 (p46) and JNK2 (p54).

In order to study further the activation of each of the pathways, lysates (1.5 mg) from treated 

and control cells were chromatographed on Mono Q, and the fractions assayed with GST-

ERK (K72A), GST-c-Jun (1–169), and hsp27. The mutated GST-ERK (K72A) form of 

ERK1 was employed, as it remains catalytically inactive when phosphorylated by MEK. 

These kinase substrates were employed as they allow assessment of the activation of each 

MAP kinase pathway. In addition, these proteins differ sufficiently in apparent molecular 

mass on SDS-PAGE (GST-ERK1, 67 kDa; GST-c-Jun, 45 kDa; hsp27, 27 kDa) that they are 

completely resolved, both from each other (Fig. 3) and from the dye front containing the 

unincorporated [γ-32P]ATP, by electrophoresis on 10–20% acrylamide-gradient SDS-PAGE. 

No signal is lost by moving up the ERK cascade and measuring MEK-catalyzed 

phosphorylation of ERK-1 instead of directly assaying ERK activity, as MEK and ERK 

proteins are present at roughly equal concentrations and in some cells MEK proteins are in 

excess (Ferrell, 1996). Control experiments in the absence of added substrates have 

indicated that there are no endogenous proteins being phosphorylated that co-migrate on the 

gels with the exogenously added substrates (not shown). Clear differences were noted in 

both the phosphorylation of endogenous proteins and the phosphorylation of the added 

substrates in Mono Q fractions from control (Fig. 4) vs. PMA-stimulated (Fig. 5) VSMCs. 

Phosphorylation data as shown in Figs. 4 and 5 have been digitized by phosphor imaging 

and presented in graphical form and summarized in tables (Fig. 6).
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Five separate peaks of ERK-phosphorylating activity ‘1–5’ were eluted from Mono Q (Fig. 

6A). MEK1-antibodies immunoprecipitated the ERK-phosphorylating activity in peaks 1 

and 2 (not shown). Other kinase activities present in these fractions remained in the 

supernatant of the immunoprecipitation. Distinct differences were observed in activation of 

these peaks of activity. The first peak was eluted in the flow-through fractions and activated 

to the highest extent by PMA. Arsenite and H2O2 also increased this activity, but to a lesser 

extent. Peaks 2 and 3 were activated exclusively by H2O2. Peak 4 was activated by PMA, 

whereas either H2O2 or PMA activated peak 5. Hence, although both PMA and H2O2 

produced strongly positive signals for the activation of the ERK kinase cascade when 

determined by immunoblotting (Fig. 2), the data presented in Fig. 6 demonstrate clear 

differences in the manner in which this cascade was activated in response to these two 

stimuli. In each case both ERK1 and ERK2 were activated; however, the nature of the ERK-

phosphorylating activities was markedly different. In addition, no increase in phospho-

ERK1/2 was observed following treatment with arsenite (Fig. 2), whereas a weak activation 

of peak ‘1’ was observed in Fig. 6A.

Nine separate peaks of hsp-27-phosphorylating activity were detected eluting from Mono Q 

(Fig. 6B). The highest level of activation was of peak ‘1’ in the flow-through fractions and 

resulted from treatment with H2O2. This peak of activity was affected to varying degrees by 

all treatments examined. Peaks 2 and 4 were selectively activated by H2O2, whereas peaks 5, 

6, and 9 were activated only in unstimulated, arsenite-, or PMA-treated cells, respectively. 

Other peaks of activity responded to more than one stimulus. Peak 3 showed slight responses 

to either PMA or arsenite. Either PMA or H2O2 activated peak 7. Peak 8 was activated 

equally by PMA, ET-1, or arsenite, but unaffected by H2O2.

