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Intracellular transmission of extracellular signals is mediated by
a complex network of second messengers, interacting proteins and
signaling cascades that cumulatively govern essentially all stimulated
cellular processes. Two important signaling components in the
network are the extracellular signal-regulated kinase (ERK) signaling
cascade and elevation of calcium concentrations, which transmit
signals of hormones, growth factors and other ligands. Each of these
components is known to independently regulate a large number
of targets in various cellular organelles. The cooperation between
them, however, seems to modulate the fate of their individual
signals, and accordingly, their regulated processes. We have recently
shown that calcium modulates the protein interaction properties of
ERKs, which further affect the subcellular localization of the latter
and as a consequence also the distribution of their targets. These
effects of calcium are important in determining the specificity of the
ERK cascade, and thereby, play important roles in the regulation
of ERK-dependent cellular processes. Our findings, as well as their
possible implications, are further discussed in this addendum.

The ERK cascade is a central signaling pathway that transmits
signals from a variety of extracellular agents to regulate processes,
such as proliferation, differentiation, development and more.!
Upon stimulation, the cascade is activated by various mechanisms,
which usually results in the activation of the small GTPases Ras.
Those central proteins, in turn, transmit the signal further via
sequential phosphorylation and activation of protein kinases,
known as the ERK cascade. The components of this cascade are
usually Raf kinases that are directly influenced by Ras, followed by
MAPK/ERK kinase 1/2 (MEKs), ERK1/2 (ERKs), and finally also
MAPKAPKs, such as RSK, MNK and MSK. Upon activation, ERKs
and the downstream kinases phosphorylate hundreds of regulatory
targets in the cytoplasm, or nuclear targets that are reached upon
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translocation of ERKs and the MAPKAPKS into the nucleus. These
phosphorylations, in turn, regulate transcription, translation or
stability of the downstream targets to allow their action in a variety
of ERK-dependent cellular processes.

One of the signaling events that may influence the ERK cascade
is a rise in free intracellular calcium concentrations, induced by many
extracellular ligands.#® Calcium is a versatile second messenger that
affects many signaling processes in the cell. Its concentrations are
induced by various stimulations that activate phospholipase C (PLC),
which produces IP3 that, in turn, releases calcium from its internal
stores (Fig. 1). In addition, elevation of calcium concentrations is
mediated by membranal calcium channels, which are stimulated by
extracellular ligands via other mechanisms. Interestingly, elevated
calcium concentrations can either activate or, less frequently, inhibit
the ERK cascade.”® Molecular mechanisms that mediate the activa-
tion process include: (i) Activation of the calcium-affected kinase
PYK2.? (ii) Stimulation of the nucleotide exchange factor Ras-GRE.1°
(iii) Inhibition of Ras-GAPs, which is a GTPase activating protein
of Ras.'l12 (iv) Activation of both calmodulin-dependent kinases
I and II that operate independently either by stabilization of
EGF-receptor,'? or by other unknown mechanisms. 4

Interaction of ERKs with various proteins, such as scaffolds and
phosphatases plays an important role in regulating the specificity
of the ERK cascade.!>!¢ In the course of a wide search for ERK
interacting proteins, we observed that changes in calcium concentra-
tions significantly affect the binding of various proteins to ERK2.!”
Thus, the repertoire of proteins that bind to an immobilized ERK2,
and then released with a high salt concentration, was significantly
different between extracts from non-treated cells or cells with modified
calcium concentrations. In particular, the number of bound proteins
was increased when cellular calcium concentrations were elevated by
calcium ionophore before extraction. Fewer proteins, however, were
bound from extracts of cells in which calcium concentrations were
reduced by a calcium chelator. The identity of some of the proteins
with calcium-affected binding was determined, and found to include
various protein groups such as protein kinases, cytoskeletal elements,
scaffold proteins and ERK substrates. In vivo binding assay with
GST-ERK2 confirmed that calcium increases the binding of proteins,
such as MEKI1 and vinculin, but not Elk1, to ERK2.

Due to the fact that protein-protein interactions play a crucial
role in the determination of the subcellular distribution of ERKs,'®
we undertook to examine the influence of calcium on the dynamic
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Figure 1. Schematic representation of the mechanisms by which calcium
affects the ERK cascade. For more details see text.

changes in the subcellular localization of ERKs in resting and stimu-
lated cells. We found that elevated calcium concentrations prevent
the nuclear translocation of ERKs upon stimulation, whereas reduced
calcium accelerates this translocation. We further demonstrated that
this effect might be mediated by increased binding affinity of ERK2 to
the nuclear pore protein NUP153, which may block the penetration
of ERKs through the nuclear pores. These results raised the possibility
that calcium also participates in the localization-mediated regulation
of ERK-dependent targets. Indeed, this possibility was supported by
our findings that the ligand LPA, which significantly elevates calcium
concentrations, primarily induces activation of the cytoplasmic ERK
substrate RSK, but not the nuclear substrate Elk1. This preferential
activation of RSK was inhibited by calcium chelation, while EGF
that induces a very small elevation of calcium concentration, mainly
activated Elk1 in a calcium-independent manner.

In summary, we established that besides the ability of calcium
to activate, and in some cases inhibit, the ERK cascade, it may also
participate in the regulationof the protein-protein interactions, and
therefore, also the subcellular localization of ERKs. This, in turn,
may modify the repertoire and localization of ERKs’ substrates under
varying conditions, and in this way, the changes of calcium concen-
trations may play an important role in the determination of signaling
specificity of the cascade and its functional outcomes.
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