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Mitogen-activated protein (MAP) kinases are involved
in controlling a cell’s responses to a variety of stimuli
and can be activated by both protein tyrosine kinase
and G protein-coupled receptors. It was shown previ-
ously that Dictyostelium MAP kinase ERK2 is required
for normal activation of adenylyl cyclase and erk2 null
cells are aggregation-deficient. In this manuscript, we
show that theDictyosteliumMAP kinase ERK2 is rapidly
and transiently activated in response to the chemoat-
tractant cAMP. This response requires cAMP receptors,
but is independent of the coupled Ga2 subunit and the
only known Gb subunit. These data indicate that ligand-
mediated receptor activation of adenylyl cyclase re-
quires two receptor-dependent pathways, one of which
requires heterotrimeric G proteins, including Ga2 and
the only known Gb subunit, and the second of which
requires ERK2. Our results suggest that ERK2 may be
activated by a novel receptor-mediated pathway.

MAP1 kinases (MAPKs) or ERKs control a wide array of
cellular responses in eukaryotes and are stimulated by envi-
ronmental stress and through receptor tyrosine kinases and G
protein-linked/serpentine receptors (1–5). In the yeast Saccha-

romyces cerevisiae alone, five distinct MAP kinase activation
pathways have been defined that control mating, pseudohyphal
growth, cell integrity, response to osmotic shock, and sporula-
tion (6). Little is known about the diversity of mechanisms that
can lead to the activation of MAP kinase cascades. In S. cer-
evisiae and mammalian cells, some MAP kinase cascades can
be controlled, at least in part, through Gbg subunits (7–9),
while the pathway that activates the MAP kinase Hog1 in
response to osmotic shock is regulated through a transmem-
brane histidine kinase (10).
In Dictyostelium, the multicellular organism is formed via

the chemotactic aggregation of up to 105 cells. The chemoat-
tractant is extracellular cAMP that binds to the serpentine
receptors cAR1 or cAR3, which are coupled to the heterotri-
meric G protein containing the Ga2 subunit, activating guany-
lyl and adenylyl cyclases, triggering alterations in the cytoskel-
eton, and inducing gene expression (11–15). Recent results
indicate that the Gbg subunits released by the ligand activate
adenylyl cyclase, whereas the coupled Ga2 subunit is thought
to regulate a variety of other effectors (11, 16, 17). The aggre-
gation-stage adenylyl cyclase in Dictyostelium has a similar
structure to that of mammalian adenylyl cyclases (18); how-
ever, the aggregation-stage adenylyl cyclase has a more com-
plex activation pathway compared with known activation path-
ways for mammalian adenylyl cyclases (19). In addition to the
Gbg subunit, adenylyl cyclase activation in Dictyostelium also
requires a pleckstrin homology domain containing protein des-
ignated CRAC (20, 21), and, surprisingly, a MAP kinase ERK2.
erk2 null cells do not aggregate due to their deficiency in the
ability to activate adenylyl cyclase and relay the cAMP signal
(22).
In this communication, we show that the MAP kinase ERK2

is rapidly and transiently activated in response to cAMP. The
kinetics of this response are similar to those of the activation of
adenylyl cyclase. The response requires the cAMP receptor
necessary for mediating other cAMP-mediated responses, but
is independent of the coupled Ga2 and the only known Gb
subunit. Our data indicate that receptor activation of adenylyl
cyclase requires two receptor-dependent pathways, one requir-
ing Gbg and involving ERK2.

MATERIALS AND METHODS

“In-gel” Assays for ERK2 Activity—Activation of ERK2 was measured
in cells competent to aggregate (aggregation-competent cells), the stage
at which the stimulation of adenylyl cyclase is maximal. Vegetative
Dictyostelium cells were washed and suspended in non-nutrient buffer
(Na/KPO4 (pH 6.2) or MES-PDF) (23) at 5 3 106 cells/ml and pulsed
with 30 nM cAMP for 4 h to induce cAMP receptors, Ga2, and other
components of the aggregation response. Cells were washed, concen-
trated 2-fold, shaken for 10 min, and stimulated with 20 mM cAMP.
Samples were taken at the time points indicated, immediately lysed in
5 3 SDS sample buffer, and size-fractionated on SDS-polyacrylamide
gel electrophoresis gels containing MBP as described previously (24–
26). Proteins in the gels were denatured in guanidine hydrochloride and
renatured in Tween and kinase activity was assayed in situ as described
previously (24–26).
Affinity Purification of Anti-ERK2 Antibody—Rabbits were immu-

