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Abstract

Regulation of translation is vital in all living systems, underpinning the coordination of organismal
development, cellular processes, and responses to external stimuli and stresses. Multiple studies have
identified that ribosomes exist in heterogenous populations arising from differences in rRNA and
ribosomal protein (RP) composition. In some instances, this heterogeneity enables translational

regulation of specific groups of mRNAs.

Recent quantitative tandem mass tag mass spectrometry (TMT-MS) of ribosomes from
D. melanogaster tissues revealed that RpS11 was found to be significantly enriched in head 80S
monosomes and polysomes, in comparison to other tissue ribosomes. Therefore, | sought to
investigate this ribosomal heterogeneity and its impact on translation. Selective knockdown of RpS11
was performed in fly neurons, to determine the importance of RpS11 in neuronal translation.
Preliminary analysis suggests that RpS11 is required for global translation in the brain, but further
analysis is required to confirm this. To dissect the structural implications of RpS11 enrichment in
D. melanogaster head 80S monosomes, single particle cryo-EM of purified head 80S monosomes was
carried out. However, no additional RpS11 densities could be identified to explain higher levels of
RpS11 compared to other 80S ribosomes and no structural consequences of the reported RpS11

enrichment were identified.

Interestingly, whilst analysing the cryo-EM structure of head 80S ribosomes, | discovered that ~98%
of these monosomes contain tRNAs, indicating that they are engaged in active translation. This is
surprising because 80S monosomes are thought to be largely inactive. Further analysis of 80S
structures from other tissues indicated that the levels of monosomes actively translating varies
tremendously. 91% of embryo monosomes were also found to be engaged in active translation, in
contrast to the testis and ovary where no monosomes were found to be actively translating. This
implies that monosomal translation is potentially induced in the head (and therefore the brain) and
embryo, suggesting a vital role in the translation of specific mRNAs in these tissues. Further analysis
of the tRNA densities enabled the identification of 5 stages of translation elongation. Together this
work indicates that monosomal translation is favoured in certain tissues and developmental stages to

regulate the translation of specific mRNAs.
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1 Introduction

1.1 The eukaryotic ribosome

The ribosome is a ribonucleoprotein particle that performs the process of translation. These
macromolecular machines translate the genetic information encoded by mRNAs to create the
proteome of all cells (Woolford and Baserga, 2013). Generally, eukaryotic ribosome consists of the
60S subunit containing the 28S, 5.8S and 5S rRNAs and 46 ribosomal proteins (RPs), and the 40S
subunit consists of the 18S rRNA and 33 RPs (Thomson et al., 2013).

The function of the 60S subunit is to catalyse peptide bond formation, facilitated by the 28S rRNA
which forms the peptidyl transferase centre (Baxter-Roshek et al., 2007). Whereas the 40S subunit
binds mRNA and is responsible for translation fidelity, ensuring correct base pairing between mRNA
codons and anticodons of the aminoacylated tRNAs (aa-tRNAs) (Doudna and Rath, 2002). Association
of the 60S and 40S subunits forms the 80S ribosome, forming the mRNA channel and the 3 classical
sites of tRNA binding: A/A (aminoacyl), P/P (peptidyl) and E/E (exit) (Figure 1) (Schuller and Green,
2018).

1.2 tRNA positioning and conformations during eukaryotic translation

tRNAs act as substrates of protein synthesis that when charged with amino acids (aa-tRNAs) links the
mMRNA codon and amino acids, by binding to the mRNA codon in the tRNA sites of the ribosome via its
anti-codon loop by base pairing interactions (Raina and Ibba, 2014). Therefore, tRNAs decode the
mRNA sequence into protein by delivering amino acids, as specified by the mRNA codons of the open
reading frame (ORF), that bind to the growing nascent peptide chain by peptide bond formation (Berg
and Brandl, 2021). To achieve this the tRNAs must progress through the tRNA binding sites in the
MRNA channel of the ribosome facilitated by movement of the small and large subunits during
translation as well as the action of translation factors (Berg and Brandl, 2021). The tRNA sites and
conformations that tRNAs occupy in the ribosome is dependent on the phase of eukaryotic translation.
In addition to the classical tRNA positions (A/A, P/P and E/E), the intermediate A/P and E/P tRNA
positions are formed in the process of translation as the tRNAs move through the tRNA sites from the
A/A to the E/E site (Figure 2) (Zhou et al., 2014). These hybrid tRNA positions were discovered by
chemical modification of tRNAs, which revealed that after peptide bond formation the acceptor ends
of the A/A and P/P tRNAs move into the P/P and E/E sites, due to the spontaneous rotation of the 60S
subunit (Moazed and Noller, 1989).



The complex process of mMRNA translation is highly regulated and occurs in 3 distinct stages: initiation,
elongation and termination, followed by recycling of the 40S and 60S subunits (Figure 3). Each stage
is facilitated by dedicated translational factors that recruit the 80S to the start codon (i.e. eukaryotic
initiation factors, elFs), promote peptide synthesis (i.e. eukaryotic elongation factors, eEFs) and
recycling or reinitiating ribosomes once a stop codon has been reached (i.e. eukaryotic release factors,

eRFs) (Figure 3) (Aitken and Lorsch, 2012; Dever et al., 2018; Frolova et al., 1996).
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Figure 1. Structure of the 80S eukaryotic ribosome, formed by the association of 60S and 40S
subunits. Each subunit consists of multiple and subunit-specific RPs (light grey) and, 60S (light blue)
rRNAs and the 40S rRNA (yellow). Association of the 2 subunits forms the A/A (red), P/P (green) and
E/E (pink) classical tRNA binding sites, required for peptide chain formation.

Figure adapted from Schuller and Green, 2018.



Figure 2. Comparison of the classical eukaryotic tRNA positions (A/A, P/P and E/E) with the hybrid
state tRNA positions (A/P and P/E). tRNAs were selected from a range of eukaryotic atomic models,
as translation is conserved across eukaryotic species (Dever et al., 2018). Classical tRNAs: A/A (red)
from the Saccharomyces cerevisiae 60S ribosomal subunit, PDB code: 5GAK (Schmidt et al., 2015), P/P
(green) from D. melanogaster testis 80S polysome, PDB code: 6XU7 (Hopes et al., 2021) and E/E (pink)
from D. melanogaster embryonic extract 80S monosome, PDB code: 4V6W (Anger et al., 2013). Hybrid
state tRNAs: A/P (orange) and P/E (blue) from rabbit reticulocyte lysate 80S ribosome on globin mRNA
in rotated state, PDB code: 6HCJ (Juszkiewicz et al., 2018).

Figure made with UCSF Chimera.
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Figure 3. The stages of eukaryotic translation. Initiation is coordinated by elFs and Met-tRNAi binding to the 40S forming the 43S preinitiation complex (43S
PIC) that scans the mRNA and binds the AUG start codon. This induces the binding of the 60S subunit forming the 80S ribosome. Next, elongation allows
synthesis of the peptide chain regulated by eEFs and aa-tRNAs. The elongation phase is repeated for each codon in the ORF following the AUG start codon
until a stop codon is recognised. After stop codon recognition, the termination phase occurs, regulated by action of the eRFs the peptide chain is released.
The 40S and 60S disengage from the mRNA and are recycled for further round of translation.

Figure made with Biorender.



1.2.1 Initiation
The first phase of translation is initiation, comprising of multiple stages before the 80S ribosome

formation and Met-tRNAi base pairing to the AUG start codon.

Firstly, the 43S pre-initiation complex (43S PIC) is formed by binding of the ternary complex (elF2-GTP
bound to the methionine initiator tRNA (Met-tRNAI)) to the 40S subunit plus elFs 1, 1A, 3 and 5 (Aitken
and Lorsch, 2012). elFs 1 and 1A bind at the A/A and P/P tRNA sites of the 40S subunit, opening a cleft
between the 40S head and body, allowing for single stranded mRNA binding (Merrick and Pavitt,
2018). Concurrently, elF4F (a complex of elF4E, elF4G and elF4A) binds to the 5’ 7-methylguanosine
cap (m’G cap) and poly(A) binding protein (PABP) at the 3’ poly(A) tail, activating the mRNA. The RNA
helicase elF4A unwinds the mRNA secondary structure to allow for the 43S PIC to bind (Jackson et al.,
2010). The 43S PIC scans the mRNA from the m’G cap, in a 3’ direction requiring ATP. When the 43S
PIC reaches the AUG start codon base pairing interactions form with the Met-tRNAi anticodon. This
triggers the hydrolysis of the GTP bound to elF2 arresting scanning by closing the open scanning
conformation of the 43S PIC, causing the release of elF1 (Aitken and Lorsch, 2012). elF2-GDP and elF5
dissociate from the 43S PIC, allowing binding of the 60S subunit bound to elF5B-GTP. Binding of the
60S to the 40S subunit is followed by elF5B GTP hydrolysis, elF5B-GDP and elF1A dissociate, forming
the 80S ribosome (Jackson et al., 2010). The precise timing of the dissociation of the remaining
initiation factors (elF4F, elF4B and elF3) has not yet been elucidated, however, they have been
determined to be released before the ribosome progresses to the elongation stage (Merrick and

Pavitt, 2018).

1.2.2 Elongation
For each subsequent mRNA codon in the ORF after the AUG start codon and preceding the stop codon,

the ribosome cycles through the elongation stages (Figures 3 and 4).

A/A site tRNA selection is the first stage of elongation, commenced by the delivery of an aa-tRNA in
complex with eEF1A and GTP to the A/A site. Base-pairing between the anticodon of the aa-tRNA and
the codon in the A/A site hydrolyses the GTP, releasing the eEF1A-GDP complex and induces A/A site
tRNA occupation (Figure 4) (Rodnina et al., 2005).

The second stage of elongation is peptide bond formation, occurring rapidly after A/A tRNA selection.
Peptide bond formation is catalysed by the peptidyl transferase centre, which favourably positions
the A/A and P/P site tRNAs (Jia et al., 2021). The peptide bond is formed by nucleophilic attack of the

a-amino group of the A/A site tRNA on the carbonyl carbon of the P/P site tRNA (Budkevich et al.,
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2011). This transfers the P/P site tRNA peptides to the A/A site amino acid, lengthening the peptide
chain by 1 amino acid and deacylates the P/P site tRNA, forming the pre-translocation state (Figure 4)

(Hiller et al., 2011).

