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ABSTRACT
Gene duplication is a contributing factor to gena@welution in eukaryotes. With an
additional copy, selective pressure is relieveldyahg for accumulation of genetic
variation and possible development of new or attévactions. Ribosomal protein (Rp)
genes are a common class of duplicated genes thomaighout eukaryotes. Typically
encoding highly similar or identical proteins apagate loci, duplicated Rps were
originally thought to be redundant and to relidve high demand for translation.
However, recent reports in yeast have shown pheiwtifferences between Rp

paralogue knockouts, suggesting functional non4nddacy.

Little effort has been devoted toward elucidating tunction of Rp paralogues in
eukaryotes other than in yeast. Furthermore, astygparalogous Rps are typically highly
identical, making studying gene function difficulithout protein tagging. To explore
whether duplicated Rp genes have redundant roke$peused on the eukaryotic-specific
RpL22e family inDrosophila melanogaster. TheDrosophila RpL22e family consists of
two members, the ancestragl.22e and its duplicatepL22e-like, which are 37%

identical. Divergence is evident in the genomicussgre, codon usage, and protein
sequence, but whether this results in novel funstimas not been previously addressed

and is the focus of this dissertation.

It is widely known that the ancestral RpL22e isquitious, but our data show that

RpL22e-like expression is primarily restricted bhe tmale germline and is a true



ribosomal component-urther investigation shows that in testis tisfy@,.22e is
primarily SUMOylated and phosphorylated. Only umlified RpL22e co-sediments
with the translation machinery Drosophila S2 cells, leading to the interpretation that
the majority of testis RpL22e is not part of thenglation machinery and that paralogue
functions are non-redundant. Immunohistochemicalyais further supports non-
redundant paralogue roles, as RpL22e is primaegyricted to the nucleoplasm in the
maturing meiotic germline; RpL22e-like is cytoplasnm these cells. Additionally, there

is an unequal requirement for RpL22e memb@kévo, as onlyrpL22e is essential in the

fly.

Taking the data in this dissertation togetheis gvident that thBrosophila RpL22e
paralogues have diverged in function within theengdrmline. RpL22e assumes an

additional and unique role compared to RpL22e-like.



Chapter 1:

Introduction

1.1 Ribosome Composition and Heterogeneity

The ribosome is a highly abundant and essentikllaecomplex that provides a
platform for translation in all life forms. As ninucleoprotein particles, ribosomes are
assemblies of multiple RNA molecules (rRNA) and rwous ribosomal proteins (Rp)
involving over 150 assembly factors, including rRIg®cessing and modification
enzymes (Kresslat al., 2010) (Figure 1.1). Although differences aréeddoetween
ribosome structure betweand within kingdoms, the general structure and assembly
process is conserved. Ribosomes are the only ellgan eukaryotes that require all
three RNA polymerases. RNA polymerase | (Pol Bakely responsible for the
transcription of the 47S pre-rRNA transcript in thecleolus. The 47S pre-rRNA is
subsequently processed into three of the four rRMecules that make up the
ribosome: 18S, 5.8S, and 28S. Pol Il transcrthedourth rRNA molecule, 5S, from
an independent locus outside of the nucleolusgétyes are transcribed by Pol Il and are
translated in the cytoplasm. Rps are then impartedthe nucleus and bind rRNA co-
transcriptionally. The 28S, 5.8S, and 5S rRNA glanth ~ 47 large subunit Rps
(designated as L1, L2, L3...) form the 60S large sitbThe 40S small subunit is
composed of the 18S rRNA and ~ 32 small subunit(@esignated as S1, S2, S3...).
Together, the 60S large and 40S small subunit thertranslationally active 80S

monosome.



While the peptidyl transferase activity of the sbame is solely catalyzed by the 28S
rRNA, Rps have key roles in ribosome assembly émattsire, and they modulate the
functional activity of the ribosome as well. Piatenteractions between ribosome
components and other members of the translatiomimexy are necessary for translation.
RNA-RNA interactions are required for translatianveell, demonstrated by many
examples including direct RNA hybridization betwdéka mRNA and 16S rRNA (at the
Shine-Dalgarno sequence) for proper translatidration in prokaryotes. Aside from
their role in ribosome biogenesis, Rps are founlgiatee other roles in translation. For
example, the ribosomal protein L23a has a rolandihg the signal recognition particle
(Guet al., 2003) and Sec61 (Beckmaetral., 2001) during co-translational translocation
of ER-directed proteins. Rps also contribute othmgortant enzymatic activities for
ribosome function, such as the mRNA helicase agtofi bacterial ribosomes (Takyetr

al., 2005).

Ribosome composition (aside from assembly) hasiclalky been viewed as static;
however, recent evidence has shown that ribosom@asition varies with multiple
factors. Evidence supporting ribosome heteroggmetrly exists, but its functional
significance is not widely understoo®lasmodium spp. has separate rRNA genes
expressed at different life stages (van Spaendbak, 2001); yet, the impact of
incorporation of different rRNAs into ribosomesauisclear. Numerous prokaryotic

species also have multiple, yet diverse copieRdIA genes that produce rRNAs with



minimal secondary and tertiary structural differesi¢Peket al., 2009). Furthermore,
phosphorylation of Rps is developmentally regulateshaize (Szick-Miranda and
Bailey-Serres, 2001). Differential phosphorylatisralso seen in exponentially growing

yeast compared to cells in stationary phase (SRetteset al., 1990).

Even more provocative evidence for ribosome heeney is noted in rapeseed where
the expression of 966 Rp genes, which only enc@dRp&, is developmental- and tissue-
specific (Whittle and Krochko, 2009). The so@aloebadictyostelium discoideum

also provides an example where Rps are developiherdgulated. RpS19 is
phosphorylated and RpL2 is methylated wbemliscoideumis a single cell amoeba, but
are lost (de-modified) when developing into a noeliular fruiting body. Conversely,
RpL20 is phosphorylated during this transition. Aidehally, RpL18 is only found in
ribosomes of spores and not in the single cell mdRamagopa and Ennis, 1981;
Ramagopa, 1990). Mutational analysis to deterrtiralevelopmental impact of

ribosome heterogeneity has yet to be explored.

While differential post-translational modificatiaf Rps is evident and most likely
important in the development of higher eukaryoteploration of the widespread
abundance is difficult without laborious biochenhigaaalyses, even with current
analytical advances. However, recent advancesnonmics and bioinformatics have
been key in finding that duplicated Rps (sepamtetpically encoding highly similar or

identical proteins) are abundant in eukaryotic gees, including yeast, invertebrates,



and mammals. Overall, duplicated Rps could bdetading contributor to ribosome

heterogeneity.

1.2 Duplicated Ribosomal Proteins and Redundancy

Gene duplication is a contributing factor to genawelution and can be found in all
kingdoms of life. Gene duplications can arise frmuitiple mechanisms, including
whole genome duplication, retrotransposition, anequal crossing over during meiosis.
With two (or more) copies of a gene, selective gues is relieved, allowing for the
accumulation of genetic variation. Consequentlgne copy evolves faster and acquires
more genetic variation, new or altered functiony m@velop. However, not all gene
duplications results in functionally diverse gemeducts. Whether gene divergence
alters expression profiles, regulation, or impaleesgene product’s function must be

determined empirically.

The eukaryotic ribosome consists of 4 rRNAs and RBS, some of which are non-
essential and some of which are encoded by dupticg¢nes. Duplicated Rps are most
evident in yeast (Deutschbaietl., 2005; Komiliet al., 2007; Kimet al., 2009) and
plants (Whittle and Krochko, 2009; Humneelal., 2012), but are still found to a lesser
extent in flies (Marygoldtt al., 2007), mice (Sugihaet al., 2010) and humans (Lopes
et al., 2010). Additionally, the human genome also am# >2,000 Rp pseudogenes

(Zhanget al., 2002; Balasubramaniahal., 2009; Tonneet al., 2012).



In Saccharomyces cerevisiae, 59 of the 78 Rps are encoded by two genes (138Rps
total), typically encoding highly similar or ideaél proteins (Kimet al., 2009). Only

five (5) of the 118 duplicated Rp genes are esalecbmpared to 16 essential genes
among the 18ingle copy Rps (Deutschbauetral., 2005). In most cases, abundance of
duplicated Rps decreases in higher eukaryotes example Drosophila contains 93
genes encoding 79 Rps (Marygetdal., 2007). However, exceptions to this general
trend do exist. An extreme example of Rp duplarats seen in rapesedsréssica

napus), for which multiple whole genome duplication eteehave been described. Of the
79 Rps found in the plant ribosome, each is encbgeat least two highly similar

paralogous genes, with a total of 966 Rp genestfi&/lsind Krochko, 2009).

The concept that paralogous Rps are functionatlymdant has had widespread
acceptance until most recently. Early studies gltbthiat overexpression of one Rp
rescues the growth defect resulting from genetigiochemical depletion of its
paralogue, supporting the notion of functionallgfuadancy (Rotenberg al., 1988).
Deutschbaueet al. (2005) reported that duplicated Rp genes hawesegere
haploinsufficiency defects than their non-duplicapartners, suggesting that duplication
provides fitness to the organism. Many of the Giglidated Rps ibrosophila are not
equally associated with the haploinsufficiency-edidMinute phenotype (Marygolet

al., 2007), suggesting non-redundancy.



Recent studies are challenging the view that dafdit Rps are functionally equivalent.
Baudin-Bailieuet al. (1997)studied the RpS27 paralogues and showed that & yeas
RpS27a knockout strain with wild-type growth ratb@s alterations and defects in
ribosomal assembly and rRNA processing. Furtheenlocalization of some paralogous
Rps in yeast does not overlap, suggesting separatgons (Komiliet al., 2007; Kimet

al., 2009). However, this is not a widespread obgema Only five Rp pairs include
paralogues with unique, separate localization pattesuggesting possible non-redundant

roles (Kimet al., 2009).

If paralogues are functionally redundant, one waxgdect to see identical phenotypes
upon deletion or alteration. As noted above fasydRpS27a knockout studies, defects
in ribosomal maturation were prevalent even thogighwth rates were comparable to
wild-type. Komiliet al. (2007) has provided very compelling evidencenion-
redundancy as they reported Rp deletions in ybaseixhibit paralogue-specific effects
on transcription profiles and cause unique pherestyg-or example, the RpL7
paralogues (RpL7A and RpL7B) are 97.5% identic@l6% similar, and have similar
localization patterns in wildtype yeast. Howewe@ngle RpL7 paralogue knockout
strains show unequal drug sensitivity, differemfuieements for cellular localization
factors, and different effects on cell size (Korsilal., 2007). Moreover, this differential
phenotype pattern between paralogue knockout straiciearly evident in large and
small subunit Rp paralogues (Konstial., 2007). Whether the differential effects seen

between paralogues are due to aberrations toahslétion machinery (and ultimately



which mRNAs are translated) or are the result &¢@ndary effect from extra-ribosomal

functions of Rps (discussed further in Chapter fed)ains to be investigated.

1.3 Proposal of ‘Specialized Ribosomes’ and ‘Riboswe Code’

The widespread observation of Rp paralogues disgalifferent phenotypes taken
together with differential localization of paralaggihas led Komilet al. (2007) to

propose a ‘ribosome code’. Analogous to the histwode hypothesis, different
combinations and post-translational modificatiohRps, along with modifications to the
rRNA would allow for translation of specific mMRNAand create new complexity in gene
regulation. Xue and Barna (2012) have recentlhaagpd this view and proposed
‘specialized ribosomes’ based on recent reportdobofome heterogeneity, notably with

effects associated with (but not limited to) tissoedevelopmental-specific Rps.

The idea of selective translation as a mode of gegelation has been previously
described as the ‘ribosome filter hypothesis’ (Maand Edelman, 2002; Mauro and
Edelman, 2007). According to this hypothesis,atéhces in ribosomal composition
could affect translation initiation. The most catiimg evidence to support this
hypothesis includes 18S rRNA interactions in tratigh initiation (see references within
Mauro and Edelman, 2002). Relatively little evidersupporting a role for Rps in this
proposal has been forthcoming despite recognitid®poheterogeneity in eukaryotes (see

references within Mauro and Edelman, 2002).



In recent years, multiple reports have shown tispezific phenotypes associated with
aberrations to Rp expression (see greater diseuasio references below and within
chapters 1.4-1.5). This raises the interestingipdsy that Rps (and ribosome
heterogeneity) may contribute to a higher ordegesfe regulation that is essential in

higher eukaryotes.

Kondrashowt al. (2011) has recently provided the most compekiviglence that Rps
can contribute to translation-specificity of pautexr mRNAs. Deletion ofpL38 in mice
leads to tissue-specific phenotypes, most notabbl akeletal patterning defects. While
protein synthesis overall was unchanged in affetgsdes, translation of a subset of
Homeobox (Hox) genes was affected. Hox genes arkdi regulators of morphology
along the axial skeleton with spatiotemporal expmesin development (Deschamps and
van Nes, 2005; Pourquie, 2009; Wellik, 2009). Imgatly, it was demonstrated that
RpL38 is associated with the active translation maary (polysomes) in these tissues,
providing support that RpL38 confers translatioaaficity for a subset of Hox genes in

these tissues.

Furthermore, Kondrashat al. (2011), as well as others (Bortoluezial., 2001; Thorrez
et al., 2008; Whittle and Krochko, 2009), have showrt thgression of individual Rps
dramatically differs between tissues. Togetherséhdata provide a foundation for future
studies of how Rps may regulate translation of isiggoRNAS in a developmental- and

tissue-specific manner.
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Other reports showing tissue-specific phenotypd2ps support the possibility that Rps
may regulate translatiorrpL29 knockoutmice are smaller in size and have increased
bone fragility (Oristiaret al., 2009). Dominate mutations in murirgL24 are associated
with a white ventral midline spot, white hind featkinked tail, decrease in ganglion
cells, and extra digits in the limbs (Olivetral., 2011). WherrosophilarpL14 is
depleted by RNAI, fly development halts at pupatihere further investigations found
that flies began metamorphosis but were headlesslfEet al., 2003). In zebrafish and
mice, knockdown ofpL22e only affects the T-cell lineage (Andersetral., 2007; Zhang

etal., 2013).

Few reports have focused on expression patterdgplicated Rps and any associated
phenotypes. Tissue-specific expression of dugd&ps in mammals has been recently
reported and the paralogues were confirmed toldmsoimal components, as is the case
for mouse L10-like, L22-like 1, and L39-like (Sugifaet al., 2010).Arabidopsis

RpL23a paralogues (RpL23aA and RpL23aB) are 94d#rtical and are expressed
asymmetrically with RpL23aB having tissue-speogfipression (Mcintosh and Bonham-
Smithet al., 2005). Depletion of RpL23aA severely disruptedelopment; however,
knockdown of RpL23aB produced no phenotype (Degetitzand Bonham-Smith, 2008).
Additionally, Degenhardt and Bonham-Smith (2008)wfifferential requirement for

nucleolar localization between tAeabidopsis RpL23a paralogues. In general, reports
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investigating the function and associated phenatygbeluplicated Rps in metazoans are

lacking.

Overall, the prevalence of tissue-specific phenesyassociated with Rps, as well as the
distinct phenotypes displayed between highly homals duplicated Rps shown in
yeast, sets a precedent that Rps (as part ofghslétion machinery) may provide a new

layer of gene regulation complexity.

1.4  Extra-Ribosomal Functions of Ribosomal Proteins

Rps in prokaryotes and eukaryotes, acting as mattifonal proteins with extra-
ribosomal functions has recently gained tracti@viewed by Wool [1996], Lindstrom,
[2009], and Warner and Mcintosh [2009]). Variouamples exist for both small and
large subunit Rps in multiple prokaryotic and eykdic models, with functions ranging

from ribosome-related functions to novel functidoeign to translation.