nized with a GST-ERK2 fusion protein expressed in Escherichia coli.
Rabbit anti-GST/ERK2 serum was affinity-purified by the method of
Harlow and Lane (27). The whole serum was diluted 10-fold with PBS
and then passed over a GST column (see below) to remove anti-GST
antibodies. The flow-through was passed three additional times over
the GST column, which had been regenerated by washing with 0.2 M

glycine (pH 2.2) followed by PBS. The final flow-through was applied to
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a GST-ERK2 column in PBS. The column was washed with PBS and
then with PBS containing 1 M KCl, and bound antibody was eluted with
10 bed volumes of 0.1 M glycine (pH 2.2). The eluate was collected in a
tube containing 1 bed volume of 1 M Tris (pH 8.0). GST and GST-ERK2
columns were prepared according to the method of Koff et al. (28).

RESULTS AND DISCUSSION

Addition of the Chemoattractant cAMP Activates ERK2 Ac-
tivity—We examined the activity of ERK2 in response to the
chemoattractant cAMP using an in-gel assay in which a MAP
kinase substrate, MBP, is embedded in the gel. The samples
were size-fractionated using standard SDS-polyacrylamide gel
electrophoresis techniques, renatured, and their ability to
phosphorylate MBP assayed (24, 25). The addition of cAMP to
aggregation-stage, wild-type cells resulted in a rapid activation
of an ;42-kDa kinase (the predicted size of ERK2) (Fig. 1). Gels
lacking MBP showed no phosphorylation at this mobility (data
not shown; see Ref. 26). Stimulation of kinase activity was
observed within 10 s and peaked at ;50 to 60 s. After 2 min,
the activity was significantly reduced, and by 4 min the activity
had returned to near-basal levels. These kinetics of the activa-
tion and subsequent adaptation of kinase activity were similar
to those of cAMP activation of adenylyl cyclase and signifi-
cantly slower than those of cAMP activation of guanylyl cyclase
(12, 15, 29). In addition to ERK2, other phosphorylated bands
were observed, the strongest of which is at ;30 kDa. In some
genetic backgrounds (see below and data not shown), this ki-
nase was differentially stimulated or repressed by cAMP
stimulation.
To confirm that cAMP-stimulated MBP phosphorylating ac-

tivity was ERK2, we examined the activation profile in erk2
null cells and cells overexpressing ERK2. No stimulation of this
activity was observed in erk2 null cells, while expression of
ERK2 in the erk2 null background (complemented erk2 null
cells) resulted in the restoration of the activity (Fig. 1). In

addition, these erk2 null complemented cells showed normal
aggregation and morphological differentiation that was indis-
tinguishable from that of wild-type cells (Ref. 30; data not
shown). The maximum level of kinase activity in the erk2 null
complemented cells was higher than that in wild-type cells,
probably due to an overexpression of the kinase (see below).
Overexpression of ERK2 in wild-type cells resulted in an ;4-
fold higher level of stimulated kinase activity (data not shown).
When the samples were analyzed by Western blot with a rabbit
polyclonal anti-ERK2 antibody made against a GST-ERK2 fu-
sion (see “Materials and Methods”), a band of 42 kDa was
observed that was absent in erk2 null cells (Fig. 2A). A higher
level of ERK2 was observed in the ERK2 overexpressor strain
(Fig. 2A). This antibody did not interact with the other known
Dictyostelium MAP kinase, ERK1 (Fig. 2B), or with other pro-
teins with the same mobility as ERK2, although it did interact
with some other proteins (Fig. 2, A and B). In the comple-
mented null cells overexpressing ERK2, the increased protein
was greater than the increased maximal level of activity seen
in this assay (Fig. 1). We assume that either not all of the
kinase could be activated or the assay was not linear at high
kinase levels.
A background activity at the same molecular weight as

