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Abstract

How a transient experience creates a persistent memory remains a fundamental unresolved
issue in neuroscience. One of the molecular processes that is believed to be cilticgl fasting
memory is synthesis of new protahthe synapse. However, h@ynapticprotein synthesis is
regulatecand how these new proteins confers persistence of mesilargely unknown. Previous
studies irDrosophilaandAplysiahave implicated thatfamily of mMRNA binding proteis known
asCytoplasmic Polyadenylation Elent (CPE) binding protesis essential for persistent change
in experiencadependent synaptic efficacy and persistence of merMwoyeoverspecific CPEB
family members demonstrate biophysical properties that are associated witlikeriproteins.

They exist in two distinct physical statest monomeric and aominant seHlsustaining
amyloidogenic aggregated staldis suggested a model in which a transient experience creates
persistence molecular alteration in the nervous system via recruiting aastdbde{sustaining
amyloidogenic aggregates of neuronal CPHBe primary objective of this thesis is to determine
how Drosophilaneuronal CPEB, Orb2, regulates protein synthesis and how conversion to the
aggregated state effects its functi@ombiningin vitro andin vivo studies we find that the
monomeric Orb2 repress, whilethe amyloidogenicoligomeric Orb2 enhances translation and
imparts its translational state onto the monaorfibe monomer removes, whereas the oligomer
stabilizes and elongatesetpolyA tail of mMRNA. In support of these findings, we have identified

a two novel proteins: CG13928, which binds only to monomeric Orb2, promotes deadenylation,
and CG4612, a putative polyA binding protein, promotes oligomeric-@ep2ndent translation.

We posit thatmonomeric Orb2 keeptarget mRNA in a translationglldormant stateand
experiencedependent conversion of Orb2 to the stable amyloidogenicestivates translation,
resulting in persistent alteration of synaptic activity and stabilizatfanemory.This study also

provides an example of an amyldddsed protein switch that turns a repressor into an activator.
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Introduction

The cellular basis of memory storage is believed to be expefilpandent changes in
synaptic efficacy, often referred to as synaptic plast{&gndel et al., 2014; Martin et al., 2000b;
Martin and Morris, 2002)The synaps is a communication bridge between neurons, and the
minimal unit of change. Since strength of an individual synapse influences the nature of
communication in a network of neurons, it was envisioned that one of the ways information can
be encoded in the nus system is by changing the function of the synapse in an experience
dependent manné€Kandel et al., 2014)The discovery of longerm facilitation and longerm
depression of synaptic function in response to behavioral training provided experimental credence
to the synaptic plasticity hypothesis of memBliss and Collingridge, 1993; Malenka and Bear,
2004; Martin et al., 2000b; Takeuchi et al., 20T4je synaptic plasticity hypothesis of letegm
memory also raised some fundamental quest{®akeuchi et al., 2014How does a synapse
change its function? Do all synapses of a given neuron change when animal form a memory? If
indeed changes in synapstrength underlie memory, how does the synaptic change persist for

long period of time, even for months and years?

Role of protein synthesis in synaptic plasticity and memory

Some memories last for minutes, while others persist for days and niGatiesv et al.,
1972; Dudai,2002, 2004) Thesetemporally distinctforms of memoriesalso have distinct
biochemicakequirementsWhile shortterm memory depends on the modification of the existing
proteins in the synapse, lotgrm memory requires the de novo synthesis of MRNAs and proteins

(Bliss and Collingridge, 1993; Kandel et al., 2004glenka and Bear, 2004)



The necesyy of protein synthesis in memory was first suggested by the work of Flexner
et al.(Flexner et al., 1963)They observed thatjection ofproteinsynthesis inhibitor puromycin
into thetemporal lobeof mice from day 1 to 3 aftelearning blockedong-term memory This
observation suggested that after training animals need new protein synthesis in the brain to
consolidate the newly acquired information. Following this initial observation a number of studies
in mice, rats, fruit flies, and honeybee, in which ansnakre fed protein synthesis inhibitors
before or immediately after training, resulted in a similar disruption of meghagasse et al.,
2009; Remaud et al., 2014; Wittstock et al., 1993; Wustenberg et al., 18%#&neral problem
with these studies is that feeding protein synthesis inhibitors results in a global disruption of animal
physiology and it was therefore difficult to distinguish whether the inghdi form longterm
memories is due to the disruption of memory processes or a general disruption of the animal
physiology(RodriguezOrtiz et al., 2008)However, a number of behavioral observations argued
against a general disruption of the animal physiology or function of the nervous system. For
example injection of protein synthesis inhibitors prior to training did not interfere with learning or
shortterm memory. Even for lonterm memory, protein synthesis inhibitors only interfered with
very specific forms of long lasting memadifyaghdi et al., 2003; Scharf et al., 20029r example
the animals can be subjected to the same behavioral training in two different manners. If a training
paradigm consists of multiple training sessions they can be delivered successively (massed) or
with gaps between individual sessions (spa¢&thuelshagen et al., 1998poth massed and
spaced training produce lotgrm memory, but memory produced by the spaced training often
persist longer than that produced by the massed training. Remarkabtpmof protein synthesis
inhibitors only interfered with spaced trainimgduced memory but not that of massed training

(Collatz et al., 2006; Hermitte et al., 1999; Scharf et al., 2008)se observations had two major



implications. One, longerm memories of different durationkave distinct molecular
requirements, and second, only spaced training produces a form dasting memory that

requires new protein synthesis.

While the requirement of protein synthesis in ldagn memory was evident, it was
unclear what specific function protein synthesis serves inlEstqng memory. The discovery of
synaptic plasticity as the cellular substrate of memory prompted a nundpeups to ask which
aspects of synaptic function is dependent on new protein synthesis. Similar to memory processes,
the activitydependent change in synaptic activity has multiple phases that mirror the behavioral
memory; short, intermediate and lotegm (Carew et al., 1972; Castellucci et al., 1978; Nonaka
et al., 2014) While the short or intermediaterm change in synaptic activity is primarily due to
change in the efficacy of preexisting synapsesgterm synaptic plasticity involves growth of
new synapsefBartsch et al., 1995hese various phases of synaptic plasticity also have distinct
molecular requirements similar to behavioral mem@&siley et al., 2000; Casadio et al., 1999;
Sutton and Carew, 20Q0RApplication of inhibitors of MRNA and protein synthesisvealed
various phases of the activitiependent longerm potentiation (LTP) of hippocampal CAIA3
synapsegKrug et al., 1984pr longterm facilitation ofAplysiasensorymotor neuron synapse.

While transcriptional inhibitors did not have afeet on early phases of LTP (@0 mins) but did

have an effect on lafghase LTP, protein synthesis inhibitor anisomycin blocked both early and

late phases of LTP. These and other subsequent studies suggested that there is a protein synthesis
dependent Huranscriptionindependent early phase and both transcripaod protein synthesis

dependent late phagduang and Kandel, 2007)



Local Protein Synthesis in Nurons

Synapses are made of functionally diverse proteins and these proteins are required not only
for synaptic transmission and regulation of synaptic transmission but also for building and
maintaining a synapg#liniaci et al., 2008)Since proteins have a finite hdife compared to the
life-time of a synapse, the synapse requires continuous feedback of proteins to maintain synaptic
protein conten{Cohen et al., 2013)in addition to this homeostatic maintenance of synaptic
content, synaptic plasticity involves alteration in both function and size of the synapse and
therefore a significant change in thetain composition of the synapg€éline, 2003; Davis and
Bezprozvanny, 2001)r'he maintenance of synaptic protein homeostasis and changes in synaptic
proteins are particularly challenging for a neuron because of its organi{&tens and
Bezprozvanny, 2001)The number of synapses formed by a given neuron is large. A typical
mammalian neuron forms on average 1000 syngaudaCernuda et al., 2003The relative
distance of these synapses from cell body varies significantly. Moreover, synapses that are just a
few microns apart can be functionally and moipgecally independent of each oth@flartin et
al., 1997; Miniaci et al., 2008These neuronal features raise several questions: how does a neuron
maintain the protein composition of a synapse? How does it restrict changes in protein composition
to a subset of synapses when they share the same cell body, the source of mMRNAs and most

proteins?

Most proteins are synthesized in neuronal cell boffsteward and Schuman, 2003)
However, over time it became evident that in neurons new proteisymrihesized outside the cell
body(Steward et al., 20147 he synthesis of new proteins outside the cell body was first observed
from incorporation of radiolabeledmino acidsin isolated preparation of axoriérch, 1972;

Wilson, 1971) Moreover, in a narrow time window, which is considered insufficient for transport



of newly synthesized ptein from cell body to the distant synapses, radiolabeled proteins were
detected in synaptic fractions immediately after synaptic stimulé@itmward eal., 1991) These

studies however failed to establish unequivocally whether these new proteins are indeed
synthesized within the axon or from some other cells that are attached to the isxtate or that

a small amount of contaminating cell bodies accounts for the incorporation of radiolabeled amino
acids. Discovery of ribosomes in the axon and dendritic processes confirmed the idea that protein
synthesis can occur outside the cell b{sieward and Levy, 1982Bodian et al. first noticed the
presence ofibosome particles ithe proximal dendritegdjacent 0 synapti ¢ fAknobs?¢
spinal cordmota neurongBodian, 1965)Subsequentlg series of studies by Steward and Levy,
demonstrated that ribosomes, including polysomes, are present in the dendritic spines in granule
cells of rat dentate gyru$Steward and Falk, 1986; Steward and Levy, 198#®)ce polysomes
represent ribosomes bound to translating mRNA, the presence of polysomes indicated active
translation at the synapgé&teward and Ribak, 1986; Sutton and Schuman, 200@ye
compelling evidence of local protein synthesis in dendrites came from the studies with cultured
neurons(Aakalu et al., 2001)For example, in hippocampal neurons, myristolated GFP tagged
reporter with the 3'UTR of CAMKII mRNA was used to entrap the translated proteins in site of
synthesigRook et al., 200). Stimulation with bain derived neurotrophic factor (BDNF), showed
enhanced GFP fluorescence in the dendrites. Taken together with the observation that a number of
MRNASs are localized in the dendrites and axons of neurons in various species, these observations

suggested thahRNAs are indeed translated locally in the syndpseccia et al., 2003)

What is the function of local protein synthesis in teevous system? The first functional
role of local protein synthesis was shown by Kang €Kalng and Schuman, 1996 this study

they noticed that local application of the growth factor BDNF not only cdoses proteins



synthesisn the dendritesbut also that this newly synthesized protein is requioedhe rapid
enhancement afynaptictransmissionKang et.al found that BDNF increased synaptic efficacy in
neurites that were dissociated from the cell bodies and application of protein synthesis inhibitors
such as emetine inhibited the synaptic enhancement. Since the neuritsgepazested from the
primary source of proteins, the cell body, this study provided the first causal link between local
protein synthesis and synaptic plasticity. More elegant experimerplysia sensorymotor
neuron cecultures demonstrated that synapse specific-teng facilitation requires local protein
synthesis in the presynaptic c@\artin et al., 1997) In these experiments a bifurcatéglysia
sensory neuron was used which made synaptic contactwetisdéparate target motor neurons.
Repeatedapplication of serotonin ¢(6IT) to oneset ofsynapse produced a CREBependent
synapsespecific, longterm facilitation which can be&aptured at theppasite synapse by a single
pulse of 5HT (Casadio et al., 1999Perfusion of protein synthesis inhibitors logaih the
synaptic region did not change shtatm facilitation, but selectively interfered with letgym
facilitation. Furthermore this system also revealed that a transient and neuron wide CREB
mediated longerm facilitation can stabilized at specifignapses by local application of serotonin

in the synapse and this stabilization requires local protein syntf@éasadio et al., 1999)
However, prior application of protein synthesis inhibitors blockedbility to capture facilitation

via single pulse of HT. Likewise, repeated application ®HT only to the cell body of sensory
neurons produced @REB-dependent, celvide longterm faciliteion. However, this cell wide
facilitation was not associatevith any new synaptic growth and the synagsecific facilitation

did not persist more than 24 hours. This transientvaelé facilitation can be converted to
persistent synapsspecific facilitation by a single pulse 6fHT at the synaps@Casadio et al.,

1999) Again application of protein synthesis ibitor at the synapse blocks the capture of cell



wide facilitation. A similar synaptic tagging was also reported in other systems including mouse
hippocampugAlarcon et al., 2006)hese results suggested two very specific roles of local protein
synthesis. First, local protein synthesis is required for a retrograde signal from synapse to the cell
body that activates transcriptions in the cell body. Second, local protein synthesisfals a gs 0 t h
activated synapse and the tag allows the activated synapses either to capture and/or utilize the

globally distributed gene produdisrey and Morris, 1997; Reymann and Frey, 2007)

Translational control by cytoplasmic polyadenylation

These observations suggested that local protein synthesis is a key molecular event in
generating synapsspecific longterm change in synaptic efficacy and raised a number of
guestions. How is local protein synthesisthe synapse regulated? What proteins are locally
synthesized and how do they stabilize synaptic growth and function? Protein synthesis in the
synapse can be regulated by a number of ways, such as the availability of the mRNA, modification
of the mRNA b make it translationally competent or the availability of protein synthesis
machinery(Davis et al., 1987; Si et al., 2003a; Steward and Levy, 1982; Steward and Reeves,
1988) Among these plausible mechanisms regulation, changing the polyA tail length of the
MRNA has emerged as one of the principal mechanisms of synaptic protein synthesis regulation

(Si et al., 2003a; Udagawa et al., 2012)

All newly made mRNAs receivapolyA tail in the nucleus through transcriptioaupled
polyadenylation(Bilger et al., 1994; Rigo and Martinson, 200Bplyadenyl&on in the nucleus
requires a cisacting polyadenylation signal sequence, AAUAAA the 3UTR, and a
polyadenylation complex composed @&avage and polyadenylation specificity fast@@PSF)
andtheenzyme polyA) polymerase (PARMurthy and Manley, 1995; Proudfoot and Brownlee,