Proper ribosomal biogenesis and Rp expressiorsenéal and some extra-ribosomal
functions have evolved to ensure homeostasis.ekample, as a form of autoregulation,
yeast RpL30 (Eng and Warner, 1991), yeast RpSMdlFand Woolford, 1999), and
human RpS13 (Malygiet al., 2007) all inhibit splicing of their own mRNA whe
overepxressed. Additionally, ribosome stress isrofhonitored by the cell by excess
Rps, which signals and stimulates p53-dependemitapis. Under normal conditions, the

ubiquitin E3 ligase MDM2 (human orthologue HDM2)aracts with and modifies p53,
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leading to rapid degradation of p53. However, egd@plL5, RpL11, RpL23, and RpS9
can bind MDM2/HDM2, resulting in the stabilizatiand accumulation of p53, thereby
activating apoptosis (Marechetlal., 1994; Lohrunet al., 2003; Dakt al., 2004; Zhang

etal., 2003; Jiret al., 2004; Chert al., 2007).

Other extra-ribosomal functions found are trulyraxibosomal and have no association
with ribosome biogenesis or translation. For exianiprosophila and mammalian RpS3
can nick DNA at abasic sites and can interact attl increase the activity of the DNA
repair enzyme uracil-DNA glycosylase (Wilseral., 1994; Kimet al., 1995; Koet al.,
2008). Uniquely, RpS3 has also been found to re$po TNF stimulation and interact
and stabilize the transcription factor complexd®RWanet al., 2007). In zebra finch,
therpL7 gene encodes a 44kD polypeptide that can be eiffely processed/cleaved,
resulting on one hand in the 27kD Rp or in the otdase, the 31kD estrogen receptor

coactivator in the avian brain (Duncan and CarrB@Q7; Duncaret al., 2009).

It is clear that a diverse array of functions bed/bmding to rRNA and serving as a
ribosomal component have been ascribed for mulRple. Unfortunately, few studies
have focused on whether Rp paralogues have deve®fig-ribosomal functions (due
to sequence divergence and reduced selective pe¢sslevertheless, if Rps have
multiple cellular roles, false interpretation of tational analyses may be prevalent as
phenotypes (e.g. tissue-specific effects) may t@salt of aberration of the ribosomal

and/or the extra-ribosomal function.
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15 Ribosomes and Disease: Ribosomopathies

Rp deficiencies and haploinsufficiency have beekdd to diseases and, more recently,
tumorigenesis. Overall, ribosome-related diseasekjding rRNA processing-
associated diseases, have been termed ‘ribosonegiathd uniquely, manifest with
tissue-specificity (reviewed by Narla and Ebertl @0(Table 1.1 and Figure 1.2).
Although protein translation is crucial for all Isein an organism, it is unclear why Rp

and rRNA processing mutations cause effects inikpéssues.

In recent years, the human bone marrow failure md Diamond-Blackfan anemia
(DBA) has gained clinical attention and has beekdd to defects in ribosome synthesis
and with heterozygous mutations in many Rps geNadd and Ebert, 2010). In 1999,
Draptchinskaiat al. discovered that RpS19 is commonly mutated in Oiafents.
Subsequent investigations have associated DBAmii# other Rps: RpS26, RpS24,
RpS17, RpS10, RpS7, RpL35a, RpL26, RpL11, and R@laxdaet al., 2006; Gazdat
al. 2008; Farraet al., 2008; Dohertyt al., 2010; Gazdat al., 2012; Cmejlat al.,

2007). A direct mechanism of DBA has not beenyfallcidated, but may include cell-
lineage specific sensitivities to altered transkattapabilities due to mutated Rps. Not
mutually exclusive with this hypothesis, an altéenaxplanation has been proposed
based on the cell cycle regulatory and non-ribogeata of the nucleolus (Pederson,
2007 and references within). It is plausible thatated Rps have pleiotropic effects,

causing aberrations in ribosome assembly and subsdy in other nucleolar processes,
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leading to pathogenesis (Pederson, 2007). NeVestheRps are closely linked to DBA

and other pathology.

In Drosophila, theMinute phenotype—characterized by prolonged developnhant,
fertility and viability, altered body size and albmally short, thin bristles on the adult
body—has been linked to the haploinsufficiency ®HR§ps (Marygoldt al., 2007).
Recently, Casad al. (2011) have showed that Rp mutations associatidte Minute
phenotype have distinct and varying degrees ofi@argbpathy, suggesting that while
generally having the same phenotype, individuahRpations can have distinct impacts

on tissues.

Other developmental and tumorigenic defects haea beapped to Rps as well
(reviewed in Montanaret al., 2008; Amsterdaret al., 2004; Uechet al., 2006;
Maclnneset al., 2008; Laiet al., 2009). Ribosomopathies due to rRNA and Rp
aberrations have been noted to contribute to #keaficancer (Luft 2010; Narla and
Ebert, 2010; Fumagalli and Thomas, 2011). Whiteraplete mechanism is not clear,
Rps have been shown to affect the stability ofknetumor suppressor p53 (see
references within Chapter 1.4), which is the mostmonly mutated gene in human

cancers (Lane, 1992; Levieeal., 2009).

Notably, mutations in Rps and altered rRNA modiima can lead to decreased

translation fidelity, thus leading to the accumiaglatof altered proteins that may affect
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genomic stability and homeostasis of the cell aag pontribute to cancer progression.
For example, mutations in RpS5 (Kir#ial., 206), RpL3 (Peltet al., 1999), RpL13a
(Chaudhuriet al., 2007), and RpS12 (Agarwetlal., 2011) cause significant effects on
translation fidelity. Similar effects are seentwatliterations to rRNA (Baudin-Bailliegt

al., 2009), leading to the conclusion that strucamd/or interactions mediated by
specific ribosomal components are essential fopgréranslation. Beliet al. (2009)

has shown that while the Rp content of ribosomegygressive human breast cancer cell
lines did not change, the rRNA methylation patteas significantly altered. As a result,
cap-independent translation initiation and ovdralhslation fidelity, but not global

translation rates, were significantly reduced is tancer cell line.

A change in translation fidelity is not associatgth all Rps and therefore the impact of
individual Rps on translation fidelity must be detehned empirically. For example,
deletion of yeast RpL26 had no effect on multipéaslation properties, including -1 and
+1 frameshifting, read-through of nonsense codand,the stringency of start codon

selection (Babianet al., 2012).

Overall, it is clearly evident that altered ribosaoomposition as a consequence of both
Rp mutation and altered rRNA processing, resulttistinct, clinically relevant diseases,
often with tissue-specificity. While extra-ribosahfunctions cannot be completely
disregarded as contributors to such manifestatideis, largely support the link between

disease and translation defects. How tissue-spgtienotypes result from mutations in
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ubiquitously-expressed genes remains enigmatianiaytbe due to differential tissue

sensitivity or lack of compensatory mechanismsgmes other tissues.

1.6 RpL22e Family

To explore whether duplicated Rps are redundahtiee developed novel functions, we
have focused on the RpL22e familyldnosophila melanogaster, which consists of two
members—the ancestrglL22e and the duplicatedpL22e-like. This Rp family is 37%
identical in protein sequence (Marygadhl., 2007) and divergence in the mRNA and
amino acid sequences provides ample opportunitpdoalogue-specific detection of

MRNA and proteins, as well as specific targetingRblAi knockdown.

RpL22e is a conserved eukaryotic-specific Rp tiad$to stem-loop 7 of the 28S rRNA
(Michot et al., 1984; Dobbelstein and Shenk, 1995). Accordinthé recent 5.5A cryo-
EM map of the 80S ribosome, RpL22e is bound tcettierior surface of the large
subunit (Armachet al., 2010; Ben-Sheret al., 2011) (Figure 1.3). Furthermore, the
loop of helix 57, which is an interaction partner RpL22e, is conserved in eukaryotes,
suggesting similar positioning in other eukaryotimsomes (Armachet al., 2010).
Additionally, mutational analysis of human RpL22eshdentified multiple domains
responsible for nucleolar localization (residues68 and rRNA binding (residues 80-84

and 88-93), which are conserved in other eukaryatekidingDrosophila.
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RpL22e is a non-essential protein in several ewkargystemsif vitro studies in rat
[Lavergneet al., 1987],in vivo mouse knockout studies [Andersaral., 2007]). Both
RpL22e paralogues in yeast (RpL22eA and RpL22e8pk0o non-essential (Koméi
al., 2007). However, paralogue-distinct phenotypesvgeen in yeastpl.22eA with

bud site selectiomrpL22eB with cell size; Komili et al., 2007). Although nassential in
mice, Andersoret al. (2007) have shown, despite ubiquitous expressna deletion of
RpL22e causes a developmental p53-dependent arfEsymphocytes. Whether or not

the mouse paralogue RpL22e-likel compensates wasldoessed.

rpL22e has recently been linked to multiple cancers. daen analysis has identified
rpL22e mutations in microsatellite instability (MSI)-hig¢gndometrioid endometrial
cancer (Novetskgt al., 2013), MSI-positive gastric cancer (Nagaraghal., 2012) and
T-acute lymphoblastic leukemia (Reioal., 2012). MSI-high endometrioid endometrial
cancers and MSI-positive cancers were typicallgtwatygous for a single nucleotide
deletion within the' pL22e coding sequence, resulting in a frameshift. Whetpie22e

has an active role in cancer progression in thaseers has not been investigated;
however, Ra@t al. (2012) has identified that monoalletigl 22e inactivation enhances

development of thymic lymphoma through activatiémh@ stemness factor, Lin28B.

P-element gene disruption Drosophila at therpL22e locus (Crosbt al., 2007), as
well as RNAI knockdown in cultured S2 cells (Bowabal., 2004) is lethal,

demonstrating an essential role for RpL22e withmfty. Considering that conserved
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regions exist between RpL22e orthologues, an egfilamfor the varied phenotype upon
gene disruption in different organisms is uncledawever,Drosophila RpL22e is
structurally distinct from other orthologues (Figur.4) and this may provide an

explanation.

Koyamaet al. (1999) reported that RpL22e contains an N-terfrerension with
homology to the C-terminal portion of histone Ha/hile the role of this extension
remains unknown, the resulting polypeptide is apipnately twice as long as its
orthologues (Koyamat al., 1999; Figure 1.4). Aside from its role in trti®n, human
and insect RpL22e have been shown to interactseteral other molecules, including:
Poly(ADP-ribose) polymerase (Koyaraial., 1999), Epstein-Barr virus small RNA
(Toczyskiet al., 1994; Folet al., 2006; Houmangt al., 2009), casein kinase Il (Zhab
al., 2002), human telomerase RNA (&eal., 2000), and the herpes simplex virus 1
major regulatory protein ICP4 (Leopardi and RoiziEs06; Leopardét al., 1997).
Additionally, Drosophila RpL22e has also been associated with regulatigené
expression via interactions with chromatin. éNal. (2006) showed that, when
overexpressed in cultured Kc cells, RpL22e bindsmiatin and suppresses gene
expression globally. Notably, the authors neittefined a DNA binding domain within
RpL22e itself in their studies nor did they makierence to the N-terminal domain
homology with histone H1 as previously describedKbyamaet al. (1999). Whether or
not this domain accounts for the chromatin inteo&chas not been addressed, but could,

at least in part, provide an explanation.
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In D. melanogaster, nine (9) of 79 Rps have paralogues, along wité (b) less

conserved ribosomal protein ‘-like’ genes (Marygei@dl., 2007). Recent reports ih
melanogaster have identified anpL22e paralogue encoded bglL22e-like, due to its
similarity in amino acid sequence (Katial., 2005; Shigenobet al., 2006). Expression
profiles of adult ovary germline stem cells showattipL22e-like mMRNA levels are 6.6%
of rpL22e levels (Kaiet al., 2005). Interestinglyn situ hybridization shows thaplL22e-
like expression is tissue-specific, primarily localizedhe gonads during embryogenesis
(Shigenobuet al. 2006). rpL22e-like mRNA localization is ubiquitous in initial stages
Drosophila embryogenesis, followed by a sharp decrease iresegmn shortly thereafter,
with localization to the pole cells (precursorghie germline). Later stage expression is
primarily found in the gonads, with slight detectim parts of the stomatogastric nervous
system. Although a specific role for RpL22e-likethe gonad has not been formally
determined, it is thought to be a constituentlebsiomes due to its conservation with
RpL22e (Croshyt al., 2007). Consistent with the proposal that RpLRRefunctions

(at least in part) as an Rp are data from predigtetin interactions. Based on
homology, copious interactions are predicted witimarous components of the
translation machinery (DrolD: the Drosophila Int#rans Database: Yet al., 2008).
Interestingly, DrolD also reports yeast-two hylmegdults showing protein interactions
not related to translation. Direct biochemicaldevice foDrosophila RpL22e-like as a

ribosomal component, however, is lacking.
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Tissue specificity of RpL22e-like has also evolwedertebrates. Mouse RpL22e-likel
is detected as a minor ribosomal component in Bwel mammary gland (Sugihastzal .,
2010). Zhangt al. (2013) has recently shown zebrafish RpL22e and?Ryikel (73%
sequence identity) are ubiquitously expressedhaué distinct and opposite roles in
hematopoietic development. KnockdowrrpE22e in embryos selectively blocks the
development of T lineage progenitors and knockdofwipL22e-likel impairs the
emergence of hematopoietic stem cells in the agotead-mesonephros. While data
support both paralogues laana fide Rps in 24h zebrafish embryos, whether this cell-
type effect between paralogues is due to ‘speedliosomes’ or extra-ribosomal
functions was not addressed in this report. Néedgss, these data do suggest that the

RpL22e paralogues in zebrafish have developed erfignctions (Zhangt al., 2013).

The nine (9) Rp paraloguesbrosophila (designated ag™ and ‘b’) have very high

amino acid sequence identity, ranging from 65-10B%wever, for the five (5) ‘Rp-like’
genes, sequence identity ranges from 18-38%, willPRe and RpL22e-like having only
37% sequence identity (Marygodtlal., 2007). Based on structural differences between
RpL22e and RpL22e-like, it is possible that theeedifferences in paralogue function

within the gonad.

Microarray data show that expressiormrpif22e-like is primarily expressed in adult
testes, suggesting a sex-specific function in tedios (Chintapalliet al., 2007). Even

more compelling is the observation thgt 22e is down-regulated, whilepL22e-like is
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up-regulated in testes. If incorporated into rdoes, what function, if any, does
RpL22e-like provide that is not met by RpL22e? uxamg that RpL22e and RpL22e-
like are mutually exclusive within the ribosome,atffunctional or regulatory differences

could distinguish the two types of ribosomes?

In addition to defining functionally-distinct pogailons of ribosomes, RpL22e and
RpL22e-like paralogues may also be implicated tnaesbosomal functions yet to be
discovered. In the case bfosophila RpL22e, many non-ribosomal interactions have
been noted. As stated earliBr,melanogaster RpL22e has been shown to interact with
casein kinase Il (Zhaet al., 2002), poly (ADP-ribose) polymerase (Koyaeal.,

1999), and chromatin (Mt al., 2006). Whether or not similar interactions ekis
RpL22e-like is unknown, but is worthy of investigat Given the relatively low
homology between RpL22e and RpL22e-like comparextiter Rp paralogues (37%
sequence identity; Marygold al., 2007), it is possible that evolutionary constirsion

RpL22e-like function have been relieved, allowirayal functions to develop.

