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Abstract

SCOP (suprachiasmatic nucleus (SCN) circadian oscillatory protein) was originally identified in
1999 in a differential display screen of the rat SCN for genes whose expression were regulated in a
circadian manner (K. Shimizu, M. Okada, A. Takano and K. Nagai, FEBS Lett., 1999, 458, 363—
369). The SCN is the principle pacemaker of the circadian clock, and expression of SCOP protein
in the SCN was found to oscillate, increasing during the subjective night, even when animals were
housed in constant darkness. SCOP interacts with and inhibits multiple proteins important for
intracellular signaling, either by directly binding to K-Ras or by dephosphorylating p-Akt and p-
PKC. Since the functions of K-Ras, Akt, and PKC are considerably divergent, SCOP may have
several roles. We recently discovered that SCOP participates in the formation of long-term
hippocampus-dependent memaories, and other investigators have examined its role in cell
proliferation and survival. In this review, we introduce SCOP from its molecular structure to its
physiological functions, focusing mainly on its role in ERK1/2 activation and memory
consolidation.

Structure and expression of SCOP

The SCOP gene is located on chromosome 1 in mice and encodes a transcript composed of
17 exons. SCOP is a large polypeptide (1687 amino acids in mice) containing a pleckstrin
homology (PH) domain, a leucine-rich repeat (LRR), a protein phosphatase 2C (PP2C)-like
domain, a glutamine (Q)-rich region, and a PDZ-binding domain (Fig. 1), suggesting a
variety of roles in intracellular signaling. This domain composition has led to the alternate
name “PHLPP” (PH-domain LRR protein phosphatase),! and it was later determined that
PHLPP encompasses a family of three proteins. PHLPP1a and PHLPP1p are products of
the same gene but have different sizes due to separate start codons. PHLPP2 is a different
gene product but has the same domain composition of PHLPP1.2 We detected only
PHLPP1p (approximately 183 kDa) in mouse and rat brain lysates v/a immunoblot analysis,
although we were able to detect the shorter PHLPP1a in HEK 293 cells. SCOP refers to
PHLPP1B,2 and its amino acid and cDNA sequences are very highly conserved among
mammals, including humans, mice, and rats.

SCOP protein was readily detected only in the tissues of the central nervous system (Fig.
2),3 although microarray analysis and the distribution of PHLPP ESTs indicate that it is
expressed in the majority of human tissues (http://genome-www.stanford.edu/). Immunoblot
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analysis revealed that SCOP is particularly enriched in the hippocampus and the piriform
cortex. A marked immunoreactivity migrating slightly faster than the predicted size of 183
kDa was also detected in the rat testes, though its identity remains unclear. The intracellular
localization of SCOP was examined using subcellular fractionation followed by immunaoblot
analysis.3 Comparable immunoreactivities for SCOP were detected in the nuclear,
mitochondrial, and cytosolic fractions, potentially representing heterogeneous distribution of
SCOP within the cell. Immunoblot analysis of primary cultured neurons and astrocytes from
the rat cerebrum demonstrated that SCOP expression was highly concentrated in neurons,
suggesting neuron-specific functions within the brain. Interestingly, we discovered that
SCOP is present in membrane rafts,* which are small, specialized domains that
compartmentalize cellular processes and are enriched in certain lipids, proteins, and
cholesterol. Membrane rafts are known to be important for effective signal transduction, and
the PH domain probably participates in this membrane localization. Though SCOP exists in
both raft and non-raft fractions, it may have different functions in these subcellular regions.

Several regulatory mechanisms appear to tightly control SCOP expression. The level of
SCOP protein in cultured primary hippocampal neurons decreased by approximately 50%
within 5 minutes after brain-derived neurotrophic factor (BDNF)-induced degradation and
recovered within 1 hour, suggesting rapid turnover.® This degradation was mediated by
calpain 1 and 2, which are Ca2*-activated cysteine proteases. In neurons, calpain 1 and 2
predominate among 15 identified isoforms and are found in distinct subcellular regions with
different Ca2* affinities, suggesting that they serve separate physiological roles. Ca* influx
is a common feature of neuronal activity, and rapid regulation of SCOP protein levels by
calpain 1/2 may be important for several activity-dependent phenomena. Some reports
indicate that, like SCOP, calpain 2 localizes in the membrane rafts.5:” The presence of other
important Ca2* signaling proteins in these rafts, including Ca2* channels, receptor tyrosine
kinases, and effectors of Ca2* signaling (e.g., Ca?*-sensitive adenylyl cyclases and
CaMKII), emphasizes the potential importance of SCOP in regulating signal transduction.