The third and final stage of elongation is translocation, achieved by progressing from the pre-
translocation state to the post-translocation state, via the hybrid state. Translocation transfers the
A/A site tRNA with the nascent peptide chain bound and the deacylated P/P site tRNA to the P/P site
and E/E site, respectively; as well as simultaneously translocating the mRNA transcript by 1 codon
(Figure 4) (Frank et al., 2007). In the pre-translocation stage, the newly formed deacyl P/P site unlocks
the ribosome allowing the 40S and 60S subunits to spontaneously and reversibly rotate, with respect
to one another (Munro et al., 2010). The binding of eEF2-GTP locks the 80S ribosome in the hybrid
state preventing reversal of the subunit rotation to the pre-translocation state (Djumagulov et al.,
2021). This rotation induces the acceptor ends of the A/A and P/P tRNAs to move into the P/P and E/E
sites of the 60S whilst the anticodon stem-loops remain occupied in the 40S A/A and P/P sites. This
forms the hybrid state of the translocation with the intermediate state A/P and P/E tRNAs (Figure 4)
(Frank et al., 2007). Notably, the translational inhibitor cycloheximide (CHX), has been shown by
single-molecule FRET microscopy (smFRET) to prevent translocation by occupying the E/E site of
elongating ribosomes. This halts translocation by preventing A/A and P/P site tRNAs from entering the
hybrid state through inhibiting eEF2 binding (Budkevich et al., 2011). Therefore, in the presence of
CHX the tRNAs cannot progress through the mRNA channel as translocation has been inhibited. The
post-translocation state is formed by the hydrolysis of the GTP bound by eEF2 to GDP, which induces
a conformational change in eEF2 causing the 40S head domain to rotate relative to the large subunit,
severing the base paring of the tRNA and mRNA and resulting in the dissociation of eEF2-GDP.
Together these actions shift the anticodon stem loops of the intermediate tRNAs, so the tRNAs now
occupy E/E and P/P sites and translocate the mRNA by 1 codon so that the next codon of the ORF is

now situated in the A/A site (Figure 4) (Taylor et al., 2007; Behrmann et al., 2015).

SMFRET experiments have also revealed that the E/E site deacylated tRNA is ejected by allosteric
interactions upon aa-tRNA A/A site binding during early stages of protein translation. However, in later
cycles the E/E site tRNA spontaneously dissociated (Chen et al., 2011). Despite this finding being
determined in vitro and in prokaryotic ribosomes, these mechanisms are likely well conserved in
eukaryotes as with many of the reactions in translation as well as the peptide sequences and

structures of the translation factors (Ganoza et al., 2002).



1.2.3 Termination

Recognition of the stop codon in the A/A site by eRF1 leads to the binding of the eRF1-eRF3-GTP
complex. eRF3 GTP hydrolysis induces release of the nascent peptide chain from the P/P site tRNA.
This results in the 80S ribosome with the deacylated tRNA in the P/P site, bound to the mRNA codon
preceding the stop codon (Figure 4) (Frolova et al., 1996). Finally, ABCE1 (ATP Binding Cassette
Subfamily E Member 1) induces dissociation of the post-termination 80S ribosome into the 60S, and
mRNA- and deacylated P/P site tRNA-bound 40S subunits. These subunits are then recycled for

subsequent rounds of translation (Pisarev et al., 2010).

1.3 Monosomal versus polysomal translation

Two populations of 80S ribosomes exist in cells: monosomes and polysomes. Polysomes are groups of
2 or more 80S ribosomes that are bound to a single mRNA transcript, whereas monosomes are lone
80S ribosomes occupying either a mRNA transcript or existing as 80S ribosomes formed in the absence
of MRNA termed ‘vacant couples’ (Noll et al., 1973). These vacant couples are in contrast to the
translating 80S ribosomes that conventionally form at the AUG start codon (Aitken and Lorsch, 2012).
eEF2 has been determined to occupy vacant couples, stably binding the 80S ribosomes. In contrast,
eEF2 was found to be mostly absent from polysomes, consistent with the kinetics of translocation

where it only briefly associates with the ribosome during translocation (Liu and Qian, 2016).

Monosomes have previously been thought to be translationally inactive, and only polysomes to be
translationally active. This assumption has been reinforced by early studies concluding all peptide
synthesis is performed by polysomes, as determined by radioactive amino acid incorporation (Warner
and Knopf, 2002; Noll, 2008). In fact, monosomes have been considered so translationally inactive
compared to polysomes that translation rates have been defined by the polysome to monosome ratio
detected by polysomal translation (Chassé et al., 2017; Lecampion et al., 2016; Yoshikawa et al., 2018).
The polysome to monosome ratio in untreated Hela cell lines has been determined to be ~2.5
(Yoshikawa et al., 2018). The translational inactivity of monosomes has been evidenced by polysome
profiling establishing that when stress conditions arise and global translation is repressed, the number
of polysomal fractions dramatically decreases and the monosomal fraction increases (Liu et al., 2013).
Furthermore, monosomes bound to mRNAs have been presumed to be newly assembled 80S
ribosomes at the start codon in the initiation phase that had not moved far enough along the transcript
to give ample room to allow for the binding of an additional 80S ribosomes at the 5 end, thus

representing an early stage of polysome formation (Heyer and Moore, 2016; Kelen et al., 2009).
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Figure 4. Schematic illustration of tRNA site occupation during the initiation, elongation and
termination steps of translation. A/A (red), P/P (green), E/E (pink), A/P (orange) and P/E (blue).
Notably, the A/A site tRNA selection, peptide bond formation and pre-translocation states form the
same tRNA conformations. However, in the A/A site tRNA selection state, the A/A site tRNA is bound
by eEF1A-GTP, whereas the peptide bond formation and pre-translocation states are not associated
with EFs but the A/A and P/P sites differ in acetylation. Similarly, the initiation, E/E site ejection and
termination form the same tRNA conformation (P/P) but can be differentiated by the presence or
absence of elFs and eRFs.

Figure made with Chimera.



However, there is now evidence that at least some monosomes are in fact actively translating. For
example, the translational status of monosomes was investigated in S. cerevisiae by comparative
analysis of ribosome foot-printing of the monosomes, polysomes and the entire ribosomal population.
This ground-breaking series of experiments established that monosomes are not only actively
translating but critical for the translation of highly regulated mRNAs (Heyer and Moore, 2016).
Monosomal translation was associated with: 1) short open reading frames (ORFs) and nonsense-
mediated decay (NMD) mRNA targets (mRNA transcripts with premature stop codons (Nickless et al.,
2017); 2) upstream open reading frame (UORF) containing mRNAs (which are present in 5’-UTRs and
can regulate translation of the main ORF (mORF) (Barbosa et al., 2013)); and 3) mRNA transcripts of
low abundance proteins (Figure 5). Moreover, it was found that the majority of monosomes were
engaged in elongation and not initiation, suggesting that these were not 80S ribosomes preceding

polysome formation (Heyer and Moore, 2016).

Furthermore, microdissection of adult rodent synapses followed by ribosomal foot-printing,
determined that neuronal mRNA transcripts of axonal and dendritic proteins exhibit a preference for
monosomal translation (Biever et al., 2020). Notably, these transcripts were established to be high
abundance proteins, unusual for monosomal translation, which usually favour translation of lower
abundance proteins (Figure 5) (Heyer and Moore, 2016). Therefore, monosomal translation is thought
to be employed in this instance for local translation in the axons and dendrites, which due to their size
limitations cannot accommodate large polysomes complexes (Biever et al., 2020). This is not the first
instance of monosomal translation observed in the brain. An earlier study showed that d-Lysergic acid
diethylamide bitartrate (LSD)-induced hyperthermia cellular stress responses caused disaggregation
of rabbit brain tissue polysomes and localisation of these mMRNAs to monosomes (Cosgrove et al.,
1982). Cell free translation assays of monosomes incubated with [3*S] methionine, isolated after in
vivo administration of LSD, determined that a far wider range and quantity of proteins were generated
in comparison to untreated control monosomes (Cosgrove et al., 1982). This implies that monosomes
generated by stress responses are actively translating and continue to translate when polysomal

translation has been inhibited.

1.4 Translational regulation

Unlike transcriptional gene control, translational regulation mechanisms enable the cell to modulate
gene expression rapidly and can affect translation of groups of mRNAs that pertain to a particular
pathway/function or globally (Hershey et al.,, 2012). As most cellular processes are catalysed by
proteins, translational regulation is vital in facilitating the maintenance of homeostasis and control of

cellular proliferation, growth and development (Hershey et al., 2012). Translational control holds key
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importance in disease and development enabling highly dynamic responses to the external cellular
signals dictating progression of both these processes (Kong and Lasko, 2012). Accordingly, altered
translation has been implicated in a diverse range of diseases and developmental disorders, such as
blood disorders, cancer and neurological conditions (Ludwig et al., 2014). In fact, human brain tissue
has been determined by multidimensional protein identification technology to be the most

translationally regulated in comparison to other tissues (Cagney et al., 2005).

Translational regulatory mechanisms are based on two principles: 1) signal-dependent covalent
modification of the general translation factors, which mainly impact global translation and 2) trans-
acting RNA binding factors (RNA-binding factors and miRNAs) that bind to cis-regulatory sequences
located in the 5’ and 3’ untranslated region (UTR) of mRNAs, altering translational fates of specific
MRNAs (Gebauer et al., 2012). Most translational regulation mechanisms determined thus far have
been found to largely occur at the initiation stage (Sonenberg and Hinnebusch, 2009). This is perhaps
reflective of the increased number of translational factors in initiation compared to the other stages

of translation.

Ribosomes have been traditionally considered invariable in their composition, simply performing the
process of protein synthesis without exerting any regulation. However, recent evidence has emerged
leading to the notion that ribosomes themselves directly participate in translational regulation (Norris
et al., 2021). These ‘specialised ribosomes’ possess heterogeneity in their composition, thought to
enable them to exhibit preference in translating certain subsets of mRNAs (Dalla Venezia et al., 2019).

Of note, not all heterogeneity results in specialisation.

1.5 Ribosome heterogeneity

Heterogenous populations of ribosomes have been found to be generated through 6 routes: RP
stoichiometry, RP modification, RP paralogs, ribosome associated factors/proteins, rRNA modification
and rRNA variation (Figure 6) (Xue and Barna, 2012). Heterogenous ribosomes have been identified in
distinct tissues and cell types in a variety of organisms, including yeast, plants, fish, insects, mice and

humans (Norris et al., 2021) (Table 1).
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Figure 5. Monosomal and polysomal translation is reflective of mRNA transcripts that they are
translating. Monosomal translation has been established to be mostly associated with mRNAs
corresponding to short ORFs and NMD targets, uORF containing mRNAs and low abundance proteins.
In contrast, polysomal translation is mostly associated with mRNAs corresponding to highly abundant
proteins.

Figure adapted from Heyer and Moore, 2016.
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RPs provide a major source of ribosomal heterogeneity. As well as varying the stoichiometry of certain
RPs, many RPs undergo vast ranges of post-translational modifications (Simsek and Barna, 2017). In
addition, some RPs have paralogs, which are two different genes of a specific RP with high similarity
but with potentially differing functions, produced by gene duplication events (Gerst, 2018). The
number of paralogous RPs is species-specific and can vary enormously. For example, 59 of the 79 RPs
have paralogs in Saccharomyces cerevisiae (Segev and Gerst, 2018), whereas 19 RP paralog pairs exist
in humans (Guimaraes and Zavolan, 2016) and 13 paralogs are present in D. melanogaster (Hopes et
al., 2021). As well as these core and paralog RPs, ribosome associated factors/proteins can bind to the
ribosome RPs or rRNA, further impacting heterogeneity. A huge range of these associated factors exist

with many different functions that influence translation (Genuth and Barna, 2018).

rRNA provides another layer of heterogeneity. For example, rRNA variation has been well
demonstrated in zebrafish, where it was recently determined that there are maternal-type and
somatic-type ribosomes containing distinct rRNAs (Locati et al., 2017). The maternal-type rRNA
sequences were found to be highly expressed at oogenesis and gradually were replaced by the
somatic-type during embryogenesis. Moreover, in silico analysis suggested that the maternal type 18S
rRNA preferentially associates with maternally expressed genes (Locati et al., 2017). rRNA
modifications include a vast array of post-transcriptional modifications including pseudouridylation,
methylation and acetylation (Gerst, 2018). Notably, these covalent additions of chemical moieties to
rRNA are not always permanent. These changes have been suggested to be dynamically regulated,
supported by the existence of RNA demethylases (Grosjean, 2015). These transient modifications have
been determined to regulate rRNA folding or to ensure binding of structural RPs in ribosome

biogenesis (D'Souza et al., 2018).