1.7 Hypothesis and Research Objectives

Direct evidence that demonstrates differencesiosome function due to incorporation
(or assembly) of duplicated Rps is limited. Thiss@irtation focuses on tBeosophila
melanogaster RpL22e family to test the hypothesis that thesgctirally distinct Rp
paralogues have distinct, tissue-specific rolestviprovide paralogue-specific functions

(not limited to translation) in selected cells issties.
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The following research objectives will provide esmdte that RpL22e paralogues are

either redundant in function or have acquired djeet roles in development:

1. To determine the expression patternphf22e-like and to determine if RpL22e-like

has maintained a conserved role as a componehe dfanslation machinery.

This objective is represented as Chapter 2 aageer-reviewed, published body of
work: Kearse MG, Chen AS, Ware VC. Expressionlomdsomal protein L22e family
members irDrosophila melanogaster: rpL22-like is differentially expressed and

alternatively spliced. Nucleic Acids Res 2011; 3®@2-2716. (Epub 2010 Dec 7)

2. To characterize the molecular weight shift imuomoreactive RpL22e species in the
testis and characterize the localization patterth@fRpL22e paralogues in the testis

and male germline.

This objective is represented as Chapter 3 andrrently in review in the peer-
reviewed journalNucleus: Kearse MG, Ireland JA, Prem SM, Ware VC. Expr@ssi
of the Ribosomal Protein L22e family: RpL22e, bat RpL22e-like-PA, is
SUMOylated and localizes to the nucleoplasm of megpermatocytes in the testis

of Drosophila melanogaster.
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3. To determine if the RpL22e paralogues are eguetjuiredin vivo and in male

germline development using paralogue-specific Rki#ackdown.

This objective is represented as Chapter 4. dursplan to submit this body of work

(at least in part) after the work represented iafiér 3 (Kearset al., 2013, in

review) has been accepted for publication.
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1.8 Figures
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Figure 1.1. Ribosome assembly in eukaryoteRRibosome assembly is a highly
complex and dynamic event that requires the coatitin of hundreds of factors,
including distinct RNA polymerases, multiple rRNAodification enzymes with
associated guide RNAs, ~80 ribosomal proteins, avashy assembly factors that
associate transiently during biogenesis. Ribosassembly also primarily occurs within
the nucleolus; however, maturation events do owaatinin the cytoplasm, requiring
coordination between nuclear import and exporhdiiidual components, assembly

factors, Rps, and subunits. Figure adapted from atd Barna (2013).
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Figure 1.2. Ribosomopathies are associated with atoations in rRNA processing

and Rps. Ribosome biogenesis is a highly coordinated amdiive process that results
in various human diseases when disrupted. Impdytattferent diseases are associated
with separate steps and factors of ribosome biaignacluding rRNA modification and

processing, as well as defects in Rps of the langesmall subunit. Figure adapted from

Narla and Ebert (2010) and Liu and Ellis (2006).
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Figure 1.3. RpL22e is bound to the surface of thaulge subunit. Interface (left) and
side (right) view of the 60S large subunit fr@maestivum showing the position of the
eukaryotic-specific Rps. RpL22e (red arrow) is pepto the surface of the large
subunit, away from the peptidyl transferase cefuenter of interface view). Figure

adapted from Armachet al. (2010).
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Figure 1.4.Drosophila RpL22e is structurally distinct from eukaryotic orthologues.

Drosophila melanogaster RpL22e contains a fly-specific N-terminal doméiattis
homologous to the C-terminus of histone H1 (Koyaatrel., 1999), resulting in a protein
of approximately twice the length of other eukaiyatrthologues. The function of this
domain remains to be determined. GenBank accessimers used for comparisd:
melanogaster, (NP_477134.1)H. sapiens (NP_000974.1)M. musculus (NP_033105.1);

D. rerio (NP_001032766.1%. cerevisiae (NP_013162.1)A. thaliana (NP_187207.1).
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Diamond Blackfan
anemia

5g-syndrome

RPS19, RPS24,
RPS17, RPL35A,
RPLS, RPL11,
RPS7, RPL36,
RPS15, RPS27A

RPS14

Macrocytic anemia
Short stature
Craniofacial defects
Thumb abnormalities

Macrocytic anemia
Hypolobulated
micromegakaryocytes

Posteosarcoma
MDS

10% progression to
AML

RPS19/RPS24

‘Sequencing:

Elevated ADA
Elevated Hgb F levels

Bone marrow
aspiration/biopsy
with karyotype

Shwachman- SBDS Neutropenia/infections MDS and AML 'SBDS gene testing
Diamond syndrome Pancreatic insufficiency

Short stature
X-linked DKC1 Cytopenias AML Telomere length
dyskeratosis Skin hyperpigmentation Head+neck tumors analysis
congenita Nail dystrophy

Oral leukoplakia
Cartilage hair RMRP Hypoplastic anemia Non-Hodgkin RMRP sequencing
hypoplasia Short limbed dwarfism lymphoma

Hypoplastic hair Basal cell carcinoma
Treacher Collins TCOF1 Craniofacial abnormalities None reported Physical exam

syndrome (imaging if needed)

Table 1.1. List of ribosomopathies, associated gesyeand clinical features. Adapted
from Narla and Ebert (2010).
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Chapter 2:

rpL22e-like is differentially expressed and alternatively spted

2.1 Introduction

In several ribosomal protein (Rp) gene families gmtable in certain yeast species and
plant systems, reviewed by McIntosh and Bonham{g106), paralogous proteins
exist, presumably derived from duplication eventthie evolutionary history of the gene.
Paralogous Rps may have functionally redundansneiéhin the ribosome, or in some
instances, their roles may be specialized in ribwsbiogenesis or translation,
contributing to heterogeneity within the ribosonyele (Sugiharat al., 2010).
Alternatively, specialized roles for paralogous Rpsy include extra-ribosomal or extra-
translational functions (see review by Warner aradntbsh [2009] for some discussion
on this issue). Specialized roles may be indicateticularly if a paralogue is expressed

in a cell-, tissue- or developmental stage-speai@nner.

Recent studies iBaccharomyces cerevisiae have revised the previously held view that
many RP paralogues dually expressed in that spamefsinctionally equivalent (Komili
et al., 2007). Instead, some paralogues are specidlzetifferential functions or

cellular locations (Komilet al., 2007; Kimet al., 2009), leading Komilét al. to propose
a ‘ribosome code’ that regulates translation otgmemRNAS in different physiological

states. Tissue-specific ribosome heterogeneitytalassembly of Rp variants into
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ribosomes has also recently been reported in radantmary gland and liver for

RpL22e-likel and in testis for RpL10- and RpL3®I{Sugiharat al., 2010).

In Drosophila melanogaster, RpL22e and RpL22e-like are members of the coeserv
RpL22e family specific to eukaryotes. Unlike migtRP paralogues that display
between 65% and 100% amino acid identity (Marygbla, 2007), RpL22e and
RpL22e-like are instead only 37% identical (Marybetial, 2007), suggesting
considerable ‘opportunity’ for disparate functidretween family members. RpL22e
family members irDrosophila also exhibit unique structural features at the hateus
compared to orthologues in other species. Fly RpLfamily members contain an N-
terminal extension of unknown function that is héogous to the C-terminal end of
histone H1 [previously described only for RpL23a &pL22e by ref. (Koyamet al.,
1999)]. Structural divergence between RpL22e apld?Re-like is most prominent
within the N-terminal extension. Over time the abdomain may have specified new

functions for these proteins in addition to theindtions in the ribosome cycle.

In addition to considerable amino acids divergdmeteveen these paraloguedin
melanogaster, their expression patterns are also dissimilaan3cripts forpL22e are
ubiquitously expressed. Previous studies have ledepl. 22e-like mMRNA expression in
embryonic gonads, adult ovary and germline steils bglin situ hybridization or RT-
PCR (Kaiet al., 2005; Shigenobet al., 2006a; Shigenobet al., 2006b). Recent

microarray analyses showed enrichmentph22e-like in adult testis, but not in adult

31



ovary (FlyAtlas; Chintapallet al., 2002). Shotgun mass spectrometric data sufipert
existence of RpL22e-like protein in fly embryos (wwebi.ac.uk/pride/Q8T3X3), but no
protein expression data for other developmentglestand/or specific tissues have been
established. Tissue-specificity igiL22e-like expression suggests that RpL22-like may

have a distinct role compared to its paralogue Rl 2t least in the embryonic gonad.

Although its position on the 60S subunit has rdgdrgen mapped by cryoEM to the
base of the subunit on the most recently publigi®iribosome model (Armacleeal.,
2010), the cellular role for RpL22e has not beempletely characterized (Lavergee
al., 1987). Interestingly, partially reconstitutéldosomes that lack RpL22e are still
translation competent, suggesting that the proteig have a regulatory or non-
ribosomal role (Lavergnet al., 1987), or alternatively, function under diffeten
physiological conditions. IDrosophila, additional roles and interactions for RpL22e
have been proposed [based on high-throughput fx@astybrid screens assembled in the
Drosophila Interactions Database version 2010 101 http://www.droidb.org)],
awaiting further characterization. Among theserattions are several putative extra-
ribosomal roles for RpL22e, including interactiomsh a transcriptional repressor
complex in Kc cells (Nét al., 2006) and with nuclear enzyme poly-ADP ribose
polymerase (mediated through the N-terminal histdhdike domain [Koyamat al.,

1999]), for example.
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Based on C-terminal homology to RpL22e and itsissspecific expression pattern, it is
reasonable to hypothesize that RpL22e-like hasnadyspecific ribosomal function,
although other functions cannot be excluded. ¢, fseveral protein—protein interactions
are also catalogued for RpL22e-like in the Droslaplmteractions Database and none
overlap with those proposed for RpL22e, includingse that are likely to be non-
ribosomal in nature. Together, this informatiog@ests that RpL22e and RpL22e-like
have distinct functions, either within the ribosdmycle and/or in non-ribosomal
pathways. That one of the functions of RpL22e-igkas a ribosomal component had not
been previously investigated prior to this stu®uch developmental or tissue-specific
regulation of a putative Rp is not widely knownaimimal systems and is more

commonplace in plants (Mcintosh and Bonham-Smiflo62.

To explore the possibility that RpL22e-like funcetgoas a tissue-specific ribosomal
component, we first refined its developmental assuie-specific expression pattern to
facilitate its biochemical characterization. Byagtitative (q) RT-PCR, we determined
thatrpL22e-like mMRNA is highly enriched in adult testes comparedvaries. Using
paralogue-specific antibodies (Abs) in Westerndlate detected a highly abundant
protein of the predicted molecular weight (MW) RpL22e-like in testes. A higher MW
immunoreactive species was also detected in flghdanmunohistochemical (IHC)
analysis of the male reproductive tract shows Rpt22e-like is exclusively found

within testes and not within seminal vesicles areasory glands. We further
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demonstrate that RpL22e-like is a ribosomal compb(&0S and polysomes), suggesting

its incorporation into actively translating ribosesn

These studies also led to a novel finding tiph®2e-like is alternatively spliced using
non-canonical splice sites to remove an intron glesiierates a short form designated
rpL22e-like-PB, found in lower abundance than the full-length ndRiSloform {pL22e-
like-PA). Surprisingly, the most abundapl22e-like MRNA isoformretains the
previously uncharacterized introrplL22e-like-PA). rpL22e-like-PB mRNA would
encode a protein consisting nearly exclusivelyroire acid residues in the N-terminal
domain of RpL22e-like fused in frame to residuethatvery end of the C-terminus,
thereby eliminating the majority of the conservgalBe ribosomal signature.
Detection ofrpL22e-like-PB mRNA on polysomes and the presence of a low abnda
protein of the predicted MW in testis extracts segidhat the spliced variant may be
translated. This study provides the first expentakconfirmation that RpL22e-like is a
ribosomal component that is enriched in testis,thatlits gene through alternative
splicing may also encode a novel protein (RpL22-#8) with a novel non-ribosomal

function based on its predicted amino acid stractur
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2.2 Results

rpL22-like mRNA transcripts are enriched in the testis.

Gene expression profiling of embryonic germlinarstlls (Shigenobet al., 2006a)

and adult ovary germline stem cells (lehal., 2005) previously identified a novel and
possible germline stem cell-specific gene knownph22e-like (due to its similarity to
rpL22e; Figure 2.1A). An important goal was to refineyously reportedpL22e-like
MRNA expression profiles (K&t al., 2005; Shigenobet al., 2006a; Shigenobet al.,
2006b) in order to initiate studies on RpL22e-lgtetein expression and function. By
RT-PCR analysis, we determined thalt22e-like is expressed not only in embryos,
larvae and adults, but also in an embryonic-deris2atell line, as well as within gonads
and heads of both sexes (Figure 2.2). The expergiicon of~939 bp was present in
all samples using primers determined by BLAST asial{o target onlypL22e-like in
theD. melanogaster genome. Interestingly, in addition to the exped®d-PCR product
for rpL22e-like there was a prominent lower MW amplicor~892 bp that was
reproducibly amplified in multiple experiments fal RNA samples analyzed (Figure
2.2). Molecular characterization (cloning and sewirgy) of both amplicons indicated
that both are derived from thpL22e-like gene. We refer to this lower MW amplicon as

rpL22e-like-PB (described in detail below).

Based on RT-PCR datglL22e-like isoforms were detected in a variety of
developmental stages and tissues. To determinermaibundance in fly gonads, heads

and S2 cells, we used gRT-PCR and isoform-spemiiiners on different RNA samples
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(Figure 2.3; Table 2.1), showing that bogh.22e-like-PA andrpL22e-like-PB mRNAs

are enriched in testis compared with other tisexesnined. These data corroborate
previously published microarray analyses (Chintagahl., 2002) and high-throughput
expression analyses (FlyAtlas: flyatlas.org), sigithatrpL22e-like mRNA is highly
enriched £4300-fold in this study) in testis compared wittaow(Table 2.2). Using the
testis-specifigg2-tubulin gene (Kemphueat al., 1979) and the germline-speciWfasa
gene (males: Tazulet al., 2002; females: Sareb al., 2002) for comparative purposes in
the fly gonad, mRNA levels seen figplL22e-like-PB (and forrpL22e-like-PA) in tissues
other than in testis may be due to basal levestnaption (Figure 2.3) g82-tubulin

MRNA (widely regarded astestis-specific protein [Kemphuet al., 1979; Rudolplet

al., 1987]) has some level of detection even in @gri

While found at~9800-fold lower levels compared withLiZ2e-like in testes, all samples
showed thatpL22e-like-PB is not the prominent isoform, with highest and ésiv
amounts in testes and in S2 cells, respectivelgady-state levels of botipL22e-like

MRNA isoforms are therefore highest in the testis.

RpL22-like protein is differentially expressed andfound in active ribosomes.

Based on the relative abundancemf22e-like mRNA, we determined that RpL22e-like
protein expression would best be analyzed in tesiegpared with other tissues. Since
no RpL22e-like Abs were previously available, pagale-specific polyclonal Abs

targeting C-terminal amino acid residues were aesgidgor recognition of RpL22e or
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RpL22e-like (Figure 2.1A). The C-terminal peptille for RpL22e is identical to that
used successfully by Mt al. (2006) in IHC experiments and ChIP analysis;dfae,

we anticipated that this Ab would be useful in protein blots and IHC studies to detect
RpL22e. The C-terminal Ab for RpL22e-like recogmitin protein blots and IHC

studies was similarly based on the location ofAbeepitope for paralogue RpL22e.