Molecular and physiological functions of SCOP
Inhibition of K-Ras

The LRR within SCOP is composed of 18 repeats of a short stretch with the relatively
conserved but variable sequence LXXL XL XXN XL XXLP XXAXXL, where L, N, P, and A
denote leucine, asparagine, proline, and aliphatic amino acids, respectively, and where X
denotes any amino acid (Fig. 3).2 This LRR consensus sequence is known to be conserved
in the yeast adenylyl cyclase, which contains 26 LRRs® that are required for binding to and
activation by Ras during vegetative growth.?10 SOC-211 and SUR-812 have LRR domains
homologous to the yeast adenylyl cyclase LRR and also bind to Ras, enabling them to
regulate Ras-mediated signaling. Thus, we hypothesized that SCOP was involved in Ras-
mediated signaling through an interaction between the SCOP LRR and Ras.

Acting as a molecular switch, Ras cycles between a GTP-bound active state and a GDP-
bound inactive state via GTP hydrolysis and GDP-GTP exchange. The SCOP LRR has no
or very low affinity for both GDP- and GTPyS-bound forms of K-Ras,* so it is most
probable that the LRR domain binds to the nucleotide-free form of K-Ras present during
GDP-GTP exchange (Fig. 4). Interestingly, we detected SCOP binding only with K-Ras and
not with N-Ras or H-Ras despite very high homology among these Ras isoforms. One
possible explanation is that only K-Ras and SCOP colocalize in the membrane rafts, and this
is the only region in which we have found an interaction. However, an adaptor protein is not
required as we previously confirmed that recombinant SCOP and recombinant K-Ras
expressed in Escherichia coli can bind directly to each other /in vitro.* We predicted that the
binding of SCOP to the nucleotide-free form of K-Ras inhibited its conversion to the GTP-
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bound active state, and, in fact, addition of a SCOP LRR peptide fragment into the raft
fraction inhibited K-Ras GTP-binding activity /n vitro.* SCOP expression also suppresses
downstream activation of ERK1 and ERK2, which are well-known downstream effectors of
Ras.* Ras—ERK signaling plays critical roles in cell proliferation, differentiation, and
migration in response to extracellular signals. Although it is still unknown how many of the
several ERK isoforms are regulated in this manner, SCOP may be one key to the compart-
mentalization and discrimination of their multiple functions.

Potential interactions with circadian clockwork

In mammals, peripheral clocks are synchronized by the master circadian clock located in the
SCN of the ventral hypothalamus. SCOP was originally identified in a differential display
screen for genes whose expression was regulated in a circadian manner within the rat SCN.3
SCOP protein expression in the SCN increased during subjective night (the active phase for
rats and mice) from circadian time (CT) 12 to CT 21 during constant darkness (CT 0 refers
to the start of the subjective day).3 Furthermore, the level of p-ERK in the SCN during
subjective night is lower than during subjective day.13 This pattern of p-ERK expression is
consistent with the oscillation of SCOP given that SCOP negatively regulates the K-Ras—
ERKZ1/2 pathway. In the hypothalamic region outside the SCN, the level of SCOP protein
was unchanged and consistent with the pattern of its mMRNA expression. These findings
suggest that the expression of SCOP protein is related to the generation or transmission of
endogenous circadian oscillation in the SCN.

The circadian rhythm is driven by transcription/translation-based feedback loops,14:1° and a
critical feature of circadian biology is the ability of this clockwork to be reset by external
stimuli, allowing animals to adjust their rhythm to changes in environmental conditions.
Light is the strongest phase-adjusting stimulus that affects the circadian rhythm, and this
signal is transduced by the secretion of glutamate from retinohypothalamic tract nerve
terminals, followed by activation of NMDA receptors on SCN cells and subsequent Ca2*
influx.16.17 The intracellular signaling pathways that mediate light entrainment are not yet
well understood, but recent studies have demonstrated that the Ras—ERK1/2 signaling
cascade makes an important contribution to the circadian clock of the rodent SCN. For
example, light pulses during the subjective night produce an increase in Ras activity!8 and a
rapid up-regulation of ERK1/2 phosphorylation13.19.20 jn the SCN. This suggests that Ras
and ERK1/2 activation are involved in the signaling mechanisms that couple photic
information to the circadian clock. Since SCOP is a negative regulator of the K-Ras—
ERK1/2 pathway and degradation of SCOP is controlled in a Ca%*-dependent manner via
calpain proteases (Fig. 5), it is plausible that SCOP contributes to photic entrainment of the
circadian clock in the SCN.