1.6 Ribosomal specialisation via heterogeneity

Specialised ribosomes are defined as heterogeneous ribosomes that have altered translational
capacity towards a specific group of mRNAs while retaining the core function of decoding mRNA into
amino acids (Ferretti and Karbstein, 2019). The concept of specialised ribosomes soon followed the
discovery of the ribosome and has remained a subject of intense debate that has fallen in and out of

favour over the last 60 years (Haag and Dinman, 2019).
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Figure 6. The six defined mechanisms of introducing ribosomal heterogeneity. Ribosomal
heterogeneity can arise through six mechanisms by varying the components of the ribosome or that
associate with the ribosome: 1) RP stoichiometry, differences in the number of specific RPs included
or excluded from the ribosome. 2) RP modification, the post-translational modifications of particular
RPs. 3) RP paralogs, highly similar RPs that are incorporated into the ribosome, in favour of another
paralog. 4) Ribosomal association of various ribosome associated factors or proteins. 5) Post-
transcriptional rRNA modifications. 6) Variation of the sequence of rRNA.

Figure adapted from Norris et al., 2021.
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Table 1. Examples of the 6 mechanisms of introducing ribosomal heterogeneity in a variety of

eukaryotic organisms

Type of Example of characterized ribosome heterogeneity Eukaryotic Reference
heterogeneity organism
example
Ribosome Absence of the RNA binding protein FMRP regulates protein Homo sapiens (Wang et
Associated synthesis of target mRNAs leading to abnormal synapse (Humans) al., 2004)
Factors development in the brain and impaired learning and
memory.
RP Ubiquitin fold modifier post-translational modification Mus musuclus  (Simsek et
Modification (UFMylation) identified in mouse embryonic stem cells (Mouse) al., 2017)
(mESCs).
rRNA Variation = Oocyte specific rRNAs sequences for all 4 rRNAs are Danio rerio (Locati et
expressed and switched to somatic rRNA variants during (Zebrafish) al., 2017)

embryogenesis.

Paralogue RpL22-like in testes is highly enriched in polysomes Drosophila (Mageeney
Enrichment compared to respective paralogue RpL22. melanogaster and Ware,
(Fly) 2019)
rRNA Arabidopsis RPs undergo a variety of covalent modifications Arabidopsis (Carroll et
Modification including acetylation, methylation and phosphorylation. thaliana al., 2008;

(Arabidopsis) Turkina et

al., 2011)
RP In response to high salt and pH conditions yeast cells are Saccharomyces  (Ferretti et
Stoichiometry  depleted of mRNA exit tunnel RP, RpS26. cerevisiae al., 2017)

(Yeast)
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In 1958 Francis Crick proposed a ‘one gene, one ribosome, one protein’ hypothesis, suggesting that
each cell contains a ribosome for every gene that is specifically tailored for translation of one mRNA
into protein (Crick, 1958). This notion was discredited following a series of comprehensive
experiments infecting Escherichia coli with T4 bacteriophages (Brenner et al., 1961). Bacteriophage
mRNA introduced to the cell was determined to associate with bacterial ribosomes and successfully
translate bacteriophage proteins. However, no new ribosomes were generated, leading to the
conclusion that ribosomes are non-specialised, translating mRNAs present within the cell with equal

specificity (Brenner et al., 1961).

The recent rise of the specialised ribosomes concept came through surmounting evidence from
multiple groups reporting differences in ribosomal heterogeneity at key developmental points and in
different tissues, in several organisms. For example, the amoeba Dictyostelium discoideum was found
to differentially phosphorylate and methylate RPs in single-celled vegetative and multicellular
aggregation competent states (Ramagopal, 1991). The S19, L13, A1, A2, and A3 RPs were found to be
phosphorylated in single celled states whereas S20 and A were predominantly phosphorylated in
multicellular states (Ramagopal, 1991). In Brassica napus, more highly diverse combinations of
paralogs were identified in reproductive tissues ribosomal populations, compared to non-
reproductive tissues, suggesting functional divergence (Whittle and Krochko, 2009). More recently, in
D. melanogaster groups of RP paralogs were found to be enriched in the ovary compared to the testis,

demonstrating the presence of ribosome heterogeneity in the gonads (Hopes et al., 2021).

The concept of specialised ribosomes is still contentious within the field. Critics have highlighted a lack
of assigned physiological roles of specialised ribosomes as well as little mechanistic detail in how
ribosome heterogeneity could allow the ribosome to participate in translational regulation. Moreover,
it remains largely undetermined how ribosomal composition changes could be regulated (Ferretti and

Karbstein, 2019).

1.7 Potential mechanisms of translational regulation by specialised ribosomes

The influence of heterogeneity on ribosomal function to translate specific mRNAs is currently a topic
of active research. However, a small number of studies have determined mechanisms through which

specialised ribosomes can exert control over mRNA translation.
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1.7.1  IRES-like 5"-UTR elements

The most characterised potential specialised ribosome mechanism of translational regulation is
internal ribosome entry site (IRES)-like 5’-UTR elements. In conditions such as viral infection or cellular
stress, the predominant pathway of translation initiation, cap-dependent translation, is shut down.
Proteins synthesised in these conditions harness cap-independent methods of translation initiation
such as IRES initiation, where the 40S or 60S subunits can be directly recruited to mRNA via these IRES-
like elements rather than at the 5’ end (Hertz et al., 2013). RpL38 has been suggested to be required
for the translation of certain homeobox (Hox) mRNA transcript translation by recognising and
recruiting the RNA regulons present in the 5’-UTRs of these Hox mRNAs, resembling viral IRESes, to
the ribosome for translation (Xue et al., 2015). This was based on the findings that disruption of Rp/38
expression in mice by an 18 kb deletion/insertion of the RpL38 gene results disrupted translation of 8
of 31 homeobox (Hox) mRNAs but does not impact global translation (Kondrashov et al., 2011). The
effect of dysregulated expression of RpL38 impacting Hox mRNA translation is apparent in mice
causing a functional output phenotype, ‘Tail short’, resulting in a short-kinked tail and skeletal
patterning defects (Xue et al., 2015). However, very recent work that has not yet been peer reviewed
has determined that identification of these IRES-like elements in some of the Hox genes may be
resultant of error in the 5-UTR annotation, leading to a false positive identification of IRES-like
elements (Akirtava et al., 2022). Therefore, RpL38 is required for the translation of the 8 Hox mRNA,
although the mechanism by which this occurs is not yet clear. Together these studies allude to the
pivotal role that specialised ribosomes (and more specifically RPs) could hold in key developmental

processes such as embryogenesis.

Similarly, RpL10A was demonstrated to directly interact with the cellular IRES-like elements in mouse
embryonic stem cells (mESCs) (Shi et al., 2017). However, whilst the authors successfully showed that
ribosomes enriched in RpL10A translate a different subset of mRNAs compared to RpL10A depleted
ribosomes; it should be noted that the control and experimental groups utilised different tags (HA and
FLAG tagged, respectively) (Shi et al., 2017). This is particularly pertinent as tagging RPs is well known
to impact ribosomal function and give rise to phenotypes (Ferretti and Karbstein, 2019). Furthermore,
RpS25 has been demonstrated to be required for translation of cellular and viral IRES-containing
mRNA transcripts. Knockdown of RpS25, however did not impact cap-independent or significantly
impact global translation rates (Hertz et al., 2013). This is highly suggestive that RpS25 influences

translation of IRES-containing mRNA transcripts via specialised ribosome mechanisms.
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1.7.2  Upstream open reading frame (UORFs)

Another potential specialised ribosome mechanism of translational regulation is through interaction
with uORFs. UORFs are present in almost half of all human mRNA transcripts and exert major impacts
on gene expression (Barbosa et al., 2013). Many uORFs negatively regulate expression of the mORF

and in some cases can trigger decay of the mRNA (Barbosa et al., 2013).

Specific RPs may be required for the translational control of specific mMRNAs through uORFs. For
example, RpL24, which is located at the interface of the two ribosomal subunits, has been implicated
in influencing translation reinitiation, by aiding 60S and 40S subunit association (Nishimura et al.,
2005). In plant cells, the cauliflower mosaic virus (CaMV) transactivator (TAV) directs translation
reinitiation of MORFs by physical interaction of elF3 with the 60S subunit, mediated by RpL24 and
elF3g, identified by testing binding of TAV fragments in yeast two-hybrid assays (Park et al., 2001).
Increased transient expression of RpL24 enhanced TAV dependent reinitiation but did not impact the
first translation initiation event. This was assessed by measuring the relative expression of 2 reporter
constructs, one containing one uORF to measure frequency of translation initiation events, the second
containing 2 uORFs to measure the frequency of translational reinitiation (Park et al., 2001). In
addition, generation of an Arabidopsis thaliana rpl24b”- mutant showed defects in apical-basal
gynoecium patterning, a phenotype also seen in mutants of the polycistronic auxin response genes
ETT and MP. Deletion of the uORFs in ETT and MP partially suppressed this phenotype. Therefore,
expression of ETT and MP may occur through RpL24-dependent translation reinitiation and uORF
translation (Nishimura et al., 2005). More recently, in Kaposi’s sarcoma associated herpesvirus (KSHV),
ribosome profiling demonstrated that depletion of the BUD23 ribosome biogenesis factor reduced
association of ribosomes with uORFs in late lytic genes required for efficient translation of the mORF.
This resultantly reduced expression of these genes and progression through the lytic cascade,
subsequently decreasing production of infectious virions (Murphy et al., 2022). Together these results
suggest mechanisms by which ribosomal heterogeneity, by employment of specific RPs, could

influence translational control of uORF containing mRNAs.

1.7.3  Other Potential Specialised Ribosome Mechanisms of Action

Specialised ribosomes have also been suggested to alter translation rates of specific mRNAs, through
altering RP stoichiometry. Quantitative mass spectrometry of polysome fractions in mESCs and yeast
found certain RPs varied in stoichiometry between the more translationally active heavier polysome
fractions compared to the light fractions (Slavov et al., 2015). This is suggestive that the certain RPs

enriched in the heavier polysome fractions (e.g., RpS21, RpS29 and RpS14) may be required for higher
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rates of translation. In addition to differences in RP stoichiometry impacting rates of translation, it has
also been established to impact the specific pools of mMRNAs translated. For example, in S. cerevisiae
responses to stess induced RpS26 depletion of ribosomes. Ribosomes with RpS26 were found to
preferentially translate highly expressed mRNAs with Kozak sequences (specific nucleic acid motifs
around and including the start codon required for efficient translation), whereas the RpS26 depleted

ribosomes translate stress repsonse transcripts (Ferretti et al., 2017).