We first confirmed that our Abs were specific fbetproteins of interest by pre-immune
sera analysis and detection of recombinant taggeeips (Figures 2.4 and 2.5).
Western blot analysis was used to screen adultdgotearval salivary glands, S2 cells
and fly heads for the presence of RpL22e. As Rpli22ibiquitously expressed, we
expected that RpL22e would be detected in all éissurwo prominent immunoreactive
species, one at the predicted MWABE kD) for RpL22e and the other-ab0 kD (the

latter seen in all tissues), were identified (Feg@r6A). The amount of 50 kD species
varied in different tissues in multiple experimeat&l may represent incorporation of
RpL22e into an SDS-resistant complex. Interesyinglatively little, if any RpL22e of

the expected size is found in the testis and in$iea

Further, Western analysis confirmed that RpL22e-&kpression within the gonad is

confined to males, as a protein of the expected (484 kD) is highly enriched in testis
tissue and not ovary (Figure 2.6A). We also na@ednmunoreactive product (found in
lower abundance than in testes) in an insolublé leetract (only a very limited amount

of this product is seen in a soluble head fradtiosome preparations). Surprisingly in
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head tissue, immunodetection is seen at a higher(M&U kD). What factors contribute
to the electrophoretic shift for both RpL22e and_R®e-like are unknown, but may
include post-translational modifications or assgmiilo SDS-resistant complexes. In
fact,in silico analysis for both RpL22e and RpL22e-like predietgesal sites for post-
translational modifications, particularly for phdspylation [Eukaryotic Linear Motif
resource for functional sites in proteins (ELMphttelm.eu.org/)]. Unlike the protein
expression pattern in the gonad, RpL22e-like isctet in both male and female heads
(Figure 2.6B). Detection of RpL22e-like in soluldlled insoluble fractions in different
tissues, coupled with a difference in some aspestroctural configuration (accounting
for the higher MW) may indicate that RpL22e-likestaadifferent function in different
tissues. Alternatively, the protein may have the function in different tissues, but its

subcellular distribution may be subject to speaiéigulation.

The absence of RpL22e-like detection in an exfrach heads in which eyes were
excised (Figure 2.6A) suggests that RpL22e-like tragxpressed in the eye; however,
removal of eyes from fly heads sometimes removeeilying brain medulla tissue as
well. We were unable to resolve this issue byymad) extracts from isolated eyes due
to eye pigment interference in protein fractionatmd Western blot analyses. Instead,
we analyzed the amount of RpL22e-likeey@less (ey) mutant heads where the amount
of eye tissue is significantly reduced compareditd-type, and determined that there is

a significant decrease in the amount of RpL22e4hkguantitatively similar amounts of
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head protein (Figure 2.7). Resolution of RpL2Ze-kxpression in the head/eye awaits

IHC analyses.

Given that RpL22e-like is enriched in testis, wedifHC to confirm its presence in the
testis and to determine its localization relativdkpL22e by using the same paralogue-
specific Abs as were used for protein blots. Imohustochemistry on the adult male
reproductive tract confirmed that RpL22e-like exgsien is confined to testes and is not
detected within seminal vesicles, accessory glandse ejaculatory duct (Figure 2.8).
RpL22e-like is present within all stages of spegtis¢ contained within testes [see
extruded sperm (ES) and testis internal contentsgontrast, RpL22e is expressed
throughout the tract, including sperm cells. A endetailed description of the staining
patterns for RpL22e and RpL22e-like within the giemmis found in Chapter 3 (Kearse

etal., 2013, in review).

Comparison of the amino acid sequence of RpL2Zewiith that of RpL22e shows
conservation of documented functional residues (hmu and Ruf, 2009; Figure 2.1A)
though their functionality within RpL22e-like hastrbeen confirmed. Yet, we might
predict that RpL22e-like is an RNA binding Rp cortgme. In order to resolve this
fundamental question about RpL22e-like function pggformed Western analysis on
pooled fractions (from whole male flies) containpgysomes and 80S ribosomes
isolated on 10-50% sucrose density gradients (Eig8). Both RpL22e and RpL22e-

like are detected in 80S ribosome and polysomeidras; indicating that both proteins
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are stably associated with ribosomes. As RpL22=i highly abundant in testis, we
infer that the protein is a component of testigsidimes. The presence of RpL22e in
ribosome fractions from male extracts, howeversduos verify that RpL22e functions as
an Rp in the testis; this determination will reguaidditional analyses. Interestingly, only
RpL22e of the expected MW is detected in ribosonte@olysome fractions. The higher
MW protein detected in Western blots is not an appacomponent of ribosomes,
suggesting that this RpL22e-containing component naae a non-ribosomal role

(further investigation in Chapter 3).

rpL2e2-like-PB is an alternatively spliced mRNA variant.

Only one annotated transcript has previously beported in FlyBase fapL22e-like;
therefore, the identification of additional amplsowas not anticipated. To rule out non-
specific or off-target amplification, the lower M@mplicon was cloned and sequenced.
Sequence analysis of 29 different clones (embrytarQae: 2; testis: 6; ovary: 19)
derived from PCR products using different RNA sagsmnd primer sets (Table 2.2)
confirmed that the lower MW amplicon was deriveahfrtherpL22e-like gene and
therefore presumed to be a previously unidentsigiiced variant ofpL22e-like mMRNA
(Figure 2.2). We have named this novel mMRNA produt22e-like-PB’ to reflect its
truncated structure. Its deduced sequence of d3oaacid would consist of the fly-
specific histone H1-like N-terminal extension fusedrame to the last 10 amino acid in
the C-terminus (Figure 2.1B). The proposed progeiiuuence lacks 189 amino acids that

comprises the majority of the conserved RpL22e ljamgnature at the C-terminal end.
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Alignment of the coding sequences fpL.22e-like-PB (GenBank accession no.
HM756190) andpL22e-like-PA (GenBank accession no. HQ190956) revealed a
surprising finding that the proposed splice sit@s@inding the uncharacterized intron
(0.567 kb) were non-canonical in sequencespice site (SS): CT;'$S: CG] compared
to typical sequences found in most intronsSS: GT; 3SS: AG), including the
annotated intron within theplL22e-like gene (Figure 2.10). Non-canonical splice sites
are indeed rare, but have been described in otli@rgotic genes as well (Bursgttal .,
2000). In all 29pL22e-like-PB sequenced clones, proposédfice donor and’'3plice
acceptor sites were identical to those shown inf@@.10, strongly supporting new

intron-exon definitions withimpL22e-like.

Template switching artifacts can occur in some sadeere RT-PCR is performed on
templates that have direct repeats flanking a megantron, thereby giving false signals
of truncated, alternatively spliced products (Cat@tial., 2006). Although direct

repeats do not flank the proposed retained intnahis case, we used additional RT-PCR
analyses with primers that specifically hybridiagtoposed exon—exon junctions and
overlap the junction by 4 nt, expecting thatrph22e-like-PB amplicon would be
produced (using stringent conditions) only if thegosed exon—exon junction was
present. In all cases, RT-PCR amplicons were stargiwith expected product sizes:

~950 bp forrpL22e-like and~392 bp forrpL22e-like-PB using an exonl/2 bridge
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primer, and~370 bp derived frompL22e-like-PB using the novel exon2/3 bridge primer

(Figure 2.11A).

Additional control RT-PCR experiments to rule oritfecial amplification of a shortened
transcript were performed usingvitro synthesizedplL22e-like-PA and-PB transcripts
derived from cloned cDNA templates and flankindadge primer sets (Figure 2.12).
With flanking primers and full-lengtin vitro synthesized RNA, a single amplicon of
~939 bp was generated, as expected. Notably low Mipliaons representingl22e-
like-PB cDNAs were not produced. Usingvitro rpL22e-like-PB RNA as a template, an
expected amplicon 6¥392 bp was generated. Only when bridge primer(setgel
exon2/exon3) were used withL22e-like-PB in vitro RNA templates were amplified
products of the expected size generated; no anmdia@re produced with bridge primers
and full-lengthin vitro RNA. We conclude that the low MW amplicon genedafromin
vivo polyA+ mRNA templates from different developmergtdges as well as from
various tissues is apL22e-like mRNA variant and not an artifact of aberrant RTRPC

amplification.

Further evidence for the presence of lower Wph22e-like mMRNA isoforms was shown
in Northern blot analyses using embryonic, larvad/ar adult polyA+ RNA and’@and 3
flanking rpL22e-like oligonucleotide probes that would detect bgib22e-like-PA and
rpL22e-like-PB mRNASs or an intron-specific probe that would defad-length mRNA

and the ‘retained’ intron (if sufficiently stable)t should be noted that the bridge primer
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used in RT-PCR experiments described above woulbeexpected to deteqil 22e-
like-PB mRNA exclusively since the majority of sequencethat probe would also

hybridize to full-length mRNA under the standardhglization conditions used.

Using probes that should detect bgph22e-like-PA andrplL22e-like-PB mRNAs, we
identified in each developmental stage, two promimgbridization signals at0.7 and
0.5 kb (in addition to a signal atl.2 kb) that are smaller in size than the lengthreeiex
for rpL22e-like-PA mRNA. The 0.7 kb species falls within the rangé¢haf minimum
size for arrpL22e-like-PB transcript at~0.625 kb (Figure 2.11B), not accounting for
possible variation in polyadenylation. The loweWWMRNA species are less abundant
than the RNA species atl.2 kb (which likely representplL22e-like-PA mMRNA)—an
expected quantitative result fiqpL22e-like-PB mMRNA based on qRT-PCR results
(Figure 2.3). The identity of the0.5 kb species is unknown; however, it is unlikely t
represent the excised intron itself since flankipig22e-like probes would not hybridize

exclusively to retained intron sequences.

Interestingly, in northern blot experiments whemgbeyo polyA+ RNA (different sample
than used in Figure 2.11B) was initially probedhaan intron-specific probe, we detected
an RNA of the size expected figpL22e-like-PA mRNA and a lower MW species that
may represent the excised intron of 0.57 kb (FigQutdC). The putative intron species is
less abundant thaipL22e-like-PA (expected based on the relative amount of spliced

variant compared to full-length mRNA from gRT-PC&al Figure 2.3) and would only
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be detected as suchrglL22e-like mRNA is alternatively spliced and the intron iglde.
Alternatively, this species may represent a spedéigradation product derived from
rpL22e-like mRNA. In general, detection of introns would bee; unless the proposed
intron encodes a stable, functional small RNA, a&slbeen shown for small nucleolar

RNAs (Psil1l8S-531; Psi28S-2179; FlyBase) encodegbb32e introns.

When the same embryo RNA blot was stripped andabeau with flanking probes, the
pattern of hybridization differed from the intropegific hybridization pattern in that the
~0.7 and 0.5 kb species were clearly present asquslyi noted in the developmental
RNA blot. The presumptive intron species was mppaaent in this blot using flanking
probes. An unidentified RNA species-09.9 kb is also prominent, and may be faintly
represented in all stages in the developmental(Blgure 2.11B). Importantly, the
Northern blot data demonstrate the presence oflenmiRINA species not previously
predicted forpL22e-like based on genome annotation in FlyBase and magsepr
alternatively spliced mRNA variants although weranconclusively discount the
possibility that smaller RNA species might represgecificrpL22e-like mMRNA
degradation products detected with our probes. N thern blot data together with
RT-PCR amplification data using vivo andin vitro RNA templates are considered, we
favor the conclusion thaplL22e-like-PB mRNA is abona fide transcript produced by

alternative splicing of the retained intron founidhin rpL22e-like mRNA.

rpL22e-like-PB mRNA is associated with polysomes and may be traiased.
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Initial Western analysis of testis extracts (att@mo concentrations sufficient to detect
RpL22e-like) did not detect a protein product af #xpected MW for RpL22e-like-PB
(Figure 2.6A). Based on the low abundance of pghe2e-like-PB mRNA within testes,
we speculated that a putative RpL22e-likeg?8tein product may be equally rare. To
determine if thepL22e-like-PB mRNA might be translated, we analyzed RNA isolated
from polysomes (from male extracts) by RT-PCR (Feg2.13A).rpL22e-like-PB (and
rpL22e-like-PA) MRNA was detected in polysomes (Figure 2.13Aygesting that the

rpL22e-like-PB mRNA is translated.

Based on our qRT-PCR results that indicated a lqugetitative imbalance in the two
MRNA isoform levels in the testis witlpL22e-like-PB being~9800-fold less abundant
(Figure 2.3), we increased significantly (by neanhyorder of magnitude) the amount of
protein loaded for Western analysis (100-120 pg @egwith 15 pg) in an attempt to
detect a protein that putatively might be RpL22edPB. With this protein loading
strategy, additional immunodetection is seer2h and~13 kD (Figure 2.13B and C).
Notably, recombinant RpL22e-like-PB migrates atittentical position with the-13 kD
reference band. The25 kD (and~13 kD) protein may be a degradation product, only
visualized with protein overloading or alternativehe~25 kD protein may be a post-
translationally modified outcome opL22e-like-PB expression. Whether or not these
bands represent degradation products derived frph2R&e-like is unclear; however, a
computational investigation of proteolytic siteattivould be found in thBrosophila

RpL22e-like amino acid sequence (FlyBase ID: FB@4@37) does not predict
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degradation products of either MW (PeptideCuttepdsy.org). A definitive resolution
of this issue was not addressed in this studymayt be addressed by MALDI-TOF
analysis. The relatively low abundance of 4183 kD protein (estimated based on
exposure times required to visualize RpL22e-liked®Bipared to RpL22-like-PA;
Figure 2.13B and C) is similar to what might be eotpd if RpL22e-like-PB protein
expression (when compared to RpL22e-like-PA expoa¥ss approximately

proportional to the amounts giL22e-like-PB andrpL22e-like-PA mRNAs in testis.
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2.3 Discussion

RpL22-like is a tissue-specific Rp.

We refined the expression pattern fpL.22e-like in several tissues and developmental
stages, showing that botpL22e-like mMRNA and its protein product are highly enriched
in adult testes compared to other tissues as atalyy gRT-PCR and Western analysis,
respectively. Within the male reproductive trd&plL22e-like expression is limited to

testes, as visualized by IHC.

In a microarray study evaluating testis-specificap@gue gene expression in general,
Mikhaylovaet al. (2008) identified RpL22e as one of 12 down-retpdaRp genes. In

this study, RpL22-like escaped identification gsasalogue and as an up-regulated gene
in testes because its homology to RpL22 fell belogvminimum 50% homology
threshold. Microarray data from FlyAtlas suggésittthe levels ofpL22e andrplL22e-

like MRNAs in testis are comparable. RpL22e-like magnaent a function(s) of

RpL22e by providing a testis-specific ribosomakrahder specific developmental or

physiological conditions.

Outside of the reproductive system, RpL22e-likiisnd within head tissue in possibly
the eye (but in lower abundance compared withdgétem both sexes at a MW that is
distinct from the testis conformation, suggestirgpasible alternative functional role for
RpL22e-like in the head. AlthougpL22e-like mRNA levels in male and female heads

are low based on gRT-PCR results (Figure 2.3),dritgvels ofrpL22e-like expression
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in the relevant tissue in the head may be maskdtdgbundance of other tissue types.
Interestingly, the quantity apL22e-like mMRNA measured in heads and ovaries is similar
(Figure 2.3); yet, protein expression differs cdesably with no protein detected in

ovaries.

We have confirmed the prediction that RpL22e-l&ka iribosomal component based on
its co-sedimentation with gradient-purified ribosesrand polysomes from male extracts.
Taken together with quantitative expression daimftestis, we infer that RpL22e-like is
a component of testis ribosomes. The majority pf Ze-like in male extracts was
found in association with ribosomes or polysomesl (étle, if any, was detected at the
top of gradient profiles), suggesting that RpL2iRe-Is a more permanent ribosomal
component than has been determinedRCK1 (see review by Warner and Mclintosh,
2009). Yet, not necessarily a protein with anlesigely ribosomal function, RpL22e-
like may have an alternate role(s) as well. Thotighknown that RpL22e is
ubiquitously expressed (e.g. shown in the entireemeproductive tract by IHC), it is

unclear if RpL22e functions exclusively as an Rhiai the testis.

