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ABSTRACT

Long-term and short-term memories differ primarily in the duration of their retention. At a molecular level,
long-term memory (LTM) is distinguished from short-term memory (STM) by its requirement for new gene
expression. In addition to transcription (nuclear gene expression) the translation of stored mRNAs is
necessary for LTM formation. The mechanisms and functions for temporal and spatial regulation of mRNAs
required for LTM is a major contemporary problem, of interest from molecular, cell biological,
neurobiological and clinical perspectives. This review discusses primary evidence in support for
translational regulatory events involved in LTM and a model in which different phases of translation
underlie distinct phases of consolidation of memories. However, it focuses largely on mechanisms of
memory persistence and the role of prion-like domains in this defining aspect of long-term memory. We
consider primary evidence for the concept that Cytoplasmic Polyadenylation Element Binding (CPEB)
protein enables the persistence of formed memories by transforming in prion-like manner from a soluble
monomeric state to a self-perpetuating and persistent polymeric translationally active state required for
maintaining persistent synaptic plasticity. We further discuss prion-like domains prevalent on several other
RNA-binding proteins involved in neuronal translational control underlying LTM. Growing evidence
indicates that such RNA regulatory proteins are components of mRNP (RiboNucleoProtein) granules. In
these proteins, prion-like domains, being intrinsically disordered, could mediate weak transient
interactions that allow the assembly of RNP granules, a source of silenced mRNAs whose translation is
necessary for LTM. We consider the structural bases for RNA granules formation as well as functions of
disordered domains and discuss how these complicate the interpretation of existing experimental data
relevant to general mechanisms by which prion-domain containing RBPs function in synapse specific
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plasticity underlying LTM.

Introduction

The formation of stable memories allows organisms to encode
and retrieve information about facts, events, people, places,
past experiences or learned skills and is of fundamental impor-
tance for guiding behavior. In experimental systems used to
study long-term memory, the process could most simply mani-
fest as a change in aversion or attraction to a particular stimu-
lus based on previous experience. Enduring memories are
thought to be achieved through long-lasting functional and
structural plasticity of synapses that encode behavior. Under-
standing how neurons form and retain stable memories is one
of the most intriguing and intensively studied aspects of
neuroscience.

One critical difference between transient (short-term) and
stable (long-term) memories is that formation of the latter
requires new gene expression. This involves not only tran-
scription of new mRNAs in memory encoding neurons, but
also experience-induced translation of quiescent mRNAs
stored at synapses that are activated by the experience. Thus,
the consolidation of long-term memories requires both cell-
wide and local mRNA translation, the latter enabling spatio-

temporal regulation of gene expression in neurons."” For this
reason, understanding regulation of mRNA translation
remains an important goal of research on the cellular and
molecular features of long-term memory.

The translational control of mRNAs requires RNA localiza-
tion in dendrites as well as activity-induced translation at spe-
cific synapses. mRNA-associated regulatory proteins along
with non-coding RNAs like microRNAs enable both basal
repression and activity-dependent induction of mRNA transla-
tion. In neurons, translationally repressed mRNAs are held in
assemblies of neuronal RiboNucleoProtein (RNP) particles or
granules, cytoplasmic foci that mediate specific aspects of trans-
lational control.>* The assembly and disassembly of these gran-
ules is thought to be mediated by protein domains with low
sequence complexity (LC domains) including prion-like
domains, which are found frequently on RNA binding pro-
teins.”® In one model, these LC domains serve to hold groups
of individual mRNPs with repressed mRNAs together and
make them available for translational activation at sites to
which the assemblies are localized. In this simple model, LC
domains function predominantly to gate mRNA translation
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that is required for the induction of long-term plasticity and
memory. However, prion-like domains also classically undergo
transitions into B-sheet rich conformations that nucleate and
support the formation of self-sustaining and stable amyloid-
like fibers. Such activity-induced transitions in RNA regulatory
proteins, if they occurred, could potentially provide a mecha-
nism for persistent and long-lasting changes in synaptic trans-
lation that may underlie long-term synaptic plasticity and
memory. Such a model has been proposed and is supported by
several observations of the prion-domain containing RNA reg-
ulatory protein CPEB.>'°

This review will introduce diverse aspects of molecular biol-
ogy of long-term memory, discuss the role of translational con-
trol mechanisms in long-term synaptic plasticity with a
particular focus on the role and potential mechanisms by which
prion-domain containing RNA-binding proteins enable long-
term memory formation and retention.

RNA regulation is central to long-term memory formation

Memories were originally classified as short-term (STM) or
long-term (LTM) based on the duration of memory retention
and training regimens required for their acquisition. Short-
term memories last from minutes to hours, while long-term
memories last from days to weeks or sometimes for a lifetime.
Subsequent studies showed that STM and LTM could be more
precisely discriminated based on their need for new gene
expression: STM can be induced without the need for new gene
expression; in contrast the establishment of LTM is absolutely
dependent on new transcription and translation.>' "2

Because perception and behavior derive from activity in the
underlying connected systems of neurons, STM and LTM are
respectively associated with short-term (transient) and long-
term (persistent) changes of synaptic and neuronal properties
in underlying behavioral circuits. Further, like STM and LTM,
short-term and long-term plasticity also differ in terms of their
respective dependence on new gene expression.'> ">

Studies of the molecular mechanisms of memory have
extensively studied mechanisms of synaptic plasticity in
reduced neuronal preparations, focusing either on Long Term
Potentiation (LTP)/ Long-term Depression (LTD) in the mam-
malian brain or on synaptic facilitation in invertebrate models
like Drosophila and Aplysia.'®"® Both LTP and facilitation exist
in 2 phases. For LTP: Early (E-LTP) that is short-term and late
LTP (L-LTP) that is long-lasting; for facilitation, short term
facilitation (STF) that is transient and long-term facilitation
(LTF) that can last for several days.ls’20 Several studies of mam-
malian LTP and Aplysia synaptic facilitation have now estab-
lished that gene expression is necessary only for the respective
long-term forms of synaptic plasticity and that this is mediated
in part through local protein synthesis at synapses.*' "’

During behavioral sensitization in Aplysia, the animals
learn to strengthen a reflexive response to a previously mild
stimulus (touch) if this is presented after a strongly aversive,
“sensitizing” stimulus (a electrical shock). Single training trials
lead to short-term sensitization lasting for hours and multiple
spaced trials lead to long-term sensitization that last for
days.”* Formation of short term or long term memory is mir-
rored by short-term or long-term facilitation (increased
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neurotransmitter release) from sensory neurons that mediate
touch onto motor neuron synapses that mediate a withdrawal
response.>*> This facilitation of neurotransmitter release is
mediated by shock-triggered serotonin that induces cAMP sig-
naling and resultant PKA activation in presynaptic endings of
sensory neurons.”®

Both short-term (STF) and long-term facilitation (LTF) can be
reconstituted in synapses formed in primary cultures composed
exclusively of dissected sensory and motor neurons.*>** In these
cultured sensorimotor synapses, spaced application of 5 pulses of
serotonin (5X5HT) leads to LTF that lasts for either 24 or 72 hours
depending on the exact stimulation regimen.*® Both 24 hour and
72 hour LTF are dependent on transcription and translation of
mRNAs and 72 hour LTF is associated with the formation of stable
new synaptic connections.”"

5X5HT triggered LTF activates protein kinase A and MAPK
and induces the translocation of these kinases into the
nucleus.”” In the nucleus, through phosphorylation, the kinases
turn on a transcriptional activator CREB1 (cAMP response ele-
ment binding protein-1) while inactivating a transcriptional
repressor CREB2.°***** This initiates a learning-associated
transcriptional cascade of activity-dependent mRNAs whose
translation is required for LTM.