1976) CPSHdirectly binds to théexanucleotides e g u e n ¢ e aand réctuePARBt6 form T R
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anactive polyadenylation compléBienroth et al., 1991; Murthy and Manley, 19953 a result

of generalized polyadenylation in the nuclemsost premRNAs have a poly (A) tail of
approximately~70-90 nucleotidedong in Saccharomyces cerevisi@@rown and Sachs, 1998;
Groner et al., 1974nd 250 in mammalian celi@Brawerman, 1981)0nce transported out of the
nucleus to the cytoplasm the mRNA can undergo additional modifications and some of these
modifications in the cytoplasm control mRNA translat{B8arnard et al., 24; Kim and Richter,

2006) One such cytoplasmic modification of mMRNA is elongation of the polyAltedukaryotes

the presence d longpolyA tail atthe 3 end of the messenger RN& an important regulatory

step in traslation(Sachs et al., 1997The longermolyA tail can stabilize oenhance translation

of the mRNAs(Munroe and Jacobson, 199The polyA taitdependent translation regulation is
particularly interesting in the context of synaptic protein synthesis because it was discovered as

one of the key mechanisms of spatonporal regulation of translatig¢@roisman et al., 2000)

That polyA tail length is important for translation was first discoverefeimopusocyte
by Jel Richter and colleagues in an attempt to understand how translationally dormant maternal
MRNASs are translated upon exposure to oocytes maturating féGmisman et al., 2002)n
immature oocytes, dormant mRNAs usually have short poly (A) tail of ~40 bases, but when these
MRNAs are polyadenylated up to ~150 bases they then become translationally active, which results
in meiotic divison and oocyte maturatioflvshina et al., 2014)Richter and colleagues
subsequently discovered that cytoplasmic polyadenylation is dependent on the preserick of U
sequence element UUUUAU at 3'UTR (GBEment) and a CR&lement binding protein CPEB
(Hake et al., 1998FPremRNAs which havacytoplasmic polyadenylation element (CPE) at their
3'UTR upstream of the AAUAAA poly (A) selection site are boundd®SF and trasported to

the cytoplasm(Lin et al., 2010) In the cytoplasma complete polyadenylation complex is



assembled upathejoining of symplekin, acaffolding protein, germline development 2 poly (A)
polymeraseor Gld2 and the deadenylating enzyme poly (Aonuclease or PARKBarnard et

al., 2004; Kim and Richter, 2006Both Gld2 and PARN are enzymatically active but the more

robust nuclease activity of PARN keeps the mRNA transnationally silent by maintaining a short
poly(A) tail (Kim and Richter, 2006)In addition,Maskin, which is a poly (A) binding protein,
simultaneously binds CPEB and eukaryotic 1ini:t
interaction with the 5' cap structure, stopping the assembly of the translation initiation complex

(Cao and Richter, 2002; Richter and Sonenberg, 2005; SteBbarset al., 1999)

Hormone such as progesterone causes unmasking of dormant mRNA by removing the
inhibitory constraints and elongating the polyA (&hrkissian et al., 2004 he first step in this
process is the activation of Aurora A kinase which phosphorylates CPEB (Mtidez et al.,
2000a; Sarkissian et al., 200QPEB phosphorylation has multiple effects: first, it causes PARN
expulsion from the RNAorotein complex thereby stops deadenylation; second, it enhances
interaction between CPEB and CPSF comgiar and Richter, 2006; Mendez et al., 20QG)d
finally, phosphorylated CPEB has a low affinity for Maskin resulting in dissociation of Maskin
from CPEBelF4E complexand allowing the formation of translation initiation compl@Xao et

al., 2006; Kim and Richter, 200@ig 1.1).
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a. CPEB binds Maskin a. CPEBis phosphorylated
b. Maskin binds elF4E and prevents b. Maskin and PARN are displaced

association with elF4G and inhibit c. CPEB recruits PAP (PolyA polymerase), PAP

initiation complex formation polyadenylates target mRNA and the PolyA

binding protein (PAB) facilitates initiation
complex formation

d. As aresult elF4E binds elF4G and begin 5'CAP
dependent initiation complex formation

Figure 1.1: Mechanism of canonical CPEB mediated translatiokenopusocytes. In immature
oocytes the translationally dormant mRNA is bound by CPEB and Maskin. Maskin binds both
elF4E and CPEB and prevents interaction with elF4G.This occupancy of elF4E by Maskin
restricts formation of 5'CAP dependent translation initiatomplex. On the other hand when
CPEB is phosphorylated Maskin and PARN are displaced from the complex, polyA polymerase
elongates polyA tail, elF4E and elF4G interact each other and form translation initiation complex.

Translational control by mRNA deadenylation:

The polyA tail length of mMRNAs in the cytoplasm is regulated by two opposing activities:
polyadenylation and deadenylation. As mentioned before, long polyA tails often protect mMRNAs
from degradation and enhance translation of the mRNA. On kige band shortening of polyA

tail length is mostly associated with reduction in translation and decay of an mRNA. After
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deadenylation the mRNAs are degraded in two ways: degradation in the 3' to 5' direction by
cytoplasmic exosome complex or deadenylatodlowed by decapping and degradation in 5'to 3'
direction by Xrnl nucleasgiouseley and Tollervey, 2009; Meyer et al., 2004; Parker and, Song

2004)

What are the mechanisms of cytoplasmic deadenylation? Two protein complexes, Ccr4
Not and PanPan3, are known so far to deadenylate mMRNA in the cytoplasm-Nextrgrotein
complex is one of the primary deadenyaltion complexes in eukaryotes, and mediates complete
deadenylation of the target mRNA. Thismplex consists of five conserved subunits: Ccr4,
Cafl/Pop2, Notl, Not2 and Not3(8/ahle and Winkler, 2013)Jn mammals there are two Ccr4
orthologues, Ccrda and CcrfMorita et al., 2007; Wang et al., 201@cr4 has Mg+ dependent
3'exonuclease activityChen et al., 2002; Tucker et al., 200Z)cr4 protein has two well
characterized domains: a nuclease domain for exonucleastyaid a leucingich repeat (LRR)
domain which mediates interaction with other subunits in the complex such as CafDraye
et al., 1995; Dupmssoir et al., 2001; Malvar et al., 199Zhe second conserved catalytic subunit
of Ccr4Not complex is Caf{Schwede et al., 2008nd it degrades polyA sequences with high
efficiency (Bianchin et al., 2005; Viswanathan et al., 2004dt1 acts as a central scaffolding
agent and it interacts with most of the subunits in the coniBlxet al., 1999; Maillet and Collart,
2002; Maillet et al., 2000)The function of the Not2 subunit is unknown, though it is highly
congrved. In yeast two other Not subunits, Not3p and Not5p, have been identified according to
their sequence similarit{Chen et al., 2001; Liu et al., 1998; Oberholzer and Collart, 1998)
However in other organisms, instead of Not3 and Not5, there is only the Not3 qéboert et

al., 2000; Lau et al., 2009; Temme et al., 2004e function of Not3 is unclear.

11



Another wdl characterized protein complex that removes the polyA tail of mMRNAs is the
PAN complex. Both in yeast and mammals the polygpécific nuclease PAN complex consists
of two subunits, PAN2 and PANBoeck et al., 1996; Brown et al., 1996; Uchida et al., 2004)
The catalytic PAN2 subunit has-é&«onuclease activity and it requires divalent cations for
enzymatic functionUchida et al., 2004; Zuo and Deutscher, 200#AN2 requires polyA)
binding proteirfor its enzymatic activity, such as PABPC in mammals and Pabp1 in {feaséll
et al., 1992; Sachs and Deardorff, 1992; Uchida et al., 2008BPC is recruited to the PAN
complex via its interaction with PAN3. PAN3 has two binding motifs that mediate putstiein
interaction: PABHFnteracting motif 2 or PAM2 at the -irminal end that mediates interaction
with PABPC, and a @erminal motif that mediates interaction with PAR&ddiqui et al., 2007)
In vitro studies suggested that PAIRAN3 complex deadwlates the target RNA incompletely,
leaving 25 nucleotidedowell et al., 1992)Similar observations were also madeivoin yeast

strains where accumulation of RNA with similar tails was fo(futker et al., 2001)

Both Ccr4Not and PanPan3 complexes localize in the cytoplagbougot et al., 2004;
Tucker et al 2001) Initially, it was thought that deadeynylation functions are redundant in the
cytoplasm due to the presence of two deadenylation complexes. However, several studies
suggested that these two complexes serve distinct fun@immsch et al., 2007)t was proposed
that PanZPan3 performs initial phase of deadenylation and the remaining bulk deadenylation is
mediated by CcrNot complex. Recruitment of both CeNbt and PanPan3 complexes to the
target mMRNA are mediated Iiwo mechanisms. One, a generalized deadenylation mechanism in
which these complexes are recruited by polyA binding protein C1 (PABC1) and second, a targeted
MRNA deadenylation mechanism in which these complexes are recruited to the target mRNA by

element pecific RNA binding protein. In the case of general deadenylation, Pan3 subunit, through

12



its PAM2 motif, interacts with the -@rminal domain of PABPC1. However, none of the €cr4
Not complex subunit proteins have PAM2 maotifs, and recruitment of this cerigRABPC1 is
mediated, in mammals, by mammalian TOB proteins that are known to have PAM2 maotif in their
C-terminal regionEzzeddine et al., 2007; Ezzeddine et al., 2012; Funakoshi et al., Z0@r¢

are several examples of Caxbt involvement in targeted mMRNA deadenaylat In yeastS.
cerevisiaeCcr4-Not complex is recruited by Mpt5 protein, which belongs to the PUF family of
RNA binding protein, similar to thBrosophilaPumilio protein. Mpt5 binds specific sequence
elements of target mMRNAs and recruits the @dot canplex through binding the Cafl subunit

of the complex(Goldstrohm et al., 2007)n human cells the CcHNot complex is recruited
through short A/U rich elements (ARE) present in a number of mRNAs with very sheliveg)f

for example mRNA ofcyt oki ne t umor n e ctheisduckble tftaascriptorr ( T NI
factors eFos and éMyc. The specific ARE element of these mRNAs is bound by afmger
containing Tristetraprolin (TTP) protein, which in turn binds Gdgt complex via the CNOT1

subunit of the comple¢Sandler et al., 2011)

CPEB Proteins in Neuron

Although CPEB proteins were discovered in developing oocytes, based on studies both in
invertebrates anthammals, proteins of the CPEB family emerged as potential candidates for
regulator of synaptic protein syntheg¢Richter and Klann, 2009)n mammalsCPEB has four
family members, CPEB4. Though all of them are expressed in the brain, CPEB1 and CREB2
are thought to form different functional groups of CPEB family protéitsndez and Richter,
2001) They all contain a common RNA binding domain and didger domain at the @rminal
end, but they differ in the fierminal endRichter, 2007)Intriguingly CPEB3 and CPEB2 contain

an Niterminal unstructured domain similar to prilike domains (discussed in detaildat In vitro

13



iterative binding assays suggested that CREBD not interact with the canonical CPE, instead

they bind a Wrich stemloop structurdHuang et al., 2006 CPEB3 neither requires the AAUAAA
polyadenylation signal nor doeshiind to the CPSF polyadenylation fac{etuang et al., 2006)

There are two CPEB proteins Aplysia(Liu et al., 2006) Similar to mammalian CPEB, the two
ApCPEBs differ in the Nerminal end, one of them having a poly glutamine (Q) stretch at-the N
terminus(Fig 1.2), along with the propensity to form amyldikke structures. IlDrosophilathere

are two CPEB orthologues, Orb1 and Orb2, and both of them are expressed in the nervous system
(Hafer et al., 2011; Pai et al., 2013imilar to Aplysia (ApCPEB), Orb2 also possess a poly

glutamine (Q) stretch at its-dérminus (Fig 1.2).

| Polya |RRM1| | RRM2| | Aplysia CPEB (82 KDa)

‘ |Po|y(1| -:-:| Drosophila Orb2A (60 KDa)
| Polya -:-: Drosophila Orb2B (75 KDa)

Figure 1.2: DrosophilaOrb2 andAplysiaCPEB have structural similarity. RRM refers to RNA
recognition motif. PolyQ refers to polyglutamine stretches of 25 and longer.

CPEB and Synaptic Plasticity

Several studies reported that CREBdiated translational regulation is essential inyearl
developmeniFox et al., 1989; McGrew et al., 1989; Minshall et al., 1999; Tay et al., 2000)
However, CPEB mediated translational regulatadso exists beyond developmedAithough
earlierstudiesn mousesuggeste€PEBL (MCPEB, a 62 KDprotein) is expressed itestis ovary
and kidneyGebauer and Richter, 19968ubsequent studies fourmbderate level of CPEB protein

in the brain(Huber et al., 2000; Kang and Schuman, 1996; Martin et al., 2000a; Martin et al., 1997;
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Wu et al., 1998)CPEBL is present in the pesgnaptic densityand activation of NMDA receptors
enhances the translation of&5a@ al modul i n d e pCaMKdl)e aroledule that sse (U
important for LTP(Du and Richter, 2005; Huang et al., 2003; Huang et al., 2002; Wells et al.,
2001; Wu et al., 1998)nactivation of CPEBL impairel some forms of LTP; however, it is not

clear whether CPEB1 is a primary regulator of lbegn memoryrelated protein synthesis
(Alarcon et al., 2004; Wu et al., 1998; Zearfoss et al., 2@08png other CPEB family members,
CPEB3 regulates neuronal protein synthesis and either ubagiotinor truncation of CPEB3
relieves its translation inhibitory functigiaviopoulos etlg 2011) CPEB4, similar to CPEB1,

seems to be involved mnumber of cellular processes and is abundantly expressednartrais
system(Tsai et al., 2013However constitutive knock out of CPEB4 has no discernalfffiect on

synaptic function or memory

The role of CPEB in synaptic plasticity has been well characterizédlysia(ApCPEB)
(Si et al., 2003a)ApCPEB proteins upregula¢d in the stimulated synapse asdequired for the

persistence of serotoninduced longterm facilitation(Fig 1.3)
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Figure 1.3 Maintenance of synaptic facilitation requires ApCPEB in the activated synapse. Long
term facilitation is disrupted due to the local inhibition of ApCPEB by applyingTAoCPEB
antisense oligo.