Although not yet determined, it has also been postulated that specialised ribosomes could also impact
translation fidelity, and therefore start and stop codon selection of mRNA transcripts; based on the
notion of heterogenous ribosomes impacting structural integrity and therefore impacting translation

of the mRNA (Ferretti and Karbstein, 2019).

1.8 Tandem mass tag mass spectrometry analysis of ribosome composition

Tandem mass tag mass spectrometry (TMT-MS) utilises isobaric amine reactive stable isotope labelling
to enable quantification of differences in protein abundance (Zhang and Elias, 2017). Following
fragmentation by trypsin digestion, proteomic samples are separately tagged with TMTs possessing
sample specific reporter ions. Thus, TMT-MS allows for multiplexing of multiple samples consisting of
complex mixtures of peptides (Zhang and Elias, 2017). Liquid chromatography tandem mass
spectrometry (LC-MS-MS) is then used to measure the mass of peptide fragments by determining the
mass to charge ratio, typically quantified by measuring the time-of-flight of ions (Zhang and Elias,
2017). Proteomic software identifies the fragments and annotates them with unique peptide IDs. This
allows for the relative abundance of individual peptides to be compared between samples in the same

mass spectrometry runs (Zecha et al., 2019).

Recent TMT-MS analysis of D. melanogaster tissue ribosomes by our group has established that
certain RP paralogs are incorporated into ribosomes in a tissue-specific manner, identifying 6 testis-
enriched paralogs and 4 ovary-enriched paralogs (with enrichment defined as proteins between tissue
ribosome fractions with >1.5-fold change and a P-value of <0.05) (Hopes et al., 2021). In addition, this
work revealed that RpS11 is significantly enriched in head tissue ribosomes (monosomal and
polysomal fractions) in comparison to other tissues (Figure 7A). RpS11 was the only RP significantly
enriched in head tissue 80S monosomes in comparison with the testis and ovary tissue 80S

monosomes (Figure 7B and C).
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1.9 RpS11and RpS25

RpS11 is located at the region of the 40S subunit furthest from the mRNA channel (Figure 8). The
specific role of RpS11 in protein translation is currently undetermined. RpS11 is highly expressed
across 6 brain cells in both human and mouse (astrocyte, endothelial, microglial, neuron,
oligodendrocyte and oligodendrocyte precursor cell) according to RNA-Seq data (McKenzie et al.,
2018). In addition, higher expression of RpS11 has been associated with poorer prognosis in
glioblastoma patients and phosphorylation of RpS11 is associated with Parkinson’s disease (Yong et
al., 2015; Martin et al., 2011). The head tissue specific enrichment of RpS11 in both monosomes and
polysomes, as detected by TMT-MS analysis (Hopes et al., 2021), together with its pathological role in
neurodegeneration, indicates that RpS11 may be a conserved site of ribosome specialisation in the

brain.

RpS25 is located in the head domain of the 40S in the E site and has been identified to directly contact
the decoding centre during translation. RpS25 is essential in several forms of unconventional (non-
AUG) translation including IRES initiation, repeat associated non-AUG (RAN) translation and ribosomal
shunting (Hertz et al., 2013; Yamada et al., 2019). RpS25 knockdown reduces RAN translation (but not
general translation) of CAG (Huntington’s) and GGGGCC (amyotrophic lateral sclerosis (ALS)) repeats
in human and yeast cell lines (Yamada et al., 2019). Knockdown of RpS25 increased lifespan in
D. melanogaster ALS models and ALS patient induced motor neurons (Yamada et al., 2019). There is
strong evidence that RpS25 contributes to specialised mechanisms given its essential role in these
forms of translation as well as being determined to be present at sub stoichiometric levels in mESCs
(Shi et al., 2017). In contrast to RpS11, TMT-MS analysis found that RpS25 was not significantly
enriched in any tissue ribosome fraction; and was detected at comparatively lower levels in head
ribosomal fractions than the testis, ovary and embryo (Figure 7A). Therefore, | sought to characterise

ribosome heterogeneity in the brain through RpS11 stoichiometry, using RpS25 as a control.
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Figure 7. RpS11 is significantly enriched in head ribosomes compared to other tissues.
(A) Hierarchical clustering of log, normalised RP abundance scaled to a control pool from which Z-
scores were calculated and plotted in monosomes from D. melanogaster head, testis, ovary and
embryo tissues, detected by TMT-MS, and clustered according to row (RPs). As shown by the key,
darker red heatmap squares represent Z-score values closer to 1, whereas yellow squares represent
Z-score values closer to -1. Z-values closer to 1 represent RPs more highly expressed in these ribosomal
tissue fractions. RpS11 protein expression (outlined in red) shows significant enrichment in the head
tissue compared to other fly tissues, whereas RpS25 (outlined in blue) appears to be the lowest
expressed 40S RP in the head compared to the other tissues. (B) Volcano plot plotting log, fold change
of proteins against -logioP values of different D. melanogaster tissue 80S monosomes, detected by
TMT-MS. In head tissue monosomes versus testis tissue monosomes, RpS11 (outlined in red) is the
only RP significantly (P < 0.05) enriched in heads compared to testis. (C) Head tissue monosomes
versus ovary tissue monosomes, RpS11 (outlined in red) is the only RP significantly (P < 0.05) enriched
in heads compared to ovary.

Figure adapted from Hopes et al., 2021.
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Figure 8. Location of RpS11, mapped onto the D. melanogaster ovary 80S monosome atomic model.
RpS11, coloured turquoise. Each view represents a 90° rotation about the vertical axis of the 80S
ribosome. (A) left side view of 80S head ribosome (B) front view (C) right side view (D) back view.

Figure made with UCSF Chimera.
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1.10 D. melanogaster as a model for the study of the structure and function of

ribosome heterogeneity

D. melanogaster is an ideal model to study ribosome specialisation in for several reasons. For example,
60% of D. melanogaster protein coding genes have human orthologs, including 75% of genes
responsible for human disease (Ugur et al., 2016). In addition, D. melanogaster have a high
generational turnover and a well characterised genome and anatomy making them incredibly useful
model organisms (Jeibmann and Paulus, 2009). Many genetic tools are available to manipulate
D. melanogaster gene expression, notably the UAS/GAL4 system (Section 2.2), which enables the
temporal and spatial expression of genes to be easily manipulated (Jeibmann and Paulus, 2009). The
UAS/GAL4 requires the mating of two fly lines, the first expressing the target gene under the control
of an upstream activator sequence (UAS) and the second, a GAL4 driver line, a yeast transcription
factor driven by a promoter (Duffy, 2002). In the F; progeny of the resultant cross, the GAL4 driver
controls temporal and spatial of expression of UAS genes (Duffy, 2002). Notably, the disruption of 64
out of 79 cytoplasmic RP genes in D. melanogaster can result in the ‘Minute’ phenotype, which is
characterised as the presence of abnormally short, thin thoracic bristles (Marygold et al., 2007).
Several RP mutations associated with the Minute phenotype are also accompanied by prolonged
development, low fertility and viability, and altered body size. The Minute phenotype occurs due to
diminished translational capacity during the demanding processes of embryogenesis and in the highly
proliferating cells of the bristle organs (Marygold et al., 2007). In addition, TMT-MS data from the
Aspden group has established that as well as certain RPs being enriched in the gonads, RpS11 is
significantly enriched in D. melanogaster head ribosomes compared to other tissues. Furthermore,
the published atomic models of D. melanogaster ovary 80S monosome, testis 80S monosome and 80
polysome and embryo 80S monosome allow for comparative structural analysis (Hopes et al., 2021;
Anger et al., 2013). Therefore, it was concluded that it was extremely appropriate to study ribosomal

heterogeneity, structure and function in D. melanogaster.
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1.11 Aims and Objectives

The aims of this research are to:

1.

2.

3.

Assess the potential role of RpS11 in normal brain development in D. melanogaster.

Dissect the structural effect of RpS11 enrichment in head tissue ribosomes.

Determine the translational profile of monosomes across different D. melanogaster tissues.

| plan to investigate these aims by completing the following objectives:

a)

b)

d)

Verify the enrichment of RpS11 in the head by analysis of RpS11 TMT-MS peptide fragment
detection.

Knockdown expression of RpS11 in the neurons of D. melanogaster, to further understand its
role in brain development and neuronal translation.

Perform structural analysis by cryo-EM of head-derived D. melanogaster ribosomes to
investigate RpS11 enrichment in head monosomes.

Assess and quantify the translational status of head tissue 80S monosomes in comparison to

other D. melanogaster tissue ribosomes.
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2 Materials and Methods

2.1 TMT-MS peptide fragment analysis

The significant detection of RpS11 in head ribosomes (Hopes et al., 2021), was validated by analysis of
RpS11 peptide fragment detection across the D. melanogaster tissue ribosomes, in comparison to
RpS25. Normalised abundances of each RpS11 and RpS25 peptide fragment were extracted from the
3 TMT-MS data replicates using master protein accession codes (Hopes et al., 2021). The detection of
each RpS11 and RpS25 peptide detected by TMT-MS in the D. melanogaster tissue ribosomes was
analysed using the ‘heatmap.2’ function from the ‘gplots’ package on R (Warnes et al., 2016). The
heatmap.2 function calculated the Z scores of logip normalised abundances of each peptide fragment
across the D. melanogaster tissue ribosomes, which was presented as a heatmap. The heatmap.2
function also performed hierarchical clustering of the Z-scores, clustering them by peptide fragment

(row).

The distribution of the RpS11 and RpS25 peptides detected by TMT-MS were mapped to the full-length

peptide sequence downloaded from Uniprot manually.

2.2 UAS-GAL4 system

The UAS/GAL4 system was utilised to drive expression of RP-RNAI in GAL4 expressing cells. The elav-
GAL4 driver was used as elav is expressed in the D. melanogaster neurons and most embryonic glial
cells (Berger et al., 2007). In these elav-GAL4 expressing cells, the GAL4 protein binds to the UAS

driving transcription of RP-RNAI, knocking down expression of the RP in those cells (Figure 9).

2.3 Fly growth conditions

D. melanogaster lines used for the UAS-GAL4 crosses (Table 2) were raised in vials on standard sugar,
agar, yeast medium (50 g/L sugar, 100 g/L yeast, 10 g/L agar, 0.3% (v/v) propionic acid, 1.97 mM
Nipagin M (Bass et al., 2007)), in a humidified constant temperature room at 25 °C with a 12-hour

light/dark cycles.