In addition, LTM-producing stimuli activate local transla-
tion of mRNA stored at synapses. The concept of local transla-
tion at synapses was first suggested by the discovery of
synapse-associated polyribosomes and other components of
the translational machinery in dendrites, indicating that synap-
ses are capable of acting as autonomous compartments for neu-
ronal protein synthesis.>>>® Further, several dendritically
localized mRNAs were identified and activity induced transport
of synaptic mRNAs to dendrites were reported.*”** Subse-
quently, enhanced accumulation in levels of specific mRNAs
like CaMKII in dendritic spines following neuronal activity and
increase in the polyadenylation and translation of stored, par-
tially deadenylated CaMKII mRNA in mammalian synapto-
somal preparations, following glutamate stimulation were
observed.*>** Further studies in Aplysia,**** Drosophila** and
mammalian systems >' showed that protein synthesis at syn-
apses was induced by synaptic activity and provided evidence
consistent with it being is required for long-term synaptic
plasticity.

In Aplysia a key observation is that local application of a
translational inhibitor to the sensorimotor synapse subjected
to 5X5HT stimulation prevents the formation of LTF at this
synapses.’’ Taken together, the data indicate that 5X5HT
applied directly to the sensorimotor synapse triggers rapid
local translation of synaptic mRNAs that is required for a
retrograde (presynapse to cell body) signaling pathway nec-
essary for synaptically-driven induction of LTF.”> These
findings were initially viewed as definitive evidence for local
translation being necessary for long-term plasticity. How-
ever, the recent observation that postsynaptic translation in
motor neurons is also required for LTF has complicated the
interpretation of these findings.*>*>>* It remains theoreti-
cally possible that while local translation occurs, the effect
of synaptically applied translational inhibitors®® may have
been due to its effects on cell-wide translation in the post-
synaptic motor neuron.



570 I. P. SUDHAKARAN AND M. RAMASWAMI

Synapse specificity of LTM and 2 functions for local mRNA
translation

How nuclear transcription can strengthen only a small subset
of the thousands of synapse made by a single neuron remains
an important question. A major initial assumption was that
although transcription occurs in the nucleus and mRNA trans-
lation largely in the soma, protein products encoded by activ-
ity-regulated mRNAs can only induce synapse strengthening at
synapses that are, in some way, marked or “tagged” by recent
synaptic activity. The requirement for a local tag would restrict
long-term plasticity to active synapses thereby ensuring appro-
priate selectivity and specificity.”>® This idea was formulated
into the synaptic tagging theory, which postulated that even
weak stimulation is capable of laying down a local, synaptic tag
which renders synapses transiently receptive to long-term syn-
aptic changes via proteins induced by strong stimulation of a
different synapse on the same cell.””

The phenomenon of synaptic tagging was experimentally
demonstrated in hippocampal slices where it was found that
weak tetanic stimulation that normally leads to only E-LTP can
instead induce L-LTP at a synapse if multiple spaced tetani
have recently been applied to other input neurons in the same
population. The ability of the synaptic tag to enable capture is
retained for 3 hours.”>*’

The potential role of local protein-synthesis in laying down
this tag remained confusing for 2 reasons: first, strong stimula-
tion was thought to be required for local protein translation;
and second, early experiments in rat hippocampal cultures sug-
gested that local translation was not required for synaptic tag-
ging. Thus, local application of translational inhibitors to
weakly stimulated hippocampal synapses did not affect their
ability to “capture” L-LTP induced through a different set of
synapses.”>>%%

Experiments to address this issue performed in the Aplysia
sensorimotor cultures confirmed but also curiously extended
models for the nature and function of synaptic tagging and the
role of local translation. These experiments to study synapse-
specificity of LTM in built on one crucial technical advance. In
primary cultures of Aplysia sensory and motor neurons, a sin-
gle sensory neuron could be induced to form synapses with 2
different motor neurons in culture. In these “bifurcated” sen-
sory neurons, it is possible to isolate and independently study
LTF formation at each of 2 synapses made by the same sensory
neuron >° (Fig. 1).

As expected, LTF induced by 5X5HT stimulation of one
synapse of a bifurcated neuron is restricted to that synapse.
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Figure 1. Schematic for bifurcated Sensory — Motor neuron culture system of
Aplysia.

However, it can be captured by the second synapse contempo-
raneously tagged by a single 5HT pulse.”” Consistent with
observations in hippocampal neurons, inhibiting protein syn-
thesis at the synapse tagged by 1X5HT, does not affects its abil-
ity to capture LTH if this was assessed 24 hours after 5X5HT
stimulation. Thus, local protein synthesis is not required for
the initial synaptic tag. However, and curiously, if protein syn-
thesis is inhibited, then the captured LTH decays over
72 hours.***?

Two temporally distinct phases, functions and mechanisms
for translational control of synaptic mRNAs are indicated by
studies at the Aplysia sensorimotor synapse. There are 2 main
arguments for this. First, local translation is required for LTF
induction at the sensorimotor synapse subjected to 5X5HT
stimulation. Thus, it plays an early role in LTF induction. Sec-
ond, it is also required at a second, tagged synapse that captures
LTF, not for the early capture event itself, but for the persis-
tence of LTF for 72 hours or beyond. Thus, local translation
appears to be required for both immediate (plasticity induc-
tion) and late (plasticity persistence) events that mediate LTF
consolidation.

Additional experiments throw further light on the nature of
the latter slow process. In the bifurcated neuron system,
5X5HT pulses applied directly on the soma of the sensory neu-
ron were sufficient to induce nuclear translocation of MAPK,
CREB-dependent transcription and, remarkably, cell-wide
24 hour LTF. This cell-wide facilitation did not require local
translation at synapses. However, following cell-wide facilita-
tion, a single pulse of serotonin applied to a synapse was suffi-
cient to stabilize LTF for 72 hours. This occurred along with
the growth of new stable contacts sites at the 1X5HT-tagged
synapse.”*>** Summary of various 5 -HT stimulation proto-
cols and associated synapse specific, cell wide or capture based
LTF given in Table 1.

Taken together the data point to the following scenario. (1)
5X5HT acts to induce translation of pre-existing mRNAs
stored in translationally repressed form at synapses. This con-
tributes to a retrograde signaling pathway that results in CREB-
dependent transcription of activity induced mRNAS (2) 1X
5HT tags synapses in a manner that somehow allows CREB-
dependent mRNAs to be transported toward and/or specifically
stabilized in the vicinity of the tag. (3) Over a period of days,

Table 1. Stimulation protocols and associated LTF in the Aplysia bifurcated culture
system.

Stimulation (ST1) (S2)

1 x 5HT, CB No LTF No LTF

5 x 5HT, CB 24 hr LTF and growth 24 hr LTF and growth
5 x 5HT, CB + Emetine No LTF No LTF
CREB, CB 24 hr LTF, no growth 24 hr LTF, no growth
1 x 5HT, S1 10 min STF, no growth -

CREB, CB 72 hr LTF and growth 24 hr LTF, no growth
1 x 5HT, S1

5 x 5HT, S1 72 hr LTF and growth -

5 x 5HT, ST + Rapamycin 24 hr LTF and growth

5 x 5HT, S1 72 hr LTF and growth 72 hr LTF and growth
1 x 5HT S2

5 x 5HT, CB 72 hr LTF and growth 24-48 hr LTF, no growth
1 x 5HT, S1

5 x 5HT, S1 72 hr LTF and growth 24 hr LTF and growth

1 x 5HT S2 4 Rapamycin




mRNAs translated close to tagged synapses express proteins
that enable synaptic growth and the local formation of new sta-
ble synaptic contacts. These encode long-lasting memory.
Importantly, a recent study using Aplysia sensor-motor neuron
culture has shown that following stimulation by local applica-
tion of neurotransmitter, mRNAs are trafficked cell wide rather
than directed traffic to only stimulated synapses. However,
enhanced translation of the localized mRNAs occurred only at
activated synapses, in a Ca*" dependent manner.®!