The studies iMAplysia suggested thahe neuronalCPEB has properties required of a
synaptic tag: 1) ApCPEB is upregulated only at the activated synapse in a stiepduslent
manner(Si et al., 2003a)2) It is required not for initiation but for the persistence of g
facilitation and stabilization of newly formed synapses; 3) ApCPEB can activate translation of
dormant mRNAgBally-Cuif et al., 1998; Schroeder et al., 1999; StebBioaz et al., 1996; Tan
et al., 2001)and finally 4) CPEB target mRNAs are involved in synaptic gra\@thang et al.,

2001; Groisman et al., 2002)

In Drosophila CPEB has two family members: Orbl and Orb2. Orbl is known to be
involved in establishing polarity axes in the developing egg as well as early efhlafgo et al.,
2011) Beyond the germline, the role of Orbl in somatic tissues are uffielatar et al., 2011)
However, one recent study reported thedsophilaOrbl is expressed in the adult nervous system
and is required for the conversion of labile olfactory memory intoestablgterm memory(Pai

et al., 2013)

Unlike Orb1, Orb2 mRNA and protein are expressed both throughout development and in
somatic tissuefHafer et al., 2011)The Orb2 localization in embryonic central nervous system
(CNS) is restricted to cell bodies and stip absent in the axonal tradiidafer et al., 2011)
However, in the adult fly brain Orb2 protein can be detected in the cell bodies, axonal tracts as
well as eéndritic terminalgHafer et al., 2011; Kruttner et al., 2015; Majumdar et al., 2002&)2
has been implicated in development of embryonic nervous system and mesoderm through

asymmetric division of stem cells and other precursor ¢eldder et al., 2011)In adult flies,

16



removal of Orb2 does not interfere with shtetm memory but impairs loAg@rm memory

(Majumdar et al., 2012)

Prion hypothesis of longterm memory

Since proteingire shodived compared to the duration of memoitysemains unclear how
memory can be imune to turnover of individual proteirfLynch and Baudry, 1984; Roberson
and Sweatt, 1999)-or a long time the likely solution was believed to toectural changes dlhe
synapse thatonfer stability to the memoryAs a corollary itwas assumed that the requirement
for activity-dependent molecular changesuch as synthesis of new f@m was transient.
However, studiesn a number ofmodel systens suggested that the maintenarafebehavioral
memory as well astructural alterations requires ongoing macromolecular syntfi€arsdel,
2001; Martin et al., 1997; Nader, 2013)his posed a problemhow does a transient experience
produce such a persistent state of macromolecular synti#epistential solution to this problem
of molecular turnover is teitherhave proteins with unusually lofiwlf lives or a selfsustaining
biochemical reactiorin 1984, Crick first addressed the possibility of a-setained molecular
alteration as the basis of lotgrm memory storage using protein phosphorylation as didze
mechanism(Crick, 1984) Subsequently a number of plausible candidate mechanisms has been
proposed including auto catalytic nature of calcicedmodulin dependent kinasell or CamKiIl
(Dudai, 2004; Lisman, 1994Another plausible candidate for a sedfistaining biochemical
reaction came fronthe analysis of the amino acid sequence of ApCPEBs. Si et al. made the
surprising observation that the neuronal isoform of ApCPEB lghstamine andasparagine (Q
andN)-rich N-terminal domainreminiscent of welcharacterized prions in yed$t et al., 2003b)
Prions are proteins that can assume at least two distinct physical states: a monomeric state and

self-templating amyloidogenic aggregated sté@eusiner, 1998)Once the aggregate state is
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formed it induces the conformational conversion of the monomeric state and initiates a dominant
autocatalytic state. Prions were first discovered as the causative agent for a number of
neurodegenerative disges(Prusiner, 2013)However studies primarily in yeast revealed that
proteins can adopt a pridike state and be ngpathogenic and even be the basis of phenotypic
variations(Shorter and Lindquist, 2005; Wickner et al., 200K)numberof assays developed for
studying prions in yeast revealed that ApCPEB could exist in yeast in two distinct conformational
states, very much like other yeast prion proteins. One of these states is monomeric and incapable
of seltperpetuatia. The other state @igomericand stably inherited across generations in yeast
although occasional switches to the monomeric state @el&inrich and Lindquist, 2011; Si et

al., 2003b)

Si et al. went on to explore the conformational statepCPEB inAplysianeurongSi et
al., 2010) They found that when ApCPEB was overexpressedplysia sensory neurons, it
formed punctate structures that were amylikd in nature, a common characteristic of all known
prions and prioflike proteins. These punctate structuresendue to selassembly of the ApCPEB
protein and once formed they could recruit newly synthesized protein, a feature necessary for self
sustenance. Intriguingly, application of 5 pulses of serotonin, which producesetomg
facilitation, increased theumber of punctasuggesting that the aggregation of ApCPEB could be
regulated by modulators of synaptic activity. Importantly, injection of an antibody that selectively
binds the aggregated form of ApCPEB did not prevent the initiation oftknng facilitation but
selectively blocked its maintenance beyond 24 h{irst al., 2003a)

These observations led tareodel that explains persistent synaptic protein synthesis at the
activated synapse. According to this mod@CPEB in the sensory neuronshat least two

conformatiomal states: 1) a recessive monomeric state where ApCPEB is inactive or acts as a
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repressor of translatiprand 2) adominant, selsustaining, active multimeric staten a naive
synapse, the basal level of ApCPEB is low and the protein is in the monomeriSetatenin
stimulation convert&\pCPEB from the monomeric to the pritike state, which might be more
active or devoid of the inhibitory function of the bastate. Once the prion state is established at

an activated synapse, dormant mRNAs, made in the cell body and distributed globally to all
synapses, can be activated only locally through the activated ApCPEB. Because the activated
ApCPEB can be selberpetating, it can contribute to a selfistaining synapsgpecific longterm
molecular change and provila mechanism for the stabilization of learnmedated synaptic

modification and growtftherebycontribuing to the persistence of memory storage.

Prion-like state of Orb2 and long lasting memory:

C P E Bréles and mode of action in the maintenance of {targn plasticity and hence
memory is not restricted tédplysia Similar to ApCPEB,Drosophila Orb2 has two distinct
physical states in the adult fly brammmonomer and a stable Sbsistant amyloidike oligomer.

The oligomers are formed at physiological concentrations of Orb2 protein and stimulation of
behaviorally relevant neurons, such as the Kenyon cells of the mushroom body or octopamine or
dopamineresponsive neurons, increaske level of the oligomeric Orbruttner et al., 2012;
Majumdar et al., 2012)Considering the evolutionary distance betweenAplysia CPEB and
DrosophilaOrb2, these observations suggested that the amyloidogenic oligomers of Orb2/CPEB

may act to stabilize activitglependent changes in synaptic efficacy across species.

There are six protein isoforms encoded from Orb2 genomic locus, includingOrb2A and
Orb2B, which are homologous to mammalian CPBB&2hd ApCPEB proteineleman et al.,
2007; Mastushitésakai et al., 2010)The two Orb2 protein isoforms Orb2A and Orb2B share a

common CGterminal end but they differ in the-términal end. While both isoforms have N
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terminal Qrich domain, Orb2A has 8 amino acids and Orb2B has 162 amino acids preceding the
Q-rich domain(Majumdar et al., 2012)The Qrich domain, present in both isoforms of Orb2, is
implicated in Orb2 oligomerizatiofMajumdar et al., 2012Biochemical studis found that both
Orb2A and Orb2B formed SDfesistant oligomers. [korescence resonance energy transfer
(FRET) andfluorescence recovery after photobleaching (FRAP) analysmonstratedhat

Orb2A forms highetordered andightly assembledligomers. Tle FRAP analysislsorevealed

that Orb2Apuncta are more stable than Ort@®lotherDrosophilapoly-glutaminerich proteins.

Based on this experimental evidence it was suggested that the Orb2A isoform is more efficient

than Orb2B in forming selfustaining SDSesistant oligomers boih vitro andin vivo.

In fly head, the abundance of Orb2A and@B isoforms is different. The short Orb2A
isoform is rare and is not detectable by western blot analysis. Based on the genomic transgene
expression of both Orb2 isoforms, it was observed that the Orb2A isoform is approximately 100
fold less prevalent iny brain than the Orb2B isoforifMajumdar et al.2012) The longer Orb2
isoform (Orb2B) is constitutively expressed and readilgctable by conventional western blot
analysis in the fly head lysa{®ajumdar et al., 2012)n spite of its low abundance the Orb2A
isoform is critical for Orb2 ol i gome-lastmgat i on
memory When the Orb2A isoform was knocked out the level of Orb2B monomer was unchanged
but surprisingly the level of Orb2 oligomer was significantly decreased in the fly head. Based on
these findings it was hypothesized that Orb2A might act as a seed andthecMib2B isoform,

which results in the formation of sedtistaining Orb2 oligomer in fly brain.

Considering the priotike conformational states of neuronal CPEB and its role in-long
term memory formation, Keleman et al. specifically tested the edfaeimoving glutamineich

prion-like domain from Orb2 protein and asked whether the drikendomain is necessary for the
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memory formatior(Keleman et al., 2007 he mutant flis without prion domain were defective

in forming longterm memory. Importantly the deletionof pribni ke domai n di dndt a
shortterm memory, or memory recgieleman et al., 2007 his study also narrowed down the
setofneurondiu-posi ti ve mushroom body 9 neurons) in t
required for the memory formati on. However ,h t
for whetherDrosophilaOrb2 is truly a prion, or that the prion property is required for the memory

formation.

Majumdar et al. specifically addressed the question of whether thelipegoroperty of
Orb2 is important for memorfMajumdar et al., 2012)They took the advantage of the fact that
rare Orb2A plays a critical role in the pmitike conversion of the abundant Orb2B in the fly head.
Theyperformed a random mutagenesis screen and identified a number of mutationfsrsh 8he
amino acids that are unique to the Orb2A isoform that prevented Orb2A oligomerization. One of
these poihmutations in Orb2A, Orb2AF5>Y5, when introduced into the féduced activity
dependent amylo#ike oligomerization of Orb2. Notably, flies carrying this mutation showed a
very specific memory deficit. In two different behavioral paradigms, male tiuisippression
memory and appetitive associative memory, the memory score of mutant flies were similar to the
memory score of wild type a day after training. However unlike wild type flies, in the nfligant
memory begins to decay at 2 days and by 3 dhgre was no measureable memory. The loss of
memory in the Orb2 mutant that canét form Orb
facilitation in sensommotor neuron synapse upon inhibition of the ApCPEB oligomers via

antibody.
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Goal of this gudy:

These observations led to a model for lkbegn memory in which external stimuli recruit a
selfsustaining amyloidogeniorm of neuronal CPEB in the activated synapse, where CPEB then
maintairs memory through the sustaineshd regulated synthesis & specific set of synaptic
proteins.However the prevailing view is that amyloid formation in general leads to inactivation
of proteins. Therefora central tenet of the hypothesis remains untestagddoesneuronal CPEB

regulate synaptic protein syn#iig and what is the consequence of conversion sethsustaining

amyloidogenic state?

In an attempt to address this question previously, Sakai et al. foundrtsaphila Orb2
targets mMRNA transcripts of several candidate @mghn memory genedastushitaSakai et al.,
2010) These mRNAs are not only targeted by monomeric Orb2 but also oligomeric Orb2 since
both conformational statesf @rb2 were efficiently pull down by biotilabeled in vitro-

synthesized target 3'UTRs (Fig 1.4).
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Figure 1.4. Both isoforms (Orb2A and Orb2B) and both conformational states (monomeric and
oligomeric) of Orb2 interact with 3'UTRs of target genes (Tequila, aPKC, murashaka and
neuroligin). Actin88F 3'UTR serves as a negative control in this RNA binding assay.

Loading
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Although both Orb& and Orb2Bcontain the sameonserved RNA recognition motifs
(RRM) at the Germinusand bind to the same mRNAey alsovary in various aspects: amino
acid sequences leading to the prion domain are diffetleatOrb2Bisoform is constitutively
expressednd present all over the neuron, the Orb2A isoforexsessed in an activity dependent
mannerand present primarily in the synaptic regi®revious studies suggested that Orb2 is a
translational repress@MastushitaSakai et al., 2010; Xu et al., 2012; Xu et al., 20HYwever,
the biochemical functions of thevo isoforms of Orb2and more importantly the functiong o
monomeric and amyloidogenic oligomeric statesranslationare largely unknown. The goal of

this study is to address the following issues:

1. Determine the role of Orb2 in protein synthesis

2. Determine the role of Orb2A and OrbRBformsand the mnomeric and oligomeric Orb2 in

protein synthesis

3. Determine the mechanism of Ort@pendent translation regulation

4. Determine the molecular basis of Oudigpendent translation regulation
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Materials and Methods

Fly strains: The following fly strains were generated in this study: URSciferase, UAS
FLAGCG13928, UASOrb2A320, UASOr b2 A3 20 &8r b2WARR 0 =8FDAG- UAS
CG13928. All constructs were inserted in the attpl site in the second chromosome except UAS
FLAG-CG13928. The CG13928 consit was made by conventional transgenic methods and
independent lines in" and 3! chromosomes were selected. TE&4612RNAI (VDRC
Stock#52497), CG13928RNAi (TRIiP collection, Bloomington Stock#286462vumGal4d
(Bloomington Stock#9031), GeneSwitcEklavGal4 Bloomington Stock#3642) were obtained

from the Bloomington stock center, Indiana. The 201YGal4 and 17DGal4 were kindly provided
by Dr. Troy Zars of University of Missouarious genetic combinations were made by standard

genetic crosses.