2.4 Crosses

To perform the RP-RNAi mediated knockdown in elav-expressing cells UAS/GAL4 crosses were
generated by collecting virgin male and female flies. 10 flies of each sex were placed together into

fresh vials, the sugar-agar-yeast medium was scored, and grains of active baker’s yeast were added to
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promote egg laying (day 1). On days 3 and 6 the flies were flipped into fresh vials and the cross flies
were removed from the vial and disposed on day 9. 12 days after mixing parental generation flies (day
15), the F; generation adults eclosed from pupae. Progeny were anesthetised with CO,, selected and

segregated by cross specific phenotypes as predicted by punnet squares of each cross (Figures 9-11).

2.5 D. melanogaster progeny count

Progeny from each cross were counted to track the progeny genotypes and determine whether

expected ratios of each genotype were produced (Figures 10-12).

2.6 Punnet squares

Punnet squares were generated for each elav-GAL4 x UAS-RP-RNAI cross, in both directions (i.e., UAS-
RP-RNAi male x elav-GAL4 female and UAS-RP-RNAi female x elav-GAL4 male) to calculate expected

ratios of offspring and resultant markers of balancers of each genotype generated (Figures 10-12).
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Figure 9. UAS/GAL4 is used drive expression of RP-RNAi elav-expressing cells. In the parental

—  elav

generation elav-GAL4 driver lines mate with UAS-RP-RNAI lines. In the F; generation this induces
expression of GAL4 in elav-expressing cells. The GAL4 protein binds to the UAS of the UAS-RP-RNAI
gene, inducing expression of the RP-RNAI in elav-expressing cells, knocking down expression of the RP
in neurons and the nervous system.

Figure adapted from Kelly et al. 2017.
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Table 2. List of fly lines used, the genotype and source of the line.

elav-GAL4 elav—GAL4 = +
Ccyo "+

UAS-RpS11-RNAi #23475 N
’ UAS—RpS11—-RNAi

+

UAS-RpS11-RNAi #23477 N
+’ TM3, Sh

UAS-RpS25-RNAi #101342  UAS—RpS25-RNAi  +

)

UAS—RpS25—RNAi ’* +
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2.6.1 UAS-RpS11-RNAi (#23475) x elav-GAL4

elav-GAL4;UAS-RpS11-
RNAI expressing progeny

A
elav — GAL4 + + UAS — RpS11 — RNAi
—— X —_—
CyO0 "+ + "UAS — RpS11 — RNAi
elav — GAL4 ; + Cy0 ;+
UAS — RoS11 — RNAi elav — GAL4 + Cy0 +
+; - - L ; , ; .
P + UAS — RpS11 — RNAi + ~UAS — RpS11 — RNAi
| elav — GAL4 + Cy0 +
+;UAS — RpS11 — RNAi : - ; .
+ UAS — RpS11 — RNAi + ~UAS — RpS11 — RNAi

Expectation of progeny from cross:
50% straight wings — elav-GAL4;UAS-RpS11-RNAi expressing
50% curly wings (CyO)

B

+ UAS — RpS11 — RNAi 0 elav — GAL4 +

—_— X _—

+’ UAS — RpS11 — RNAi cyo 4+

+; UAS — RpS11 — RNAi +;UAS — RpS11 — RNAi

AS — RpS11 — RNAi AS — RpS11 — RNAi
elav — GAL4 ; + +UAS—RpS : +  UAS—RpS {
elav — GAL4 I elav — GAL4 I
+ UAS — RpS11 — RNAI + UAS — RpS11 — RNAi
Cyo; + ; ;
Cy0 + Cy0 +

Expectation of progeny from cross:
50% straight wings — elav-GAL4;UAS-RpS11-RNAi expressing
50% curly wings (CyO)

Figure 10. UAS-RpS11-RNAi #23475 x elav-GAL4 genetic cross punnet squares in both directions and
expectation of percentage of progeny phenotypes. (A) Male elav-GAL4 and female UAS-RpS11-RNA..
(B) Male UAS-RpS11-RNAi and female elav-GAL4. Both punnet squares determined that straight
winged progeny represented individuals with elav driven RpS11 knockdown. Yellow coloured boxes of

the punnet square indicate the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing progeny.
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2.6.2 UAS-RpS11-RNAi (#23477) x elav-GAL4

elav-GAL4;UAS-RpS11-

A RNAI expressing progeny
g elav — GAL4 + + UAS — RpS11 — RNAi
—— X —_—
CyO0 "+ +’ TM3,Sb
elav — GAL4 ; + Cy0 ;+
+: UAS — RpS11 — RNAi elav — GAL4 + Cy0 +
’ - - l ’ . ; ;
P aF UAS — RpS11 — RNAi + ~UAS — RpS11 — RNAi
+: TM3.Sh elav — GAL4 + Cyo +
’ ' + " TM3,Sb + ' TM3,Sh

Expectation of progeny from cross:
25% straight wings, no stubble — elav-GAL4;UAS-RpS11-RNAi expressing

25% curly wings (CyO), no stubble
25% stubble (TM3, Sb), straight wings
25% curly wings (CyO) and stubble (TM3, Sb)

B
g + UAS — RpS11 — RNAi 0 elav — GAL4 +
—_— X _—
+’ TM3, Sb cyo '+
+; UAS — RpS11 — RNAi +; TM3,5b
AS — RpS11 — RNAi TM3, Sb
elav — GAL4; + i , UAS — RpS ! * i
elav — GAL4 aF elav — GAL4 +
+ UAS — RpS11 — RNAi + TM3,5b
Cyo0; + ; e S
Cy0 + Cy0 +

Expectation of progeny from cross:

25% straight wings, no stubble — elav-GAL4;UAS-RpS11-RNAi expressing
25% curly wings (CyO), no stubble

25% stubble (TM3, Sb), straight wings

25% curly wings (CyO) and stubble (TM3, Sb)

Figure 11. UAS-RpS11-RNAi #23477 x elav-GAL4 genetic cross punnet squares in both directions and
expectation of percentage of progeny phenotypes. (A) Male elav-GAL4 and female UAS-RpS11-RNAi.
(B) Male UAS-RpS11-RNAi and female elav-GAL4. Both punnet squares determined that straight
winged, no stubble progeny represented individuals with elav driven RpS11 knockdown. Yellow
coloured boxes of the punnet square indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi

expressing progeny.

30



2.6.3 UAS-RpS25-RNAi (#101342) x elav-GAL4

elav-GAL4;UAS-RpS11-RNAi
expressing progeny

A
elav — GAL4 + UAS — RpS25 — RNAi +
—_— X LI—
CyO0 "+ UAS — RpS25 — RNAi " +
elav — GAL4 CyO0; +
elav — GAL4 aF Cy0 +

UAS — RpS25 — RNAI ; il T
P > F | UAS —RpS25 —RNAi ' + | UAS — RpS25 — RNAL ' +

elav — GAL4 I Cyo o+
UAS — RpS25 — RNAi ’ + | UAS — RpS25 — RNAi " +

UAS — RpS25 — RNAi; +

Expectation of progeny from cross:
50% straight wings — elav-GAL4;UAS-RpS25-RNAi expressing

50% curly wings (CyO)

UAS — RpS25 — RNAi + o elav—GAL4 +
LR X —_—
UAS — RpS25 — RNAi ’ + cyo '+

UAS — RpS25 — RNAi; + | UAS — RpS25 — RNAi; +

UAS — RpS25 — RNAi + | UAS — RpS25 —RNAi +

elav — GAL4 ; + s — :
elav — GAL4 + elav — GAL4 +

UAS — RpS25 — RNAi + | UAS — RpS25 — RNAi +

Cy0; + ;— ;—
Cy0 + Cy0 +

Expectation of progeny from cross:
50% straight wings — elav-GAL4;UAS-RpS25-RNAi expressing

50% curly wings (CyO)

Figure 12. UAS-RpS25-RNAI #101342 x elav-GAL4 genetic cross punnet squares in both directions
and expectation of percentage of progeny phenotypes. (A) Male elav-GAL4 and female UAS-RpS25-
RNAI. (B) Male UAS-RpS25-RNAi and female elav-GAL4. Both punnet squares determined that straight
winged progeny represented individuals with elav driven RpS25 knockdown Yellow coloured boxes of

the punnet square indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing progeny.
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2.7 D. melanogaster tissue ribosome purification and application to cryo-EM grids

All cryo-EM analysis was performed on ribosomes from the head, embryo, testis and ovary tissues of
WT D. melanogaster. The ribosomes for all of the cryo-EM analysis described in this report were
previously derived from harvested WT D. melanogaster tissues. Ribosomes were then purified from
these tissues and applied to cryo-EM grids. The head and embryo purified ribosome cryo-EM grids
were generated by PhD student Amy Turner. The testis and ovary purified ribosomes cryo-EM grids
were generated by Tayah Hopes, Michaela Agapiou, Julie Aspden and Juan Fontana using the following

protocols, as describe in Hopes et al. (2021).

2.7.1 Tissue harvest (prepared by Aspden and Fontana lab groups)

5 mL of whole flies were snap frozen in liquid nitrogen (LN,) were subjected to mechanical shock to
detach heads. Heads were isolated by passing through a 1 mm mesh filter with LN, and transferred to
1.5 mL Eppendorf tubes (Amy Turner). 1.5 g of embryos were collected at 0-2 hours from laying plates
(300 mL grape juice concentrate (Young’'s Brew), 25g agar, 550 mL dH,0, 10% nipagin). Laying plates
were scored and applied with yeast paste consisting of active dried yeast (DCL), plates were placed in
cages after pre-clearing for 2 hours. Embryos were washed with dH,0, dried and flash frozen in LN,
(Amy Turner). ~500 pairs of testes were harvested from 1- to 4-day-old males in 1x PBS with 2 mM
DTT and 1 U/ul RNAsin Plus and flash frozen in LN, (Hopes et al., 2021). ~300 pairs of ovaries were
dissected from 3-6 day old females in 1x PBS (Lonza) with 1 mM DTT (Sigma) and 1 U/ul RNAsin Plus

(Promega) and flash frozen in LN, (Hopes et al., 2021).

2.7.2 Ribosome purification (prepared by Aspden and Fontana lab groups)

All stages of ribosome purification were performed on wet ice or at 4°C wherever possible. Heads
were transferred to an 8 mL glass Dounce with 3.2 mL lysis buffer A (10 mM Tris-HCI pH 7.5, 150 mM
NaCl, 10 mM MgCl, (Fluka), 2 mM DTT, 1% IGEPAL CA-630 (Sigma), 1% Triton X-100, 200 pg/ml
cycloheximide, 2 U/uL Turbo DNAse (Thermo Fisher), 40 U/uL RNAsin Plus, 1x EDTA-free Protease
Inhibitor cocktail (Roche), 0.5% DOC) (Amy Turner). Embryos were ground with a pre-chilled loose
pestle and mortar in LN; and incubated with 5 mL lysis buffer A (Amy Turner). Ovaries and testes were
ground using RNase-free 1.5 mL pestles (SLS) in 500 pL lysis buffer B (50 mM Tris-HCI pH 8 (Sigma),
150 mM NacCl, 10 mM MgCl,, 1% IGEPAL CA-630, 1 mM DTT, 100 pg/mL cycloheximide, 2 U/uL Turbo
DNase, 0.2 U/puL RNasin Plus, 1x EDTA-free protease inhibitor cocktail) (Hopes et al., 2021). All samples
were incubated for 30 minutes with occasional agitation. To obtain the cytoplasmic lysate both head

and embryo preparations were centrifuged to remove cell debris at 3,000 x g for 10 min, then twice
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at 14,000 x g for 5 minutes (Amy Turner). Ovaries and testes samples were centrifuged at 17,000 x g

for 5 min (Hopes et al., 2021).