Mechanisms and functions of regulated translation in LTM

mRNAs are transported and localized to synapses in a transla-
tionally repressed state. How they are repressed, packaged,
transported and subsequently regulated by local neuronal activ-
ity is a focus of contemporary studies. Several RNA binding pro-
teins (RBPs) have been implicated in transport, localization and/
or translational control of synaptic mRNAs: for example, ZBP1,
FMRP, CPEBI, Staufen and the Exon-Junction Complex.**®®

RBPs typically interact with specific regulatory elements on
the 3’ UTR of mRNAs to enable their localization or regulation.
Dendritic targeting elements are found on many dendritically
localized mRNAs like MAP2 and CaMKIL®® Individual Ribo-
Nucleoprotein (mRNP) particles formed by association of RNA
and binding proteins assemble into larger RNA granules and,
in such large complexes, are transported along cytoskeletal
tracks by motor proteins enabling their localization.**” 8- actin
mRNA, which plays an important role in memory associated
synaptic plasticity, is present in masked form in resting neu-
rons. Activity induces mobility and unmasking of mRNA lead-
ing to protein synthesis.*® Thus many lines of evidence indicate
that during neuritic transport and localization, mRNAs are
held in translationally repressed states, masked from the trans-
lational machinery. Once localized, they may be activated by
one of several alternative mechanisms.®”>

Translation of mRNAs that are packaged into RNPs are
regulated at multiple stages of their translation. However
the most common mechanism involve regulation of initia-
tion step of mRNA translation. Cap dependent translation
initiation is regulated by a multitude of of 5'- 3’ regulatory
elements on mRNAs and various RBPs that bind and sup-
press initiation by interaction with elongation factors (eIFs).
However, in addition to initiation step, translation of
mRNAs housed in RNPs can be regulated at multiple stages
using other mechanisms.”>”> The most studied, canonical
mechanism of translational activation involves the Cyto-
plasmic Polyadenylation Element Binding (CPEBI1) protein
and its regulation of CaMKII mRNA,*>*+7%7>

Activity induced translational regulation has been exten-
sively studied in the case of CaMKII mRNA which is one of the
most abundant protein in neurons especially enriched in the
post synaptic density (PSD). NMDA receptor activation medi-
ated Ca®" entry leads to phosphorylation of the T286 residue
of the pseudosubstrate domain of the o subunit (T287 of )
leading to a Ca®* independent autonomous state of activity by
autophosphorylation. Constant exchange of subunits between
the holoenzymes enable the spread of the active state between
CaMKII enzyme assemblies.”®”® These features allow the
enzyme to be active even after the cessation of neuronal
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stimulation, a feature attributed to its role in long term memory
storage.

Neuronal stimulation leads to recruitment of CaMKII
mRNA into cytoplasmic granules that are trafficked to den-
drites. Cis regulatory elements on the 3'UTR that interact with
RNP components enable its localization and targeting to the
dendrites.””® Disruption of its dendritic targeting leads to
impairment of the late phase of LTP and consolidation of
memory.®' Following tetanic stimulation, CaMKII levels
increase in the memory associated CA1 region of the brain and
LTP induction stimulates CaMKII activity in single spines.*>*
Several studies have shown that memory associated LTP is
associated with CaMKII activation and phosphorylation. Con-
sistently inhibitors of CaMKII and mutation in the T286 resi-
due blocks specifically the induction of LTP.**** Consistent
with these results RNP components are also found to associate
with and regulate the translation of CaMKII in a manner
required for LTM.”*%>%¢

In addition to RBPs, neuronal mRNA translation is regu-
lated by non coding RNAs such as microRNAs (miRNAs) that
are abundant in brain tissue.’” miRNA association with
mRNAs by virtue of miRNA binding sites on 3-UTR can
induce translational repression as well as promote the localiza-
tion of RNAs to processing bodies. For example, the miRNA
134 regulates the repression of Limk1 encoding mRNAs in den-
dritic spines of hippocampal neurons, until its translation and
Limkl protein expression is induced by BDNF treatment.®
miRNAs interact directly or indirectly with RBPs including
RISC ( RNA Induced Silencing Complex). For example FMRP
interacts with miRNA and RISC components to regulate
expression of bound mRNAs.* Similarly, the interaction of
GW182 with other core RISC proteins such as Argonaute
(Agol) is required for miRNA mediated repression.”® Other
prominent examples are of Armitage, whose degradation
releases translational repression of CaMKII at Drosophila syn-
apses and MOV10, a RISC protein under activity dependent
degradative control by proteosomal machinery, that regulates
mRNAs like CaMKII and Lypial.*>*!

Since the discovery of dendritic translation, understanding
the cellular and molecular mechanisms underlying regulation
of mRNA transport, localization and local translation has been
the primary focus of studies on memory associated synaptic
plasticity. Over the past 12y, a series of papers point to a model
in which a component of earlier discussed synaptic tag includes
local, self-sustaining switch in conformation of CPEB from one
that is predominantly repressive to one that is translationally
active. This self-sustaining switch is proposed to play a key role
in the persistence of long-term plasticity and memory which is
discussed in detail later in this review. Before that we discuss
briefly, the models proposed for persistence of long-term
memory.

Biochemical models for LTM maintenance

How memories outlast molecular turnover is a question that
has always baffled neurobiologists. Formation of long term
memory has been attributed to increased (or altered) a)
release of neurotransmitters, b) receptor densities on synap-
tic membranes and c¢) synaptic contact number, each of
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which could be dependent on increased protein translation.”
However, any biochemical model proposed for ‘maintenance’
of LTM primarily had to explain how synapse-associated
protein synthesis could account for memory that lasts for
days or years given the decay of most proteins would occur
in span of hours. Therefore, theories put forth for persistence
of LTM mostly centered around bistable autocatalytic loops
that would ensure the sustained altered state of a synapse
without need for continuous neuronal stimulation.

Francis Crick in 1984 raised the possibility that memories
are stored as sustained secondary modifications to DNA and
protein that alter synaptic strength. To overcome the limitation
of molecular turnover he modeled enzymatic reactions based
on modifications of symmetric molecules akin to that of meth-
ylated DNA cytosine residues.”>** Later, Lisman proposed and
formalized the theory that autophosphorylation of CaMKII
could underlie persistence of memory. The model proposed
that autophosphorylation mediated ‘on’ state of the bistable
switch involving CaMKII would render the system immune to
dephosphorylation and protein degradation enabling informa-
tion storage indefinitely.*>*> PKM¢ is another enzyme impli-
cated in long-term memory storage. It is an atypical PKC
enzyme with the ability to be autonomously active once synthe-
sized, thereby stabilizing lasting changes required for sustained
LTP.”*®° However more recent studies show that PKM, is dis-
pensable for LTP associated with memory.'”'** In 1998,
Tompa and Friedrich put forth the prion theory of memory
wherein they suggested that propagation of a non-toxic confor-
mational state of prions could underlie cellular functions like
memory storage.'” The theory suggested that certain confor-
mational states adopted by prion proteins enable them to retain
an self-sustaining altered state indefinitely, analogous to the
bistable switch models earlier proposed by Crick and Lisman,
thereby rendering memories immune to molecular turnover.
Potential prion-like mechanisms underlying memory persis-
tence were later dramatically proposed and experimentally
argued in the context of CPEB protein, which contains an
N-terminal prion-like domain. We consider the background
and status of the ‘prion hypothesis’ for LTM storage in more
detail below.

Prions - as basis for long term memory
Discovery and characterization of prion protein

Prions are self-propagating, infectious protein particles first
described by Prusiner as the causative factor behind Creutzfeldt
- Jakob disease (CJD).'”* The prion protein PrP exists in 2
different states, the normal cellular isoform PrPC and the toxic
isoform PrPSc. PrPSc is capable of self-propagation by convert-
ing the PrPC isoform to PrPSc isoform in a self-templating
manner.'*>'% PrPSc forms insoluble aggregates called amyloid
fibers that are resistant to proteolytic digestion and the accu-
mulation of these in neurons leads to neurodegeneration.'’”"'%
These two isoforms differ only in their conformation: PrPSc is
characterized by B sheets running parallel to the axis of the
fiber (cross B sheet) whereas PrPC is rich in « helical con-
tent."'>'"" The self-templating mode of propagation and con-
formational switching are features of prions that are proposed

to be important for memory persistence.'* The prions that
underlie mammalian Transmissible Spongiform Encephalopa-
thies (TSEs) form amyloids that are extremely stable and irre-
versible to the non-prion conformation.'”>''* Recent studies
do indicate that interaction of PrP with RNA could drive its
conformational switching.'"?

