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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining
knowledge from genomic studies, and by systems biologists building predictive models of hormal and disease
variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751),
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European
Molecular Biology Laboratory (EBI Industry program).
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CaMK IV-mediated phosphorylation of CREB 7
Stable identifier: R-HSA-111932

Compartments: nucleoplasm, cytosol

E - ﬁ%-

The Ca2+-calmodulin-dependent protein kinase (CaM kinase) cascade includes three kinases: CaM-kinase kinase
(CaMKK); and the CaM kinases CaMKI and CaMKI1V, which are phosphorylated and activated by CaMKK.
Members of this cascade respond to elevation of intracellular Ca2+ levels. CaMKK and CaMKIV localize both to the
nucleus and to the cytoplasm, whereas CaMKI is only cytosolic. Nuclear CaMKIV regulates transcription through
phosphorylation of several transcription factors, including CREB. In the cytoplasm, there is extensive cross-talk
between CaMKK, CaMKIV and other signaling cascades, including those that involve the cAM P-dependent kinase
(PKA), MAP kinases and protein kinase B (PKB/AKkt).
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CaMKII binds activated calmodulin 7
Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-442725

Type: binding

Compartments: plasma membrane, cytosol

Inferred from: CaMKII binds activated calmodulin (Rattus norvegicus)

CALM1:
4xCa2+

]

CaMKIl dodecamer:

CaMKII
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C: ——

cytosol
cytoplasmic side of plasma membrane

plasma membrane

CaMKI|I isfully activated upon binding to the complex of calcium and calmodulin (CALM1:4xCa2+), which forms
upon influx of calcium ions through activated NMDA receptors. Autophosphorylation increases the affinity of
CaMKII for the active calmodulin (CALM1:4xCa2+) (Meyer et a. 1992).

Followed by: CaMKII autophosphorylates
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CaMKII autophosphorylates 7

Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-9617583

Type: transition

Compartments: plasma membrane, cytosol

Inferred from: CaMKII autophosphorylates (Rattus norvegicus)

plasma membrane
cytoplasmic side of plasma membrane

cytosol
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Binding of the complex of calcium and calmodulin (CALM1:4xCa2+) to CaMKII dodecamer, upon calcium influx
through activated NMDA receptors, activates the kinase activity of CaMKII, leading to CaMKII
autophosphorylation on threonine residue T286 (T286 in the alpha isoform of CaMKII corresponds to T287 in the
beta isoforms of CaMKI1). Autophosphorylation increases the affinity of CaMKII for calmodulin, but once
autophosphorylated, CaMKI1 remains partially catalytically active even after dissociation of calmodulin (Schworer
et al. 1986, Meyer et a. 1992).

Preceded by: CaMKII binds activated calmodulin

Followed by: Calmodulin-bound CaMKII-gamma enters the nucleus
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CAMK4 binds KPNA2 7

Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-9619127

Type: binding

Compartments: cytosol

Inferred from: Camk4 binds Kpna2 (Mus musculus)

CAMK4
CAMK4:
. > KPNA2

KPNA2

cytosol

CAMK4 (CaMKIV) forms a complex with KPNA2 (Importin alpha-1). Importin beta is not required for the
formation of this complex, but interferes with CAMK4 binding to KPNA2 (Kotera et a. 2005).

Followed by: CAMK4 enters the nucleus
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CAMK4 enters the nucleus 7

Location: CaMK IV-mediated phosphorylation of CREB

Stable identifier: R-HSA-112282

Type: omitted

Compartments: nuclear envelope

Inferred from: Camk4 enters the nucleus (Mus musculus)
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CAMK4 (CaMKI1V) entry into the nucleus is facilitated by importin alpha (KPNA2). Importin beta and RAN
GTPase are not needed for CAMK4 nuclear import (Kotera et al. 2004). CAMK4 nuclear import requires functional
kinase domain of CAMK4 (Lemrow et al. 2004) and ATP, but ATP hydrolysisis not needed (Kotera et al. 2005).

Preceded by: CAMK4 binds KPNA2

Followed by: Calmodulin binds CAMK4
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Calmodulin-bound CaMKII-gamma enters the nucleus 7
Location: CaMK IV-mediated phosphorylation of CREB

Stable identifier: R-HSA-444792

Type: omitted

Compartments: nucleoplasm, cytosol

Inferred from: CaM-bound CaMKII-gamma enters the nucleus (Rattus norvegicus)
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Autophosphorylated, calmodulin-bound CaMKII-gamma (CAMK2G) translocates to the nucleus (Ma et al. 2014,
Cohen et al. 2018). Translocation of CaMKIl-gamma to the nucleus is positively regulated by activated CaMKI1-
beta through an unknown mechanism (Ma et al. 2014).