Cytoplasmic lysates were loaded onto a 18-60% (w/v) sucrose gradient (50 mM Tris pH 8.0, 150 mM
NaCl, 10 mM MgCl,, 100 mg/ml cycloheximide, 1 mM DTT, 1x EDTA-free Protease Inhibitor cocktail
(Roche)) and ultra-centrifuged in an SWA4OQTi rotor (Beckman) for 3.5 hours at 170,920 x g at 4°C.
Fractions were collected using a Gradient Station (Biocomp) equipped with a fraction collector (Gilson)
and Econo UV monitor (BioRad). 80S monosome and polysome fractions were combined. These
fractions were concentrated using a 30 kDa column (Amicon Ultra-4 or Ultra-15) at 4°C and buffer
exchanged (50 mM Tris—HCI pH 8, 150 mM NaCl, 10 mM MgCl,) until final sucrose 20.1%. Samples

were quantified using Qubit Protein Assay Kit (Invitrogen) (Amy Turner; (Hopes et al., 2021).

2.7.3 Application to cryo-EM grids (prepared by Aspden and Fontana lab groups)

Purified ribosomes were diluted as required with dilution buffer (50 mM Tris pH 8.0, 150 mM NacCl,
10 mM MgCl,). Copper grids covered with a lacey carbon and an ultrathin layer of carbon (Agar
Scientific) were glow discharged for 30 seconds (easiGlow, Ted Pella) and 3 pL of purified ribosomes
in 4°C and 95% humidity chamber conditions. Grids were vitrified by plunge-freeing in liquid ethane

cooled by liquid nitrogen, using the EM GP plunge freezer (Leica) (Amy Turner; Hopes et al., 2021).

2.8 Head 80S monosome Cryo-EM Analysis

Cryo-EM data collection and image processing were carried out on purified head 80S monosomes to
generate 3D structures of these ribosomes, to visualise and perform structural analysis of WT head
80S D. melanogaster monosomes to investigate the reported RpS11 enrichment (Hopes et al., 2021).

Head 80S monosomes were previously purified and applied to grids as described in section 2.7.

2.8.1 Cryo-EM data collection

Cryo-EM data collection was carried out using FEI Titan Krios (Thermo Fisher) transmission electron
microscope with an accelerating voltage of 300 keV. Data was recorded on a Falcon Il direct
electron detector in integrating mode at a pixel size of 1.065 A. For the head-derived 80S
monosomes a total of 14,827 micrographs were collected with a total electron dose of 60 e/A?

partitioned into a dose of 1.37 e/A? per fraction (60 fractions).
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2.8.2 Cryo-EM image processing

Cryo-EM image processing was carried out on-the-fly using RELION (v3.1.1) (Thompson et al., 2019;
Zivanov et al., 2018). Motion correction and CTF estimation was performed using MOTIONCORR and
gCTF, respectively (Zhang 2016; Li et al., 2013). Particles were either autopicked using the RELION
Laplacian of Gaussian (LoG) or crYOLO. RELION LoG resulted in 2,711,718 autopicked particles, when
using a minimum and maximum diameter for LoG Filter (A) of 200 and 250. Employing the same
micrographs as above, 735,663 particles were picked using crYOLO with the low pass filtered general
model. 2 rounds of reference free 2D classification were used to align and classify autopicked particles
into 200 classes. 2D classifications were used to iteratively remove ‘junk’ particles selected from
autopicking. After both rounds of 2D classification, the LoG dataset resulted in 1,350,959 particles
selected for 3D classification, while crYOLO resulted in 610,605 particles. The previously produced
D. melanogaster testis 80S ribosome average was used as a reference average for 3D classification
(Hopes et al., 2021). For RELION LoG picked particles the three out of five best resolved 3D classes
(839,487 particles) were selected for 3D refinement resulting in a 3.1 A resolution average. This
average was post-processed to give a final resolution of 3.0 A (Section 4.2). For the crYOLO picked
particles the four out of five best resolved 3D classes (542,670 particles) were selected for 3D
refinement resulting in a 3.2 A resolution average. This average was post-processed to give a final

resolution of 3.0 A (Section 4.3).

2.9 D. melanogaster tissue ribosome cryo-EM datasets

The proportion of 80S monosomes and polysomes engaged in active translation in the
D. melanogaster head, embryo, testis and ovary tissues was determined by tRNA occupation
assessment by focused classification. These datasets were used to contextualise and characterise the

level of 80S monosome translation | observed in the head tissue 80S monosomes.

The embryo 80S monosome dataset (11,446 particles) and embryo tissue derived foot-printed 80S
polysome dataset (34,603 particles) were previously generated by PhD student, Amy Turner. These
datasets were derived from embryo ribosomes collected and purified as described in section 2.7.1 and
2.7.2. The foot-printed 80S polysomes were isolated from pooled polysomal fractions of the embryo
extract ribosome purification sucrose gradient and treated with RNAse1l (4 U/AUC) at 4°C overnight.
SuperRNAsin was added for 5 minutes at 4°C, preventing over digestion of mRNA. A second ribosome
purification step was carried out on this sample as stated in section 2.7.2, isolating the 80S fractions.
Fractions were pooled and diluted to <0.1% sucrose and concentrated using Amicon Ultra-4

centrifugal filter units (MWCO 30 kDa) to >200 nM. Cryo-EM data collection and image processing
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were carried out on these purified embryo 80S monosomes and embryo 80S foot-printed monosomes
applied to copper grids as the method described for head 80S monosomes in sections 2.9.1 and 2.9.2

using RELION autopicking.

The testis 80S monosome dataset (46,878 particles), testis 80S polysome dataset (10,392 particles)
and ovary 80S monosome datasets (185,913 particles) were generated from testis and ovary samples
isolated as described in section 2.7 and image processed as the method described for head 80S

monosomes in sections 2.8.1 and 2.8.2 using RELION autopicking (Hopes et al., 2021).

2.10 Focussed classification

To determine the tRNA occupancy of the head, embryo, testis and ovary D. melanogaster tissue
ribosome cryo-EM datasets (Table 3), the focused classification was used. The focused classification
uses an additional 3D classification step with a mask focussed on an area of variance. The subsequent
classification aids resolving and analysing heterogenous cryo-EM datasets by classifying them into
homogenous classes (Penczek et al., 2006). 3D refinement was carried out using unbinned particles.
Then particles were binned 5 times to expedite image processing (resulting in 5.325 A pixel size), given

that we are looking at features easily distinguished at the maximum resolution achieved (10.65 A).

2.10.1 Creating the mRNA channel mask

To create the mRNA channel mask used in the focused classification, the following steps were carried
out: Firstly, in UCSF Chimera, a 60 A radius volume erasing sphere was placed at the mRNA channel of
the head 80S monosome EM average (Figure 13A, B). All volume outside of the 60 A radius sphere was
erased, with the remaining volume used as the input 3D average to generate a mask with initial
binarization threshold of 0.001 (Figure 13C, D). This threshold was deemed appropriate for mask
creation, as after expanding the mask, the densities formed a near solid sphere that would include all
potential tRNA densities (Figure 13C). Individual masks were generated for each of the other

D. melanogaster ribosomes using the method outlined for the head 80S monosome in figure 13.
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Table 3. Summary of all D. melanogaster tissue ribosome cryo-EM datasets analysed by focussed

classification to determine and quantify tRNA occupation.

Dataset Number | Resolution Persons Person(s) Person Person
of A responsible for | responsible
particles
ribosome grid refined cryo- | of translation
purification preparation | EM average stages
Head 80S 610,605 3.0 Amy Turner and Juan Fontana Albert Blandy Albert Blandy
monosome Tayah Hopes
Embryo 80S 11,446 5.4 Amy Turner and Amy Turner Amy Turner Albert Blandy
monosome Tayah Hopes and Juan
Fontana
Embryo 80 34,603 4.7 Amy Turner and Amy Turner Amy Turner Albert Blandy
foot-printed Tayah Hopes and Juan
polysome Fontana
Testis 80S 46,878 3.5 Michaela Agapiou, Juan Fontana Juan Fontana Albert Blandy
monosome Julie Aspden and

Tayah Hopes
Testis 80S 10,392 4.9 Michaela Agapiou, Juan Fontana Juan Fontana Albert Blandy
polysome Julie Aspden and

Tayah Hopes
Ovary 80S 185,913 3.0 Michaela Agapiou, Juan Fontana Juan Fontana Albert Blandy
monosome Julie Aspden and

Tayah Hopes
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Figure 13. Method used to generate the head 80S monosome mRNA channel mask for the masked
focused classification to assess the translational subpopulations. (A) In UCSF Chimera a 60 A radius
volume erasing sphere was generated (pink). (B) This sphere was placed within the mRNA channel of
head 80S monosome EM average. (C) The EM densities outside the mask were erased. (D) The

resultant volume was extended in RELION, resulting in a mask of ~105 A radius.
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2.10.2 Performing the focussed classification

To perform the focused classification, a 10-class 3D classification jobs were performed for each
ribosome sample using the mask around the mRNA channel (Figure 13D). To ensure a more accurate
alignment than would have been possible when using a focused mask on a partially occupied region,
no alignment was performed in the focused classification job. Therefore, the alignments from the final
3D refinement were employed for all particles. This additionally resulted in faster processing. A further
unmasked 3D classification without alignment was carried out on each resultant significant focused
class, resolving the full 80S monosome structure whilst maintaining the structural detail from the
masked focused classification. This allowed imaging the full 80S monosome reconstruction, aiding

orientating and assessing the mRNA channel in the context of the whole 80S monosome structure.

2.11 Atomic modelling

To assess the presence of additional RpS11 densities in the head 80S global average, D. melanogaster
ovary 80S monosome, testis 80S polysome atomic model structures (Hopes et al., 2021) and embryo
extract 80S monosome (Anger et al., 2013) were rigid-body fitted into the average of the head 80S

monosome, using the UCSF Chimera ‘fit in map’ tool (Pettersen et al., 2004).

2.11.1 RpS11 atomic model fitting

To determine if the cryo-EM averages contained densities covering the full RpS11, the testis 80S
monosome, testis 80S polysome and ovary 80S monosome atomic models were split and the RpS11
chain was rigid-body fitted into the D. melanogaster tissue ribosome averages using UCSF Chimera

(Pettersen et al., 2004).