Differences in RpL22e-like structure compared viishparalogue RpL22e are most
apparent in the N-terminal domain; however, theecadso C-terminal amino acid
differences that may contribute to functional diffleces between RpL22e-like and
RpL22e. A small C-terminal extension of nine amareads is apparent at the very C-

terminal end of RpL22e-like. The recently publigte5 A model of the eukaryotic 80S
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ribosome shows the position of RpL22e on the 6Qfsish surface near its base
(Armacheet al., 2010). In this model, the N- and C-terminalreegts of RpL22e are
positioned near each other, extending from the sitisurface, which may allow for
interactions with other components. If paralogingling is mutually exclusive (though
our data do not discount a model in which both Rgd_and RpL22e-like are present
within the same ribosome), it is reasonable totmsRpL22e-like similarly, yet propose

that its interactions may differ.

Alternative splicing of rpL22e-like through intron retention.

This study demonstrated that alternative splicihgph22e-like generates two
structurally distinct mMRNA isoforms that are enadhwithin testes. A rare novel mMRNA
transcript calleapL22e-like-PB results from splicing of an intron that is retairveithin

the more abundantpL22e-like-PA. Basal levels ofpL22e-like-PB mMRNA are
detectable by RT-PCR within heads and ovaries sigggethat the alternative splicing
machinery is not limited to testis; however, theqass may be subject to specific
regulation within the testis wherpL22e-like-PB mMRNA levels are comparatively more

abundant.

It is unknown if alternative splicing opL22e-like occurs in all stages of
spermatogenesis or if splicing is cell-type speciflhe low abundance gbL22e-like-
PB mRNA relative tarpL22e-like-PA may be consistent with a specialized role in a

subset of spermatocytes. Stage-specific gene €stpreduring fly spermatogenesis has

49



been the subject of intense study, showing thaes@astis-specific genes are activated in
primary spermatocytes while othecsrfet andcup genes) are transcribed post-
meiotically, even within mid-to-late stage elonggtspermatids ibrosophila (reviewed
by White-Cooper, 2010). Although unique splicirgepomena of this type have not
been described in this system, stage-specificiaglia spermatogenesis remains an

intriguing possibility.

Intron retention is among the rarest forms of spdjan vertebrates and invertebrates; yet,
it is the most prevalent type of alternative splicfound in protozoa, fungi and plants
(reviewed by Keremt al., 2010). This phenomenon has been described/eraeother
Drosophila genes $uppressor-of-white-apricot [Zacharet al., 1987],c-cam3 [Cheunget

al., 1993], [Samuelst al., 1991],erect wing [Koushikaet al., 1999],transfor mer-2
[Mattox and Baker, 1991huclear export factor 1 [Ivankovaet al., 2010]) and the
consequences of retaining an intron can have pnofeffects on gene expression leading
to an unequal accumulation of MRNA variants. F22e-like, the major form retains

the intron.

Sakabe and de Souza (2007) identified severalresatbat support a higher incidence of
intron retention: weak splice sites, genes withralahort intron lengths and higher
expression levels, and specific densities of spljcegulatory elements. Non-canonical

splice sites were eliminated from the analysifalgh it was apparent thiadna fide
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examples of splicing using non-canonical splice scognition were present in their

human gene data sets.

Other studies have further evaluated non-canosale site usage in a number of
organisms (Moungt al., 1992; Bursett al., 2000; Shetlet al., 2006). Shetbt al.
(2006) categorized sub-types of splice sites basdd2- and U12-dependent
spliceosomes and described additional rare splied¢ypes. In at least one case in
Drosophila, an intron within theudimentary gene is defined by a CT donor SS
(FlyBase.org). Although originally noted in Mouwattal. (1992) that the flyperB intron
E has a S of CG, the most recent version of FlyBase (20&8phas revised this

proposal to reflect a canonical splice site.

The proposed retained intron is defined by a sebofcanonical splice site signals3S:
CT,; 3SS: CG) that may impact not only the mechanisnpbisg, but also the kinetics
of splicing regulation. It is noted that bothahd 3 splice site sequence motifs are weak
(MAXENT scores: —15.93 and —-15.67, respectivelynpared to thesand 3 scores for
the upstream intron ipL22-like (MAXENT scores: 8.57 and 7.23, respectively) when
analyzed using a human splice site model to pragiote site strength (MaxEntScan:
(Yeo and Burge, 2004). These data are consistémiaw intron retention model (Sakabe
and de Souza, 2007) and support the conclusioritteaplicing rates for the upstream

intron and the retained intron are different.
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Intron retention often results in premature stogaroinsertion, thereby directing the
alternative transcript to the nonsense mediatedyd@¢MD) pathway (Lareet al.,
2004). The absence of premature termination cootons.22e-like-PB sequence likely
eliminates this variant from NMD, and favors theenpretation thatpL22e-like-PB has

functional significance by generating a novel pirgtas proposed in this study.

UsingD. melanogaster nucleotide and amino acid sequences ib22- like in a BLAST
search for homologous sequences in other sequ@&rosdphila species, we show that
five other specied]. sechellia, D. simulans, D. erecta, D. ananassae andD. yakuba)
contain an orthologous gene (Figures 2.14 and 2.IB¢ other six specieb (
pseudoobscura, D. persimilis, D. wilistoni, D. mojavensis, D. virilis andD. grimshawi)
lack anrpL22e-like orthologue. Within species that containrph22e-like orthologue,
production of ampL22e-like-PB orthologue is also theoretically possible, gerestdity
alternative splicing using conserved non-canorseguences (SS: CT; 35S: CG) at the
retained intron/exon boundaries (Figures 2.14 afhf)2 Evolutionary conservation of
the alternative splicing pattern in thelanogaster lineage would lend further support
that the alternative transcript encodes a functipraduct with a structure that is
generally conserved in all members of thetanogaster group excepb. ananassae (see

sequence alignment Figures 2.15).

Protein structural diversity generated through alternative splicing of rpL22e-like.
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Alternative splicing contributes to the enormousoant of protein diversity observed
within eukaryotic cells. The rarer mRNA isofornpl(22e-like-PB) encodes a protein in
which the majority of the C-terminal Rp signatuesiibeen eliminated. Most of the
structure of RpL22e-like-PB is comprised of the onidy of the divergent N-terminal
domain. Functional residues previously identifiedRpL22e that are required for
nuclear and nucleolar localization as well as RNi#dimg (Houmani and Ruf, 2009) are
absent from RpL22e-like-PB, possibly restrictirgystibcellular compartmentalization
and RNA binding ability. Alternatively, other regis of the protein may have redundant
functions that would replace missing functionalmmegts. In fact, a computational
prediction using ELM (http://elm.eu.org/) highligha bipartite variant of the classical
NLS containing basic residues at RpL22e-like-PBremacid positions 90-111 (and also
predicted for RpL22e-like) that may prove functibfoa nuclear import and subnuclear

compartmentalization.

Collectively, our data support the conclusion tpht22e-like encodes not only an Rp,

but a protein with extra-ribosomal function as weh silico analyses may provide clues
about a putative extra-ribosomal function for Rpé2iRe-PB. Although no specific
DNA-binding motifs are apparent (Wils@hal., 2008), 51 of 123 amino acid residues
have DNA binding capacity, with 18 of those resglakistered within the first 24 amino
acid at the very N-terminal end (Hwadal., 2007; Kuznetsoet al., 2006). Given this
prediction (and its limited structural similarity histone H1), we speculate that RpL22e-

like-PB may interact with testis chromatin and havwele in chromatin repackaging and
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condensation during the transition from a nuclecsdased to a protamine-based
configuration, as occurs in maturing sperm cellsraduspermiogenesis (reviewed by

Hennig, 2003).

Perspectives on RpL22e paralogue function and evdilan.

Paralogous members of the RpL22e family have besaribed in other animal genomes
(rpL22e-likel in Mus musculus [NP_080793.1]Danio rerio N[P_001038800]Xenopus
tropicalis [Q5I0R6],Homo sapiens [AAH62731], Rattus norvegicus [NP_001102018.1])
and their tissue-specific expression often var@serably compared with the fly
pattern described here (Bastetral., 2008). Relatively little is known about funciad
redundancy or specificity of otheplL22e paralogues in other species; however, in at
least one case, apL22e knockout mouse only exhibited a mild phenotyp# icell
development, but was otherwise viable and ferAledersonet al., 2007), suggesting that

mouse paralogueplL22e-likel could rescue critical functions lost bgl.22e disruption.

Proteins of the RpL22e family i@aenorhabditis elegans (Kamathet al., 2003) and
Drosophila are essential (Bourbat al., 2002; Boutrogt al., 2004). However, this is
not the case for RpL22e in yeast (Deutschbaualr, 2005) or in mice as discussed
above (Andersost al, 2007). FlyBase reports that a P-element chromasmsertion
located 150 nts upstreamrml22e-like is lethal in fly development, suggesting that the
rpL22e-like gene is also essential. The nature of the est&ui2e-like function

within the fly is intriguing, since one would pretithat disruption of Rp function in the
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testis would affect male fertility, and not viabjli This suggests thaplL22e-like has an
essential role (ribosomal or non-ribosomal) in &eotissue(s) (head or eye) at some
stage in fly development. In this case, it app#zas RpL22e cannot replace the function
lost by RpL22e-like disruption, either because tdck of co-expression in the
appropriate tissue in time and space or becauselhef RpL22e-like is unique.
Similarly, RpL22e-like is unable to replace funasdost by RpL22e disruption,
correspondingly suggesting that essential functprescribed by each protein are not

redundant.

Do the essential roles of these paralogues inaloderibosomal roles? The presence of
anti-RpL22e-like and anti-RpL22e immunoreactivedurcts in high-MW complexes
within eye tissue and the testis, respectivelgamthe possibility that each paralogue
may be post-translationally modified or bound witdetergent-resistant complexes and
function in a role(s) that is distinct from its oomal role, since neither high-MW

species was found in association with ribosomes.

From an evolutionary perspective, gene duplicasahe likely mechanism by which
paralogous genes arise and generate tissue- agérgpecific genes (Copleyal.,
2003). Several inferences about RpL22e family @wmhary history become apparent
from genomic analyses of ti¥osophilidae. We and others (Shigenobual., 2006a)
propose thatpL22e is the ancestral gene that was duplicated iniassef complex

events whose extant outcome is the ubiquitous expme ofrpL22e and cell lineage-
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specific expression apL22e-like. TherpL22e-like gene is only found in the
melanogaster group. One hypothesis addressing whscura lineage genomes lack the
rpL22e-like gene requires that gene duplication occurredemidanogaster group,
allowing for essential functions to be shared betwparalogues. Over time gene
divergence may have directed changes in paralagqaion. The absence of thgl.22e-
like gene from th@bscura lineage may indicate that ‘essential’ functions eveztained

in the ancestralpL22e gene or are provided by another gene(s). No doarbparative
analyses of paralogue expression and functionfiardntDrosophila species will be
instrumental in providing further insights into teeolutionary history and functional

diversity displayed within the RpL22e family.
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2.4 Materials and Methods

Fly stocks

Wild-type Canton 3. melanogaster were used for polysome profiling (a kind gift from
Todd Laverty, HHMI-JFRC). All other experimentsedswild-type Oregon B®.

melanogaster obtained from Carolina Biological.

Primers
For a list of primers and oligonucleotides (IntagchDNA Technologies) used in this

study, see Table 2.2.

Antibodies

The following peptide sequences were obtained friyBase (Crosbwt al., 2007) and
used for polyclonal Ab generation from GenScrigtlR2e: FRISSNDDEDDDAE;
RpL22e-like: ADDNGGKTFA. Polyclonal Abs were proteA purified from rabbit and
mouse, respectively. HRP-conjugated secondary Riasfega) were used in Western
analysis. Antibody specificity was tested usingtbaally expressed recombinant
RpL22e and RpL22e-like (Figure 2.4). Pre-immurma $®m rabbit and mouse were
used to confirm the absence of immunoreactive preta fly extracts (Figure 2.4).
Anti-mouse Alexa 488 Fluor and anti-rabbit Alexe8BFduor secondary Abs (Invitrogen)

were used for IHC.
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RNA isolation from fly tissue and cultured cells

Tissues were dissected from wild-type adult fliemoced age (2- to 7-day old) in sterile
1X PBS and immediately frozen on dry ice. S2 celse cultured under standard
conditions in S2 media (Invitrogen) and collectedinly log phase. RNA isolation was
completed using TRIzol reagent (Invitrogen) follaggimanufacturer’s guidelines.
RNase-free glycogen (10 ug; Invitrogen) was usea @srier to increase yield. Samples
with Azgozsoand Avsorzoratios <1.8 were discarded. Qualitative analg$is300 ng

total RNA via gel electrophoresis ensured RNA intgg Only samples that passed both

spectrophotometric and qualitative analyses weed & further experiments.

RT-PCR Analysis

Total RNA (500 ng) from adult tissues and cultur&dc8lls or 100 ng of embryo, larval
and adult polyA+ RNA (Clontech) was used in RT-P&Rlyses. SuperScript One-Step
RT-PCR System with Platinum Taq DNA Polymeraseiftogen) was used following

manufacturer’s guidelines.

Cloning and Sequencing of pL22e-like cDNAs

Gel-purified RT-PCR products were cloned into pM3/Mis-TOPO® (Invitrogen),
transformed into One Shot TOP10 Chemically Compdieooli (Invitrogen), plated
onto selective media (LB, ampicillin 100 pg/ml) goldsmid DNAs purified using the

miniPrep system (Qiagen). Multiple clones fpL22e-like cDNAs were sequenced
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using an ABI 310 Genetic Analyzer (Applied Biosya®) or by GeneWay Research

Laboratories.

Bacterial recombinant protein expression for Westem analysis

Gel-purified RT-PCR amplicons were cloned itacoli expression vector pEXP5-
CT/TOPO (Invitrogen) following manufacturer’s guishes. Recombinant expression in
transformed OneShot BL21 Star (DE3) Chemically CetaptE. coli (Invitrogen) was

induced with 0.5 mM IPTG.

cDNA synthesis and qRT-PCR analysis

Total RNA (1 ug) was used in cDNA synthesis usirg SuperScript Il First-Strand
Synthesis System (Invitrogen) following manufactisrguidelines and cDNAs stored at
—80°C. One microliter of cDNA was used for gRT-PG$tng the ABI 7300 real-time
PCR system (Applied Biosystems) with SYBR green @omaster mix reagent (Applied
Biosystems). Primers were designed using Primerdss software (Applied
Biosystems). Primers (200 nM final concentratioey@vannealed at 55°C in a three-step
amplification stage. AveragkCr values obtained for all genes were normalized to
rpL32 (rpL32/rp49) for comparison to data by Shigenadiwal. (2006a). All samples
were run in triplicate with an= 3. Standard deviations for each sample were Gl
using the averag&Cy of three runsAACyvalues were calculated using the averaGe
from each sample. Fold differences were calculas®dg the comparativér method

(AACy), using fold difference =2;, as directed by the ABI 7300 gRT-PCR manual.
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Protein extract preparation, SDS—PAGE and Western lotting

Drosophila tissues were dissected in 0.7X PBS supplementidviini Complete
protease inhibitor cocktail without EDTA (Roche)Jdammediately frozen on dry ice. S2
cells were cultured as described above. Pelle?eckiis were homogenized and lysed in
RIPA buffer supplemented with Mini Complete proeashibitor cocktail without

EDTA (Roche) and microcentrifuged at maximum spiee® min. Soluble fractions

were quantitated using the DC protein assay sy&BeoiRad).