ERK2 was seen in erk2 null cells and in unstimulated wild-type
cells (Fig. 1). Notably, this unstimulated activity was not de-
tectably increased by overexpression of ERK2, suggesting that
the kinase activity at this mobility may not be ERK2 and that
ERK2 basal activity was very low. There is at least one other
MAP kinase, ERK1, in Dictyostelium and may be responsible
for the background activity in these assays. ERK1 has a similar
electrophoretic mobility to that of ERK2 on these gels, uses
MBP as a substrate, and is active at the same time in devel-
opment (26). The absence of stimulation of the band at this
mobility in erk2 null cells suggests ERK1 is not stimulated in
response to cAMP, consistent with previous results (26). When
the ERK2 stimulation in response to cAMP in wild-type cells
was quantitated, we observed an ;40-fold increase in the level
of kinase activity at this mobility. If the background band
observed in erk2 null cells were subtracted, the relative level of
stimulation would be higher.
Signaling Pathway Regulating ERK2 Activation—To deter-

mine which components of the known cAMP-dependent signal
transduction pathways may regulate the activation of ERK2,
we examined the ability of cAMP to stimulate ERK2-MBP
phosphorylating activity in various genetic backgrounds. Pre-
vious results showed that either cAMP receptor cAR1 or cAR3

FIG. 1. cAMP stimulated ERK2 activation. In-gel assay of cAMP
stimulation of ERK2 activity. The activation of ERK2 was measured in
aggregation-competent cells (cells pulsed with nM cAMP for 4 h, see
“Materials and Methods”). The lanes on the right are “normalization”
controls containing extracts of a time course that allows an internal
standardization of the results between gels and between experiments.
An aliquot is also taken to quantitate total protein for normalization of
activity between different strains and experiments. The same amount
of total extract protein is loaded in each lane. In general, the same
amount of protein is loaded for each sample between the different
experiments. The autoradiographs are quantitated by densitometry
and relative activity is normalized using the internal controls and
protein levels. The band corresponding to ERK2 is marked with a solid
arrowhead. This band is missing in erk2 null cells. The 30-kDa kinase
is labeled with an open arrowhead.

FIG. 2. Western blot analysis with immunopurified anti-ERK2
antibodies. A, Western blot of erk2 null, wild-type, and ERK2 overex-
pressing cells. B, Western blot of glutathione-Sepharose-purified GST,
GST-ERK2 fusion protein, and GST-ERK1 fusion proteins expressed in
E. coli. See “Materials and Methods.”
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is required for mediating aggregation-stage responses to cAMP
(31, 32). These receptors are coupled to the G protein contain-
ing the Ga2 subunit, the only one of the eight known Ga
subunits found to couple to cAMP receptors and mediate cAMP
receptor-controlled pathways (11, 12, 14, 33–37). Cells lacking
either Ga2, cAR1, cAR3, or the only known Gb subunit through
engineered gene disruptions, showed no cAMP stimulation of
adenylyl cyclase or guanylyl cyclase in vivo (14, 15, 17, 31). The
gb null cells are well characterized (17). These cells lack known
receptor/G protein/effector interactions, including: the absence
of detectable cAMP receptor high affinity binding sites and the
absence of GTPgS-stimulated adenylyl cyclase activity in cell
lysates. These results suggest that cAMP receptors are no
longer coupled to a heterotrimeric G protein in the gb null cells
and that there is only a single Gb subunit in this organism (17).
When ERK2 activation was examined in cells lacking cAR1
(car1 null cells) (38), the major aggregation-stage receptor, the
level of ERK2 activation was significantly reduced (;80%)
compared with that of the wild-type cells (Fig. 3). This residual
stimulation was absent in the car1/car3 double knockout
strain, indicating that cAMP-mediated ERK2 activation re-
quires cAMP receptors (Fig. 3).
To examine the possible role of heterotrimeric G proteins in