2.11.2 tRNA and IFRD1 atomic model fitting

To confirm the presence of tRNAs in the D. melanogaster tissue ribosomes, eukaryotic tRNA atomic
models were chosen from variety of organisms, as only the P/P and E/E tRNAs are currently available
from D. melanogaster ribosome atomic models (Table 4). The IFRD1 atomic model selected from the
D. melanogaster testis 80S monosome atomic model (Hopes et al., 2021). To ensure the correct
orientation of the different tRNAs employed, first the whole atomic model was fitted into the different
cryo-EM averages; then each model was split and all the specified tRNAs and IFRD1 atomic were fixed
in place to each average to allow for tRNA/IFRD1 occupancy detection assessment. The remaining

structure of the global 80S atomic models were deleted.
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Table 4. The ribosomal atomic models used for each of the tRNAs fitted to the significant focus

classification classes.

Atomic model PDB accession Reference
code
A/A Yeast (S. cerevisiae) 60S ribosomal subunit 5GAK (Schmidt et al.,
2016)
A/P  Rabbit reticulocyte lysate 80S ribosome on globin 6HCJ (Juszkiewicz et al.,
mRNA in rotated state 2018)
P/P D. melanogaster testis 80S polysome 6XU7 (Hopes et al.,
2021)
P/E  Rabbit reticulocyte lysate 80S ribosome on globin 6HCJ (Juszkiewicz et al.,
mMRNA in rotated state 2018)
E/E D. melanogaster embryonic extract 80S 4VeWw (Anger et al.,
monosome 2013)
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2.11.3 tRNA and IFRD1 occupancy visualisation

To visualise tRNA occupancy in the mRNA channels of all D. melanogaster tissue ribosome significant
focused classifications, colour zoned averages were created with UCSF Chimera (Pettersen et al.,
2004). The testis 80S polysome atomic model was fitted into each average. The model was
subsequently split into the 40S and 60S subunits, which were again rigid body fitted. Visual inspection
of the mRNA channel assessed tRNA and IFRD1 occupation or absence. The occupation or absence of
relevant tRNA or IFRD1 was visually assessed, and the appropriate tRNA/IFRD1 model was fitted and
coloured. All atomic models (60S, 40S, tRNAs and IFRD1), were coloured appropriately, and the colour
zone function from UCSF Chimera was employed to colour using a 30 A radius. The resultant coloured
average was split by colour into separate averages and the 40S and 60S subunits were set to 70%

transparency to clearly display the tRNAs/IFRD1 from the front 80S view.
In the resolution limited tRNA absent and occupied focused classification classes, only the 40S and 60S

subunits were colour zoned and displayed at 0% transparency. These classes were viewed at the left

side view to demonstrate tRNA absence or occupancy.
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3 Characterising RpS11 enrichment and function in the Drosophila

brain

3.1 Introduction

The first aim of this project was to assess the potential role of RpS11 in normal brain development in
D. melanogaster. It had previously been shown that there was significant enrichment of RpS11 in head
80S monosomes and polysomes, compared to other tissues (Hopes et al.,, 2021). Therefore, |
postulated that this enrichment was impacting the stoichiometry of RpS11, i.e. contributing to
ribosomal heterogeneity. In glioblastoma patients, higher expression of RpS11 has been associated
with poorer prognoses (Yong et al., 2015). Moreover, RNA sequencing analysis across 6 human and
mouse brain cells (astrocyte, endothelial, microglial, neuron, oligodendrocyte and oligodendrocyte
precursor cell) determined RpS11 was one of the most highly detected mRNAs across all cell types
(McKenzie et al., 2018). Together, this is suggestive that RpS11 may facilitate a specialised ribosome
mechanism in brain cells, conserved between humans and D. melanogaster, impacting translational
regulation of head tissue (and more specifically brain) mRNAs. Therefore, | hypothesized that this
ribosome heterogeneity, through RpS11 enrichment, could be impacting the proteome of the head
tissue through translational regulation. As a first step to test this hypothesis, | sought to perform a
detailed investigation of enrichment of RpS11 in head tissue ribosomes detected by TMT-MS. This was
to ensure that the RpS11 enrichment was the result of full length RpS11 peptide detection and not
the detection of certain RpS11 fragments or a truncated version of RpS11. In addition, | sought to
determine whether head tissue could be driving exaggerated RpS11 detection by comparison of the
TMT-MS detection of RpS25 peptide fragments as a representative 40S RP not enriched in head tissue,
according to the TMT-MS results (Figure 7). Furthermore, to understand the importance of RpS11
enrichmentin the D. melanogaster head tissue 80S as well as establishing if RpS11 is required for brain
development or function, | performed RpS11 RNAi-mediated knockdown in the brain. RpS25-RNAi
mediated knockdown was also carried out to compare and contextualise the effect of RpS11
knockdown. Therefore, crosses were performed to knockdown expression of these RPs in the
D. melanogaster neurons and embryonic glial cells. Any negative changes of knockdown progeny
generated compared to the expected ratio could indicate the disruption of translational mechanisms

of transcripts vital to brain development and function.
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3.2 TMT-MS peptide fragment detection

Global analysis of RP abundances in various D. melanogaster tissue and cell culture ribosomes was
established by TMT-MS to determine if there was evidence of tissue specific RP stoichiometry
contributing to ribosome heterogeneity. TMT-MS analysis found RpS11 to be the only RP significantly
enriched in head tissue ribosomes in comparison to the other tissue and cell culture ribosomes
analysed (Figure 7 and Hopes et al., (2021)). To verify the significant enrichment of RpS11 detection
in head tissue ribosomes, the abundance of the RpS11 peptide fragments detected in each TMT-MS
replicate were analysed by hierarchical clustering. | sought to determine if all RpS11-derived peptides
were being detected at similar levels in all replicates, or if potentially certain replicates or RpS11
peptide fragments were causing the high level of detection. RpS25 TMT-MS peptide fragment
detection was also analysed and used as a comparison to RpS11. RpS25, like RpS11, is a 40S RP and
has been shown to have varying levels of RP stoichiometry (Shi et al., 2017). Therefore, | considered
RpS25 to be a suitable candidate RP to benchmark peptide detection across the tissue ribosomes. This
comparison was aimed to establish if any specific factors were potentially driving an artefactual over

detection.

Hierarchical clustering of RpS11 peptide abundances (logio scaled) from TMT-MS replicate 3 showed
that all RpS11 peptide fragments were consistently detected highest in the head 80S monosomes and
head polysomes. In addition, relative levels between different peptides are similar across different
samples of D. melanogaster tissue and ribosomes purified from Schneider 2 (S2) cultured cells, derived
from late Drosophila embryos (Figure 14). Similar results were observed in replicates 1 and 2
(Supplementary figures 1 and 3). This indicated that all RpS11 peptide fragments were detected
similarly across replicates. 5 different RpS11 fragment peptides were detected by TMT-MS with
coverage mostly towards the N-terminus of the protein sequence (Figure 15). However, there were
more trypsin cut sites in the C-terminus, likely suggesting that the production of RpS11 peptides may
not be amenable to LC-MS. Therefore, detection of a truncated version of the RpS11 protein cannot
be ruled out. Due to TMT-MS replicates being performed separately as the availability of samples and
resources was limited, not all 5 peptide fragments were always detected in different replicate runs.

For example, only 4 were detected in TMT3, most likely due to experimental variability (Figure 14).

There was a high level of consistency between the RpS25 TMT-MS 2 and 3 replicates (although this
was not seen in TMT1), which indicated there was some tissue specific differences in expression of
RpS25 (Figure 16, supplementary figures 2 and 4). Replicates 2 and 3 both showed RpS25 was detected

at slightly higher levels in the testis and embryo polysomes, therefore suggesting that head tissue

42



contributing to a higher detection of RPs was very unlikely. In comparison to RpS11, RpS25 detection
was less consistent within the different D. melanogaster tissue and cell culture ribosome fractions,
with certain fragments showing greater differences in the levels of detection across tissues. However,
the differences in consistency between RpS11 and RpS25 peptide detection within ribosomes could
be attributed to the variation in peptide coverage. In contrast to RpS11, 14 RpS25 peptide fragments

were detected across the whole protein sequence (Figure 17).

Together the results of the RpS11 and RpS25 hierarchical clustering analysis suggests that the

significant enrichment of RpS11 was most likely a true reflection of higher RpS11 levels in head 80S

ribosomes.
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Figure 14. TMT-MS replicate 3 hierarchical clustering of log;o scaled normalised abundances of
RpS11 peptide fragments in D. melanogaster tissue and cell culture ribosomes. Normalised
abundances were scaled to a control pool (the average detection of all RP peptide fragments in all
ribosome fractions) from which Z-scores were calculated and plotted, rows are clustered according to
RpS11 peptide fragments. Peptide fragment normalised abundances were extracted from the TMT-

MS data using RpS11 protein (Uniprot accession code A1Z8U9).
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D. melanogaster RpS11 peptide sequence
MADQQTERSFRKQHAVVVVRREKSPNERKRPRFYRQIGLGFRAPAEAIDGTYIDKJICPWTGDVRIRGRILTG
VVRKAKMQRTIVIRRDYLHFVRKYSRFEKRHRNMSVHCSPVFRDVEHGDIVTIGECRPLSKTVRFNVLKVSK
GQGAKKSFKK

RpS11 peptide fragments detected by TMT-MS
KQHAVVVVR

QIGLGFR
APAEAIDGTYIDK

APAEAIDGTYIDKN

Figure 15. Distribution of the RpS11 peptide fragments detected in TMT-MS analysis across the
D. melanogaster RpS11 peptide sequence (Uniprot accession ID A1Z8U9). Each colour highlighted
sections represents, the peptide fragments generated by trypsin cleavage and detected by TMT-MS.
Multiple combination of highlighted colours listed as the peptide fragments detected by TMT-MS
represents a different peptide fragment generated by trypsin cleavage plus additional residues. Lysine

(K) and arginine (R) residues are underlined and in bold to show the potential sites of trypsin cleavage.
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Figure 16. TMT-MS replicate 3 hierarchical clustering of log;o scaled normalised abundances of
RpS25 peptide fragments in D. melanogaster tissue and cell culture ribosomes. Normalised
abundances were scaled to a control pool (the average detection of all RP peptide fragments in all
ribosome fractions) from which Z-scores were calculated and plotted, rows are clustered according to
RpS25 peptide fragments. Peptide fragment normalised abundances were extracted from the TMT-

MS data using RpS25 protein (Uniprot accession code P48588).
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D. melanogaster RpS25 peptide sequence
MPPKKDAKSSAKQPQKTQKMIEGS GG GKAKKKKW SKGKVREIANNQVLFDKATYEK LITPS
WAL KIRGSLAKRALIELREKGLIK@O\AYe R EO\INAN: ATKGDEA

RpS25 peptide fragments detected by TMT-MS
SSAKQPQK

SSAKQPQKTQK

THEGSGGGK

MEGsGGaK

EGSGGGK

[ALNNQVLFDK

LNNQVLFDK

ALIELR

QVVQHHSQVIYTR

Figure 17. Distribution of the RpS25 peptide fragments detected in TMT-MS analysis across the
D. melanogaster RpS25 peptide sequence (Uniprot accession ID P48588). Each colour highlighted
sections represents, the peptide fragments generated by trypsin cleavage and detected by TMT-MS.
Multiple combination of highlighted colours listed as the peptide fragments detected by TMT-MS
represents a different peptide fragment generated by trypsin cleavage plus additional residues. Lysine

(K) and arginine (R) residues are underlined and in bold to show the potential sites of trypsin cleavage.
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3.3 RNAi knockdown of RpS11 in D. melanogaster nervous system

To establish if RpS11 is essential for brain development or function, | performed RNAi of RpS11 in vivo.
| crossed UAS-RpS11-RNAi and UAS-RpS25-RNAi D. melanogaster lines with elav-GAL4, which is a pan
neuronal and embryonic glial cell driver line (Berger et al., 2007). RpS25 knockdown was performed
as a control. To dissect the importance of RpS11 in the head, the effect of knockdown on numbers of
resultant progeny generated for each genotype compared to the ratio expected as calculated by the

punnet squares was analysed.