Characterization of prions and prion domains

Since the discovery of infectious prions, several prion-domain
proteins that confer adaptive advantage have been identified in
fungi. Prion-mechanisms, that explain how proteins can act as
self-replicating epigenetic units of inheritance enabled scientists
to understand non mendelian, dominant (“super-suppressor”)
inheritance patterns observed in yeast."'*!'"> [PSI'] element,
which is the prion like form of the cellular protein Sup35 which
is a translation termination factor, is the best characterized
prion-like protein in yeast.''®''® Since then other prion-like
proteins with distinct cellular functions such as [URE3]
[RNQ"] and [SWI+] that are prion-activated isoforms of
Ure2p, Rnqlp, and Swil respectively, have been identified in
yeast.119

Further characterization of identified yeast prions revealed
that conformational switching of normal cellular proteins to
prion-like isoforms are dependent on “prion domains” (PrD)
that are enriched with Glutamine (Q) and Asparagine (N) resi-
dues and are largely devoid of charged residues.''*'** These
domains are structurally autonomous and can impart prion-
forming ability to novel proteins.

A genome-wide screen performed in S. cerevisiae identified
~200 proteins with candidate prion domains of which 24 were
found capable of amyloid formation based on cell biological
and biochemical assays. Notably, when classified according to
cellular functions a statistically startling over-representation
was seen for proteins involved in RNA binding, transport and
processing in the collection of prion-domain containing
proteins.'*"'?*

The unusual composition of the PrDs enables the ensemble
of multiple cross S sheets that act as a nucleation point for
aggregation of prion proteins. Short oligopeptide repeat
sequences that reside within the PrDs also have role in the con-
formational plasticity.'*'** Shuffled sequences of aminoacids
from yeast prion domains remain capable of forming amyloids
in vitro, indicating that the amino acid composition of prion
domains, rather than their sequence alone, contributes impor-
tantly to amyloid assembly.'*® Recently synthetic prions have
been made de novo enabled by the development of computer
algorithms like PAPA (Prion Aggregation Prediction Algo-
rithm) that uses amino acid composition to predict prion pro-
pensities of intrinsically disordered protein domains.'?’”
However, these analyses likely underestimate functional prion
domains in the genome because several known prions are not
enriched in Q/N residues. For instance, the yeast prion protein
Mod5 lacks Q/N rich domains although it forms amyloid like
fibers.'**

The characteristic “cross-f sheet” structure of amyloids,
resistance to detergents, proteases or chaotropic agents, binding
to dyes like Congo red or Thioflavin, ability to induce oligo-
merization of naive proteins in vitro and stable propagation



and self replication in-vivo are now considered standard attrib-
utes of prion filaments, which are enabled by PrDs. PrDs are
considered as intrinsically disordered domains, which by sam-
pling multiple conformational states, can occasionally achieve
B-sheet rich conformations that support amyloid fiber
assembly.

Studies of prions in yeast have led to the proposal that
prions ensure heritable phenotypic diversification in response
to environmental signals.'"” The discovery of non-toxic yeast
prions in the yeast genome prompted speculation and further
research into functional prions in metazoan organisms. Indeed,
this led to the original speculation that prion-like self-sustain-
ing transitions in molecular structures could contribute to the
persistence of memory.'*’

Insights from CPEB / Orb2

Prion-like, self-propagating conformational switches could
potentially explain how memories endure in a manner that is
resistant to molecular turnover. The discovery that in addition
to its canonical form Cytoplasmic Polyadenylation Element
Binding (CPEB) protein was capable of existing in prion like
conformations in vitro and are required for long-term memory
storage in Aplysia provided the first evidence in support of
such a possibility.

In neurons, CPEB is localized to synapses and is enriched in
the post-synaptic density. In the PSD, in response to neuronal
stimulation, CPEB likely activates translation of CaMKII and
similar mRNAs that possess CPEs in their UTRs.*’ It also asso-
ciates with motor proteins for mRNA transport and has a role
in packaging of bound mRNAs to RNP complexes.'* CPEB
initiates polyadenylation induced translation of dormant
mRNAs during Xenopus oocyte maturation.”’ In developing
oocytes, following nuclear export, CPE containing mRNAs are
bound by CPEBI as well as other interacting proteins like
PARN (poly A ribonuclease) and Gld2 (polyA polymerase),
leading to removal of polyA tail of mRNAs, as PARN overrides
Gld2 activity. This leads to translational suppression of
mRNAs. However upon activity-induced phosphorylation of
CPEB, PARN dissociates from the complex and the mRNA is
polyadenylated leading to translation."*!

In neurons, CPEB possibly functions in close association
with Maskin or other 4E binding proteins like neurogidin to
regulate translation."”” In its basal state, 4E-BPs interacts with
CPEB as well as the translation initiation factor eIF4E, inhibit-
ing eIF4E interaction with eIF4G and thereby preventing trans-
lation (Fig. 2A). Upon NMDA mediated neuronal activation,
CPEB phosphorylation leads to dissociation of 4E-BP from
elF4E, resulting in the recruitment of CPSF and Gld-2 depen-
dent polyadenylation of mRNAs leading to translation.**'*
Proteins expressed in this manner could (a) effect local synaptic
changes; (b) initiate signaling processes to the nucleus; (c) tag
synapses such that they are capable of being altered by nuclear-
gene expression.

Several lines of evidence support a model in which prion-
like characteristics of the CPEB protein enable activity-induced
conformational switching from soluble monomer to a self-
propagating oligomeric “prion” form to facilitate the persis-
tence of long-term plasticity of specific synapses. These
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experiments are reviewed below while alternative and/or addi-
tional roles for the CPEB and other prion-like domains are also
proposed.

What would constitute decisive proof for the CPEB
prion-model for LTM

As proving a biological hypothesis can be close to impossible,
the absence of conclusive proof is not a particularly severe criti-
cism of the prion model for long-term memory. That being
stated, it is useful to outline key requirements for establishing a
model, in order to have an objective yardstick for assessing the
conclusiveness of current data, which have been discussed and/
or reviewed in recent articles.”"°

(a) Synaptic activity that triggers long-term memory should
be demonstrated to result in conformational switch of
CPEB from a monomeric to oligomeric prion-like form
at active but not at inactive synapses.

(b) At the activated synapse, the new oligomeric CPEB
should be capable of self-renewal, recruiting monomeric
CPEB into oligomers over the extended period for
which memory is retained.

(c) The self-sustaining prion form should have an activity
distinct from the soluble monomeric form and this new
activity should be necessary for the persistence of long-
term memory in vivo, and sufficient for CPEB’s function
in memory persistence.

Evidence from experiments in Aplysia and Drosophila sum-
marized below provide substantial support for this model.
However, considerable additional evidence remains necessary
to definitively meet each of the major requirements for estab-
lishing the prion model.

Molecular properties of aplysia CPEB in vitro and in yeast
Aplysia CPEBI1 belongs to the CPEB1 subfamily and is involved
in translational regulation in a CPE dependent manner.*>'*
The N-terminal domain of ApCPEB has a high Q/N content
and lacks an ordered secondary structure, similar to yeast prion
domains. Consistent with this, ApCPEB N-terminal domain
shows prion like behavior. In yeast cells, ApCPEB N-terminal
fused to GFP, shows punctate expression suggestive of heritable
aggregates. Consistent with this, the N-terminus of Aplysia
CPEB (as well as related domains from Drosophila and mouse
orthologs) can confer prion-like behavior to heterologous
fusion proteins.'**'*¢

For example, when ApCPEB N-terminus fusions with a con-
stitutively active Glucocorticoid Receptor (GR) are expressed in
yeast cells carrying a GR-responsive, -gal reporter, it is possi-
ble to easily read out the activity state of the GR-fusion protein
from the color of colonies (white when inactive and blue when
active). In this assay the fusion proteins produces metastable
blue and white colonies, switch from blue (active) to white
(inactive) colonies at rates consistent with prion-like conforma-
tional transition. This inactive state is heritable, although it
shows occasional reversion. The functional state depicted by
GR activity also corresponds with specific physical states of the
protein as seen in sucrose gradient assay, where extracts from
white colonies settle at the bottom. Thus the Q/N rich domain
of ApCPEB confers on a fusion protein, distinct functional and
physical properties in a manner that is heritable, transmissible
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ses and Q/N domain mediated amyloid like assembilies in active synapses.

and interconvertible and thereby show fundamental prion like
behavior.!** Si et al., also provide interesting data in yeast cells,
which are consistent with a model in which only the aggregated
form supports translational activation. However, additional
direct mechanistic support for this proposal is required. Cur-
rent data do not completely exclude alternative models E.g. :(a)
that aggregation induces translation by blocking a translational
repressor activity of the soluble form; and (b) that small
oligomers, rather than proposed self-perpetuating amyloids,
mediate translational activation in vivo. Recombinant CPEB-Q
also demonstrates amyloid fiber formation and purified CPEB
amyloid fibers can induce changes in CPEB activity state in a
self-perpetuating manner. These results are indicative of a pro-
tein-only mechanism that could be used by ApCPEB to create
long lasting biochemical traces required for memory
persistence."”’