Antibodies: Theanti-Orb2 polyclonal rabbit IgG (#272)nd ati-Orb2 polyclonal guinea pig I1gG
(#2233)were raised against full length recombinant Orb2A protein. HitieSanaug polyclonal
(#2442) anti-CG4612 polyclonal (#24443nd anti-CG13928 polyclonal#2447)antibodies were
raised in guinea pigs against 6Xhistidtagged purified recombinant full length proteins. All
antibodies were affinity purified against the purified recombinant antigéhs.following
antibodies were obtained from commercialrses;anti-FLAG HRP-linked monoclonal (#A8592,
Sigma) anttMyc 9B11 monoclonal (#2276, Cell signaling Technologyti-V5 monoclonal
(#46-0705, Invitrogen) antirOligomer A1l antibody (AHB0052, Invitrogen)ntimouse HRP
linked secondary antibody#7076 Cell signaling Technologyand anti-rabbit HRP linked
secondary antibod{#7074, Cell signaling Technologyyhe ati-HRP36 rabbitantibody was

kindly provided by Dr. Marco Blanchette of the Stowers Institute.
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Plasmidsand clones For RNA binding assathe 3'UTR of Tequila was cloned in TOPOII dual
vector (Invitrogen) and then linearized with BamHI fiorvitro transcript synthesis. To make

vitro translation construct firefly luciferase was cloned between the 5'UTR and 3'UTR of Tequila,
Neuroligin and aPKC in pBSKIl vector. For all protgirotein interaction study in S2 cells the
open reading frames were cloned into TopoD vector (Invitrogenjrandferred into following
vectorsobtained fronDrosophilaGenome Research Center (DGRGIng Gateway systerRAC

5.1 GFLAG, PAC 5.1 GHA, PAC 5.1GV5 orPAC 5.1G6XMyc and pUASTFLAG vector. For

in vitro protein purification the genes were cloned DEST426xHis vector (Invitrogen) using

the Gateway cloning system. For expression in the adult fly brain the genes were cloned into
pUAST-attB (Kindly provided by Dr. Konrad Basler, University of Zurich) vector. The
DrosophilaNot-CCR4PAN complex cDNAs wee kindly provided by Dr. Elisa Izaurralde of

Max Planck Institute for Developmental Biology, Tubingen, Germany.

Orb2-TEV flies: The Orb2 genomic rescue constructs were made as described by éeaken
(Venken et al., 2006; Venkenetal.,2008) 500 bp fragments from the
locus were cloned into the pattB vector to generate a capture vector and a 18761 basgrpit fr
encompassing the Orb2 locus was captuieng recombineering. The resulting untagged pattB

Orb2 construct was used to introduce the TjiEbtease recognition site ENLYFQG at amino acid
position 369 with respect to Orb2B (position 216 with respedDtio2A) using the counter
selection BAC modification kit from Genebridg&siefly, theRplsneo cassette was inserted into

the Orb2A/Orb2B specific common exon at the indidgtesition and replaced with an oligo
carrying an in frame TE\protease recogman site using counter selection. The pa@B2TEV

fragment was inserted in the attP2 site in third chromosomazah@:pattBOrb2-TEV flies were

generatedia recombination.
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Proteomics: The transcripts of the target 3'UTRs warevitro synthesized using MegaScript T7
transcription kit (Ambion) and labeled with B&TP and BieCTP (Enzo) RNA nucleotide
analogues. DNase treated RNAs were purified by passing through Micl§Spis0 RNA
purification column (GE healthcare). The RNAs wemrestl at-80°C until used For RNA-portein
pull down headsvere isolated from 10ml of flies amygsed incoldlysis buffercontaining250mMm
Tris pH8.0, 150mM NaCl, 1mM EDTA, 5% glycerol, 1% Tritosr200, 1.5mM fresh DTT,
0.2mg/ml heparin, 0.2mg/ml yeast tRNA.25% BSA, 40u/pL RNase inhibitor and protease
inhibitor). The collected heads were homogenized and incubated for 10 mir€ atitd
continuous rotation. Total protein concentration was measured using B(Aekite)and D mg

of total protein was indeated on a rotator witBug of biotin labeled RNA probe in presence of
RNase inhibitor for 40 mins at room temperature. After 40 mins of incubaticegprkbrated
500uL streptavidin magnetic beads (Streptavidin280 dynabeads, Invitrogen) added and
incubated another®mins with continuous rotation. The beads with RpNtein complex were
washed withcold lysisbuffer for three times for 10 mins on rotatidrhe bound proteins were

then eluted with unlabeled corresponding RNA for overnight at 4°C

A methanol/chloroform extraction was performed the eluted proteito decrease lipid content
and subsequently precipitated with cold TGX*ecipitated pellets were solubilized in TRHEI

pH 8.5 and 8M Urea. TCEH (is(2-Carboxylethyl)Phosphine Hydrochlorigé?ierce)and CAM
(Chloroacetamide, Sigma&jere added to a final concentration of 5mM and 10mM, respectively.
Protein suspensions were digested overnight at 37°C using EndoproteingSeatl §50wt/wt
(Roche) Samples were brought to a final concentratad 2M urea and 2mM Cagbefore
performing a second overnight digestion at 37°C using Trypsin (Promega) atntA@0~ormic

acid (5% final) was added to stop the reactions. Samples were loaded-tmp$pithase fused
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silica micracapillary columngMcDonald, et al. 2002)nd placed idine with linear ion trap mass
spectrometers (LTQ, Thernfacientific), coupled with quaternary Agilent 1100 HPLQ=ully
automatedLO-step chromatography run (for a total of 20 hours3 warried out for each sample

as described {iFlorens et al., 2006¢nabling dynamic exclusion for 120 sec. The MS/MS datasets
were seathed using SEQUESTLInk et al., 1999)against a database 87466 sequences,
consisting 0fl8556D. melanogastenonredundant proteins (downloadedrn NCBI on 2012

03-08), 177 usual contaminants (such as human keratins, 1gGs, and proteolytic enzymes), and, to
estimate false discovery rates, 18733 randomized amino acid sequences derived from-each non
redundan protein entry.Peptide/spectrum matches neesorted, selected and compared using
DTASelect/ CONTRASTTabb et al., 2002) Combining all runs, proteins had to be detected by

at least 2 peptides, leading to FDRs at the protein and spectral levels of 0.63 and 0.15, respectively.
To estimate relative protein levels, Normalized Spectral Abundance Factors (ANSAFs) were
calculatedor each detected protein distributing shared spectral counts based on unique peptides,
as described in (Zhang, Wen, et al. 2010). PLGEM was used to calculatetsigomle (STN)

ratios between samples and controls and dervalyes for significant ershment of proteins in

the immunoprecipitatedavelka et al., 2008)

Purification of Smaug CG13928 and CG4612Protein purification was performed in native
condition using autinduction systergstudier, 2008)All four genes were cloned into pDEST42
vector (Invitrogen) withC-terminalhistidinetag and expressed in BLELcoli cells (Invitrogen).
Bacteria wee grown in 1 liter of autinducing media (1% MN-amine AS, 0.5% yeast extract, 25
mM NaHPQs, 25 mM KHPQ:, 50 mM NH,CI, 5 mM NaSQy, 2 mM MgSQ, 0.5% or 54 mM
glycerol , 0. 0 SatiosgandpHadjusted to07.2 Rsthg Nh@t5°C to an OFF°

of 0.5 to 0.8 Following autainduction thecells were harvestedwashedwith cold phosphate
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buffer saline (PBS) and lysed aold native buffer (50 mM NakPQi, 300 mM NaCl, 10 mM
imidazole and pH adjusted to 8.0 using NaOH). Gkiastagged protein wenaurified inNi-NTA
resin (Qiagen)elutedwith 300 mM imidazolg€Sigma) and dialyzed against PBS% glycerol at

4°C for subsequent assays

RNA binding assay:The RNA binding assay was performed as described before by Sakai et al.
(MastushitaSakai et al., 2010)n vitro synthesized biotin labeled RNAs were used to pull down
Orb2. Briefly, DrosophilaS2 cells were transfected with Orb2A a@db2B isoforns in 6-well
culture plate using Effectene DNA transfection rea@@®lGEN) and incubated for 48 hr at Z&

After 48 hr of incubation 1 mL of transfected S2 cells were washieg with PBS and lysed in

0.8 mL of RNA binding buffer (20 mM TstHCI, pH 8.0; 150 mM NaCl; 1 mM EDTA, pH 8.0;

5% Glycerol, 0.1% Triton XL00; 1.5 mM DTT; 0.2 mg/mL heparin, 0.2 mg/mL yeast tRNA and
0.25% BSA)at 4°C with continuous rotationThe lysates were centrifuged at 10,000 rpm at 4°C
for 10 mins and supernatawas collected carefully. Th8'UTR was transcribedn vitro in
presencaBio-ATP andBio-CTP (Enzo)and 4 pgof RNA was added to the S2ltlysates and
incubated in presence of RNase inhibitor at room temperature for 4@ittircontinuous rotation
Subsequentlyl00 pL of M-280 Streptavidin conjugated Dynabeads (Invitrogeae)e added to
eachreaction and incubatddr another 40 mins at room temperature. The Riétein complex

was isolated usingnagnet washed thoroughly with RNA binding buffer fivenes, boiled in
presence of 1% SDS and run #12% polyacrylamide gel (Invitrogen). The Actin88F 3'UTR was
used as a negative control. The association of Orb2 with the target 3'UTR was determined by

Western blot using an®rb2 polyclonal antibody.

Tequila 5'-3'UTR based translation reporter design: All translation reporters fom vitro

translation experiments were designed and cloned in pBSKII vegtbr T7 promoter The
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reporter constructcontaired firefly luciferase open readinglanked with Tequila 5'UTR and
different versions (wild type and mutant) of Tequila 3'UTRs. The linearized (by Sall) vectors were
first transcribedvith T7 mMMESSAGE mMACHINE transcription Kit (Ambion) to make capped
MRNA and then in the subsequemacton the capped mRNAs were tailed by mMMESSAGE
MMACHINE T7 ULTRA Transcription Kit (Ambion). All transcribed reporter mRNAs were
column purified using MicroSpi! G-50 (GE Healthcare) column. After measuring RNA
concentration all reporters were aliquotedrima#i volume and stored H80°C. For expression in

adult fly head the reporters were cloned into pUASIB vector (kindly provided by Dr. Konrad
Basler)and transgenic flies were created by inserting the pUAISH constructs in attP1 site in

the secondlromosome.

Drosophilaembryo extract preparation: Embryo extract was prepared according to the protocol
described by Jeske et(deske and Wahle, 2008riefly, the flieswere housed at 26 and 6to-

2hr old embryos were collected on large pdish containingapple juice agar medium and yeast
paste. After zh the embryos wereollected into a sievby scraping thenoff from agar surface

with a soft paint brush and rinsivgth a stream of cold tap wateApproximately 22 gm of
embryoswasobtained per zh collection. Therembryos were dechorionatatdroom temperature

by submerging tha in a beaker containing 1:2 diluted sodium hypochlorite solution with periodic
stirring. After hypochlorite treatment for approximately 1 minute, the embryos were washed
extensively with cold tap water to remove any chlorine from the preparation. Theosmieye

dried using blotting paper to remove residual water. Approximately, 1 gm of dried embryos were
lysed in 1 ml offreshly prepare@mbryo lysis buffer (30 mM HEPEKOH, pH 7.4, 100 mM
potassium acetate, 2 mM magnesium acetate, 5 mM dithiothreitdl)([@nd 1 mg/ml Pefabloc

SC (Roche). The embryos were homogenized using dounce homogenizer (Kbotese) in

29



ice, transferred to 1nl Eppendorf tube and centrifuged at 14,500Xg & #br 20 minutes.
Following centrifugation the soluble cytoplasnphase was collected and snapzenin liquid
nitrogen as 500 [ aliquots. Protein concentration (~30 mg/mL) of the extract was measured

using BCA Protein Assay Kit (Pierce).

Generation of Baculovirus and gparation of Orb2 monomer and oligomer using gel
filtration: Both isoforms of Orb2were expressed inf$ insect cell line using Baculovirus
expression systenthe viruses were generated using Ba8ac Baculovirus expression system
(Life technology). Briefly, full length Orb2A and Orb2B open readingniea were cloned first

into TopoD vector and then into pDEST8 vector containing polyhedron promoter. The
recombinant bacmids were generated in DH10Bagtife technologies) using bluehite
selection in Xgal plates. The high molecular weight recombinaainbid DNA was prepared from

500ml cultures using CsCIl DNA purification methods.

Approximately 1x18 cellswere transfected with the viral DNénd incubated for 48 72 hrsat

25°C in 6-well plate The infected cells were collected, washed with PBSyaadl in 250 pL of

lysis buffer containingl50mM NaCl, 10mM TrigHCl pH7.5, 1% NP40 (Sigma), 0.1% TritoiX
100(Sigma), 1% SDS and ED¥eee protease inhibitor (Roche). 100ul of total cell lysate was
loaded into th&ml Superose 6 PC column equilibrateith a buffer containing 500mM NaCl and
10mM TrisHCI pH 7.5 and fractioated using a HPLC (Smart systesystem. Altogether 48
fractions (50 pL each) were collected for each lysate and alternative fractions were analyzed in
1.5% SemiDenaturing Detergemgarose Gel (SDEAGE) Electrophoresis. The proteins were
transferred to nitrocellulose membrane by capillary methods and probed wiGrbatantibody

to detect different size classes of Orb2 protels. subsequent use in translation assay the

fractionswere dialyzed against 1000ml PBS+2.5% glycerol at 4°C for > 12 hours.
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Statistical analysis:Forin vitro andin vivo experimentsinpaired two tailed-test or in case of
multiple samples one way ANOVA were performed. Statistical significance was detérmine
compared to control. For the vitro translation assay each time point or each experimental
condition has corresponding control. The statistical significance was calculated directly from the
ratio of Firefly/Renilla luciferase. For ease of visualizatioa data is plotted by normalizing the

control to 100.

In vitro translation assay:For all in vitro translation experiment® this studywe used 50ng

(~0.75pM) of wildtype and mutant reporter mMRNAs. Each translation assay was carried out in 25

pL reaction volume, consisting of 50ng translation reporter, 40% (v/v) embryo extract, 16 mM
Hepesk OH, pH 7.4, 100 &M am2ho0 G gdresdisiatRNA(Rachee ( Pr o
Applied Science), 50 mM potassium acetate, 2.
(Si gma) , 20 mM creatine phosphate (Roche Appl
Applied Science), &UR(Sigmsl. A thdtranslatiordreadtiond comstdihed

20U of RNase inhibitor (Invitrogen) and it was added before adding the translation reporter in the
reaction. All reactions were incubated aP@@or the time points indicated. Luciferase activity

was masured using thdualglo luciferase assay system (Promega). The assay was normalized

using renila luciferase reporter. Luciferase activity was measured-inedigplate reader (Perkin

Elmer 1420 Multilabel Counter).