Soluble extract (10-15 pg) or insoluble fractionsevmixed with reducing SDS-sample
buffer and proteins separated by SDS—PAGE (5% stggel; 12.5% separating gel) at
200V and electro-transferred onto 0.2 pm WestraWBRPmembrane (Whatman) at 100
V for 1 h. After blocking with 5% non-fat dry mil@&NFDM) in 1x PBS with 0.1%
Tween-20 (5% NFDM) for 1 h, membranes were incubateztnight with primary Ab
(1:1000 in 3% NFDM) at 4°C. HRP-conjugated secondds (1:50 000) were
incubated at 4°C for 2 h. Chemilluminescent detectvas achieved using ECL-Plus

(GE Healthcare) and BioMax Chemilluminescence fikodak).

Northern analysis

Embryonic, larval, and adult poly(A+) mRNAs (15 ([@Jpntech) were resolved on a
1.5% formaldehyde agarose gel in MOPS buffer anttdd onto a 0.gm Optitran
nitrocellulose membrane. Filters were hybridizethwP-labelled oligonucleotide

probes complementary to coding regions wittgh22e-like (Table 2.2) according to
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hybridization conditions in Sambro@kal. (1989). RNAs were visualized by
phosphorimaging. Filters were stripped in boilh$% SDS and re-hybridized as above.
Size estimates for detected RNAs were determingd) BNA markers (Promega or

Invitrogen).

Immunohistochemistry

Testis squashes and IHC preparation was perforsedeaiously reported (Himet al.,
1996; Tazuket al., 2002) with minor modifications. Testes from oratadult wild-type
flies of mixed age (2—7-day old) were dissected.if?o saline, squashed and quickly
frozen on dry ice. Tissues were fixed and permeatlin ice-cold ethanol for 10 min
and in 4% formaldehyde (in 1x PBS) for 7 min at ra@mperature (RT), followed by 2x
15 min washes in PBS with 0.3% Triton X-100 and 0s8%dium deoxycholate and a
single wash of PBT (PBS with 0.1% Triton X-100)loéking occurred for 1 h with
PBTB (PBT with 3% BSA) at RT. Squashes were intetbavernight at 4°C with
primary Ab (1:100 in PBTB) in a humid chamber arastved four times for 15 min in
PBTB at RT. Alexa Fluor-conjugated secondary Ab2@0 in PBTB) were incubated at
4°C in a humid chamber for 1 h and then washedtimes for 10 min in PBTB at RT.
DAPI staining (0.2 pg/ml in PBS) was performed afieal Ab washes for 5 min, washed
twice for 1 min in PBS and mounted in Cytoseal 6&ij@rd-Allan Scientific).
Fluorescent micrographs were taken using NikonpSeliTE200U inverted fluorescence

microscope coupled to a digital CCD camera.
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Polysome analysis

Ribosome extracts were prepared using modifiedgohaies from Qiret al. (2007),
Houmani and Ruf (2009) and Pelczar and Filipowk298). Adult male Canton S flies
(2.37g) were homogenized in lysis buffer (1:5 wdim et al., 2007) and homogenates
clarified by centrifugation at 10K rpm for 10 mipproximately 100 OBbso U/l were
loaded onto a 10-50% linear sucrose gradient (pedday the horizontal method
described by Houmani and Run, 2009) and spun atr&Kfor 160 min in a SW-41
rotor. Gradient fractions (0.5 ml) were collectedl @aead at ORyo using a DU-800
spectrophotometer. Fractions were pooled andtpdlleith equal volumes of 20 mM
Tris—HCI, pH 7.2 and spun at 40K rpm for 12 h inSAW41 rotor. Pellets were
resuspended in 20 mM Tris-HCI, pH 7.2 and subjete8DS—PAGE and Western

analysis.

In vitro transcription of rpL22e-like mRNA isoforms

Constructs used for recombinant expression (seedlod RpL22e-like-PA and RpL22e-
like-PB were also utilized fan vitro transcription using the MEGAscript T7 kit
(Ambion). These constructs served as PCR tempiat@splify the T7 recognition site
and coding sequence using Platintiag High-Fidelity DNA Polymearse (Invitrogen).
The resulting amplicons were gel-purified usinghdead methods and used as templates
for in vitro transcription following the manufactures recommeiwtis. One picogram of
purifiedin vitro transcribed RNA was used in each RT-PCR analysigyjuhe

SuperScript One-Step RT-PCR system with PlatifiaanDNA Polymearse (Invitrogen).
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FLAG-tagged RpL22-like Plasmid Construction and Expession in S2 cells
FLAG-tagged L22-like was constructed using a PCRhod incorporating the
sequencing encoding the dodecapeptide (IGRGDYKDDPDDk the reverse primer
(see Table 1). DNA from a previously sequenced pkbfHis-TOPO L22-likeFL clone
was used as a template. The purified amplicon \Wwaeed into pMT/V5-His-TOPO

(Invitrogen).

S2 cells were obtained from Drosophila GenomicoRe® Center and cultured at’25

in Schneider’s Drosophila media (Gibco) supplememtgh 10% heat-inactivated fetal
bovine serum (Gibco). DNA for S2 cell transfectiwas purified using the Qiagen
plasmid Maxi prep kit. Cells were seeded at Pxadis/ml per well (3ml) in a standard
six-well plate. Following overnight growth into lgghase, 19ug of DNA was transfected
per well, according to manufacturer’s instructig¢imvitrogen), using the calcium
phosphate transfection kit (Invitrogen). Expressionstructs were induced at a final

concentration of 500uM CuSO

For protein extraction, cells were collected viatcéugation and lysed with RIPA buffer
(25mM Tris-HCI, pH7.4, 150mM NaCl, 1% Triton X-100% sodium deoxycholate,
0.1% SDS; Pierce) supplemented with Mini Completeégase inhibitor cocktail without
EDTA (Roche) for 30 min at room temperature (RT8ll@ebris was removed by

microcentrifugation at maximum speed for 3 min.ubté extracts were quantified using
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the DC protein assay (Bio-Rad). SDS-PAGE and Westralysis were performed as

described above.
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2.5 Figures and Table:
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B L22e-like-PA MSSQTOKKNASKAKSKAGPQPSKKAPAKVTPVETATPSAAPPLS

L22e-1like-PB MSSQTOKKNASKAKSKAGPQPSKKAPAKVTPVETATPSAAPPLS

SKKVAKAPAVALKNLDLAMKE SAKKAAREAADQKLVSKAKKGONASRKNLMOVPEPVAPEV
SKKVAKAPAVALKNLDLAMKE SAKKAAEAADQOKLVSKAKKGONASRKNLMOVPEPVAPEV

DNKKKSAPLKRGNAEIPTVVPAKKAALVQEKPKEQAAAAPKAENVEVPAAKAKSVKKSLA

MTYFKIQDKDFDDDDDDVADDNGGKTFA 312
—————————————————— ADDNGGKTFA 123 (Al89aa)

Figure 2.1. Alignment of RpL22e paralogues and alternatively slced products. A)
Clustal W alignment ob. melanogaster RpL22e and RpL22bBke sequences. Aligne
sequences (RpL22EBgn0015288; RpLzedike: FBgn0034837) show conservatior

the C-terminus (yellow46% sequence identity; 73% sequence similarity) diuergence
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at the N-terminus (sequence identity 36%; sequsimegarity 47%). Overall amino acid
identity is 37% (Marygolatt al., 2007). Shaded amino acid residues mark consenvat
within the RpL22e superfamily. Other residues detime N-terminal extension with
homology to histone H1 [(Koyan®t al., 1999) for RpL22e and RpL23a]. Boxes
highlight functional residues involved in nucleacélization (box 1), rRNA binding
(boxes 2 and 3) and nucleolar localization (boxas@ 3) (Houmani and Ruf, 2009).
Underlined residues in the C-termini were used &&a@polyclonal peptide Abs. B)
Translation ofpL22e-like-PB mRNA (GenBank accession no. HM756190) using
Translation Tool (expasy.org) revealed a putatiggin of 123 amino acid, consisting
primarily of the histone H1-like domain (N-terminwsnd not the RpL22e-like domain

(C-terminus).
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Figure 2.2. RT-PCR analysis ofrpL22e-like in different developmental stages,
tissues, and in S2 celliRT-PCR usingpL22e-like primers to amplify the coding
sequence resulted in the expected 939 bp ampliph2Ze-like-PA, arrow) in all

samples. An additional smaller amplicopl(22e-like-PB, arrowhead) o+~390 bp was
present in all samples. Variability in the intepgf rpL22e-like-PB was noted in
numerous replicates of the RT-PCR for various samps noted here for embryonic and

adult samples. NTC: no template control.
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Figure 2.3. gqRT-PCR revealspL22e-like mMRNA enrichment in testis. Using
isoform-specific primers, gRT-PCR shows that betifarms are more highly expressed
in testis compared with other tissudgsa andg2-tubulin serve as germ cell- and testis-
specific controls, respectively. Numbers in taiglpresenCyr values. Bars represent

standard error,3<0.01.
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Figure 2.4. Paralogue-specific polyclonal antiboés (pAbs) are specific and do not
cross-react. A) Western analysis performed with pre-immune seamt subsequent
paralogue-specific pAbs shows each pAb is spetfibe designated paralogue. B)
Bacterially-expressed recombinant RpL22e and Rpilk2eare not detected when
blotted with opposite paralogue-specific Ab. Wipee-immune serum from rabbit (for
RpL22e) or mouse (for RpL22e-like) were used tedefly proteins, no
immunodetection was seen, indicating that no enalmge Abs within rabbit or mouse
sera recognized fly proteins. When the same lete used for RpL22e or RpL22e-like
detection, three prominent bands at ~33kD, 40kD,~&@kD were visible for RpL22e.

The ~33kD band correlates well with the expected MWRpL22e. Other bands
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detected in this blot may represent post-transiatly modified RpL22e and/or RpL22e

found in highly resistant complexes.

Using the RpL22e-like Ab, only one protein at tkpected MW (~34kD) for RpL22e-
like was prominent in male extracts. Lack of detecof RpL22e-like-PA within mixed
sex extracts is likely due to a lower proportiom@dles within the extract sample, as we
have observed that female representation is ali¥gtdgreater than males in random
samples of flies on average (unpublished obsenmstioTaken together, these
experiments indicate that Abs detect different imoreactive species of expected sizes

for RpL22e and RpL22e-like in extracts and do moss-react.

Equal amounts of protein (whole cell lysates) fotransformecE. coli (strain used in
recombinant expression), recombinant RpL22e, acaihnbinant RpL22e-like were
subjected to Western analysis. While some batierrmunoreactive background

(bullet) is seen when blotting for RpL22e, the gase of immunodetection seen in the
recombinant RpL22e sample suggests antibody spiggifietween recombinant
paralogues. When blotting for RpL22e-like, a loWBN bacterial immunoreactive
background (arrowhead) is also seen in all sampld&smmunodetection at the expected

MW is only seen in the recombinant RpL22e-like-R&r¢w).
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Figure 2.5. Detection of RpL2ze-like using anti-RpL22e-like Cterminal peptide
polyclonal Ab. In order to determine if our RpLedike Ab recognizes RpLze-like, we
designed searal recombinant constructs for expression in lvedteells or in S2 cells
Extracts from bacterial cells transformed with pEEX®pL22e and pEXP5/RpL2-like-
PA were used as markers in protein blots and teraehe Ab specificity. Extracts froi
S2 cellstransfected with pMT/RpL22e-like-PA-FLAGserved as a specificity control
well. Western analysis using the Rpledike Ab shows immunoreactive species
recombinant bacterial and male extracts at ~34kDiratite S2 extract at ~35kD, tl
latter shift expected based on the addition ofitl&D FLAC-tag. These experimen
coupled with specificity data (Figu2.4) povide compelling evidence that the Rple-
like Ab recognizes RpLzedike. This Ab was used in all immunoblots and II

experiments in this stuc
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Figure 2.6. Western blot analysis confirms differatial expression of RpL22e-like.

A) Compared to the recombinant standard (RS), westealysis for RpL22e shows
immunodetection at either the expected MW of 32.4&fPow) and/or at a higher MW at
~50KkD in all tissues. Immunodetection of RpL22eld the expected MW of 34.3 kD
(arrowhead) is solely visible in testes. Insoluisk¢racts from male and female heads
contain a higher MW species of RpL22e-like. No iomoreactive species is seen in eye-
less heads (eyes are dissected out) or in a sdieble extract. The additional lower band
in the RS sample is endogenous bacterial protewgrézed by mouse antisera (see
Figure 2.4 for additional explanation). B) Theattephoretic shift in RpL22e-like is not

sex specific as seen by Western analysis of whedel issue from males and females.

RS: recombinant standard.
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Figure 2.7. RpL22elike is enriched in Drosophila melanogaster eyes. With equal
loading shown by Coomassie Stain, immunodetectidtph.2zelike by Westerr

analysis is significantly reduced eyeless (ey) mutants compared to wildtype (W
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Figure 2.8. Immunofluorescent staining of RpL2Ze and RpL22eklke in adult male
reproductive tract using paralogue-specific Abs. Extruded sperm (ES) were relea:
from the testes during dissectic Spermatogenesis is initiated at the apical tigne
testis (T) and progresses through the testis ¢ The most mature sperm are, theref:
located distal to the apical end of the te: Mature sperm pass from the testis into
seminal vesicle (SV)Seminal fluid is added to sperm from the accesgtayd (AG),
and sperm are released through the ejaculatory(Bijt RpL22e(red) is ubiquitoush
expressed in the reproductive syst RpL22elike (green) is expressed exclusiv:

within the testisand within sperm cells DNA is visualized by DAPI staining (blu
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Polysome profile from male fly extract 1 23 4 56 789 101112
(post 12k x g) on 10-50% sucrose gradient
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WB: RpL22e WB: RpL22e-like

Figure 2.9. Density gradient ultra-centrifugationshowing RpL22e-like-PA

association with active translational machinery.Soluble extracts from adult male flies
were fractionated on 10-50% sucrose gradients. tdphéeft panel shows the absorbance
profile of the sucrose gradient. Extracted RNAsfrfractions are shown on the top
right. Fractions containing polysomes (poly) an& 8bosomes were pooled, pelleted
separately and subjected to western analysis fbgtemels). Both paralogues were
detected at the expected MW in fractions contai®d§ ribosomes and polysomes,
indicating that both are stable components of tedimg) ribosomes. No sizeable amount
of either protein was detected at the top (T) efdhadient. Input: 25 pug and/or 50 ug

whole male extract.
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RpL22e-like-PA

ATG TAA

RpL22e-like-PB

CTTCAACGGAGGAAGTCACGTGGTGTTTCTARACCTATTTTTGATACTAATTTCTTTGGAgtaagttaattgttte
aaaattttaggcgtgtgctcatgttttgecatatagGAATGAGTTCCCAGACGCAGAAARAGAATGCTTCCAAGGT
CAARTCGAAGGCGEGCCCACAGCCGTCGARGAAAGCCCCEGCTAAGGTGACTCCTGTAGARRCCGCCACCCCATCT
GCGGCTCCGCCTTTGTCCTCTAAARAGGTGGCCARRAGCTCCGGCCGTGGCACTRRAAGRAATCTCGATTTGGCCATGA
AAGAATCGGCTAAGAAGGCCGCCGAAGCTGGGETCTGACCAGAAGTTCTCGARGGCGAAGAAAGGCCAGAATGCTTC
ACGCAAGARCTTGATGCARGTGCCGGAACCCGTTGCCCCTGAGGTGGACAATARGARAAAGTCTGCGCCTCCTAAR
CGTGGCAATGCGGARATACCCACGGTTGTCCCCGCCAAAAAGGCCGCCCTGGTGCAAGARAAGCCCAAGGAACAAG
CTGCCGCAGCACCAAARGCCGAARATGTCGAGGTTCCAGCAGCCAAAGCTARAAGTGTARAARAAGAGCCTCGCCAC
TCCGGCAAATCCGAAGCCCAAGCCGAAACGCACGAAGAATGTTCTGCGTGGAARAAGGCTGGCCAAARAGAAGGCT
TGGCAACGCTTTGTGATCGACTGCGCATGCGTGGCCGAGGATATGATCCTGGACCTCGCCGACTTCGAGCAGTATT
TGAAGACCCACATCAAGATAAAGAACAAGCTCAACCAGCTGAAGGATCAGGTCACTTTCGAGCGCACCAAGAACTT
CTCGCTGATCATCCACTCCGGTGTGCACTTCTCCAAGCGCTACTTCAAGTATCTGACCAAACGGTATTTGAAGAAG
GTCAGCCTGCGTGATTGGTTGCGGGTAGTGTCCACGGCCAAGGACACCTTCGCCATGACCTACTTTAAGATTCAGG
ACAAGGACTTTGATGACGACGACGACGACGTTGCCGACGACAATGGCGGARARARCCTTTGCCTARARCRRAGATCG
CATTTCGAAAACATGTATATCCCATGAAAGCTGTTCAAGTGTGTAGACTTCTTAAATTTCTCAGTATACTTCTGTT
ARATTTCCCRACTTGAAGTTTCACTAGTTCTCAATGTGGCTCATACAATTTTTGCTCATTTGCTTCAACATATTCAA
CGATGARATATCAATARAAARAARARRARAC