CPEB functions and properties in aplysia synapses
In Aplysia sensorimotor cultures, 1 hour after initiation of pro-
longed 5-HT application, ApCPEB increases 4-5-fold in a pro-
tein synthesis dependent manner. Interestingly, single
application of 5-HT also induces ApCPEB locally in neurites,
as evident from increased immunoreactivity at stimulated syn-
apses. This occurs in neurites devoid of cell bodies as well, con-
firming local translation of CPEB. However, whether this
increased CPEB levels correlates with aggregation of CPEB is
unclear. Application of antisense oligos against CPEB at the
cell body, result in the premature decay of LTF after 24 hours
compared to more than 72 hours for controls. Thus, ApCPEB1
is necessary for the persistent phase of LTF and is either not
required, or only required at lower levels, for LTF induction.'*®
Prion like physical and functional properties of ApCPEB
and its role in sustenance of LTF was shown in a subsequent



study in 2010. Overexpression of ApCPEB fused to EGFP
showed punctate expression in sensory neurons. An antibody
(Ab 464) raised against the N-terminal sequences stains puncta
observed in sensory neurons and IP using this antibody yields
multimeric ApCPEB resistant to detergents. Notably, the punc-
tae formed by ApCPEB do not colocalize with P body markers
like Dcpl, suggesting they are distinct from known endogenous
RNP granules seen in neurons. Fluorescence reconstitution
assays show that the multimers of ApCPEB found in sensory
neurons are formed by self assembly and are homotypic. Con-
sistent with prion-like nature, recombinant ApCPEB shows
Thioflavin-T reactivity in vitro and the dye binds punctate
ApCPEB in sensory neurons suggestive of high amyloid con-
tent. Assays using photoactivable GFP to track new protein
synthesis, show that the existing aggregates start showing pres-
ence of new ApCPEB proteins (green to red transformation)
within 4 hours, indicating the self sustaining nature of ApCPEB
assembly into these puncta. Importantly, 5x 5HT application
onto sensory neurons increases ApCPEB puncta in neurons
and 5HT treated sensory neurons show increased ApCPEB
multimer formation. In sensory motor neuron cultures, 5x
5HT application leads to LTF that lasts beyond 48 hours. How-
ever overexpression of ApCPEB that leads to multimerization
in the synaptic as well as extra synaptic areas blocks sustenance
of LTF beyond upto 48 hours, an effect dependent on mRNA
binding suggesting that the block in 48 hour LTF may arise
from key mRNAs being sequestered in ApCPEB aggregates.'*
In bifurcated sensory-motor neuron cultures, 5 x 5HT
application to one branch normally leads to LTF lasting beyond
72 hours. However, sustained LTF is not seen when protein
synthesis is locally inhibited 24 or 48 hours after 5x 5HT appli-
cation. Indeed, this leads to retraction of newly formed synaptic
varicosities as well. Interestingly, blocking ApCPEB using anti-
sense oligonucleotides 24 hours after 5x 5HT treatment also
impairs stable maintenance of LTF and associated growth
beyond 72 hours. Taking into consideration the conventional
role of CPEB in mRNA regulation, these data indicate that
ApCPEB regulates translation of synaptic mRNAs during the
temporal phase where local protein synthesis has a key role in
stabilizing the plasticity of activated synapses, thereby facilitat-
ing persistence of memory.'*’ Together, the yeast experiments
using ApCPEB and the in vivo studies in Aplysia sensory neu-
ron cultures are consistent with ApCPEB functioning like a
prion by virtue of its N-terminal domain and that ApCPEB
mediated prion mechanisms are involved in long lasting LTF of
Aplysia sensory motor synapses. The general idea here is that
in the resting state of the neurons CPEB acts as a translational
repressor of synaptically localized mRNAs. Upon neuronal
stimulation the conversion to an active prion like form is
induced which then permits translation and the existence of an
altered translational state of specific synapses that subsequently
facilitates long lasting synaptic changes (Fig. 2B and C).

CPEB1 in Drosophila - Orb2

Drosophila Orb2 belongs to the CPEB2 subfamily of proteins
that regulate mRNA translation in a CPE independent manner
unlike the homologous “Orb” protein of the CPEB1 subfamily
that regulates translation in a CPE dependent manner.'*"'*?
However, similar to ApCPEBI1, Drosophila Orb2 contains
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prion-like Q/N rich domains and appear capable of supporting
prion-like assembly. Work in Drosophila, where genetic pertur-
bations can be combined with analyses of long- and short-term
memory, have made important contributions to current knowl-
edge of CPEB/ Orb2 function in vivo.

Single or massed olfactory aversive conditioning trials in
Drosophila lead different types of short-term memory (STM)
that last from few to 24 hours In contrast, spaced training with
intervals between training sessions, leads additionally to the
formation of protein-synthesis dependent LTM that can persist
beyond 7 d."’ In yet another assay (courtship conditioning),
young male flies that have suffered multiple rejections from a
mated female over a 5 hour training session, show a prolonged
suppression of courtship behavior that lasts for well over
24 hours."*

In the fly brain, Orb2 is highly expressed in the neurons and
predominantly in the mushroom bodies, a neuropil region pre-
viously associated with courtship conditioning and olfactory
memory formation.'**'*> Drosophila Orb2 mutants engineered
to lack the N-terminal prion-like domain show defects in long-
term courtship suppression. They are unable to recall rejection
for more than 9 hours, after which they court with the enthusi-
asm of naive flies. Significantly, learning, short-term memory
and immediate recall are intact in Orb2 mutants. Additional
experiments reveal that Orb2 is necessary during or shortly
after the training for its function in long-term 24-hour mem-
ory. Consistent with expression pattern, transgenic expression
of Orb2 in adult mushroom-body neurons rescues the LTM
defect observed in Orb2 mutants deleted for the prion-like
domain.'*

Drosophila Orb2 has 2 isoforms, Orb2A and Orb2B. The
Orb2B isoform is very abundant in fly brain whereas Orb2A is
normally nearly undetectable in the fly brain. The two isoforms
have similar C-terminal and RNA-binding (RRM) domains but
differ in the sequences preceding their N-termini. The Orb2A
has a short 8 amino acid stretch whereas in Orb2B isoform it is
162 amino acids long.'*””'** Both Orb2A and Orb2B interact
with transcripts of Tequila, DaPKC and Murashka, which are
required for LTM formation. Removal of the Zn finger RNA-
binding domain from the Orb2B isoform abolishes its associa-
tion with these target mRNA suggestive of direct interaction
with target RNAs. The translation of target mRNAs is sup-
pressed when either of the 2 isoforms are expressed in S2 cells
that lack endogenous Orb2, clearly indicating a role for Orb2 in
mRNA repression.149 Taken together, the results indicate that
Orb2 is required for the maintenance of long-term memory
through a mechanism that requires its N-terminal domain as
well as its ability to regulate translation of mRNAs required for
stable alteration of activated synapses.