To compare the protein expressiormefjuila WT and mutant reporters, 25 pl translation reactions
were assembled for each reporter in 40% (v/v) embryo extract with different Orb2 background.
This assay was performed by using the same amount (50ng or ~75pM) of WT and mutant reporters
and mairdining similar assay conditions for all the translation reporgdter 15 min incubation

firefly-renilla luciferase etivity was measured using duglb luciferase assay system.
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For in vitro assay with separated monomer and oligomerusedthe high molecular weight
(HMW) andlow molecularweight (LMW) HPLC fractions with correspondjrfractions of un
transfected X cell lysate. The fractions were dialyzaghinstPBS with 2.5% glycerol overnight
at 4C. Translation reporters were pircubatedfor 30 min with ~100ng total proteirfrom each
dialyzed fractions. Exactly same amount of total proteirdifierent fractions (Orb2 monomer,
monomer blank fraction, Orb2 oligomer and oligomer blank fractreere used. Following pre
incubation translatioassay was performed in 40% (v/v) embryo extract & 26 15 mins and

luciferase activity was measured.

To test the effect of known translational inhibitors (cyclohexamide and emetine) in our assay
system we performed time course using Tequila translagiporter. Regular translation reactions
were assembled in absence and presence of 0.01 uM cyclohexamide (CALBIOGHEMYtine
hydrochloride (Sigma) and translation reactions were carried out for 0, 10, 20, 30 and 40 mins.

Luciferase activity was measd using luciferase assay system (Promega).

Polysome profile ofin vitro translation reaction: The polysome assay was performed according

to the protocol describes by Zid et @id et al., 2009)For each translation reaction of 100 pL
volume approximately ~150,000pm equivalent tanslation reporter was added. Translation
reaction was carried out for 15 mins at°@6and was stopped by adding 0.002 pM of
cyclohexamide and the final volume of reaction wdgusted ta200uL by adding buffer. The
translation reaction was applied on tbp of 7#47% sucrose gradient in resolving buffer (15 mM
Tris-Cl, pH 7.4, 140 mMWNaCl, 7.8 mM MgOAe4H-0) and ribosomal subunits were separated

by centrifuging the gradients in a Beckman SW40Ti rotor at 40,000 rpb@min at #C. The
centrifuged gradient was fractionated in a Teledyne density gradient fractionator with continuous

monitoring of absorbance at 252 nm. For each gradient approximat@ly factions (~ 500uL
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each)were collected in 98vell mini-titter plate (NeptuneUSA). To measure the radioactivity
each fraction was added to 4 mL of scintillation fluid (ScintiSafe Econo 2, Fisher Scientific) and

[p32 level was measured mscintillation counte(LS6500; Beckman Coulter)

Ribosome tagging andpolysome immunopredpitation from adult fly head extract: For
ribosome tagging we used the 60S ribosomal subunits Rpl10, Rpl22 and Rpl18 and 40S ribosomal
subunit Rps25 because these ribosomal subunits were tagged in other Systetagged proteins
were first expresseth S2 cells and verified whether they are incorporated into respective
ribosomal subunits and if so, whether the tagged ribosomes are part of polysmues.our
experimental conditions tagg@&tosophilaRpl10 and Rpl22 althoughlereincorporated in 60S
ribosomes buivere not inpolysomesOnly HA tagged40S ribosomal subunRps25 and FLAG
tagged60S ribosomal subunRpll8werepart of polysomesThe tagged Rps25 and Rpl18 were
than used to generate transgenic flies and expressed in all neurons or alstiopopf neurons

and the tagged ribosomes were immunopurified withtdAt{Rps25) or antFLAG (Rpl18) from

adult brain.Since 40S ribosomes by itself bind mMRNA the FLfggged 60S ribosomal subunit

was usedrn all of our subsequent studies

The FLAGRpI18 tagged ribosomes weziciently immunoprecipitated from the brain. First, we
have compared the complexity of the mRNA recovered from the FioA@®unoprecipitate
(ActinGal4:UASFLAGRpI18) and mRNA isolated from polysomes by conventionalriecies.

The mRNA comparison revealed that the tagged ribosomes indgaarifies with translating
MRNA. To determinethat the tagged ribosome indeed purifies cell type specific mRNA the
FLAG-tagged Rpl18vas expresseid subpopulation in neurons, suchresiropeptide F (NPF) or
octopaminergic neurons using Nfal4 and TdcZ5al4 respectivelyThese neuronare well

characterizedallowing for easy identification of cell type specific mMRNARibosomeswere
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isolatedfrom these neurons aride bound mMRNA wasompared to that of all cells of the nervous
systemusing RNAseq Immunoprecipitation ofFLAG-Rpl18 revealed not only neuron, but
neuronal cell type specific enrichment of the mRNA in the polysomes. These results suggested
like other systems, iBrosophilaalso, tagged ribosomes can be used to perform cell type specific

polysome analysis.

The FLAGRpI18 expressing flies4(6 days old) were collected in 1.5 mL Eppendorf tube and
snap freezed in liquid nitrogen. Fly heads were separated fromblydatief pulses of vorteand
subsequent sieving.o assess incorporation of Rpll8 in polysomes the separated heads were
homogenized in a buffer containi®@ mM Tris pH8.0, 300 mM KCI, 10 mM MgCl,, 1mg/ml
heparin, 1ImM DTT, 200 U/ml RNAsir,% triton X-100,0.1% sodium deoxycholat&00 pg/ml
cyclohexamide and onEDTA free protease inhibitor tableh 10 ml buffer. The lysates were
incubated with continuous rotation for 30 mins &&,&Lentrifuged at 10,000 rpm for 10 rotes

at4°C and clear supernatant was collected carefully from the top. Total protein concentration was
estimated for each fly head lysates using BCA kit (Thermo Scientim).polysome profile
analysis 100 pl of fly head lysates wexgplied on the top of-27% sucose gradient in resolving
buffer (15 mM TrisCl, pH 7.4, 140 mMNaCl, 7.8 mM MgOA¢c4H;0) and ribosomal subunits
were separated by centrifuging the gradients in a Beckman SW40Ti rotor at 40,000 f& for

min at £C.

For ribosome immunoprecipitatiorhé separated heads were homogenized ilysis buffer
containing50 mM Tris pH 7.5, 10 mM KCI, 12 mM MgCh, 1mg/ml heparin, 1mM DTT, 200
U/ml RNAsin, 100 pg/ml cyclohexamide and oB®TA free protease inhibitor tableh 10 ml
buffer. Total 1.5 mg of proteinvas taken andnmungrecipitated with pravashed 10 pL ani

FLAG affinity beads (Sigma) for 2 hrs &iCGlwith continuous rotation. After 2 hilsebeads were
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washed five times witleold lysis buffer and boiled with 226DSPAGE gelloading dye forlO
mins.The samples wer@nalyzedn 4-12% polyacrylamide gel (Invitrogen). The Westblotting

was performed using ar@irb2 antibody.

Translation assay with Orb2BTEV: Orb2B monomeric and oligomeric fractions with the
corresponding control fractions were gizéd in PBS an@.5% glycerol. Approximatelypugtotal
proteinfrom each fraction was digested with 0.1 pg protease at room temperature for 1 hr. Then
translation reporters were pirecubated with TEV enzyme treated and untreated fractids®ng

total proteins from each fraction) for 30 mins at room temperature. Translation assay was
performed inaorb2 embryo extract for various time points at°@6 The firefly and reria

luciferase activities were measured by udshuglGlo luciferase system

Orb2B-TEV embryo extract was prepared following the same protocol descodkede For
digestion of the embryo extract, 30 ug (total protein) of embryo extract was treated with 1 pg of
TEV protease for an hour at room temperature. After the enzynmeéetethe translation reporters
were preincubated with the enzyme treated and untreated embryo extract for 15 mins. Translation
assay was carried out @rb2 embryo extract for different time points. To confirm whether any
nonspecific degradation takelsge due to the protease treatment the wild type embryo extract was
also treated in parallel. Tlspecificcleavage of orb2 protein was confirmed by Orb2 western after

TEV protease treatment.

Translation with anti-Orb2 antibody treated embryo extract: Toimmunodeplete Orb2 protein,
Drosophilaembryo extract was treated with a@tib2 polyclonal antibody and control I9gG. Total
10 ul (approximately 300ug) of embryo extract was pre incubated with 1 pug édesftiantibody

or control IgG in ice for an houfhe translation reactiowas subsequentlygssembled in ice and
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the reaction was carried out at°€6for 15 mins. Firefly and rela luciferase activity was

measured with DuaBlo luciferase assay system.

In vitro translation assay with rabbit reticulocyte lysate: All translation reactions were
assembled in ice in 25 pL volumes. The reaction consists of 50% (12.5 puL) TNT lysate, 1 uL TNT
buffer, 1 mM complete amino acid mix, 20U RNasin ribonuclease inhibitor (Invitrogen), 50ng
(~75pM) of wildtype and mutariranslation reporters and 9 uL nuclease fre® H he reactions
were incubated &0°Cfor different time points and luciferase activity was measured using Dual

Glo luciferase assay system (Promega).

In vitro seeding assayThe seeding assay with Orb2AtBIrminal fragmentsvas performed in
two steps. In the first step 25 uL translation reactions were assembled in S6fb@embryo
extract by adding 100 ng of SF9 cdliactions containingdrb2A320oligomeror corresponding
control fractionfor 30 minsat26°C. In case of purified recombinant prot®i® ng of recombinant
proteinor 10ngBSA as control was usedin the second step Tequila translation reporters were
added in the reaction and the luciferase activity was measured following 30 min incub2@ih at

(Promega).

To performin vitro seeding assay using Orb2A 320mRNA instead of proteins, in the first step,
5ng of Orb2A320mRNAs were addedFor eaclreaction a correspondimrgRNA blank control

was carried outln second step Tequila translation reporters were added in the reaction and the
luciferase activity was measured following 30 min incubatio@€C (Promega) For longer
seeding experiment the mRNAs were translated inaVa@orb2 embryoextract for an hauat

26°C and then the reactions were incubated @tfd? 12-72h. To test the effect of newly formed
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oligomer in translation, the translation reporters werdmrebated for 30 mins with the oligomer

and followed by translation igorb2 embryoextract fa 30 mins.

In vitro deadenylation assayDeadenylation assay was performed according to the protocol
described byJleske et.alJeske and Wahle, 20080 minimize variation the reaction was
assembled in iceThe assay consists of 5 to 20 nM [3Bjeled polyA tailed 3'UTR, 40%(v/v)
Drosophilaembryo extract,16 mM HEPESOH, pH 7.4, 50 mM potassium acetate, 2.5 mM
magnesium acetate , 100 uM spermidine, 250 mg/ml yeast tRd&hE), 80 mg/ml creatine
kinase (Roche), 20mM creatine phosphate (Sigma), and 800uM ATP. Every time we used a premix
containing HEPES buffer, potassium acetate, magnesium acetate, spermidine, and yeast tRNA to
assemble the deadenylatiseaction. The unggedpolyacenylated 3'UTRs were synthesized
using MMVESSAGEMMACHINE RNA synthesizing kit (Ambion Ing. All deadenylation
experiments were performed atg6or different time points and at every time point the reaction
was stopped by adding 1-A@0 pL st solution (25 mM EDTA, pH 8) and makirtbe final
volumeof 200 pL. Total RNA was extracted from deadenylation reaction using plblaybform
(Ambion) extraction method. The RNA was precipitated by adding 50 pyL of 7.5 M ammonium
acetate, 0.2ng/ml glycayen (Roche) and 400l igthanol. The RNA pellet was airied and
dissolved in 8 puL formamide loading dye (95% Formamide, 18 mM EDTA and 0.025% each of
SDS, Xylene Cyanol, and Bromophenol Blue). The sample was denatured for 3 mit@ ah80

RNA was sepatad in6% polyacrylamideurea gel according to a standard prot(R et al.,

2010) The dried gel was exposed overnighaaeC.

In vitro polyadenylation assayin vitro polyadenylation assay Drosophilaembryo extract was
performed according to the protocol described by Olga.€iCall et al., 2014) with minor

changes. RNA substrate was prepared by labelling Teq3di#R8 adenine residues at the end
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wi t[pB2-GTP (3, 000 Ci /andrsabdsequedtm’GpapiGeéap wap added in the
5'end. Thdabelled 3'UTR was precubatd with Orb2 oligomefand control S fractions for 30
minutesat room temperature. After precubation regular translation reaction was assembled in
aorb2 embryo extract in ice. Reaction was carried out & Z6r 30, 60 and90 minutes Total
RNA was extracted using TROL (Invitrogen) and polyadenylated RNA®re separated in\8

urea6% polyacrylamide gel.

Measuring PolyA tail by PAT assay:This PCR based method was used to measure the polyA
tail length of endogenous Tequila mMRNA as weliragtro synthesized Tequila@B3TR by

adding in ouin vitro cell free translation system. Total RNA was extracted by TRIZOL and
phenolchloroform extraction method. For fly head assay 10 fly heads from each fly line were
used to extract total RNA. After eartion the RNA samples were treated with TURBO DNase
(Ambion) for 30 mins at 3 and subsequently measured the RNA concentration. Total 0.5 pg
of RNA was taken for each sample and mixed with 0.5 pL of @lig9 (Takara) in 5 L total
volume. Then the miwas incubated for 5 mins at®a The reaction was mixed with 6.5 pL of
prewarmed master mix (2 uL RT buffer, 1 yL 100 mM DTT, 0.5 pL 10 mM dNTPS, 0.5 pL 10
mM ATP, 0.5 uL T4 DNA ligase (New England Blab) and 1.7 yL KO. Then the reaction was
incubatel for 30 mins at 4Z. Afterward 0.5 pL of oligo (dT) anchor primer was added to each
reaction and incubated overnight aP@2After overnight incubation, 0.75 pL of reverse
transcriptase (Takara) was added and incubated for 1RGtAfler RT PCR 15 plof H2O was
added and incubated for another 30 mins & 70hen regular PCR reaction was performed
using Tequila forward primer as well as oligo (dT) anchor primer for 30 cycles. The PCR

products were visualized in 1.5% agarose gel.
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MRNA stability assay in translation conditions: To test the effect of Orb2 monomer and
oligomer in RNA stability, Tequila 3'UTR was transcribed and labelled y#82] UCTP
(PerkinElmer) using T7 MMESSAGE mMACHINE transcription Kit (Ambion In&yual
amount of labelled BTR (~20,000 cpmequivalent was pre incubated in presence of Orb2
monome, oligomer and corresponding Sf9 control proteins. After-ipcebation regular
translation reaction was assembled in iceiandbated at Z& for different time points. For each

reaction total RNA was extracted using TRIZOL and rus%ureapolyacrylamidegel.