Regulation of learning and memory

Negative regulation of ERK1/2 by SCOP is important for mechanistic studies of memory
since ERK1/2 signaling is known to play a critical role in several forms of neuro-plasticity,
including long-term memory consolidation. ERK1/2 activation mediates Ca2* stimulation of
cAMP response element (CRE)-mediated transcription21-2% and dendritic translation,2* and
we have confirmed that SCOP inhibits CRE-mediated transcription in cultured primary
hippocampal neurons.® To determine if hippocampus-dependent memory is sensitive to
changes in hippocampal SCOP expression /in vivo, we made a tetracycline-inducible, SCOP
overexpressing mouse strain using the CaMKIlla promoter to limit over-expression to the
forebrain.> SCOP overexpression completely blocked memory for novel objects when
measured 24 hours after training (long-term memory) but had no effect when measured 8
minutes after training (short-term memory).® Several studies have demonstrated that the
hippocampus contributes to performance during object recognition tasks.25-27 However,
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overexpression of SCOP did not block memory for contextual fear conditioning, another
hippocampus-dependent task, even though training for both learning paradigms reduced
SCOP expression in wild-type mice.> There are several possible reasons why novel object
memory was more sensitive than fear conditioning to changes in SCOP expression in the
hippocampus. For example, the training stimuli used in these two learning paradigms are
very different: one allows the animal to observe of an object at will but the other surprises
the animal with an electric shock, resulting in a stronger memory. Though both learning
paradigms rely on hippocampal activity, other brain regions are also involved in the
consolidation process for each (e.g., novel object memory is generally independent of the
amygdala),28 and it remains unclear how much similarity exists between them.

Infusing calpain inhibitors into area CA1 of the hippocampus also blocked long-term
memory for novel objects with no effect on short-term memory, similar to the effects of
overexpressing SCOP in transgenic animals.? This was predicted from earlier experiments
demonstrating that inhibition of calpain increases expression of SCOP in cultured primary
hippocampal neurons. Since calpain regulates the expression of SCOP protein, transgenic
mice with mutations in calpain could exhibit altered memory formation. A study of calpain 1
knockout mice showed no impairment for fear memory or LTP,2? but there are no data on
memory for novel objects and there have been no reports of calpain 2 knockout mice.
Though calpain 2 knockout or knockdown mice might show a deficit in memory for novel
objects, calpain has many substrates, and potential interaction effects are an ongoing
concern.

Many investigators have linked K-Ras and ERK1/2 to learning and memory. Although
studies using knockout mice are difficult because loss of K-Ras produces an embryonic
lethal mutation, K-Ras heterozygous mice are viable, and administering a MEK inhibitor to
these animals produced a memory deficit.30 ERK1/2 activation is also required for the
expression of long-term memory.3! ERK1 knockout mice did not show significant
impairment in learning,32 ERK2 knockout mice are embryonic lethal, and ERK2
heterozygous mice are anatomically impaired. However, ERK2 knockdown mice, in which
expression was partially (20-40%) reduced while the animals remained viable and fertile
with normal appearance, exhibited a deficit in long-term memory for fear conditioning
whereas short-term memory was intact.33 Overexpression of SCOP may induce memory
impairment through its effects on ERK2 and related downstream signaling.

Regulation of cell proliferation and survival

In 2005, SCOP was found to have serine/threonine phosphatase activity in its PP2C-like
domain.! As described in the introduction, these investigators originated the alternative
name PHLPP and have identified three isoforms to-date, of which SCOP is PHLPP1p.
PHLPP specifically targeted the phosphorylation site at Ser473 of Akt, with negative
consequences for the survival and proliferation of cultured cancer cells.1:2 These data
suggested a possible role as a tumor suppressor, and it was later confirmed that
overexpression of either PHLPP1 or 2 reduced tumor volume /n vivo.3* However, PHLPP1
and 2 differentially regulate both ERK1/2 and Akt signaling. Unlike PHLPP1,
overexpression of PHLPP2 did not affect phosphorylation of either MEK1/2 or ERK1/2, and
while PHLPP1 specifically dephosphorylated Akt2 and 3, PHLPP2 targeted Akt1 and 3.2
The interaction between PHLPP and PKC has received less attention, but it is known that
dephosphorylation of the hydrophobic motif of PKCpII by either PHLPP1 or 2 destabilizes
the protein, leading to its degradation.3®
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Questions for future research