Two subsequent studies show how each of the 2 Orb2 iso-
forms contribute to mechanistically distinct Orb2 functions
required for LTM persistence. Several observations indicate
that Orb2A oligomerise better than Orb2B. Direct biochemical
studies show that recombinant Orb2A form SDS resistant
oligomers more efficiently. IP from S2 cells yield monomers as
well as oligomers and absence of the Q/N domain leads to a
loss of oligomers. Synaptosome preparations from heads of
tyramine or dopamine stimulated/fed flies show enrichment of
oligomeric Orb2, resistant to SDS and other denaturants, which
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persist for around 20 hours after feeding. Immunoprecipitates
form fly brains expressing only Orb2B isoform do not show
any oligomers, consistent with a role for Orb2A in aggregation.
However this oligomerization is absent in Q/N domain
mutants as well as flies lacking Q domain just in the
Orb2A."*”'*® The 8 amino acids that confer the specificity on
Orb2A isoform do not oligomerise on their own indicating that
they only act as catalysts for aggregation in S2 cells. Surpris-
ingly, a single point mutation of a conserved phenyl alanine
residue to tyrosine (Orb2A™Y ) in the 8 amino acid stretch of
the 2A isoform, dramatically reduces its aggregation capability.
These observations show that Orb2A has a role in potentially
amyloid-like aggregation of Orb2. Considering the level of
expression of Orb2A is very low compared to Orb2B, it is very
likely that the Orb2A isoform acts as a nucleation point for
oligomerization and recruits Orb2B as well into the complex."*®

Strikingly, the Orb2A™Y mutants defective in oligomer for-
mation show defective persistence of memory associated with,
courtship conditioning (early decay, starting at 36 hrs) as well
as appetitive conditioning (intact at 24 hrs, but not 48hrs),
which is suggestive for a role of Orb2A oligomerization in the
persistence of memory.'** These studies thus put forth a possi-
ble mechanism of Orb2 function in LTM persistence, wherein
following neurotransmitter stimulation, Orb2A induces aggre-
gation by virtue of its Q/N domain recruiting Orb2B also into
the same complexes. The Orb2B isoform function more as a
conventional CPEB by virtue of its RNA binding domain to
translationally regulate mRNAs involved in memory formation.
This enables sustenance of alterations in the stimulated synap-
ses required for endurance of formed memories.

The formation of Orb2 oligomers is under control of a pro-
tein network that appears to act mainly to regulate the levels,
stability and properties of Orb2A. This network including of
protein phosphatase 2A (PP2A), Lim Kinase and Transducer of
Erb (Tob) ensure formation of Orb2 complexes in a spatially
restricted manner."*® Importantly, although Orb2 oligomeric
complexes share biochemical features with pathological amy-
loids, the proposed Orb2 amyloids appear uniquely transient in
nature in contrast to classical irreversible and pathological
amyloid assemblies.'*’

The inherent differences in the properties of the 2 isoforms
also impinge on the domains of the isoforms specifically
required for maintenance of LTM. Flies lacking the Q/N
domain in Orb2A but not Orb2B show severe LTM
impairment. However, RNA-binding domains in Orb2B but
not the Orb2A isoform is necessary for long term courtship
memory. Consistent with this a trans heterozygous combina-
tion of a Q/N-deleted Orb2B and an RBD-deleted Orb2A show
normal LTM as well as presence of Orb2 oligomers in the
brain."*” These results show that the oligomerization as well as
mRNA regulation is crucial for persistence of LTM but addi-
tionally indicate a possible mechanism of Orb2 function in
LTM.

Recent studies have shown further distinctive properties of
the Orb2 isoforms pertinent to LTM formation. The Orb2
monomer and the oligomer formed by self assembly have dif-
ferent roles in mRNA regulation. The monomer enhances
deadenylation of bound mRNAs and thus makes them more
susceptible to degradation whereas the oligomer increases

polyA length, which possibly stabilizes the mRNA and enhan-
ces translation. Deadenylation by the monomer is mediated by
CG13928 and the translational activity of oligomeric Orb2 is
mediated by CG4612, which is also required for LTM forma-
tion."”! These observations suggest that in the basal state Orb2
binds mRNA and keeps them in a repressed state with the help
of the deadenylation complex, and upon activation oligomeri-
zation initiates translation of mRNAs that were previously
sequestered in repressed state.

Additional very interesting but yet puzzling observations
lead to the suggestion that Orb2A functions during the acquisi-
tion phase of LTM to tags active synapses which are later reacti-
vated during delayed memory replay required for LTM
consolidation.'” During delayed memory replay, a second
burst of dopamine release drives Orb2A-Orb2B oligomeriza-
tion that promotes translation required for LTM."*> While the
observations appear robust, the nature of the Orb2A dependent
early “tag” is mysterious given that this does not seem to
require RNA-binding. Similarly, the effect of early Orb2A activ-
ity on Orb2 functions induced during memory replay remains
unclear as also as the identity and function of proteins synthe-
sized in the delayed phase of LTM consolidation.

Thus, while great progress has been made in identifying var-
ious distinctive functions and properties of Orb2 domains
required for the persistence of LTM, these have yet to provide a
clear and integrated picture of how and when Orb2 and its
prion-like domain function in activity-related translational
control necessary for LTM.

Mouse CPEB

Mouse CPEBI belongs to the CPEBI subfamily, which also
contains the Aplysia CPEB1, Xenopus CPEB and the Drosoph-
ila Orb proteins. It is localized to synaptic regions in the mouse
brain and is implicated in selective modulation of LTP and
LTD in hippocampal neurons.'”>'** CPEBI knockout mouse
also display moderate defects in synaptic efficacy and extinction
of hippocampal memories.'>> Mouse CPEB2-4 belongs to the
CPEB2 subfamily and regulates translation in CPE independent
manner."* In mouse hippocampal neurons CPEB3 is activated
and ubiquitinated by Neuralized1, an E3 ubiquitin ligase that is
implicated in memory formation and synaptic plasticity. Neu-
ralized overexpression leads to structural plasticity of dendritic
spines and upregulation of AMPA receptors GluAl and GluA2
that are regulatory targets of CPEB3."”” Like CPEB1 and Orb2
in Drosophila, CPEB3 forms aggregates, which are self-
propagating and heritable in yeast, in a N terminal subdomain
dependent manner. CPEB3 aggregation is reported to occur in
mouse brain upon appropriate neuronal stimulation. In synap-
ses, CPEB3 physically interacts with actin and its aggregation is
dependent on the actin framework. Consistent with this, actin
expression is regulated by CPEB3, in response to neuronal
activity.*® The interaction with actin framework is suggested
to play a role in maintaining an open conformation, which can
more efficiently seed aggregation of prions. CPEB3 knock out
mice show defects in memory consolidation associated with
spatial learning and disruption of CPEB3 function after consol-
idation of memory leads to defect in long-term maintenance of
memory. Consistently disruption of CPEB3 in adult hippocam-
pus leads to defects in synaptic plasticity as well. The function



of CPEB3 in memory and synaptic plasticity is mediated by the
N-terminal prion like domain that is responsible for activity-
induced aggregation of CPEB3.'”® CPEB3 aggregation is regu-
lated by sumoylation. Under resting conditions, the CPEB3
stays a soluble monomer and is sumoylated. Upon activity in
neuron, desumoylation leads to enhanced aggregate formation
and there occurs learning induced decrease in sumoylation of
CPEB3."”

Do self-perpetuating assemblies of CPEB1/0Orb2/CPEB3
conformers contribute to LTM?

The supportive evidence detailed above can be summarized as
follows. 1. The proteins themselves are required for long-term
memory formation or its neurophysiological correlates like
LTFE. 2. In yeast cells, cultured cells and neurons, the proteins
are capable of forming aggregates or multimers that show dif-
fering subsets of properties expected of amyloids. 3. Mutations
that block aggregate formation in reduced test systems, also
impair persistence of long-term memory formation of LTM.