ThioflavinT (ThT) binding assay with Orb2 monomer and oligomer: ThT binding assay was
performed according to the standard protocol described by Chien(€hadn et al., 2003)vith
minor variation. Different amount of Sflysate cell lysates (0.5, 1.0, 2.0 ug total lysate for Orb2
monomer and oligomer with correspondingid&F9 cell lysatg wereusedfor the binding assay.
Final volume of edt sample was made equal usin@ $¢€ll lysis buffer. Each sample of 20uL
volume was added to 180 pL of 25uM thioflavin(Sigma) at pH 8.0 in 50mM glycine. The assay
was carried outta23C in 96well fluorescence plate reader (442nm excitation and 485 nm
emission) and the reading was taken automaticailyg SoftMax Pro software (Spectra Max M2
Molecular Devices) irvery two min with 1 sec shaking between the measureninting data

after 5 minutes are represented in the figure.

Proteinase K digestion: Fractions containing Orb2 monomer and oligorf@b pg of total
protein) were digested with 0.1, 1 and 10 ng of proteinase K for two miat@&C All reactions
were assembled ioe and then incubated at®®7water batHor 2 mins The enzyme activity was
stopped bymmediately heating the samplest8C. The enzyme treated reactiomxture was
passed through nitrocellulose membrane usinpt blot apparatus. The membrane was blocked

in 5% milkin TBS bufferand probedvith ant-Orb2antibody
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All Western blot assayFor A1l western analysis, different amountofal protein(0.5, 1.0 and
1.5 pg) ofcorrespondingdrb2 monomeric and oligoenic fractions(with corresponding SF9
control blank fractionsyvere dat blotted on nitrocellulose transfer membrane (Whatmaéhg

membrane was blocked in 5% milk amttubatedwith rabbit A11 antroligomer antibody
(Invitrogen) overnight at €. The saméblot was also probed with arirb2 antibody for the

detection of Orb2 protefm

Fourier Transform Infrared -Attenuated Total Reflection(FTIR -ATR) spectroscopy:FTIR-

ATR measurements were performed with a Thermo Scientific iIS10 FTIR spectrometer equipped
with a diamond singkbounce ATR accessory. Measurements were taken with 64 scans integration
and 2 crt resolution. Control proteins (Ab42, SupB®B, Myoglobin, and Concanavalin A) were
purchased from Sigmaldrich. For FTIRATR analysis, control protes were dissolved at 1
mg/mL in phosphate buffered saline, then diluted 50% in cold methanol for precipitation for 1
hour prior to spectral acquisition. Samples were centrifuged at 16,000 x g for 10 minutes at 4°C
to consolidate the pelleEor infrared pectroscopy analysis of Orb2 monomer and oligomeric
fractions total 51g of monomer, oligomer and corresponding SF9 control fractions were
precipitatedwith 0.5 mL cold acetondor 1 hourin 4°C andcentrifuged atl6,000«g for 10 mins

at 4°C Pellets wererainsferred to the ATR accessory and allowed to dry under an ambient air

stream before spectral acquisition.

Spectra were corrected fambient water vapor by subtracting the background collected
immediately after each scan scaled to fit the local sbapiee spectrum in the 1600700 cml
region. The liquid water spectrum was subtracted by matching the signal at 220® entiquid
water spectrum via linear least squares. A linear background between 1580 and 4I7#&asm

subtracted and the spectrumtiis region was normalized to obtain the final sgectr
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IP and Western blot with S2 cell lysateTo studypair wise proteirprotein interactiors2 cells

were transfected with 0.1 pg of Orb2 and/or target{HALAG- or Myc- tagged) DNA constructs
using Effectene transfection reagent (QiageAjter 24 or 48 hrsof transfectioncells were
harvestedwashed with PBS and lysed in PBS based homogenization/lysis buffer (150 mM Nacl,
10 mM Tris pH 7.5, 1% NHO)for 30 mins The lysates were centrifuged at@@0 rpm, 4°C and
clear supernatant was collected in fresh 1.5 mL Eppendorffobénmunoprecipitation 1-3.0

mg of total S2 cell lysate was incubaiadeach IPwith 10 pL pre washedntrHA , antitFLAG,
anti-Myc agarose beads (Sigma) for 2 hrs @ with continuous rotatiorAfter 5 times washing

and boiling with 2X SDS proteins loading dye, the immuniprecipitates were rui2664SDS
polyacrylamide gel (InvitrogenYhe IPs were western blottadith antrOrb2 antibody. dtal S2

cell lysates were ab western blottedor Orb2and Orb2 partners as loading controls

In vivo single fly head translation assayFlies were raised in regular corn meal food @t

a 12hday night cycleFor GeneSwitcfGal4 inducible expression48 days old adult flies we
starved for 180 hrs in glass vialsontaining water soaked Kim wipddies were subsequently
transferred t®% sucrosesolution containing 200uM of RU486 (Mifepristondfter 24 hrs of
incubation with RU, flies wereither immediately processedtaansferredo regular fly food for
additional 48 hoursThe flieswere collected in a 1.5 ml Eppendorf tulaesl snagrozenin liquid
nitrogen.Theheads were separated from bodybytexing for 5-10 seandindividud heads were
transferred tdahe welk of 96well flat-bottom micretitter plate (Corning, NY, USA). The hesad
werethen crushed using pipette tips in 500fPBS buffer containing).1% NR40 (Sigma)and
0.1% TritonX 100 (Sigma). 50 pL of luciferase substrate (Promega) was added in each wel
incubated for 10 mutesat room temperaturand luciferase activity was measuredusing a

luminometer
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Male Courtship Suppression Assay.For spaced training, individual males were placed in
individual small food tubes (16 X 100 mm culture tubeg/R) with a mated female for 2 hr. The
female was removed and the male was left alone for 30 min. A different mated female was placed
in the tube with the male for another 2 hr. The female was removed and the male again rested for
another 30 min. A thtt mated female was introduced in the tube for 2 hr and removed at the end
of the trial. Control males were treated exactly the same way except no mated females were
introduced into the tube. Memory test was assayed at 5 min, 4, 15, 24, 36, 48, 6Qutairafig.

All tests were performed in a 1 cm courtship chamber. Fresh mated females were used for all time
points. All memory tests were recorded (for 10 min) and analyzed using a customized software.
The courtship index of each male was obtained agual and/or automatic analysis of the movies

by an experimenter blind to the genotype and experimental conditions.

Primers used in this study:

Teq3'UTRM1F 5-ctt tac act tta ata cct tct tac €89
Teq3'UTR M1R 5-tca tgt aag aag gta tta aag tgt-8aa
Teq3'UTR M2F 5-cta att tat aag aag tag tga act3gc
Teq3'UTR M2R 5-agc aag ttc act act tct tat aaa3ta
Teq3'UTR M3F 5-gct aat aaa gca gat tag aac gag ca
Teq3'UTR M3R 5-ttg ctc gtt cta atc tgc ttt att agc
Teq3'UTR M4F 5-agc ata tac tca cac #at atc ca®
Teq3'UTR M4R 5-gtg gat att aaa gtg tga gta tat3jc
Teq3'UTR M5F 5-act cac ttt aca cta tcc acc ttc&a
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Teq3'UTR M5R
Teq3'UTR M6F
Teq3'UTR M6R
Teq3'UTR M7F
Teq3'UTR M7R
Teq3'UTR M8F
Teq3'UTR M8R
Teq3'UTR PM2F
Teq3'UTR PM2R
Teq3'UTR PM1F

Teg3'UTR PM1R

Teq3'UTR PolyARev:

Teq3'UTRTY:
DTAdaptor:
DTAdaptorR:
Teq3UTRF:

aPKC3UTREF:

Neuroligin3UTRF:

Murashka3JTRF:

Murashka3JTRR;:

NeuroliginSUTRF:

NeuroliginSUTRR:

aPKCSUTRF:

5-gta aga agg tgg ata gtg taa agBga
5-ctt taa tct cca cca cat gac tac-8a
5-aat tag tadca tgt ggt gga tat tad
5-tac atg act act aaa aga att ttg-8ag
5-cac tac aaa att ctt tta gta gtc-8tg
5-gaa ttt tgt agt gaa caa taa age3ag
5-tct gct tta ttg ttc act aca aaa-&c
5-cta att tat aag aat gct gta gtg-&ac
5-aag ttc act aca gca ttc tta taa3tt
5-ttt aca ctt taa tag taa cct tct4ac
5-cat gta aga agg tta cta tta aag3gt
5ttt ttt ttt aat tgc tcg ttcda aaa agt ci§
5-ttg taa tac gac tca cta t&g

5-gcg agc tcc geg gec geg ttt ttt tit-&t
5-cgc ggc cge gga get e

5-act gcg gct tca aga aca-8a

5-ctg gat gca ctt ttg gca-ta

5-tag ttt atg tta ctt ttt ggt gta ca
5-agg atc ctc agg taa ccc aag ct@tg
5-acc atg gct gct gecg cac tgt tgt3g
5-agg atc cgc gca gaa gac cag ag@ ct
5-acc atg gcc ctg ccg agc ttc aat-3g

5-agg atc cac ttc ggt tct ccg ctt3g
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aPKCS5UTRR:
Pabp2F:
Pabp2R:
Rbp6F:
Rbp6R:

Luciferase F;

Luciferase R;:

5-acc atg gtt gct agt aaa ata ttg
5-cac cat ggc cga tga aga3a
5-gtaagg agc gta gta att €y
5-cac cat ggt gac gaga ga3
5-cca ttt gta aat gcc gca-@g

5-cca ggg att tca gtc gat-gt

5-cac aca gtt cgc ctc ttt ga

cDNA Constructs used in this study:

Orb2A

Orb2B

Orb2A160

Orb2A320
Orb2A320F5>Y

Or b2A320 a8
Or b2 A38B0 a8
Orb2A320

Or b2A320 a8
Or b2 A38B0 a8
Orb2A

CG4612

Smaug

Smaug

PAC 5.1 no tag
PAC 5.1 no tag
pDEST42

pDEST42

pDEST42

pDEST42

pDEST42

pUAST attB ccdb

pUAST attB ccdb

pUAST attB ccdb

pUAST attB cHA

PACS5.1 cFLAG

PACS5.1 CFLAG and pUASTcFLAG
PAC5.1 cMyc
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Smaug
Pabp2
Pabp2
CG13928
CG13928
Syncrip
Rbp6
CPSF
Symplekin
Wispy Gld2
CCR4
NOT1
NOT2
NOT3/5
PAN2

PAN3

Teq5'UTRLucTeq3'UTRWT

Teq5'

Teq5'UTRLucTeq3'UTRM2PM
Teq5'UTRLUCNO3'UTR

Teq5'UTRLucTeq3'UTRWT

Teq5'

Teg5'UTRLucTeq3'UTRM2PM

UTRLucTeq3

pDEST42
pUAST
pDEST42
PMT
pDEST42
PMT
PACS5.1
PACS5.1
PACS5.1
PACS5.1
PACS5.1
PACS5.1
PACS5.1
PACS5.1
PACS5.1
PACS5.1
pUAST attB
PUAT TRagtBVl 2
pUAST attB
pUAST attB

pKSII

UTRLuUucTeq3pKST RaeM2

pKSII
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cHis
cHA-FLAG
cHis
CFLAG
cHis
cHA-FLAG
cMyc
cMyc

cV5

cV5

cHA

cHA

cHA

cHA

cHA

cHA



Renilla reporter
Actin5'UTRLucactin3'UTR
Neuroligin5'UTRLUcCNL3'UTR
Teq3'UTRMutantl
Teq3'UTRMutant2
Teq3'UTRMutant3
Teq3'UTRMutant4
Teq3'UTRMutant5
Teq3'UTRMutant6
Teq3'UTRMutant7
Teq3'UTRMutant8
Teq3'UTR point mutant

Teg3'UTR point mutant2

pBSK

pKSlI

pKSlI

Topo TA
Topo TA
Topo TA
Topo TA
Topo TA
Topo TA
Topo TA
Topo TA
Topo TA

Topo TA
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Results
Orb2 is a translational repressor:

DrosophilaOrb2 has a critical role in memory persistence and it targets a number of
neuronal genesvolved in formation and growth of synapses as wellsasaptic function
(Majumdar et al., 2012; Mastushi&akai et al., 2010However, the role of Orb2 in translational
regulation of thesenRNAs remains largelyunknown.Previous studies have suggessederal
possibilities includingOrb2 directly regulatethe translation of these mRNA targets or indirectly
by affecting the stability, transport larcalizationof these mRNAsMoreover,at the translational

level Orb2 can act as a translational activator or repressor or both.

To test the direct effect of Orb® any,in translation | intended to utilizecell freein vitro
assay system thatould allow us toexamine the effect ahe Orb2in translationby adding or
removing it from the assay system. We uBedlsophilaembryo extract as dn vitro assay system
to study translational regulation. The main rationale for using embryo ex$radin vitro system
is the expressioaf Orb2B isoformin early embryqHafer et al., 2011)Moreover many protef
that associate with Orb2 ithe adult fly brain are also present in embrifdafer et al., 2011;
Kruttner et al., 2012; Whit&rindley et al., 2014; Xu et al., 2014)he translation in embryo
extract is very robugtleske et al., 2011\which allow us to test traregion of our test reporter in
a short time periodl developd a dual reporter system in whidirefly luciferasereportsOrb2
dependent translation and réailuciferaseservesas an internal controkor in vivo translation
same translation reporterseadriven in adult fly brain using nervous system specific (34

system and measured luciferase erayoractivity in single fly brain.