SCOP is localized predominantly in the cytosol, though some attaches to the membrane and
the membrane rafts. According to our theory, the presence of SCOP in membrane rafts is
important for memory consolidation and possibly other neuronal phenomena because SCOP
binds to and inhibits K-Ras activity in this region. It is possible that a reserve supply of
SCOP exists to replenish any that degrades in membrane rafts and thus restore its inhibition
of K-Ras as soon as possible. SCOP might be mobile within the cell, enabling it to stabilize
protein levels across several subcellular regions. These and other possibilities mentioned
above suggest that SCOP plays an important role in regulating learning and circadian
processes.

Other exciting avenues of research concern the phosphatase activity of SCOP. All research
to-date examining this role has been performed in non-neuronal cells, though interactions
with Akt and PKC may occur in neurons, as well. In the brain, the PI3K-Akt pathway seems
to contribute to mechanisms of synaptic plasticity and consolidation of novel object
memory,3® and there are some reports that PKC is also involved in synaptic plasticity and
memory consolidation.37-3% Although we have published evidence that SCOP regulates
consolidation of certain memories via K-Ras—ERK1/2 signaling, potential interactions with
Akt and PKC in neurons might serve ancillary roles. In circadian biology, PKC is reported
to be involved in photo-mediated entrainment of circadian rhythms.40 If SCOP helps
mediate the stability of PKC in the SCN, then this may explain the oscillation of SCOP
protein and mMRNA expression of that region. Finally, SCOP may also have important roles
during development. SCOP expression does not change during development and growth
(embryonic day 14 to adult) even though many other neuron-specific molecules vary in their
expression. Further investigation is necessary to determine what role, if any, SCOP has
during development. Overall, research on SCOP is still at an early stage, and future studies
will provide a fuller understanding of how SCOP mediates these multiple signal
transduction pathways in the brains of developing and adult organisms.

Dr Kimiko Shimizu is an assistant professor in the Department of Biophysics and
Biochemistry at the University of Tokyo. Her main interest is molecular mechanisms
underlying brain functions with an emphasis on the physiological function of SCOP. She
received a PhD in Science at Osaka University, Japan, after which she did postdoctoral
studies at the University of Tokyo, Japan, and at the University of Washington, Seattle,
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Fig. 1.

The domain composition of SCOP. Positions of the PH, LRR, PP2C-like, Q-rich, and PDZ-
binding domains in the mouse SCOP protein are indicated.
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Fig. 2.

Immunoblot analysis of SCOP protein distribution. Protein extracts were prepared from
various tissues of adult male rats. Marked immunoreactivity was observed only in the brain
(cerebrum and cerebellum) and testes. Immunoreactivity of the testes migrated slightly
faster than the predicted 183 kDa SCOP protein.
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LRR sequence homology of SCOP, adenylyl cyclase, and SUR-8. Alignment of 18 SCOP
LRRs and the consensus across SCOP, yeast adenylyl cyclase (AC), and human SUR-8 are

shown. Residues conserved in the majority of LRRs are shaded in blue. Allowable

substitutions for leucine residues are outlined in red.
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SCOP negatively regulates activation of K-Ras. Ras cycles between a GTP-bound active
state and a GDP-bound inactive state v/ia GTP hydrolysis and GDP-GTP exchange steps.
Guanine nucleotide exchange factors (GEFs) interact, reduce the affinity of Ras for GDP,
facilitating formation of the nucleotide-free form, to which GTP binds for its activation.
GTPase activating proteins (GAPs) increase the intrinsic GTPase activity of Ras and thereby
promote its inactivation. SCOP is unique in that it binds to the nucleotide-free form to
inhibit formation of the GTP-bound active form.
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Fig. 5.

SCOP localization within the neuron. SCOP is expressed in the cytosol, on membranes, and
in membrane rafts. SCOP colocalizes with and binds to K-Ras in membrane rafts. SCOP is
also reported to have phosphatase activity in non-neuronal cells, which may have other
functions in neurons. Inset: In the hippocampus, SCOP attenuates ERK1/2 activity by
binding to the nucleotide-free form of K-Ras, thereby inhibiting the ERK signaling pathway.
Calpain-mediated degradation of SCOP may contribute to activation of ERK1/2.
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