Preceded by: CaMKII autophosphorylates

Followed by: Activated calmodulin dissociates from CaMKII-gamma
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Activated calmodulin dissociates from CaMKII-gamma 7
Location: CaMK IV-mediated phosphorylation of CREB

Stable identifier: R-HSA-9618834

Type: dissociation

Compartments: nucleoplasm

Inferred from: Activated calmodulin dissociates from CaMKII gamma (Rattus norvegicus)
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In the nucleus, activated calmodulin (CALM1:4xCa2+) dissociates from CaMKII-gamma (p-T287-CAMK2G
dodecamer) (Maet a. 2014, Cohen et a. 2018).

Preceded by: Calmodulin-bound CaMKII-gamma enters the nucleus

Followed by: Calmodulin binds CAMK4
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Calmodulin binds CAMK4 7~

Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-111913

Type: binding

Compartments: nucleoplasm

Inferred from: Calmodulin binds CaMK IV (Rattus norvegicus)

CALM1:
4xCa2+
— . CAMK4:CALM1:
4xCa2+
CAMK4
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CaMKIV (CAMK4) becomes fully activated after a three-step mechanism. In the first step, upon a transient increase
in intracellular calcium, calcium-bound calmodulin (Ca2+/CaM) binds to its autoregulatory domain, which relieves
intersteric inhibition (Chatila et al. 1996, Tokumitsu et al. 2004). In the second step, an activating protein kinase,
calcium/calmodulin-dependent protein kinase kinase (CaMKK), binds to the Ca2+/CaM:CaMKIV complex and
phosphorylates CaMKI1V on a threonine residue in the activation loop (Chatila et al. 1996, Anderson et al. 1998,
Tokumitsu et al. 2004). In the third step, CaMKK-phosphorylated CAMK4 autophosphorylates on two serine
residues at the N-terminus (Chatila et al. 1996). After full activation by the three-step mechanism mentioned above,
the activity of CaMKIV becomes autonomous and no longer requires bound Ca2+/CaM. This activity isrequired for
CaMKIV-mediated transcriptional regulation. The CaMKIV-associated PP2A then dephosphorylates CaMKIV,
thereby terminating autonomous activity and CaMKI1V-mediated gene transcription.

Preceded by: CAMK4 enters the nucleus, Activated calmodulin dissociates from CaMKII-gamma

Followed by: CaMKK phosphorylates CAMK4
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CaMKK binds activated calmodulin in the nucleus 7

Location: CaMK IV-mediated phosphorylation of CREB

Stable identifier: R-HSA-9618863
Type: binding

Compartments: nucleoplasm

Inferred from: Camkk1 binds activated calmodulin in the nucleus (Homo sapiens), CAMKK?2 binds activ-

ated calmodulin in the nucleus (Homo sapiens)
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Two isoforms of CaMKK, CAMKK1 (CaMKK alpha) and CAMKK?2 (CaMKK beta) are expressed in the brain and
involved in signaling downstream of the NMDA receptor (Schmitt et al. 2005, Mairet-Coello et al. 2013). CAMKK1
(Lee et al. 2010) and CAMKK2 (Kylarova et al. 2018) become catalytically active upon binding to the calcium-
bound calmodulin (CALM1:4xCa2+). Calcium-bound calmodulin needs to translocate to the nucleus for CaMKK
activation that precedes CAMK4 phosphorylation in glutamatergic neurons (Maet al. 2014).