ERK2 activation, ga2 and gb null strains (14, 39) were first
transformed with a plasmid that constitutively expresses cAR1
during growth and development. This measure ensured that
these cells had appropriate levels of receptors. Surprisingly, in
ga2 and gb null cells constitutively expressing cAR1, the ERK2
pathway was also stimulated. However, the onset of activation
was delayed, and its peak was reduced compared to that in
wild-type cells. When quantified, the maximal level of activa-
tion in the ga2 and gb null strains varied between ;40 and
80% of that observed in wild-type cells (six separate experi-
ments) and between ;50 and 60% of that in wild-type cells
constitutively expressing cAR1 (data not shown).
Our analysis has shown that the MAP kinase ERK2 is tran-

siently activated in response to chemotactic signaling by cAMP
and that this activation is dependent on cARs but is independ-
ent of Ga2, the known Ga subunit that couples to cAR1 and
cAR3. Further, the activation of ERK2 occurred independently
of the only known Dictyostelium Gb subunit, that like Ga2, is
required for the in vivo activation of adenylyl cyclase. The
slower kinetics and the reduced level of activation of ERK2 in
gb and ga2 null cells compared with wild-type cells neverthe-
less suggest that a G protein-mediated pathway is important in
obtaining a completely wild-type response.

erk2 null cells express adenylyl cyclase aggregation-stage
adenylyl cyclase and CRAC, another required component for
this pathway (22), indicating that ERK2 is not required for the
expression of these genes. The kinetics of activation and deac-
tivation parallel those of adenylyl cyclase, suggesting that ac-
tivated ERK2 may be required continuously for the activation
of adenylyl cyclase. Other results have shown that receptor-
mediated activation of at least some aggregation-stage genes in
response to cAMP pulses is normal in erk2 null cells (30).
However, we cannot exclude that ERK2 is required for the
expression of some unknown gene and that the kinetics of
activation are fortuitously similar to those of adenylyl cyclase.
Two different receptor-mediated pathways are involved in

cAMP activation of adenylyl cyclase; one requires the Ga2 and
Gb subunits and the other requires ERK2 (11, 12, 22) (see
model in Fig. 4). We now find that ERK2 is activated by cAMP
and that this requires cAMP receptors, but is independent of
either Ga2 or the known Gb that are also required for adenylyl
cyclase activation. While the possibility of another Gb subunit
can never be completely excluded, there is significant biochem-
ical evidence that Dictyostelium has only one Gb subunit as
described above (17, 39). On the weight of this evidence, we
entertain the intriguing possibility that ERK2 is activated by a
pathway that may be independent of heterotrimeric G proteins.
One model to accommodate our observations is that the recep-
tor functions as a docking site for proteins that stimulate
downstream pathways, one of which leads to the stimulation of
the ERK2 activation cascade (Fig. 4). This model has precedent
in the known docking of different effectors to activated receptor
tyrosine kinases. The underlying mechanism for docking to
serpentine receptors such as cAR1 could be similar to the
binding mechanisms that allow heterotrimeric G proteins to
interact with ligand-bound (“activated”) receptors or receptor
kinases to interact with and phosphorylate the ligand-bound
but not free receptors (40, 41).
There is evidence for G protein-independent pathways me-

diated through serpentine receptors in mammalian cells. As
described above, the binding and phosphorylation of rhodopsin
and b-adrenergic receptors by their respective kinases in mam-
mals requires ligand binding, but is independent of G proteins
(40, 41). In Dictyostelium, cAMP stimulation of Ca21 influx and
cAMP-mediated activation of post-aggregative gene expression
in the multicellular stages (which is activated through the
transcription factor GBF and a high, continuous level of cAMP)
are known to be independent of the identified Gb subunit and
have been proposed to be G protein-independent (42, 43). Both

FIG. 3. cAMP stimulation of ERK2
activity in mutant strains. Assays
were done as described above. The gb null
and ga2 null cells carry a vector that con-
stitutively expresses cAR1 from an actin
(Act15) promoter, since these strains ex-
press a lower number of receptors than
wild-type cells after cAMP stimulation.
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G proteins and receptor kinases interact with receptors in
response to ligands, and recent evidence indicates that STAT
transcription factors are activated through the angiotensin II
receptor (44), although it is not known whether a JAK kinase
directly couples to this receptor. With the biochemical evidence
that receptor kinase binding and phosphorylation is ligand-de-
pendent but G protein-independent, it is possible that other
heterotrimeric G protein-independent pathways will be identi-
fied as future genetic analysis permits further dissection of
pathways controlled via serpentine receptors.