To develop Orb2 dependent translation repdrfest determined the sequenekements

in the target MRNA that anenportantfor Orb2 recruitment. Among several mMRNA targéts,
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choosethe Tequila gene,the Drosophila orthologue of ahuman neurotrypsin to studyrbz-
dependentranslation. The rationales of choosing Tequila bogh Orb2 and Tequila aneequired

for long-term memory formatiorfDidelot et al., 2006; Kelman et al., 2007; Majumdar et al.,
2012) it has very short and easily manageabl$¢T® of 113 nucleotidegFig 2.1A) and most
importantly both conformational states of Orb2 efintig interact with the Tequila BTR.
Tequila expression in adult fly brain is regulated by QMastushitaSakai et al., 2010A series

of small deletions and nucleotide substitutions were made to map the Orb2 binding sites in Tequila
3UTR (Fig 2.1A) and Orb2 binding was examined usiRiA binding assayFig 2.1C) In this
assayin vitro biotin labeled wild type and mutated 'R of tequila mMRNA were used to pull
down Orb2proteinfrom S2 cell lysatesind allowed usto determine the gain or loss of Orb2
interactionfollowing mutation of vaious sequences in the UTBsing this approach we identified
two stretches of sequence in th&/BR and mutation of these sequences resultesignificant
reduction inOrb2mRNA interaction(Fig 2.1 C&D) One of these sequenceUSCCACCUU/G
(referred asVi1 sequence) which is 90 nucleotides upstream of the 3aedthe other one is
UUUUGU (referred as M2 sequence), 48 nucleotides upstream of the 3' end (Fig Z:heA)
UUUUGU M2 element is analogous to the canonical CBE®BIing element (CPE) UUUUAU
(Richter, 2007) Both nucleotide substitution mutation from UUUUGU to GCUUGU (which is
denoted as point mutation M2P) and del eti on
binding of both monomeric andligomeric Orb2 to the Tequil@UTR. However point and
deletion mutationof M1 sequenceshowed ambiguous effecivhile deletion mutation had no
visible effect but point mutation significantly reduc®do2mRNA interaction.Although we do
not know the exact reasorewondered whethdghe deletiorof M1 site might havereated another

site that somehow favored OHnZRNA interaction.Nonethelessve concluded thaM2P (both
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deletion and point mutation) and MbRitation attenuates OrbARNA interaction and used these
mutation to designeportesfor in vitro andin vivotranslation assayll reporter mRNAs carried
the same TequilaBTR andthe control reportersontained either SV40 3'UT& Actin 3UTR.
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Figure 2.1: Orb2 recruitment is dependent on the conserved elements at the Tequila 3'UTR. (A)
Sequence of 113 nucleotides long 3'UTR of Tequila geneMVlIndicates sequences that were
mutated. The putative CHike element UUUUGU (M2) indicated in red is requirexd Orb2
recruitment. A sequence (M1) conserved in otbersophila species is indicated in pink. (B)
Schematic of the RNArotein binding assay using S2 cell lysate. (C) Western blot of RNA bound
Orb2A protein. Del etion (e&M2) or mutation (M2
monomer and oligomer. Surprisinglyot del eti on (&@M1) but mutat:i
interfered with Orb2 recruitment. The 3'UTR of Actin88F (Actin) controls forspecific Orb2

binding and Hrp36 serves as a control for general RNA binding. The amount of RNA and Orb2
protein used in t assay are shown below as loading. (D) Western blot of RNA bound Orb2B
protein.
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In vitro translation showeahverse relationship between reporter expression and the Orb2
recruitment. The reduced Orb2 interaction with the Wasultedn higherprotein expression(Fig
2.2B). The M1P, M2 P & shdwedpivgber exprgssion tn @mbryo extract. We
assumed that this effect in translation is primarily due to moriorf®@eb2Bsincein early embryo
monomeric form of Orb2B isoforns the predominant forraf Orb2 (Fig 2.3A) Next we wanted
to determinewhetherthe reporter expression is indeggpendent on Orb@roteinpresent irthe
embryo extract. TaestOrb2 dependenein ourin vitro assay system we have applied several
approaches.

A B Translation in wild type

embryo extract
Amino A 1P FF m mmRNA

(+polyA) § (+polyA)

15, 30 mins

A\ 4
\

Embryo extract

Translation readout= ratio FF/RL x &

%\\

Figure 2.2: Orb2 ats as a translation repressor. (A) Schematic ofrthétro translation assay
system from @ hour Drosophila embryo. (B) Loss of Orb2 recruitment increases protein
expressionn vitro. These data represent normalized ratio of firefly and renilla enagthgty of

3 independent experiments. Data is expressed as mean + SEM. The statistical significance was
measured by unpaired twailed ttest. * indicates p value<0.05, ** indicates p value<0.01 and

*** indicates p value<0.001.

First, we prepared cell free embryo extract from flies with diffeigeneticbackground
that either lack Orb®r provide a way to acutelyestabiliz Orb2 protein in the extractVhen we
expressed the wild type reporter in embryo extract prepared drbéhnull ( a0 ) fle we

observed significantlyhigher expression compared to wild type embryo extract (Fig 2.3B).
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Likewise embryo extract made from an Orb2 hypomorphic mutant fhas iy 2) ad€p showed
higher reporter expression than wild type embryo extrag @&8B). Orb2 has two protein
isoforms, Orb2A and Orb2B, but in early embryo primarily the Orb2B isoform is expressed (Fig
2.3A). To test whether Orb2A anyway contribute to the translation we prepared embryo extract
from mutant flies which lack only the B2A isoform Or b 2 abit still expresses the Orb2B
isoform. There was no measureable difference in expression of wild type reporter in wild type and
Or b 2rempant embryo extract. We concluded that since Orb2B isoform is contributing to the
Orb2dependentranslation in early embryo extract and can be used to test the role of Orb2A in

translation by adding exogenous Orb2A.

The higher expression of the reporters in Orb2 deficient mutant extract could be the
secondary consequence of chronic Orb2 proteitetep in the system. To exclude this possibility
we immunedeplete Orb2 protein from wild type embryo extract by adding affinity purified anti
Orb2 antibodies. We observed enhanced reporter expression in antibody treated embryo extract
(Fig 2.3C). Howevein this approach Orb2 antibody probably sequester the entire protein complex
formed by Orb2. Therefore, we selectively targeted only Orb2 protein and measure the effect in
translation. To this end oTEV)inwhithbagheapiesrofdhee d a
Orb2 gene carried TEV protease recognitiggapust and Waugh, 2006¢quenceat amino acid
position369. It is important to note that the GHIEV fully substituted the function of wild type
Orb2 and the embryo extract prepared from OFEX flies were as active as extract prepared
from the unmodified wild type Orb2 flies. We prepared embryo extract from-OiEb2transgenic
flies and the treatewith TEV protease. The OrbBPEV protein is digested within an hour of
addition of protease (Fig 2.3D). The treatment of OFEX embryo extract significantly enhanced

wild type reporter expression than the untreated one (Fig 2.3D). To control thismexueri
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similarly we treated wild type embryo extract

translation performed with treated and untreated embryo extract. This result suggests that acute

destabilization of Orb2 protein alone is sufficient torease reporter expression in @uitro

system.
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Figure 2.3: Orb2 deficient embryo extract or Orb2 inactivation enhances reporter expression. (A)
Embryo extract contains monomeric Orb2B but no oligomeric Orb2. The oligomeric Orb2 is only
visible in the head extract. Tlarb2 flies lacks the entire Orb2 locus. The b 2 kdRs the 80
amino acids from ich region common to both Orb2A and Orb2B and is a strong hypomorphic
mutant.o r b Jaak& only the Orb2Aspecific exon and expression of Orb2B is unaltered. Orb2A
protein is not detectable in the embryo extract. Tinkserves as loading control. (B) The absence

of Orb2 enhances wild type Tequila reporter expression. (C) Treatment of embryo extract with
Orb2 antibody enhances reporter expression. Addition of Orb2 antibody in extract lacking Orb2
( @0 yhhsxo effectD) Acute inactivation of Orb2 enhances translation. Top panel: Schematic
of the experimental design. A TEV protease site was inserted within the Orb2 gene in a genomic
rescue fragment and the genomic fragment was introducedri2amull background. Lafpanel:
Western blot analysis of TEV enzyme treated wild type and -OE)2 embryo extract. Right
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panel: addition of TEV in OreZEV, but not wild type (Orb2) embryo extract enhances reporter
expression. Data is expressed as mean + SEM. The statistjndicance was measured by
unpaired twetailed ttest. * indicates p value<0.05, ** indicates p value<0.01 and *** indicates p
value<0.001.

Since Orb2 has a number of MRNA targets and these targets have UUUUGU (similar to
canonical CPE) sequence at the&lUTR, we wanted to examine whether Orb2 shows common
translational effect on the reporters designed using 3'UTRs of these target genes. To this end in
addition to Tequila, we designed reporter using 5' and 3' UTRs of two other Orb2 target genes
aPKC (aypical protein kinase C) and neuroligin (a cell adhesion protein present in synaptic
membrane). Previously we found 3'UTRs of Neuroligin and aPKC efficiently interact with O
protein. Both neuroligin and aPKC reporters showed higher expression in Gidi@ndembryo
extract than wild type embryo extract (Fig 2.4 A&@JastushitaSakai et al., 2010; Xu et al.,

2014) These results sugged®rb2 has mRNA element (CPE) specific repression on its target

MRNAS.
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Figure 2-4: Translation of neuroligin and aPKC reporter is Orb2 dependent. (A) Expressing of
neuroligin reporter is enhanced in Orb2 deficient or hypomorphic embryo extract. (B) Expressing
of aPKC reporter is enhanced in Orb2 deficient or hypomorphic embryo ekiadatis expressed

as mean + SEM. The statistical significance was measured by unpairtailesdtest. * indicates

p value<0.05, ** indicates p value<0.01 and *** indicates p value<0.001.

To further confirm that the reporter expression is indeed O@ep2ndent we used the M2
sequence mutant reporters. Expectedly, we did
wild type and mut ant orb2pub(eotbd) orqypdnmdrpicQa b d) e@M2 )
embryo extract (Fig 2.5A&B). We alsxpressedboth wild type and mutantanslation reporter
in heterologous mammalian reticulocyte lys@aT) where Orb2 protein is not present. InTT
lysatethere was no difference protein expression betweenld type and mutant reporte(ig
2.5C) In another approach we substituted Tequila 3'UTR with the 3'UTR of Actin88F gene in the
reporter construct. Actin 88F is not a targeDobsophilaOrb2. Substitution of Tequila 3'UTR
with Actin88F UTR abolished Orb2 dependent translation when the rep@asdested in WT and
mutant embryo extract (Fig 2.5D). Taken together these results suggested thgpaitier

expression in embryo extractimleeddue to the8'UTR sequence element as well as Orb2 protein
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Figure 2.5: Orb2 deficient or hypomorphic embryo extract abolish differences in expression
between wild type and mutant reporters. (A) In Orb2 null ex¢rageto yob(R) Orb2 hypomorphic
extract Or b 2) &b@® translation of wild type or M2 mutated reporter is simil@icating M2
sequence is only relevant in presence of Orb2. (C) Mutation of M2 sequence has no effect on
reporter translation in rabbit reticulocyte lysates indicating that it does not play a significant role
in basal translation. (D) Substitution of Téla 3'UTR with actin88F 3'UTR abolishes the Orb2
dependent translation. The statistical significance was measured by unpaiteddaétest

In our in vitro assay system we observed significant differences in protein expression
between wild type anthutant reporter and also we observed differences in expression between
wild type and Orb2 deficient mutant embryo extract. Finally we wanted to examine whether these
differences in expression are actually due to the differences in translation of therrepastructs.

To this end we performed polysome profile analysis @ftro translation reaction to examine the

association of reporter mMRNA with actively translating 80S ribosome. We labelled the reporter
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MRNA with radioactive P[32] nucleotide, addedtianslation reaction and compared the amount

of labelled wild type and mutant reporter mRNA in the polysome fractions. Similarly we also
compared the reporter mMRNAS in polysomes in wild type and Orb2 null embryo extract. Polysome
profile analysis of [32Plabelled mRNA revealed that the mutant translation reporter (M2P) that
does not recruit Orb2 is more abundant in polysome fractions than the wild type reporter (Fig
2.6B). Likewise the translation reporter is significantly more abundant in the polysactierfs

when translation reaction was performed in Orb2 mut@ant p 2) an@bryo extract compared to

the wild type (Fig 2.6C).
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Figure 2.6: Polysome profile analysis of vitro translation reaction shows the relative abundance
of translating mRNA. (A) Samatic of polysome assay using [P&hel mMRNA. (B) Mutant
reporter (M2P) mRNA is more abundant in polysome fractions compared to wild type. (C) Wild
type reporter is more abundant in polysome when translassorin2 embryo extract.
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Finally wesought tadeterminevhether Orb2 recruitmestmilarly affectsTequila reporter
expression in adult fly brain. For this vivo experimend we generated transgenic flies bearing
wild type Tequila®JJ TR al ong wi t h M1PUTRSBAPcoNtreeSNVZ0BITR.qui | a
All constructs were inserted into the same genomic location in"theh@®mosome in the attP1
site using attPattB system to control fathe level of expression of the reporteainscript The
reporters wereexpressedusing UASGal4 systemin adult mushoom body neuronsThe
mushroom body neurons are important for ldegn memory oDrosophilaand expression of
both Orb2 and Tequila in mushroom body neurons is required for the consolidation of memory
(Didelot et al., 2006; Keleman et al., 200We expressed these reporters using two mushroom
body specific Galdlrivers,MzVUm-Gal4, which drives expression in all mushroom body lobes
(0, b and -Galt whicim estriét @xXpréssioonly in the o-lobe. Expression of the

translation reporters in adutbushroom body neurons using both U&&l4 systems revealed

same expression pattemutations that reduce Orb2 recruitment increase reporter expression (Fig

2.7 B&C).
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Figure 2.7: Tequila reporter expression in adult fly brain is enhanced upon M1 and M2 sequence
mutation. (A) Schematic shows the reporter bearing wild type or mutatedR 34 expressed
under mushroom body Gal4 driver 201Y. (B) Luciferase activity measured from individual fly
heads under mushroom body Gal4 driver MzVum. (C) Luciferase activity measured from
individual fly heads under mushroom body Gal4 driver 20INe stéistical significance was
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measured by one way ANOVAata is expressed as mean + SEM. * indicates p value<0.05, **
indicates p value<0.01 and *** indicates p value<0.001.