Figure 2.10. rpL22e-like coding region showing novel splice site junctionf®r rpL22e
like-PB. Exon sequences (capitalized) and intronic seqse(lowercase) were derived
from FlyBase (FBgn0034837). The coding regiomphf22e-like-PA is shown in blue
caps. The previously annotated intron (FlyBase(B206) is shown in green
lowercase. The novel intron is represented in botld non-canonical splice sites
underlined (8S: CT, 35S: CG). ThepL22-like-PB sequence (GenBank accession no.
HM756190) was derived from sequencing multiple t@&8@l) cloned cDNAs from RT-
PCR analyses (Figure 2.2). Red and purple arrowse splicing diagram represent

primer pairs used in RT-PCR analyses in FigureR drdd Figure 2.12.
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A exonl/exon2 novel exon2/exon3

\S
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1196 bp—

676 —

460 —
396 —
350 —

29kb-

1.5kb -

0.95kb -

Figure 2.11. RT-PCR and Northern analysis novel saller rpL22e-like mMRNAs. A)
RT-PCR analysis afpL22e-like transcripts using primers that bridge exongpin22e-
like-PA andrpL22e-like-PB. RT-PCR products using the exon1/2 bridge prirheukl
hybridize torpL22e-like-PA andrpL22e-like-PB, producing bands 0£950 bp (arrow)
and 392 bp (closed arrowhead), respectively (redgriset in Figure 2.10). All samples

show such products in multiple experiments. O#meplicons (<350 bp) were cloned and
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sequenced and determined to be the result of necifgpamplification. The novel
rpL22e-like-PB exon2/3 bridge primer should specifically hybralianly torpL22e-like-
PB (purple primer set in Figure 2.10). The expecteghlecon of~370 bp (open
arrowhead) is seen in all samples, confirming tlesgnce ofpL22e-like-PB. B)
Northern blot analysis afpL22e-like mRNAs from different developmental stages.
PolyA+ RNA from embryonic, larval and adult fly ges was probed witfP-labelled
rpL22e-like-specific cDNA oligomers. Estimated transcript sibased on RNA markers
are shown in kilobases (kbjpL22e-like-PA mRNA is predicted to be 1.194 kb
(FlyBase). rpL22e-like-PB mRNA is predicted to be a minimum size~3.625 kb.
Arrows highlight prominent transcripts detectedlihstages. C) Embryonic PolyA+
RNA was probed witi’P-labelledrpL22e-like-specific cDNA oligomers [(PA-
specific—Ilanel) or (flanking—Ilane 2)]. RNA sizesreeletermined relative to an RNA

marker.
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flanking novel exon2/exon3

pGEM PA NTC  PA PB  PGEM

1196 bp—
676 —

460 —
396 —
350 —

Figure 2.12. Amplification of rpL22e-like-PB is not an artifact of RT-PCR. Purified
in vitro transcribed pL22e-like-PA andrpL22e-like-PB RNA were used as templates in
RT-PCR reactions with primer sets described intesiuscript. Flanking primers
designed to hybridize to the 5’ and 3’ ends of bmtling sequences (as used in Figure
2.2) produce distinct amplicons. Furthermore,rtbeel exon2/exon3 bridge primer
designed to hybridize only to the novel junctioedfically amplifies onlyrpL22e-like-
PB (as seen in Figures 2.10 & 2.11A). NTC: no tergtantrol; PArpL22e-like-PA,;

PB:rpL22e-like-PB.
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B C
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Figure 2.13. rpL22e-like-PB mRNA may be translated. A) Whole male extract was

subjected to 10-50% linear sucrose gradient ubtrdgrfugation. RT-PCR analysis of

gradient fractions representing 80S subunits atyspmes shows associationrpt_22e-

like-PA (arrow) andpL22e-like-PB arrowhead) mRNAs with active translating

ribosomes, suggestinglL22e-like-PB is translated. B) An initial Western analysis of

75u(g of testis extract shows immunodetection aekpected MW of34 kD and lower

at~25 and~13 kD (faint band; arrow). ‘Short exposure’ was 3o and ‘long exposure

was for 30 min. C) Increased protein loading tol @ 0f testis extract enhanced

immunodetection of the 13 kD band (arrow) with a longer exposure (30 min parad

to 4 s for short exposure). Given the abundandepbR2e-like-PA as a ‘sink’ for anti-

RpL22e-like Ab, the membrane was cut to maximizemumodetection of smaller MW
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proteins (arrowhead). Thel3 kD band (arrow) aligns with the recombinant Rpd&-22

like short protein standard. NTC: no template oadnRS: recombinant standard.
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Dsec TCGCAGGCGAAGAAAGCCCCGAATGCTTCTCGCAAGAACTTGAAGCAAGCGTCGGAACCC 297

Dsim TCGCAGGCGAAGAAAGCCCAGAATGCTTCTCGCARGAACTTGAAGCAGGCGCCGGARCCC 297
Dmel TCGAAGGCGAAGAAAGGCCAGAATGCTTCACGCAAGAACTTGATGCAAGTGCCGGAACCC 297
Dere GCAAAGCCGAAGAAAGCCCAGAATGCTCCGCGCAAGAACGTGAACCCAGTGCCGGACCCA 297
Dyak = —————- CCAAAGAAAGCTCAGACTGCTCCTCGCAAGAACTTGAGCCARGTGCCGGACCCG 282
Dana CCTCCCTCGTCTTCGGCATCTTCGGCCACAATGGTGTCTTCCAACAAGAAGGTAAAGGCT 294
* * * * * * * * *
Dsec GTTGCCCCTGAGGTGGTCTATAAAAAGAGATCGGCGCCCCCTACACGTGTCGATGCGGGA 357
Dsim GTTGCCCCCGAGGTGGTCTGTAAAAAGAGATCGGCGCCTCCTACACGTGTCAATGCGGGA 357
Dmel GTTGCCCCTGAGGTGGACAATAAGAAAAAGTCTGCGCCTCCTAAACGTGGCAATGCGGAA 357
Dere GTAGCTCCTGCTGTAGTCCAGAAAAAGAGATCGGCGCCTCCTACACGTGGCAR--~——-~ 350
Dyak ATTGCTCCTGCGGCGGCCACCARAAAGAGACCGGCGCCTGCTACACGTGGCAACGCAGGE 342
Dana GCGGCTGCCCAGGCGCCC - - ~AAAAGGGA--AGCGCCCTCGAAA -~ == === mmmm 333
* & * * * * kk ok ok ok * * &
Dsec AAACCCGAGGGTGTTCCCGCCAAAAAGGCGGCCCTGGTGCAGGAARAGCCCAAAGAACAA 417
Dsim ARAACCGCTGTTGTTCCCGCCAAAAAGGCGGCCCTGGTGCAGGAAAAGCCCAAGGAACAA 417
Dmel ATACCCACGGTTGTCCCCGCCARAAAGGCCGCCCTGGTGCAAGAAAAGCCCAAGGAACAA 417
Dere --GCCCACGGGTGCTGCCCCCAAAAGGGCTGCCCTAGTCCAAGAAACGCCCAAGGAACAA 408
Dyak AAAGCCAAGGGTGCTGCCGCCAAAAGGGGATCCCCGGTCCAGGAAGTGCCCAAGGAGCTA 402
Dana ---GCCGAGGCTCCGCCGGCCAAGAAAACTACTGTGGCT - -~ GCAGCTCCGARACCCAAR 387
* ok * * * hhkhkk K * * * * Rk ko *
Dsec GTTGCCCCTGAGGTGGTCTATAAAAAGAGATCGGCGCCCCCTACACGTGTCGATGCGGGA 357
Dsim GTTGCCCCCGAGGTGGTCTGTAAAAAGAGATCGGCGCCTCCTACACGTGTCAATGCGGGA 357
Dmel GTTGCCCCTGAGGTGGACAATAAGAAAAAGTCTGCGCCTCCTAAACGTGGCAATGCGGAR 357
Dere GTAGCTCCTGCTGTAGTCCAGAAAAAGAGATCGGCGCCTCCTACACGTGGCAA-~==~=~ 350
Dyak ATTGCTCCTGCGGCGGCCACCARAAAGAGACCGGCGCCTGCTACACGTGGCAACGCAGGE 342
Dana GCGGCTGCCCAGGCGCCC -~ - ~AAAAGGGA--AGCGCCCTCGAAA -~ == === === == === 333
* * * * * ko deododok ok * k &
Dsec AAACCCGAGGGTGTTCCCGCCARAAAGGCGGCCCTGGTGCAGGAARAGCCCAAAGAACAA 417
Dsim AAAACCGCTGTTGTTCCCGCCAAAAAGGCGGCCCTGGTGCAGGAAAAGCCCAAGGAACAA 417
Dmel ATACCCACGGTTGTCCCCGCCARAAAGGCCGCCCTGGTGCAAGAARAGCCCAAGGAACAA 417
Dere --GCCCACGGETGCTGCCCCCARAAGGGCTGCCCTAGTCCAAGAAACGCCCAAGGAACAR 408
Dyak ARAGCCAAGGGTGCTGCCGCCAAAAGGGGATCCCCGGTCCAGGAAGTGCCCAAGGAGCTA 402
Dana ---GCCGAGGCTCCGCCGGCCARGAAAACTACTGTGGCT - - ~GCAGCTCCGAAACCCAAA 387
* & * * * L & S * * * ok kk *
Dsec GCTCCCGCAGCACCAAAAGCCGAAAAAACCGAGGTTCCAG-—-—-====--~ CATCCAAA 465
Dsim GCTCCCGCAGCACCAAAAGCCGAAAAAACCGAGETTCCAG-~~========= CAGCCAAA 465
Dmel GCTGCCGCAGCACCAAAAGCCGAAAATGTCGAGGTTCCAG-==========~ CAGCCAAA 465
Dere GCTCCCACGGCACCTAAAGCCGAAGCAATTGAAG- ~—=============== CAACGGCC 450
Dyak GCTTCCACGGCACCCGAAGTAGAAAAAAACGAAGTGCCAGCAACCAAAGTGGCAACGGCC 462
Dana GCTGGETGCCGCAGTGAA - - - -GAAGGAGCCTG-=================== CCCCGGCT 423
*dkek *  kkk * ok ke * *

Figure 2.14. Clustal W alignment ofrpL22e-like-PA nucleotide sequences from the
Drosophila melanogaster group (found in FlyBase: FB2010_06) Other species found
in FlyBase (not belonging to the melanogaster gréagk an RpL22e-like orthologue.
Nucleotides in red represent conserved non-caniosptiae sites. The position of the

proposed splice sites . ananasse is based on the gaps within its alignment. Sybol
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in the alignment denote the amount of nucleotideseovation observed in each column.
“*” indicates that the nucleotides in that colunme &entical in all of the aligned
sequences. “” indicates conserved substitutiofisHows semi-conserved substitutions.
Dmel =D. melanogaster (FBtr0072049), Dsec B. sechellia (FBtr0198555), Dsim D.
simulans (FBtr0224981), Dere B. erecta (FBtr0140109), Dana B. ananassae
(FBtr0118008), Dyak ®. yakuba (FBtr0258110). Figure adapted from Keassal.

(2011).
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Dere MKSQTQKKNAPKAKSKA-PEPSKKAQAKVAPVEVATASAAPPPLSSKKVAKAPAVALKNL 59

Dyak MKSQTQKKNAPKAKSKA-PEPAKKAQGKVAPVESATASVAPP-LSSKKVAKAPAVALKNL 58

Dsec MKSQTQKKNAPKANSKAGPQPSKKAPAKVAPVETATPSAAPP-LSSKKVAKAPAVALKNL 59

Dsim MKSQTQKKNAPKANSKAAPQPSKKAPAKVAPVETATPSAAPP-LSSKKVAKAPAVALKNL 59

Dme’l MSSQTQKKNASKAKSKAGPQPSKKAPAKVTPVETATPSAAPP-LSSKKVAKAPAVALKNL 59

Dana MKPQAATKDAAKGKGKA-SAKSKNASGKGG-ASSGEKSTAPPPMNSKKVAKAPAVALRNL 58

Dere ELAMKESAKKASEMAEQKFAAKPKKAQNAPRKNVNPVPDPVAPAVVQKKRSAPPTR---G 116
Dyak ELAKKETAKKTSETPDQ----KPKKAQTAPRKNLSQVPDPIAPAAATKKRPAPATRGNAG 114
Dsec DLAMKESAKKAAEAADQKLGSQAKKAPNASRKNLKQASEPVAPEVVYKKRSAPPTRVDAG 119
Dsim DLAMKESAKKAAEAADQKLGSQAKKAQNASRKNLKQAPEPVAPEVVCKKRSAPPTRVNAG 119
Dmel DLAMKESAKKAAEAADQKLVSKAKKGQNASRKNLMQVPEPVAPEVDNKKKSAPPKRGNAE 119
Dana DLATKESAKKVADHVSKKLVPPSSSASSATMVSSNKKVKAAAAQAP--KREAP------ s 110
Dere KPTGAAPKRAALVQETPKEQAPTAPKAEAIEA------ TATKSVDKSIAAPVNQKPKPKR 170
Dyak KAKGAAAKRGSPVQEVPKELASTAPEVEKNEVPATKVATATKSVGKSSAAPATQKPKPKR 174
Dsec KPEGVPAKKAALVQEKPKEQAPAAPKAEKTEVP----ASKAKSVAKKVATPATTKPKPKR 175
Dsim KTAVVPAKKAALVQEKPKEQAPAAPKAEKTEVP----AAKAKSVAKKVATPATTKPKPKR 175
Dmel IPTVVPAKKAALVQEKPKEQAAAAPKAENVEVP----AAKAKSVKKSLATPANPKPKPKR 175
Dana KAEAPPAKKTT-VAAAPKPKAGAAVKKE--------~- PAPAAKVAAPIKPKPKPKPKLNS 160
Dere AKNVLRGKRMSKKKIWQRFVIDCACVAEDLILDIADFEKYLRTHIKIKNKVNQLKDQVTF 230
Dyak AKNVLRGKR-SKKKILQRFVIDCACVSEDLILDVSDFEKYLKTHIKINNKVNQLKDQVTF 233
Dsec AKNVLRGKRLGKKKAWKRFVIDCAIVAEDMILDLADFEQYLKTHIKIKNKLNQLKDQVTF 235
Dsim AKNVLRGKRLGKKKAWQRFVIDCSIVAEDMILDLADFEQYLKTHIKIKNKLNQLKDQVTF 235
Dmel TKNVLRGKRLAKKKAWQRFVIDCACVAEDMILDLADFEQYLKTHIKIKNKLNQLKDQVTF 235
Dana KKLTLRGKSASKKKVWQRFVIDCTCVVEDQILDLADFEKYIKTHTKVNRKINNLGDLVTF 220
Dere ERVKNSSLVIHSAVHFSKRYFKYLAKRYLKKHSLRDWVRVVSTAKDTFAMSYFKIQA--- 287
Dyak ERAKNSSLIIHSGVHFSKRYFKYLAKRYLKKHSLRDWVRVVSTAKDTFAMRYFKIQGK-- 291
Dsec ERSKNFSLIIHSGVHFSKRYFKYLTKRYLKKVSLRDWLRVVSTAKDTFSMAYFKIQGKDD 295
Dsim ERSKNFSLIIHSGVHFSKRYFKYLTKRYLKKVSLRDWLRVVSTAKDTFSMAYFKIQGKDD 295
Dmel ERTKNFSLIIHSGVHFSKRYFKYLTKRYLKKVSLRDWLRVVSTAKDTFAMTYFKIQDKDF 295
Dana ERSKQSSLIIHSGVHFSKRYFKYLSKRYLKKNSLRDWVRVVSTGKESFTMRYFKIQSQ-- 278
Dere DDDDD--VEANEGETFV- 302