Seven separate peaks of c-Jun-phosphorylating activity ‘1–7’ were detected eluting from 

Mono Q (Fig. 6C). Peak 1 eluted in the flow-through and was activated to varying extents by 

all treatments. A low level of activity was also present in unstimulated cells. Peaks 2, 5, and 

6 were activated in response to H2O2. A small increase in the activity of peak 5 was also 

observed following treatment with ET-1. Peak 3 was activated to varying extents by all 

treatments and likely represents two different activities eluting in fractions 24 and 26, 

respectively. Peak 4 activated in response to arsenite. Peak 7 was only observed in 

unstimulated cells.

Of the three activities determined in the present study, hsp27 was phosphorylated to the 

highest level with a maximum phosphorylation value of 96,183 PD × mm2 in peak 1, 

whereas c-Jun phosphorylation was the lowest with a maximum phosphorylation of 1282 PD 

× mm2 in peak 4.

4. Discussion

We have examined the activation of the ERK, p38, and JNK MAP kinase cascades in 

cultured porcine aortic smooth muscle cells in response to mitogens and cellular stress. 

Weak responses were observed following treatment with arsenite and this could be due to 

the short treatment times employed in the present study. Arsenite is a potent activator of p38 

MAP kinase and MAPKAP kinase-2 activity (Rouse et al., 1994); however, activation of p38 
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MAP kinase by arsenite is maximal at 60–120 min and ERK activation peaks after 3 h 

(Ludwig et al., 1998).

The phosphorylation of a small heat shock protein, hsp27, was used to quantify activation of 

the p38 MAP kinase cascade. There are currently five known kinases that catalyze the 

phosphorylation of hsp27: the cyclic AMP-dependent protein kinase (PKA) (Gaestel et al., 

1991), protein kinase C (PKC) (Gaestel et al., 1991; Maizels et al., 1998), MAPKAP 

kinase-2 (Stokoe et al., 1992), MAPKAP kinase-3 (Clifton, Young, & Cohen, 1996), and 

MAPKAP kinase-5/PRAK (New et al., 1998; Ni, Wang, Diener, & Yao, 1998). 

Phosphorylation by PKC is lipid-dependent, and the experiments conducted herein were 

performed without lipid and in the presence of EGTA plus the inhibitory peptide of PKA 

(PKI, 1 μM); hence, PKA and PKC would not be active. Thus, under the conditions 

employed herein, hsp27 phosphorylation is a measure of the activation of the MAPKAP 

kinases 2, 3, and 5/PRAK. Each of these enzymes is activated by p38 MAP kinase. Four 

isoforms of p38 MAP kinase have been cloned and sequenced (Han, Richter, Li, 

Kravchenko, & Ulevitch, 1995; Jiang et al., 1996, 1997; Li, Jian, Ulevitch, & Han, 1996) 

and all four p38 family members are activated by MAPKK3 or MAPKK6 via 

phosphorylation of a TGY motif (Derijard et al., 1995). The large number of members in the 

p38 and MAPKAP kinase families likely explains, in part, the numerous peaks of hsp27-

phosphorylating activity detected.

In many cases, with each substrate employed, unique peaks of activity were produced by the 

various stimuli. These differences represent more than just changes in the magnitude of a 

given response as they were eluted from Mono Q as distinct peaks at different NaCl 

concentrations. Each stimulus that activated a MAP kinase cascade did not result in 

equivalent ‘profile’ of activation of kinase activities and thus the responses themselves were 

not equivalent. This could result from the presence of multiple kinases at a given level of a 

cascade (e.g., MEK1/2, ERK1/2, MAPKAP kinase 2, 3, 5). However, the specificity in the 

responses suggest the presence of one or more mechanisms of structural organization of the 

MAP kinase signaling molecules themselves within a given cascade resulting in the 

segregation or compartmentalization of responses with respect to the various cellular stimuli. 

This may be achieved by the incorporation of a kinase into different complexes or scaffolds. 