Orb2 monomer represses and oligomer activates translation:

There are two protein ifarms of DrosophilaOrb2; Orb2A and Orb2B. The two forms
differ in structure Orb2A has 8 and Orb2B hasZ2l&mino acids at the #&rminal end that are
isoform specific, in amounthe Orb2A protein is ~100 times less abundant than Orb2 in the fly
head andn biophysical propertieOrb2A is more prone to oligomerize then Orb@&leman et
al., 2007; Kruttner et al., 2012; Majumdar et al., 2012; W@Gitmdley et al., 2014)The
abundance, distribution and structure of Orb2A and Orb2B protein indicate they may have
different functions. However, when we analyzed the bindif@rb2A and Orb2B with the 3'UTR
of target MRNA we did not observe any difference between the two protein isoforms. This
suggests they may be functionally equivalent or the differences between the two forms arise from
their differential association witbther protein complexes. In additibothisoformsof Orb2, as
mentioned beforehave two distinct conformational states; a monomeric and ar8fi§ant
amyloidogenic oligomeric stattMajumdar et al., 2012)Therefore to determine whether two
isoforms and physical states are functionally equivalent or distiecdopted the experimental
strategy of adding back various forms of Orb2 in a translation extract lacking any endogenous
Orb2.However, to carry out these experiments we first needed to obtain both Orb2A and Orb2B

in monomeric and amyloid states sepatdtem each other.

Isolation of monomeric and oligomeric Orb2:

Recombinant Orb2 is extremely aggregate prone and Orb2A protein rapidly assembles into
oligomers even in 6M urddMajumdar et al., 2012However, in insect cells, both monomeric and

oligomeric Orb2 can be observed suggesting proper cellular milieu is important for the protein
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states. Therefore, to obtain monomeric anglaidogenic Orb2 separated from each other, full
length untagged Orb2 proteins were expressed in insect Sf9 cells (which lack endogenous Orb2)
using Baculovirus. The whole cell extracts were fractionated in the presence of high salt (500 mM
NaCl) and deteyents (1% NFO, 0.1% SDS and 0.1% TritoX) using a superpose 6 PC size
exclusion column. Untransfected Sf9 cells were similarly fractionated to use as a control for
subsequent experiments. The Orb2 protein was recovered in fractions consistent wistirtiato d
physical states; a monomeric and an oligomeric Orb2 and the size of the oligomeric form was
similar to that of the endogenous Orb2 oligomer (Fig 3.1B).rahge of oligomeric species that

we have seen in our fractiorsssimilar to that of thendgenous Orbaligomer(Majumdar et al.,

2012)
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Figure 3.1:Isolation of Orb2 monomer and oligomer using gel filtration. (A) Westerrob kattal

SF9 cell lysates (5 and 10 pg) expressing untagged Orb2A or Orb2B protein. Untransfected Sf9
lysate was used as control. Tubulin serves as a loading control. (B) t®epafaintagged wild

type Orb2 monomer and oligomer using gel filtration. Left panel: Schematic of the experiment.
Right panel: Western blot analysis of various fractions. The relative size of the protein complexes
are indicated in the top. Fractions useth vitro assays are indicted with a line.

We examined severdliochemical and biophysical properties of Orb2 proteins obtained

from gel filtration to address whethtre oligomeric Orb2 is amyloid in nature. First, the high
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molecular weight Ord is resistant to heat and detergents (Fig 3.1 A&B). Second, fractions
containing oligomeric Orb2 had significantly higher binding to fluorescence dye Thioflavin T
compared to control fractions or fractions containing monomeric Orb2 (Fig 3.2A). Third, the
oligomeric but not the monomeric Orb2 reacted with the amyloidogeniolégdmeric antibody
All (Fig 3.2B). Fourth, the oligomeric Orb2 but not the monomeric Orb2 produced proteinase K
resistance fragments (Fig 3.2C). Finally, when analyzed by Foumansibrm Infrared
spectroscopy (FTIR) the Orb2 oligontefraction showed higher amylofal structure compared
to the control fraction or fraction containing monomeric Orb2 (Fig 3.2 D&ased on these
findings we assumed that have obtained two distingbols of OrbZroteins a monomeric and

an amyloidogenic oligomeric Orb2.
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Figure 3.2: Characterization of isolated Orb2 monomer and oligomer. (A) Thioflavin T (ThT)
binding of monomeric and oligomeric Orb2. Fractions containing Orb2A and Orb2B show
enhanced ThT bonding compared to the control SF9 fractions. On the other hand ThT binding of
monomeric fractions is similar to or less than SF9 control fractions. (B) Wddtdgranalysis of

60



Orb2 monomer and oligomer fractions using -atijomeric A11 antibody. A1l recognizes
amyloidogenic oligomers and All reactivity was observed only in Oig@noer fractions, but

not in monomer fractions. (C) Proteinase K digestion and western blot analysis of different
amounts of Orb2 monomer and oligomeric fractions. The monomer is readily digested upon
enzyme treatment while the oligomer shows proteasstaase. (D & E) Fourier Transform

Infrared (FTIR) absorption spectroscopy analysis of Orb2 monomer and oligomeric fractions. The
Orb2 oligomeric fractions show more absorption than the control SF9 fractions. (F) Control
proteins for peak assignmentinthef | R experi ment. The abd42 pepti
amyl oid, yeast prion sup35 -hfedri xc aannodn iccoanl c apnraivoa
sheet. Data is expressed as mean + SEM. The statistical significance was measured by unpaired
two-tailed ttest. * indicates p value<0.05, ** indicates p value<0.01 and *** indicates p
value<0.001.

Both monomeric and oligomeric Orb2 fractions were dialyzed in PBS and equivalent
amount of proteins were added in nOlitb2 embryo extract. As control tnansfected B8 cell
lysate was fractionatesimilarly and corresponding fractions of Orb2 mononret aligomer were
used to contraheeffect ofmonomeric and oligomeric Orb2 in translation. Addition of monomeric
Orb2A or Orb2B protein fractions resultedsignificant repression in translation (Fig 3.3A) while
addition of oligomeric Orb2 resulted in an increase in translation compared to control fractions
(Fig 3.3A). Mutation of the M2 sequence reduced the monal®eendent repression and
abolished thelgomerdependent increase in translation (Fig 3.3Bg further wanted toerify
translational repression or activation by measuring the abundareggorter mMRNA associated
translationally active polyribosme thein vitro translation reactionLabdled reporter mRNA
with P[32] were added to th#anslation reaction in presence of Orb2 monomer and oligomer,
measured the distribution of labelled mRNA in various ribosomal fractions including
polyribosomesin moromer treated reaction we observadrereporters on the top thsicrose

gradient and less polysomefractions (Fig 3.3C)On the other hand in oligomer treated reaction
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more reporters mRNAvas found at théottom of the gradiennhdicative ofmMRNA associabn

with polyribosomegFig 3.3C).
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Figure 3.3: Orb2 monomer acts a translation repressor while amyloidogenic oligomer as an
activator. (A) Orb2 monomer represses translation and Orb2 oligomer increases translation in
aorb2 embryo extract. (B) Mutations of the M2 sequence that reduces @cb2itment also
attenuate that translational effect of monomeric and oligomeric Orb2. (C) Polysome profile
analysis ofn vitro translation reactions shows that Orb2 monomer reduces and oligomer increases
the abundance of translating mMRNA in polysome foaist Data is expressed as mean + SEM. The
statistical significance was measured by unpairedtaied ttest. * indicates p value<0.05, **
indicates p value<0.01 and *** indicates p value<0.001.
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To confirmthat Orb2 proteins in these fractions aréuencing the translation but not some
other cefractionating proteins, we took the advantage of TEV digestion approach. Orb2B isoform
carrying TEV recognition site was expressed in Sf9 cell and fractionated using Superose 6
exclusion column (Fig 3.4A). Siilar to wild type protein, addition of monomeric OEV
reduced, whereas the oligomeric form enhanced translation. Both monomeric and oligomeric
Orb2TEV proteins were cleaved upon incubation with TEV protease (Fig 3.4B). Incubation of
Orb2TEV fractionswith TEV-protease significanthattenuates the repregsifunction of the
monomerandtheactivating function of oligomeric Orb&ig 3.4C). Addition of TEVprotease to
the wild type Orb2 had no effect. These observations supports that the Orb2 pribteiextracts

is largely responsible for the changes in translation activity.
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Fig. 3.4: Cleavage of Orb2 protein by TEV protease attenuates monomer dependent repression
and oligomer dependent translational activation. (A) Isolation of OGf28 monomer and
oligomer using gel filtration. Alternate fractions were run in Sig@rose gel and western blotted
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with ant+Orb2 antibody. (B) Western blot analysis of TEV enzyme digested Ofii2B
monomeric and oligomeric fractions. (C) The translatigpression activity of Orb2 monomeric
fraction and activating function of oligomeric fractions are mostly due to Orb2. Incubation with
TEV protease that cleaves Orb2 significantly reduces (+ lanes compdemés) repressive and
activating function of @2 monomer and oligomer respectively. Data is expressed as mean *
SEM. The statistical significance was measured by unpaireetatveal ttest. * indicates p
value<0.05, ** indicates p value<0.01 and *** indicates p value<0.001.

Since Orb2 is required fdong-term memoryKeleman et al., 2007; Majumdar et al., 2012)
we wanted to determine whether Orb2 recruitment is required for experience dependent expression
of Tequila reporter in adult fly brain. The reporters wexpressed in various lobes@fosophila
mushroom bdy (Fig 3.5A)and luciferase activity was measured following courtship suppression
training sincethis training paradignwas previously shownproduce<Orb2 dependent lonrterm
memory(Keleman et al., 2007; Majumdetr al., 2012)The training dependent significant increase
in reporter expression was observed when Tequila wild tgperter was expressed in all
mushroom body lobessing MzVumGal4 driver (Fig 3.5 B). We also observed similar increase
when the wildtypereporterwas ex pr es s ed i-lobe using 201YeaddrfFigi36 dy o
C). However, when the mutant reporters were expressed in the same mushroom body neurons there
was no significant change in reporter expression (Fig 3.5 B&C). We also noticexphassion
of wild type reportei n-b Ul obe di dndét show any trai(fig ng de
3.5D). These several results suggtst Orb2recruitment is important for trainindependent
expressi on o flobeTneuwonsn ushraom botyhTdese results are also consistent
with previousstudies that Orb2 activity is mp o r t dobet neurons foo lonterm memory
(Keleman et al., 2007; Kruttner et al., 2012; Majumdar et al., 2&i@)that behavioral training

increases Tequila expression in thashoom body(Didelot et al., 2006)
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Figure 3.5: Orb2recruitment is important for training dependent increase in Tequila expression
in adult fly brain. (A) The expression patterns of various Gal4 lines. (B) Male courtship
condifoning (longterm memorytraining) enhances wild type Tequila reporter expression. Left
panel: Schematic of the experimental design. Right Panel: the traiependent increase was
observed when the reporter was expressed in the mushroom body lold&sh&&ipral training

depené nt i ncrease in reporter expressionlobeés spec
neurons. ( D) Behavioral training doesnot ent
expression is restricted to U/ b zisensWiddypem body

3'UTR Naive 30054814986, Trained17205+ 3693; Actin 3UTR NaivR93594+3916, Trained
276595+5713; M1P 3UTR Naive530199+8630, Traine833988+9974, M2P 3UTR Naive
607567+8470, Trained582807+10358. Data is expressed as mean = SEM. fHuistisal
significance was measured by unpaired-taited ttest. * indicates p value<0.05, ** indicates p
value<0.01 and *** indicates p value<0.001. Scale bar, 50pum.
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While in vitro Orb2 oligomer increases translation there is very little evidenceOutgt
oligomer acts similarlyin vivo. Therefore we sought to determine whether oligomeric Orb2
associates with actively translating polyribosomes as an indication of its involvement in active
translation. To this end we have applied ribosome tagging agpredich entailstagging a
protein of either the 40S or 60S ribosome, expression of the taggedmalprotein in a specific
cell type and immunoprecipitatioof ribosomesusing antibodies against thiag (Doyle et al.,

2008; Mustroph et al., 2009; Sanz et al., 2009 tagged several 40S and 60S ribosomal proteins
(RPS25, RPL18, RPL22) with FLAG or HA and measured whether tagged ribosomal proteins are
incorporated in the active ribosomes. We found one 60S ribosomainpgRRL18 satisfied all the
criteria to be expressed vivoand subsequently used for pull down from brain tissues. When N
terminally FLAG tagged Rpl18 was expressed either in S2 cell or in adult fly head the tagged
ribosomal subunit was recovered in Hetive polysomes (Fig 3.6A). To examine the association

of Orb2 oligomer with active ribosome we expressed the FLAGRpI18 specifically in the nervous
system using the UA&al4 system, immunoprecipitated taggdzbsomes and probed for Orb2
proteins (Fig 3.B). The Orb2 proteins immunoprecipitated with ribosomes are primarily heat and
SDSresistant oligomers. Treatment of the extracts with 30mM EDTA or RNaseA that are known

to disrupt polysomes also reduced immunoprecipitated oligomeric Orb2.
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Figure 3.6: Oligomeric Orb2 associates with polyribosomes in adult fly brain. (A) Fitégged

60S ribosomal protein incorporates into the functional polysomes. The left panel shows schematic
of the experiment. The polysomes from adult fly brain are shown in thie Addition of EDTA
breakdowns polysomes to monosomes andtfredbosomal subunits. Alternative fraction from

the gradient are blotted for the presence of FLAG tagged Rpl18 protein. (B) Primarily oligomeric
Orb2 associates with FLA@gged 60S ribosorhaubunits that are part of polyribosomes.
Treatment with 30mM EDTA (pH8.0) or 20unit/ml RNaseA that disrupts polysomes also reduces
oligomeric Orb2 association. The RPL18 fly head lysates are immunoprecipitated wEhAGK
antibodies and probed for (b
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