Dyak DDDDD--VEDNERETFV- 306

Dsec DDDDDDVADDVVRKTFA- 312

Dsim DDDDD-VADDDVRKTFA- 311

Dmel DDDDDDVADDNGGKTFA- 312

Dana DDDDE---DVLDMKT--- 290

Figure 2.15. Clustal W alignment of RpL22e-like-PAamino acid sequences from
the Drosophila melanogaster group (found in FlyBase: FB2010_06). Other species
found in FlyBase (not belonging to the melanogagteup) lack an RpL22e-like
orthologue. Symbols in the alignment denote thewarhof amino acid conservation
observed in each column. “*” indicates that the roracids in that column are identical
in all of the aligned sequences. “:” indicates @wed substitutions. “.” shows semi-

conserved substitutions. DmeD=s melanogaster, Dsec =D. sechellia, Dsim =D.

simulans, Dere =D. erecta, Dana =D. ananassae, Dyak =D. yakuba.
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Fol d

Fol d

. . Fol d Fol d Fol d
Difference leferenc_e of Di fference of Difference |Difference
of rpL22- rpLee-like rpL22-1ike of rpL22- of rpL22-
Sanpl e like in short in . .
T conpared to Iike Iike
estes Testes .
conpared to| conpared to rpL2h2—I i ke conpared to com:)arbed| to
sanpl e sanpl e short Vasa B2- Tubul i n
9745 105 0.23
Testes (7699-12335) (83-133)  {(0.18-0.29)
0.0035
: 4296 181 411 4
Ovaries (0.0028-
(3394-5438) (143-229) (325-520) 0.0044) (3-6)
1551 18 111
Male Heads | 1555 1963) (14-22) (87-140) .
3702 73 192
Female Heads | g5, 45g5) (58-92) (151-243) .
S2 (1125584736: (2413-(3)27) (1481-227)
20095)

Table 2.1. Fold differences ofpL22e-like mRNA isoform compared to tissues and

specific genes.Fold differences were calculated using the compeaxr&; method A

ACr method). Levels afpL22e-like-PA, normalized tapL32, and relative to other

tissuesypL22-like-PB, Vasa (germline-specific; Qiret al., 2007; Sanat al., 2002),0r

S2-Tubulin (testis-specific; Kemphues al., 1979; Rudolplet al., 1987), is determined

by using the formula:2*“;. Values within parentheses indicate range of fold

differences, as a result of incorporating the stathdleviation.
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Narre Sequence Experinmental Use
, RT-PCR & Cloning;
5" ridge RT-PCR;
FDmL22likeBamHI GTCACGGATCCATGAGTTCCCAGACGCAGAA tagged ’

AATGCTTCCAA-3’

constructs

RDmL22likeBamHI

5'-
GTCACGGATCCTTAGGCAAAGGTTTTTCCGC
GTCGTCGGCAA-3’

CRTTPCR & Cloning

5-

RDmL22lkeBamHI_ | 10 A CcGGATCCTTAGGCAAAGGTTTTTCCGC :gﬁp CR & Cloning;
shortened G-3 ridge RT-PCR
FL22like_exonl2 5-GATACTAATTTCTTTGGAGAATG-3' Brid ge RT-PCR

5'-

RL22like_novel TTAGGCAAAGGTTTTTCCGCCATTGTCGTCGG(ﬁ&i ge RT-PCR;
exon2/3 ; orthern Analysis
GAGG-3
5'_

RDmL22-likeFLAG-
BamH1

GTCACGGATCCTTACTTGTCATCGTCATCCTT|
GTCGCCGCGGCCGATGGCAAAGGTTTTTCCG
TGTCGTCGGCAA-3;

GHIAAG-tagged
@OAStructs

FL22lkeFull 5 GCTCAACCAGCTGAAGGATCAS GRT-PCR
RL22IkeFul 5-GAAGTAGCGCTTGGAGAAGTGC S GRT-PCR
FL22likeShort 5 -CAGAATGCTTCACGCAAGAACTT-3 QRT-PCR
RL22lkeShort 5 AATGTCGTCGGCAAGAAGC 3’ qRT-PCR
FBetazTubuiin 5IGTGCTGAACTGGTGGATTCCGT S GRT-PCR
RBetaZTubulin 5IGGTCAGCTGGAAGCCCTGAATD JRT-PCR
FVasa 5. CTGTACGAAAACGAGGATGGTGAT QRT-PCR
RVasa 5-ACCACCGTCCCCTCTTTCAS GRT-PCR
Frpl32 5 CTAAGCTGTCGCACAAATGG S QRT-PCR
RrpL32 5 ACGCACTCTGTTGTCGATACC3 qRT-PCR
FL22- 5

like_startcodon

ATGAGTTCCCAGACGCAGAAAAAGAATGCTT
GGCC-3'

C®&&Aomb. Expression

FL22

5
AAGATGGCTCCTACCGCCAAGACCAACAAGG

Cﬁg,comb. Expression

RL22

5-TTACTCGGCATCGTCGTCCTCATCG-3

RL22like_exonl

5-GGAAGCATTCTTTTTCTGCGTCTGGGAACT]
3

C

Northern Analysis

RL22like_exon3

5'-
TTAGGCAAAGGTTTTTCCGCCATTGTCGTCG(

5@torthern Analysis

3

Recomb. Expres sion

Table 2.2. List of primers and oligonucleotides el in experiments described
Chapter 2.
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Accessi on Fl yBase 1D Protein Resi dues Tot al
Nunber Conpared | Length (aa)
NP_477134 | FBgn0015288 D. mel anogast er 6-132 299
rpL22e
NP_611771 | FBgn0034837 D. nel anogast er 7-135 312
rpL22e-like
NP_523886 | FBgn0026372 D. mel anogast er 5-130 277
rpL23a
NP_0010272 | FBgn0053807 D. nel anogast er 114-246 256
90 histone H1
P15869 n/a S. purpuratus 90-121 210
histone H1
Sequence A Sequence B Sequence Sequence
I dentity Simlarity
D. mel anogast er 46.5% 68.5%
rpL22e
S. purpurat us D. el anogast er 26.8% 62.8%
‘histone H1 rpL22e-like
(sea cucumber) D. mel anogast er 35.7% 58.7%
rpL23a
D. mel anogast er 29.8% 62.4%
histone H1
D. mel anogast er 25.5% 60.3%
D rpL22e
) D. mel anogast er 15.6% 55.3%
nmel anogast er X
histone H1 rpL22e-like
D. mel anogast er 27.7% 56.7%
rpL23a

Table 2.3. Comparison oDrosophila RpL22e paralogues and RpL23a N-termini to
C-termini of sea cucumber §. purpuratus) and Drosophila histone H1. Clustal W
alignment was used to determine the amino acidesexpuidentity and sequence
similarity between fruit fly histone H1-like domaiound in the RpL22e paralogues and
RpL23 to both sea cucumber and fruit fly histone@4fermini. The unique N-termini of
the threeDrosophila ribosomal proteins discussed here have higher hmgyadb the C-
terminus of the sea cucumber’s histone H1, nadiéa bwn histone H1 orthologue.

However, in both histone H1 comparisons, RpL22draater homology that RpL22-like.




Chapter 3:

RpL22e, but not RpL22e-like-PA, is SUMOylated anddcalizes to the

nucleoplasm of meiotic spermatocytes

3.1 Introduction

Duplicated ribosomal protein (Rp) genes are prontifeatures of yeast, plant, and fly
genomes. Many highly similar or identical Rp gef@emonstrated most notably in
Saccharomyces cerevisiae and inArabidopsis thaliana) appear to encode paralogues with
functionally-distinct roles in several cellular, lacular, or developmental pathways in
response to different environmental cues (Komstial., 2007; Kimet al., 2009; Hummel
etal., 2012). These discoveries have stimulated amast in determining if ribosome
heterogeneity, in this case defined by Rp paralagieechangeability, has an impact on
translational regulation capacity (reviewed by Yamel Barna, 2012). Differences in
ribosomal RNA composition, tissue-specific expressaf Rp paralogues, and Rp post-
translational modifications (PTMs) also contribtdegibosome heterogeneity and may
broaden the translational regulatory spectrum iis cader certain physiological

conditions.

Noteworthy is the fact that some Rps perform ertvasomal functions in addition to
their roles in translation (reviewed by Warner adtcintosh, 2009); certainly through the

course of evolution, a duplicated Rp paralogue heaxe acquired a new role distinct
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from its presumed original canonical role as acétmal component of the ribosome.
Notwithstanding the acquisition of a new functisame degree of functional redundancy

between Rp paralogues might also have been retained

Given that different functional roles have oftembattributed to structurally similar
paralogues, it is reasonable to propose that digpé&unctions could be ascribed to
structurally dissimilar paralogues, particularlyimstances where tissue-specific
expression patterns accompany paralogue structiverigence. The conserved
eukaryotic-specific RpL22e family iDrosophila melanogaster represents a model
protein family whose structurally divergent memb@igy have evolved disparate

functions.

The fly RpL22e family includes two genepl22e andrpL22e-like. A single protein
product was previously annotated for each generdmaint evidence demonstrates that
therpL22e-like gene is alternatively spliced, giving rise to tprotein products, “pL22e-
like-PA and a novel protein isoform called RpL22eliPB (Kearset al., 2011).
Previous work by others determined thalt22e-like MRNA is expressed in embryonic
and adult gonads and germline cells (gonads: Sblgest al., 2006a, 2006b; primordial
germ cells: Shigenobet al., 2006a; adult ovary germline stem cells: Kaal., 2005),
and in adult testes, but not adult ovary from macray analyses (FlyAtlas: Chintapadti
al., 2007). On the other hand, RpL22e is ubiquitoesiyressed (e.g., Shigenodiwal .,

20064, b) in embryos and adults. With paraloguesifip antibodies (Abs), we
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determined that RpL22e-like-PA is expressed issut-specific manner, found only in
germ cells in adult testes and in fly heads of Isatkes (Kearset al., 2011). Thus the
gonadal protein expression pattern aligned welpieviously reported mRNA

expression patterns.

Well established as a 60S ribosomal subunit prdteamergneet al., 1987), RpL22e is

only 37% identical in amino acid (aa) sequencepbXe-like-PA (Marygolckt al.,

2007). Both proteins share a Rp signature withARNding motifs (as defined for
human RpL22e) at the C-terminal end (Houmani anij 2009). Our previous

ribosomal profile analyses confirm RpL22e-like-Pésediments with monosomes and
polysomes (Kearset al., 2011), though other possible functions cannadbmuded at

this time. A fly-specific N-terminal extension (ohknown function) with homology to

the C-terminal end of histone H1 (previously ddsedi only for RpL23a and RpL22e by
Koyamaet al., 1999) is clearly the most divergent structueatfire between the two
proteins. Therefore, any potential functional eliénces between these proteins might be

mediated through interactions in the N-terminal dom

In the male reproductive system of the fly, RpL&expressed in the testis, accessory
gland, seminal vesicle, and the ejaculatory dirpiL22e-like-PA is only expressed
within germ cells throughout spermatogenesis; fheee RpL22e paralogues are co-
expressed within germ cells (Keaetal., 2011). The significance of the overlapping

expression pattern within germ cells is yet to beavered.
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Unexpectedly in the testis and in other tissuesgiseovered additional immunoreactive
species (using paralogue-specific Abs) at a high@ecular weight (MW) of ~50kD than
would be predicted (33kD) for RpL22e (Figure 2.@afsect al., 2011). In the testis,
RpL22e-like-PA was detected at its predicted MVB4D, with no indication of stable
higher MW species. We proposed that the high MWSS8Esistant species might
represent post-translationally modified RpL22e (iseat al., 2011). If so, an array of
RpL22e PTMs sufficient to account for a minimum Miffferential of ~20kD would
have to be proposed. In the male germline whette paralogues are co-expressed, PTM
of RpL22e, but not of RpL22e-like-PA would furthgistinguish these paralogues not
only structurally, but most likely functionally agell. Such a distinction in PTM
between Rp paralogues would bring to the forefeonew mechanism not widely

explored as a means to regulate paralogue funcghs the same cell.

Numerous examples of Rps serving as substratéxTigr machinery for methylation,
acetylation, ubiquitylation, addition @-linked -D-N-acetylglucosamine,
phosphorylation, and SUMOylation have been desdr{see Xue and Barna, 2012 for a
brief review of this subject overall; e.g., see Mataet al. [2009] for SUMOylation).
Much remains to be uncovered about the importah&8 s in controlling the
dynamics of ribosome assembly (reviewed by Stahel\&oolford, 2009) and in altering
Rp function in translation or in other cellular jpatays. Modification of eukaryotic Rps

in the context of the ribosome adds a layer ofdia@ional regulation that has stimulated
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numerous lines of investigation (e.g., Yow@l., 2012; Koc and Koc [2012] for PTM
review of mitochondrial Rps; Xue and Barna [201&]PTM review) and in some
instances, an impact on translation has been daugchealbeit mechanistically not fully
understood. A notable example is that incorporatiopolyubiquitinated RpL28 (a
component of the peptidyl transferase center)iittimsomes may have a stimulatory

effect on translation (Spenegal., 2000).

PTMs of some Rps may be significant in defining@&xtbosomal roles for these
proteins; for example, regulated phosphorylatioRp&6 affects cell size and glucose
metabolic regulation in murine cells but does ritec mMRNA translational control
(Ruvinskyet al., 2005). Further, for RpS3, the DNA repair aties (Yacoulet al.,
1996, Sandigurskst al., 1997, Deutscht al., 1997) and the most recently described
regulatory activities affecting mitotic spindle dymics (Jangt al., 2012) appear to be
controlled by PTMs that include regulated phosplatign as well as SUMOylation

(Kim et al., 2005; Kimet al., 2009; Jangt al., 2011).

For RpL22e and RpL22e-like-PA, little is known ab&TMs, with a few exceptions for
RpL22e. RpL22e is a substrate for casein kinagathl phosphorylation sites located at
the C-terminal end (Zhaa al., 2002). Previous proteomics studies have idedtif
numerous Rps as SUMO (small ubiquitin-like modjfi@rgets (e.g., Matafost al.,

2009; Nieet al., 2009), implicating involvement of the SUMOylatipathway in

ribosome assembly (Matafoetal., 2009; Shcherbik and Pestov, 2010) or in the
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degradation of unassembled Rps (Galisgtah., 2011). RpL22e was 