Yet these fall short of proving the core elements of the
prion-memory hypothesis. The oligomerization of CPEB/Orb2
in response to training that results in LTM has not been shown
in neurons or synapses that encode memory in vivo. We do not
know whether activity-induced CPEB/Orb2 aggregates are
prion-like and capable of self-propagation. It has not been
shown in-vivo if the multimers formed in response to activity
are capable of recruiting synaptic mRNAs into these complexes
and if these multimers are translation hotspots in the neurons
and whether such recruitment and sustained complex activity
is necessary for the persistence of LTM.

Of several alternative models that could potentially account
for many of the key experimental observations, we suggest one
as being particularly important to address experimentally.
N-terminal domains of CPEB/Orb2 could mediate transient
oligomerization that is necessary for activity-induced transla-
tion of synaptic mRNAs. This could be accomplished by de-
repression, e,g. by disengaging from granules containing target
mRNAs and/or by promoting translation e.g. providing,
through oligomerization, a multivalent binding site for core
translational activators. Variants of this latter model, even if
proven to be incorrect for Orb2/CPEB, may yet provide a more
general framework for understanding how prion-like domains
in other RNA-binding proteins could contribute to neuronal
translational control and long-term plasticity.

Prion like domains in neuronal RNP mediated
translation

Prion-like domains are strikingly enriched in RNA-binding
proteins, suggesting that they provide an activity particularly
relevant to the biology of RNA regulation.'*"'®® Whole genome
screens of yeast, humans and Aplysia using different prediction
algorithms for identifying prion domains show enrichment of
proteins with RNA binding motifs."®" RNA binding compo-
nents of RNPs possess Intrinsically Disordered Regions (IDRs)
that are characterized by low amino acid complexity (LC),
absence of hydrophobic residues and enrichment of charged
residues. In macromolecular assemblies, IDRs often interact
weakly and transiently with other binding partners through
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short linear motifs composed of 2-8 amino acids. ID domains
are capable of adopting conformations that allow weak and
potentially multivalent protein-protein interactions.”'®>'®
Co-operative binding between LC domains can however trans-
form them to stronger and stable interactions.'””> PrDs of
prions that exhibit self assembly and aggregation are found to
exist in disordered state and are also predicted to be IDRs/LC
domains.'**'%°

The biophysical nature and structural details of interaction
between these domains in vivo remains to be clearly identified.
Strikingly although only 1% of human genome contain RNA
recognition motif (RRM), 11% of human prion domain con-
taining proteins possess RRM, indicating their enrichment in
the subset. Notable among these are TDP-43, FUS, TAF15 and
hnRNP isoforms A2B1 and Al that are implicated in the
pathology of amyotrophic lateral sclerosis (ALS) and Fronto
Temporal Degeneration (FID). Mutations in the LC domains
of these RNP components show genetic or pathologic associa-
tion with neurodegenerative disorders, and hyper aggregation
induced inclusion bodies comprising of these RNP components
are also found associated with disease pathology, both sugges-
tive of the role of LC domains in driving amyloid like
assemblies. 107108

RNA granules in cells

RNP particles are cytoplasmic foci formed by interaction of
RNA and RNA interacting proteins and are globally involved
in various cellular functions. RNPs enable membrane-free
compartmentalization of cytoplasm and function as cyto-
plasmic microdomains wherein RNA protein interactions are
enriched by aggregation of proteins and sequestered RNAs.
RNA granules therefore function both in RNA localization as
well as in local translation, enabling spatiotemporal regulation
of protein synthesis.”"'%>!7°

Much of what is known about RNA granule functions comes
from studies of P-bodies (PBs) and stress granules (SGs) in
eukaryotic cells that contain non-translating mRNAs, together
with various translational regulators. PBs contain RNA-
degradative enzymes and translational repressors whereas SGs
contain translational initiation factors stalled at specific stage of
translational initiation.'”""'”> Phosphorylation, methylation,
acetylation, ubiquitinylation and O-Glc-NAc modifications are
all reported to have effect on PB or SG formation.'®>'”*

Efficient and rapid translation of mRNAs in response to
neuronal activity requires mRNA to be conveniently localized
at synaptic regions in the resting state. They also need to be
transported in a translationally repressed state to enable protein
synthesis in accordance with neuronal acivity. Neuronal gran-
ules are a potentially diverse collection of RNP assemblies that
occur in neurons associated with mRNA transport, localization,
and local translation.***”'”> Neuronal granules are composi-
tionally related to P bodies and stress granules.'’® The dynamic
movement of RNA granules to dendrites were first observed in
neurons using localization with fluorescent RNA dye SYTO14.
These granules were found to contain translational machinery
indicating that neuronal RNA granules were competent of reg-
ulating translation.** Later microtubule dependent bidirectional
movement of RNA binding proteins like Staufen and ZBP1
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protein and dynamic trafficking of RNA granules containing
both ZBP1 and its target B-actin mRNA were reported.®'””
A seminal study by Kanai et al showed that kinesin heavy chain
(KIF5b) interact with large number of RNA binding proteins
and major dendritically localized mRNAs like CaMKII and
Arc.”” The composition of these granules suggested that apart
from RNA transport, neuronal RNPs are capable of regulating
diverse aspects of RNA metabolism. Depolarization induced
enhanced transport of RNPs to dendrites suggest that neuronal
RNP transport is regulated by synaptic input.'”® RNA granules
biochemically isolated from rat brain identified many RNA
binding proteins like Staufen, SYNCRIP and dead box helicases
to be prominent RNP components along with translational
machinery and cytoskeletal proteins.'”” Fragile-X Mental Retar-
dation Protein (FMRP) is another well established RNP com-
ponent implicated in neuronal translational regulation and
activity induced RNP transport. FMRP interaction with
miRNA machinery is closely associated with its role in regulat-
ing the translation of mRNAs housed in RNPs."**'®! In cul-
tured hippocampal neurons, neuronal activation results in
disassembly of specific neuronal RNA granules concurrently
with increased local translation of RNAs localized to these
granules. Stimulation releases free mRNA as well as ribosomes
indicative of derepression.*”*'®* These and several other argu-
ments indicate that neural activity triggers signaling pathways
that first cause granule disassembly and associated mRNA
release. This enables mRNA translation and local protein syn-
thesis required for synaptic plasticity underlying memory. Con-
sistently several neuronal RNA-granule components such as
Ataxin2, Staufen and FMRP have been shown to be required
for long-term memory formation as well *>%%18%-183

Prion-like domains may regulate RNA granule assembly

There is a growing chain of evidence to suggest that prion-like
domains on RBPs have an important role in assembly and dis-
assembly of RNA granules Prion like domains of, TIA-1 and
TIA-R proteins are required for mammalian stress-granule
assembly.'®® Similarly, Q/N domains of the Lsm4 protein that
is required for P body formation in yeast and GW182 that is
required for P body assembly in human and Drosophila cells
mediate RNA granule aggregation.'®*'*

Although conventional high-affinity interactions also con-
tribute to RNA granule assembly,'” recent evidence suggest
that prion-like domains mediate weak interactions among
RBPs that drive a “liquid-liquid phase transition” from a dis-
persed soluble state in the cytoplasm to a condensed state that
resemble “liquid droplets.” Consistent with such a model,
RNA granules are dynamic in that, like liquid droplets, their
component proteins exchange and move freely within the gran-
ule and also exchange with the cytoplasmic pool. The impor-
tance of such liquid-liquid demixing phase transition is best
demonstrated in C.elegans P-body assembly, where the granules
show typical liquid-droplet characteristics like wetting of mem-
branes, fusion and dripping during assembly.” Interaction with
RNA targets can drive and enhance phase separation by alter-
ing the characteristics of liquid droplet assemblies of the regula-
tory proteins, as in the case of Whi3 protein.'”® Multivalent
weak interactions among domains of protein assemblies are

capable of promoting phase separation.”*'**'”!  Similar

multivalent interactions leading to phase separation are also
implicated in the formation and of the post synaptic densitiy
(PSD)."?