Acknowledgments—We thank C. Briscoe, J. Brown, and M. Gamper
for critical reading of the manuscript. We thank Jane Borleis for per-
forming some of the Western blot analysis.

REFERENCES

1. Blumer, K., and Johnson, G. (1994) Trends Biochem. Sci. 19, 236–240
2. Errede, B., and Levin, D. (1993) Curr. Opin. Cell Biol. 5, 254–260

3. Davis, R. J. (1993) J. Biol. Chem. 268, 14553–14556
4. Marshall, C. J. (1995) Cell 80, 179–185
5. Karin, M. (1995) J. Biol. Chem. 270, 16483–16486
6. Levin, D. E., and Errede, B. (1995) Curr. Opin. Cell Biol. 7, 197–202
7. Herskowitz, I. (1995) Cell 80, 187–107
8. Crespo, P., Xu, N., Simonds, W. F., and Gutkind, J. S. (1994) Nature 369,

418–420
9. van Biessen, T., Hawes, B. E., Luttrell, D. K., Krueger, K. M., Touhara,

K., E., P., Sakaue, M., Luttrell, L. M., and Lefkowitz, R. J. (1995) Nature
376, 781–784

10. Maeda, T., Wurgler-Murphy, S. M., and Saito, H. (1994) Nature 369, 242–245
11. Firtel, R. A. (1995) Genes & Dev. 9, 1427–1444
12. Devreotes, P. N. (1994) Neuron 12, 235–241
13. Sun, T. J., and Devreotes, P. N. (1991) Genes & Dev. 5, 572–582
14. Kumagai, A., Hadwiger, J. A., Pupillo, M., and Firtel, R. A. (1991) J. Biol.

Chem. 266, 1220–1228
15. Van Haastert, P. J. M. (1992) in Adenine Nucleotides in Cellular Energy

Transfer and Signal Transduction (Papa, S., Azzi, A., and Tager, J. M., eds)
pp. 379–386, Basel, Switzerland

16. Okaichi, K., Cubitt, A. B., Pitt, G. S., and Firtel, R. A. (1992)Mol. Biol. Cell 3,
735–747

17. Wu, L.-J., Kuwayama, H., van Haastert, P. J. M., and Devreotes, P. N. (1995)
J. Cell Biol. 129, 1667–1675

18. Pitt, G. S., Milona, N., Borleis, J., Lin, K. C., Reed, R. R., and Devreotes, P. N.
(1992) Cell 69, 305–315

19. Tang, W., and Gilman, A. (1992) Cell 70, 869–872
20. Insall, R., Kuspa, A., Lilly, P., Shaulsky, G., Levin, L., Loomis, W., and

Devreotes, P. (1994) J. Cell Biol. 126, 1537–1545
21. Lilly, P. J., and Devreotes, P. N. (1994) J. Biol. Chem. 269, 14123–14129
22. Segall, J., Kuspa, A., Shaulsky, G., Ecke, M., Maeda, M., Gaskins, C., Firtel,

R., and Loomis, W. (1995) J. Cell Biol. 128, 405–413
23. Mehdy, M. C., and Firtel, R. A. (1985) Mol. Cell. Biol. 5, 705–713
24. Boulton, T. G., Gregory, J. S., and Cobb, M. H. (1991) Biochemistry 30,

278–286
25. Kameshita, I., and Fujisawa, H. (1989) Anal. Biochem. 183, 139–143
26. Gaskins, C., Maeda, M., and Firtel, R. (1994) Mol. Cell. Biol. 14, 6996–7012
27. Harlow, E., and Lane, D. (1988) Antibodies: A Laboratory Manual, Cold Spring