Followed by: CaMKK autophosphorylates in the nucleus
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CaMKK autophosphorylates in the nucleus 7~
Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-442749

Type: transition

Compartments: cytosol

cytosol
nuclear envelope

nucleoplasm
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Both isoforms of CaMKK, CAMKK1 (CaMKK-alpha) and CAMKK?2 (CaMKK-beta) are fully activated upon
autophosphorylation, which, under physiological conditions, takes places after binding to the Ca2+/caimodulin
complex (CALM1:4xCa2+) (Okuno et al. 1997, Yamamori et al. 2004). While several autophosphorylation sitesin
both CAMKK1 and CAMKK?2 have been reported, it is not clear whether these sites are calmodulin-dependent and
physiologically relevant (Tokumitsu et al. 2011, Scott et al. 2015). CAMKKZ1 is negatively regulated by
phosphorylation of S74 and T108 by PKA. Constitutive phosphorylation of CAMKK2 by GSK3B and CDK5 may
be required to prevent calmodulin-independent phosphorylation (Green et a. 2011). Once activated, CaMKK
phosphorylates CaMKIV in a Ca2+/Calmodulin dependent manner (Yamamori et al. 2004). Because of uncertain
localization of CaMKKs (Nakamura et al. 1996, Sakagami et al. 2000, Nakamura et a. 2001, Kitani et al. 2003),
CaMKK autophosphorylation may occur in the nucleus, or in the cytosol, or in both cellular compartments.

Preceded by: CaMKK binds activated calmodulin in the nucleus

Followed by: CaMKK phosphorylates CAMK4
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CaMKK phosphorylates CAMK4 7

Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-9619125

Type: transition

Compartments: nucleoplasm

Inferred from: Camkk2 phosphorylates CAMK4 (Homo sapiens), Camkkl phosphorylates Camk4 (Rattus
norvegicus)

nucleoplasm

p-CaMKK:CALM1:
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4xCa2+ 0O CALM1:4xCa2+
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Activated CaMKKs, CAMKK1 (CaMKK-alpha) and CAMKK?2 (CaMKK-beta), phosphorylate calmodulin-bound
CAMKA4 (CaMKIV) on evolutionarily conserved threonine residue T200 (Chatila et a. 1996, Anderson et a. 1998,
Tokumitsu et al. 2004).

Preceded by: CaMKK autophosphorylates in the nucleus, Calmodulin binds CAMK4

Followed by: CAMK4 autophosphorylates
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CAMK4 autophosphorylates 7

Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-111915

Type: transition

Compartments: nucleoplasm

nucleoplasm

p-T200-CAMK4: p-5$12.513,T200-
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Autophosphorylation of the N-terminal serine residues, S12 and S13, of CAMK4 isrequired for full activation after
Ca2+/calmodulin binding and phosphorylation of the Ca2+/calmodulin-bound enzyme on threonine residue T200 by
a Ca2+/calmodulin-dependent protein kinase kinase (CAMKK1 or CAMKK?2) (Chatila et al. 1996).

Preceded by: CaM KK phosphorylates CAMK4
Followed by: CaM K4 phosphorylates CREB1
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CaMK4 phosphorylates CREB1 7

Location: CaMK IV-mediated phosphorylation of CREB

Stable identifier: R-HSA-111912

Type: transition

Compartments: nucleoplasm

Inferred from: CaMKIV phosphorylates Crebl (Rattus norvegicus)

nucleoplasm
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4xCa2+

CREB1 p-S133-CREB1

ATP

ADP

The cAMP-responsive element binding protein (CREB), a key regulator of gene expression, is activated by
phosphorylation on Ser-133. Several different protein kinases possess the capability of driving this phosphorylation,
making it a point of convergence for multiple intracellular signaling cascades. Work in neurons has indicated that
physiologic synaptic stimulation recruits a fast calmodulin kinase IV (CaMKI1V)-dependent pathway that dominates
early signaling to CREB. Activated CaMKIV (CAMK4) phosphorylates CREB1 at S133, thereby initiating the
transcription of CREB1-regulated set of genes, leading to protein synthesis and long lasting changes that underlie
synaptic plasticity.

Preceded by: CAMK4 autophosphorylates

Followed by: Dimerization of p-S133-CREB1
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Dimerization of p-S133-CREB1 7

Location: CaMK IV-mediated phosphorylation of CREB
Stable identifier: R-HSA-111916

Type: binding

Compartments: nucleoplasm

Inferred from: Dimerization of p-S133-Creb1 (Rattus norvegicus)

. p-S133-CREB1
homodimer

[+]

p-S133-CREB1

nucleoplasm

Based on studies in rat cells, activation of CREB1 by phosphorylation at serine residue S133 induces formation of
CREB1 homodimers which are able to bind DNA (Yamamoto et al. 1988). The DNA binding and dimerization
domains reside in the C-terminal region of CREB1 (Y un et al. 1990).

Preceded by: CaM K4 phosphorylates CREB1
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