Several studies indicate that LC domains can drive assembly
of RNP like aggregates. Candidate prion domains identified
from yeast screens can act as independent domains to form
cytoplasmic aggregates.'””’ Two other studies have demon-
strated how LC domains can drive phase separation. B-isox
when added to cell lysates yield a precipitate that is enriched
with RNA binding proteins most of which were found to pos-
sess LC domain. LC domains can be necessary and sufficient to
phase separate and induce formation of hydrogels, in this cell
free system. Invitro, these hydrogels are also capable of retain-
ing other LC sequence containing proteins suggestive of prion-
like propensities of LC domains. Also, disordered domains
form different proteins co- phase separate to form liquid drop-
lets in cytoplasm. Phosphorylation of the low-complexity
domains render them unable to form hydrogel, suggestive of
how such cellular assemblies may be similarly regulated.”®

The ability of the LC domains to polymerize and drive regu-
lated phase separation is fundamental to the formation of RNP
aggregates as well as RNA metabolism. Mutations in the LC
domains of RNA binding proteins like hnRNPA2B1/A1 or
FUS, TDP-43, TAF15 possibly affect the nucleation as well as
polymerization of LC domains, leading to enhanced assembly
of RNP like aggregates/stress granules and increased incorpo-
ration of these proteins to stress granules leading to disruption
in the RNA homeostasis.'®"-'¢716%1%3

Structural basis for prion-like domain interactions in RNA
granules

Electron microscopy and X-ray diffraction studies show that
hydrogels contain morphologically uniform amyloid like fibers
that possess characteristic cross f8 sheet structure.® However
unlike them, LC induced fibers are very unstable and sensitive
to low concentrations of SDS. This could indicate that amyloid
like assemblies that are formed in physiological conditions are
transient and reversible unlike irreversible pathological assem-
blies. More recent using NAI (N-acetylimidazole) based chemi-
cal footprinting assay provided further evidence that stacked
B-sheet interactions, typical of amyloid type assembly, may be
involved in RBP-assembly in vivo. These studies demonstrate
that polymers formed by the prion-like domain containing pro-
tein hnRNPA1 in nuclei are required for interactions mediated
by the same residues that are necessary for fiber assembly in
hydrogels as well as in liquid droplets formed by LC domains
of recombinant hnRNPA1."”* However, recent studies of FUS
and RNPAL1 variants have argued that mutations that prevent
amyloid-type associations in these proteins, do not interfere
with their ability to associate with and function in RNA gran-
ules.”'®® Thus, the current data are consistent with the idea
that prion-like domains form transient oligomeric assemblies.
These assemblies could arise either from weak multivalent
interactions as proposed most clearly for polyglutamine
domains'*®'*>!%¢ or by reversible stacking of monomers into
reversible oligomeric assemblies mediated by transient S-sheet
interactions.®
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Figure 3. LC domain mediated RNP assembly in neuronal translational control (A) In the resting state, RNPs formed by interaction of individual RBPs and RNAs, sequester
the RNA within RNPs in a translationally repressed state. Upon activity, the RNP disassembles leading to release of suppression resulting in translation of mRNAs with key
synaptic functions (B) Models for LC mediated RNP assembly in neurons: in the resting state of synapses, individual RBPs interact by virtue of LC domains that are intrinsi-
cally disordered and form either a) transient and reversible amyloid like assemblies or b) reversible aggregates that are formed as result of weak multivalent interactions

between LC domains.

Reversible amyloid assembly mediated by prion domains?

Toxic and pathologic prions are characterized by formation of
stable and irreversible amyloids. Thus, the concept of reversible
amyloids appears almost oxymoronic. However other than
described earlier many cellular proteins demonstrate template
driven self-assembly leading to formation of transient and
reversible macromolecular complexes. Such instances of func-
tional “amyloid-like” assembly govern many cellular processes
and occur in response to cellular cues and signals ensuring spa-
tio temporal regulation.

The transcription factor GAF (GAGA factor) in Drosophila
possesses a prion-forming PrD that function in nucleosome
remodeling thereby linking transcriptional regulation to
epigenetic control. Considering several yeast prions are also
transcriptional factors that enable heritable phenotypic

diversification in response to environmental signals, this indi-
cates that prion mechanisms are widespread in effecting epige-
netic inheritance."”’

Prion-like mechanisms are also found functional in immune
system. In case of mammals, in response to viral infection
pattern recognition receptors RIG-1 and NLRP-3 induce
prion-like conformational switching and polymerization of
their adaptors MAVS and ASC thereby enabling downstream
signaling cascade resulting in cytokine secretion and cell death.
An analogous phenomenon is observed in yeast cells, where
NWD?2 protein induces similar conversion of downstream
adaptor protein HET-S/s'*®. These fibers are self propagating
and heritable but are notably different from conventional
prions in that the fibers do not have the typical cross-g
structures of amyloid fibers, but instead retain « helical confor-
mation.'”” However, there is considerable conceptual similarity:
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indeed, it is now postulated that the persistence of prion char-
acteristics of MAVS/ASC/HET-S/s polymers after infection
provides the cell with molecular memory of the infection.

Concluding remarks

Does the mechanism by which CPEB regulates LTM involve
the formation of self-sustaining amyloid assemblies? Is this
mechanism unique for CPEB or is it shared by other proteins
with similar molecular and biochemical attributes? Or are alter-
native mechanisms involved either for CPEB or for other
prion-domain containing proteins also necessary for long-term
memory? Why so many different prion-domain containing
RBPs exist. Do multiple components promote different macro-
molecular assemblies with distinct characteristics and spatial
distribution? These questions are still open. They may be
addressed not only by detailed analysis of CPEB, but also by
mechanistic analyses of similar proteins. Interesting candidates
are Atx2 and FMRP, both of which are RNA-granule proteins,
involved in neuronal translational control and preferentially
required for long-term memory formation.®>**%02%> Algo-
rithms that are designed to detect prion like Q/N domains
identify both Atx2 and FMRP as prion like domain containing
proteins.160,166,184,203

We suggest alternative models for how these proteins could
function, being aware not only that these models represent
extreme and not mutually exclusive positions when intermedi-
ate and compromise positions are tenable, but also that differ-
ent RBPs may differ in their mechanism of action.

1. CPEB and/or other RBPs undergo prion-like transforma-
tion into stable self-sustaining amyloids capable of sus-
tained translational activation. The persistence of this
biochemically altered state of CPEB underlies the persis-
tence of memory. CPEB induces other proteins with LC
domains to undergo such transition, thereby initiating a
cascade of assemblies pertinent to memory formation.
These possibilities need to be explored.

2. RBPs form prion-domain mediated assemblies wherein
RNA is held in a translationally repressed state in basal
conditions. These may function one of 2 ways. (a) Neu-
ronal activity can lead to disassembly of the aggregates,
leading to increased accessibility and translation of
stored dormant mRNAs. Thus self assembly mediated by
conformational switching and its coupling with neuronal
activity in such proteins could provide a mechanism
which enable synapse-specific translation that is crucial
for induction of long-term memory (Fig. 3A). (b) In a
related schema, granule disassembly may be associated
with the active change of RBPs into translationally com-
petent complexes. For example, by freeing RBPs from
granules, they could allow the formation of CPEB (or
other RBP) oligomers that provide an oligomeric disor-
dered protein interface with which that translational
machinery associates to activate local translation.

The structural basis for prion-domain mediated interactions
in vivo is particularly unclear, although there is consensus that
these are regulated by intracellular signaling. Three possibilities
exist: (a) liquid-like states driven by weak multivalent interac-
tions among disordered protein domains; (b) stable amyloid

fibers arising from B-sheet stacking of RBP monomers via the
prion-like domain; (c) reversible oligomers arising from small
scale B-sheet stacking among RBP monomers (Fig. 3B). This
last notion that conformations and residues involved in form-
ing stable, self-sustaining amyloid fibers in various test systems,
could in fact normally mediate small and reversible oligomeric
assemblies in vivo is important for the interpretation and
design of experiments to test the prion-hypothesis of memory.

Key to discriminating among these models will be both a
wide range of experiments on different prion domain contain-
ing RBPs as well as the identification and analysis of mutations
that clearly block one or other biochemical activity of each pro-
tein and the assessment of the effect of these mutations on
definitive cell biological and behavioral assays for RNA granule
assembly, disassembly and function as well as for long-term
synaptic plasticity and long-term memory in vivo.
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