Harbor Laboratory, Cold Spring Harbor, NY
28. Koff, A., Giordano, A., Desai, D., Yamashita, K., Harper, J. W., Elledge, S.,

Nishimoto, T., Morgan, D. O., Franza, B. R., and Roberts, J. M. (1992)
Science 257, 1689–1694

29. Theibert, A., and Devreotes, P. (1986) J. Biol. Chem. 261, 15121–15125
30. Gaskins, C., Clark, A. M., Aubry, L., Segall, J., and Firtel, R. A. (1996)

Genes & Dev. 10, 118–128
31. Insall, R. H., Soede, R. D. M., Schaap, P., and Devreotes, P. N. (1994)Mol. Biol.

Cell 5, 703–711
32. Soede, R. D. M., Insall, R. H., Devreotes, P. N., and Schaap, P. (1994)

Development (Camb.) 120, 1997–2002
33. Cubitt, A. B., Carrel, F., Dharmawardhane, S., Gaskins, C., Hadwiger, J.,

Howard, P., Mann, S. K. O., Okaichi, K., Zhou, K., and Firtel, R. A. (1992)
Cold Spring Harbor Symp. Quant. Biol. 57, 177–192

34. Wu, L., Gaskins, C., Gundersen, R., Hadwiger, J., Johnson, R., Pitt, G., Firtel,
R., and Devreotes, O. (1994) Handb. Exp. Pharmacol. 108, 335–349

35. Wu, L., Gaskins, C., Zhou, K., Firtel, R., and Devreotes, P. (1994) Mol. Cell.
Biol. 5, 691–702

36. Hadwiger, J., Lee, S., and Firtel, R. (1994) Proc. Natl. Acad. Sci. U. S. A. 91,
10566–10570

37. Hereld, D., and Devreotes, P. N. (1992) Int. Rev. Cytol. 137B, 35–47
38. Sun, T. J., Vanhaastert, P. J. M., and Devreotes, P. N. (1990) J. Cell Biol. 110,

1549–1554
39. Lilly, P., Wu, L. J., Welker, D. L., and Devreotes, P. N. (1993) Genes & Dev. 7,

986–995
40. Palczewski, K., Buczylko, J., Kaplan, M. W., Polans, A. S., and Crabb, J. W.

(1991) J. Biol. Chem. 266, 12949–12955
41. Chen, C.-Y., Dion, S. B., Kim, C. M., and Benovic, J. L. (1993) J. Biol. Chem.

268, 7825–7831
42. Milne, J. L. S., Wu, L., Caterina, M. J., and Devreotes, P. N. (1995) J. Biol.

Chem. 270, 5926–5931
43. Schnitzler, G. R., Briscoe, C., Brown, J. M., and Firtel, R. A. (1995) Cell 81,

737–745
44. Bhat, G. J., Thekkumkara, T. J., Thomas, W. G., Conrad, K. M., and Baker, K.

M. (1994) J. Biol. Chem. 269, 31443–31449

FIG. 4. Model for cAMP stimulation of adenylyl cyclase and
ERK2. Upper panel shows proposed location of relevant components in
an unstimulated cell. The bottom panel shows the G protein-dependent
(Gbg) pathway, CRAC, and possible input of ERK2. It is expected that
ERK2 is activated by a conserved upstream activating cascade contain-
ing a MEK and MEKK (shown as speckled ovals). The mechanism of
activation of this putative MAP kinase cascade is not known but it is
independent of the Gb subunit required for interactions with CRAC and
aggregation-stage adenylyl cyclase. One model proposes that the recep-
tor acts as a docking site for the unknown required components, as
tyrosine kinase receptors act as a docking site. In addition, the activa-
tion of calcium influx is also a receptor-dependent, but is independent of
the Gb subunit. Whether this functions with another receptor-mediated
process or directly to promote the activation of the MAP kinase cascade
is not known. A relevant example is the ligand-dependent but G pro-
tein-independent binding of both bARK and rhodopsin kinase to their
respective receptors (see text).
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