For example, IB1/JIP-1 has been shown to regulate the activation of JNK (Bonny et al., 

2000; Dickens et al., 1997; Whitmarsh, Cavanagh, Tournier, Yasuda, & Davis, 1998), 

whereas KSR-1 and MP1 interact with MEK and ERK to regulate signaling through the 

ERK cascade (Joneson et al., 1998; Schaeffer et al., 1998; Sugimoto, Stewart, Han, & Guan, 

1998). Scaffold proteins have previously been proposed to prevent cross-talk between 

signaling pathways and to provide a preformed, multi-molecular complex that can rapidly 

become activated in incoming signals. In addition, the formation of scaffolds may serve to 

regulate the threshold levels for activation of generic signaling molecules in a cell-specific 

manner (Levchenko, Bruck, & Sternberg, 2000). Regulation of scaffold protein function 

and/or expression levels may serve as another mechanism of regulating the activation of 

signaling molecules or pathways.

In summary, we have described a means whereby the activation of the ERK, p38, and JNK 

MAP kinase cascades can be determined simultaneously. In addition, we have demonstrated 
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that different patterns of kinase activation may be observed using this methodology, which 

are not apparent when the activation status of the MAP kinases are determined by their dual 

phosphorylation. These data suggest that, even within a given MAP kinase cascade, there 

exists a level of organization wherein specific modules become activated in response to 

different agonists or forms of cellular stress.
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Abbreviations

DMSO dimethyl sulfoxide

DTT dithiothreitol

ERK extracellular signal-related kinase

ET-1 endothelin-1

FPLC fast protein liquid chromatography

GST glutathione S-transferase

MAP kinase mitogen-activated protein kinase

MAPKAP kinase-2 MAP kinase-activated protein kinase-2

MEK MAP/ERK kinase

PKC protein kinase C

PKI cyclic AMP-dependent protein kinase inhibitory peptide

PAGE polyacrylamide gel electrophoresis

PMA phorbol 12-myristate 13-acetate

PMSF phenylmethylsulfonyl fluoride

VSMCs vascular smooth muscle cells
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Fig. 1. 
Scheme of the MAP kinase cascades.
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Fig. 2. 
Activation of MAP kinases upon stimulation of porcine aortic smooth muscle cells. Serum-

starved porcine aortic smooth muscle cells were (A) untreated, or (B) exposed to 0.1 μM 

ET-1, (C) 0.1 μM PMA, (D) 2.0 mM H2O2, or (E) 0.2 mM sodium arsenite for 5 min at 

37°C. For control cells, no addition was made; however, cells were removed from the 

incubator and subjected to gentle mixing as with the other conditions. After stimulation, 

cells were placed on ice, washed twice with ice-cold TBS, and lysed, as described in 

Materials and Methods. MAP kinase activation was assessed using antibodies that 

specifically recognize the dual phosphorylation state of ERK1/2 (panel 1, upper), p38 MAP 

kinase (panel 2, upper), and JNK1/2 (panel 3, upper). Equal protein loading was ascertained 

by stripping and reprobing with anti-ERK1/2 (panel 1, lower), p38 (panel 2, lower), or JNK1 

(panel 3, lower) antibodies.
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Fig. 3. 
SDS-PAGE separation of GST-ERK1 (K71A), GST-c-Jun (1–169), and hsp27. (A) Broad-

range SDS-PAGE standards and GST-ERK1 (K71A), GST-c-Jun (1–169) and (B) hsp27 (1 

μg) were resolved by electrophoresis on 10–20% acrylamide-gradient SDS-PAGE at 35 mA 

for 4 h, and then visualized by staining with Coomassie brilliant blue as described in 

Materials and Methods. Numbers on the left indicate the molecular mass of the standard 

proteins (in kilodaltons).
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Fig. 4. 
MonoQ chromatography of lysates from unstimulated VSMCs. Lysates from unstimulated 

porcine aortic smooth muscle cells (1.5 mg) were chromatographed on a Mono Q HR 5/5 

column using an FPLC system, as described in Materials and Methods, and 60 fractions of 

0.5 ml were collected. A 20-μl aliquot of the indicated fractions was assayed in the presence 

of GST-ERK1, GST-c-Jun, and hsp27. Reactions were terminated with 4 × SDS-PAGE 

sample buffer, and then the samples were subjected to electrophoresis on 10–20% 

acrylamide-gradient SDS-PAGE gels at 35 mA/gel and 15°C for 4 h. Gels were 

subsequently stained with Coomassie brilliant blue R250, dried between two sheets of 

cellophane, and subjected to autoradiography for 24 h at −80°C using Kodak BioMax MR 

film plus Kodak TranScreen-HE intensifying screens. Numbers on the left indicate the 

positions of the molecular mass marker proteins (in kilodaltons); numbers below indicate the 

column fractions. The relative positions of GST-ERK1, GST-c-Jun, and hsp27 are indicated 

on the right.
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Fig. 5. 
Mono Q chromatography of lysates from PMA-stimulated VSMCs. Lysates from PMA-

stimulated (0.1 μM for 5 min at 37°C) porcine aortic smooth muscle cells (1.5 mg) were 

chromatographed on Mono Q, as described in Materials and Methods, and 60 fractions of 

0.5 ml were collected. A 20-μl aliquot of the indicated fractions was assayed in the presence 

of GST-ERK1, GST-c-Jun, and hsp27. Reactions were terminated with 4 × SDS-PAGE 

sample buffer, and then the samples were subjected to electrophoresis on 10–20% 

acrylamide-gradient SDS-PAGE gels at 35 mA/gel and 15°C for 4 h. Gels were 

subsequently stained with Coomassie brilliant blue R250, dried between two sheets of 

cellophane, and subjected to autoradiography for 24 h at −80°C using Kodak BioMax MR 

film plus Kodak TranScreen-HE intensifying screens. Numbers on the left indicate the 

positions of the molecular mass marker proteins (in kilodaltons); numbers below indicate the 

column fractions. The relative positions of GST-ERK1, GST-c-Jun, and hsp27 are indicated 

on the right.
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Fig. 6. 
Mono Q chromatography of lysates from control and stimulated VSMCs. Porcine aortic 

smooth muscle cells were stimulated for 5 min at 37°C with no further additions (□), 0.1 

μM ET-1 (▲), 0.1 μM PMA (■), 2.0 mM H2O2 (●), or 0.2 mM sodium arsenite (◆). 

Lysates were prepared, 1.5 mg chromatographed on a Mono Q HR 5/5 column, as described 

in Materials and Methods, and 60 fractions of 0.5 ml were collected. A 20-μl aliquot of the 

indicated fractions was assayed in the presence of GST-ERK1, GST-c-Jun, and hsp27. 

Reactions were terminated with 4 × SDS-PAGE sample buffer, and then the samples were 

subjected to electrophoresis on 10–20% acrylamide-gradient SDS-PAGE gels at 35 mA/gel 

and 15°C for 4 h. Gels were subsequently stained with Coomassie brilliant blue R250, dried 

between two sheets of cellophane, and subjected to autoradiography for 24 h at −80°C using 

Kodak BioMax MR film plus Kodak TranScreen-HE intensifying screens. Gels were 

exposed to phosphor imaging screens for 48 h, and then the phosphorylation of (A, lower 

panel) GST-ERK1, (B, lower panel) hsp27, and (C, lower panel) GST-c-Jun (1–169) were 

quantified as described in Materials and Methods. These data have been summarized and 

presented in tabular form in the upper panels of (A)–(C). Kinase activity was normalized to 
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the highest activity detected for each substrate within an experiment and expressed as 

relative kinase activity. In the experiment shown here, peak activities before normalization 

were 2958, 96,183, and 1282 PD × mm2 for GST-ERK1 (K71A), hsp27, and GST-c-Jun (1–

169) phosphorylation, respectively. Similarly, the integration areas were 7.8 × 3.8, 8.3 × 5.6, 

and 7.8 × 3.8 mm for GST-ERK1 (K71A), hsp27, and GST-c-Jun (1–169) phosphorylation, 

respectively. The broken line indicates the NaCl gradient.
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