Knockdown of RpS11 was performed with two different UAS-RpS11-RNAi lines, #23475 and #23477,
to ensure any effects observed were specific to RpS11 knockdown. Each line differs in the random
insertion site of the UAS-RpS11-RNAi construct in chromosome 3 (Dietzl et al., 2007). Both RpS11-
RNAI crosses were performed reciprocally, (i.e., performed in both directions: male elav-GAL4 flies
were crossed with female RpS11-RNAi flies, and female elav-GAL4 flies were crossed with male RpS11-
RNAI flies). | hypothesised that any decrease in the expected ratio of knockdown progeny compared
to no-knockdown progeny would suggest i) RNAi knockdown had been successful and ii) decreased
levels of RpS11 affects viability. Thus, indicating that RpS11 is essentially required in embryo brain
development. This may be suggestive that RpS11 plays a role in translation of mRNA transcripts
required for adult fly brain development. Alternatively, observing the expected progeny could either

mean that the knockdown did not work, or that RpS11 knockdown has no effect on viability.

3.3.1 elav driven RpS11-RNAi knockdown with line #23475 has no effect on progeny levels

Crossing UAS-RpS11-RNAi (#23475) x elav-GAL4 (Tables 5 and 6, Figures 18 and 19) produced progeny
of each genotype closely following the expected ratios (1:1, elav-GAL4;UAS-RpS11-RNAi: CyO;UAS-
RpS11-RNAi (Figure 10)), in both directions of the cross. 3 crosses with 10 virgin females and 10 males
were set up for each direction of the cross. Given the enrichment of RpS11 in head tissue monosomal
and polysomal fractions, | hypothesised that RpS11 may be playing an essential role in neuronal
development and therefore few flies would survive this knockdown. Therefore, despite these crosses
producing an abundance of the elav-GAL4;UAS-RpS11-RNAI (putative knockdown) flies, the fact that
they are produced in an equal ratio to the CyO;UAS-RpS11-RNAi (no knockdown) flies could indicate
that either RpS11 knockdown has not been achieved or that RpS11 is not important in the nervous
system. To distinguish between these two possibilities, validation of the success of the knockdown

would be required either by western blot or qPCR.
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3.3.2 elav driven RpS11-RNAi knockdown with line #23477 produces no viable RpS11 knockdown
progeny

The UAS-RpS11-RNAi (#23477) x elav-GAL4 crosses were set up with 3 crosses with 10 virgin females
and 10 males were set up for each direction. Crosses in both directions of the cross failed to produce
any viable elav-GAL4;UAS-RpS11-RNAi progeny (Tables 7 and 8, Figures 20 and 21) and did not follow
the expected phenotypic ratio (1:1:1:1, elav-GAL4;UAS-RpS11-RNAi: elav-GAL4;TM3,Sb: CyO;UAS-
RpS11-RNAi: CyO;TM3,Sb (Figure 11)). This was in agreement with my hypothesis that RpS11 is
essential for neuronal development, the generation of no knockdown progeny suggests that both
knockdowns have been successful and that RpS11 knockdown leads to a reduction in viability. If
knockdown is confirmed, e.g., by western blot or qPCR, it would strongly suggest that RpS11 is globally
required for translation of mMRNA transcripts in elav-expressing cells, and that its expression is
necessary for early embryo development. An alternative explanation could be an unexpected off-

target effect of RpS11-RNAi expression.
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elav—-GAL4 + + UAS—-RpS11-RNAi

r rri t in
Cyo ’ UAS-RpS11-RNAi cross, carried ou

Table 5. Progeny count of the &

triplicate. Yellow coloured box indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing

progeny
Total number of elav-GAL4;UAS-
Genotype Sex Drosophila collected RpS11-RNAi
expressing progeny

elav — GAL4 ar g 129

aF " UAS — RpS11 — RNAi
(straight wings) Q 134
Cyo + lof 130

+ ' UAS — RpS11 — RNAi

(curly wings) Q 106
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Cy0 '+ ¥ 'UAS—RpS11—-RNAi

30

B Male ™ Female
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% Drosophila progeny
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elav—GAL4 + Cyo . +
+ ’ UAS-RpS11—-RNAi + ' UAS — RpS11 — RNAi
(straight wings) (curly wings)

. elav—-GAL4 +
Figure 18. Percentage total resultant progeny of each genotype from the O’Cy—o ;X

+ UAS—RpS11-RNAi o . elav—GAL4  +

T, 2P ross. Cross was set up in triplicate with 10 adult male B DT and 10

+ ' UAS—-RpS11—-RNAi

. + UAS—-RpS11-RNAi ,. . .
It virgin female — ;——————————flies in h of the 3 vials. Progeny from each genotype were
adult virgin female ' UAS_RpSLI_RNAL es in each of the 3 vials. Progeny g vp

segregated by sex, males (blue) and females (orange). Dashed green line shows the expected
percentage of resultant progeny of males and female (25%), as calculated from ratios of each cross
progeny expected from punnet square (1:1). As the UAS-RpS11-RNAi element was inserted onto
chromosome 3, no differences in the generation of male and female progeny was expected. A

difference of >5% would indicate a significant difference of progeny generated than expected.

51
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Table 6. Progeny count of the & = ; L “x QX%
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+ ' UAS-RpS11-RNAi cyo ; 3 €ross, ca ed ou plicate

Yellow coloured box indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing progeny.

Genotvpe Sex Total Number of elav-GAL4;UAS-
P Drosophila collected RpS11-RNAi
expressing progeny
+ UAS — RpS11 — RNAi g 132
elav — GAL4 "’ +

(straight wings) Q@ 131

+ UAS — RpS11 — RNAi Ioi 122

Ccyo’ +
Q 128
(curly wings)

52



+  UAS—RpS11-RNAi o} elav—-GAL4 +

d ’ . ’
+ ' UAS—RpS11-RNAi Cyo +
30
EMale ™Female
25 - mmmmm

>
o

g 20
o
—
S
S

Lg 15
3
N

Q 10
X

5

0

+ . UAS—RpS11-RNAi +  UAS — RpS11 — RNAi
elav—GAL4 ’ + Cyo’ +
(straight wings) (curly wings)

Figure 19. Percentage total resultant progeny of each genotype from the

+ UAS—RpS11-RNAi elav—GAL4  + e .

- — ; — cross. Cr w in tripli with 1 It mal

+ ' UAS—RpS11-RNAL y0 ; T cross Cross was set up in triplicate with 10 adult male
+ UAS—RpS11-RNAi elav—GAL4

and 10 adult virgin female ; % flies in each of the 3 vials. Progeny from

+ ’ UAS—RpS11-RNAi Cyo
each genotype were segregated by sex, males (blue) and females (orange). Dashed green line shows
the expected percentage of resultant progeny of males and female (25%), as calculated from ratios of
each cross progeny expected from punnet square (1:1). As the UAS-RpS11-RNAi element was inserted
onto chromosome 3, no differences in the generation of male and female progeny was expected. A

difference of >5% would indicate a significant difference of progeny generated than expected.
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elav—-GAL4  + + UAS—RpS11-RNAi
Qo 3 X Q P A re—

r rri tin
70 TH3Sh cross, carried ou

Table 7. Progeny count of the @

triplicate. Yellow coloured box indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing

progeny.
elav-GAL4;UAS-
Genot Sex Total Number of RpS11-RNAI
enotype € Drosophila collected expressing progeny
elav — GAL4 + fo 0
aF " UAS — RpS11 — RNAi
(straight wings, stubble) @ 0
elav — GAL4 + g 91
+ "TM3, Sb
96
(straight wings, stubble) °
Cyo + g 79
+ ' UAS — RpS11 — RNAi
(curly wings, no stubble) @ 113
¢yo  + o 51
+ ' TM3,Sb
35
(curly wings and stubble) °
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elav — GAL4 elav — GAL4 + Cyo
+ " UAS — RpSll — RNAi + TM3,Sb “+ 'UAS— RpSll RNAi + TM3 Sb
(straight wings, no stubble) (straight wings, stubble) (curly wings, no stubble) (curly wings and stubble)

Figure 20. Percentage total resultant progeny of each genotype from the

elav—GAL4  + + UAS—RpS11-RNAi e .

g————; — X —;————— cross. Cr w in tripli with 1 It mal
y0 i Q = TM3.Sh cross. Cross was set up in triplicate with 10 adult male

elav—-GAL4 + + UAS —RpS11—-RNAi

;= and 10 adult virgin female flies in each of the 3 vials. Progeny from

cyo TM3, Sb
each genotype were segregated by sex, males (blue) and females (orange). Dashed green line shows
the expected percentage of resultant progeny of males and female (12.5%), as calculated from ratios
of each cross progeny expected from punnet square (1:1:1:1). As the UAS-RpS11-RNAi element was
inserted onto chromosome 3, no differences in the generation of male and female progeny was
expected. A difference of >5% would indicate a significant difference of progeny generated than

expected.
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UAS-RpS11-RNAi Q elav—GAL4  + cross. carried out in
TM3,5b Cyo '+ ’

Table 8. Progeny count of the 0’% ;

duplicate. Yellow coloured box indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing

progeny.
Total number of elav-GAL4;UAS-
Genotype Sex Drosophila RpS11-RNAi
collected expressing progeny
aF UAS — RpS11 — RNAi d 0
elav — GAL4 "’ +
Q 0
(straight wings, stubble)
+ TM3, Sb d 59
elav — GAL4® +
Q 56
(straight wings, stubble)
+ UAS — RpS11 — RNAi d 103
Ccyo’ +
Q 54
(curly wings, no stubble)
+ TM3,5b d 14
cyo’' +
Q 2
(curly wings, stubble)
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(straight wings, no stubble) (straight wings, stubble) (curly wings, no stubble) (curly wings and stubble)

Figure 21. Percentage total resultant progeny of each genotype from the

+ UAS—RpS11-RNAi elav—GAL4  + . . .
-, —————— x @—————; — cross. Cross w m
= TH3, S Q 0 ; o cross Cross was set up in duplicate with 10 adult male

UAS—RpS11-RNAi - elav—GAL4
, 22 Po 2 BT and 10 adult virgin female ————

+
+’ TM3, Sh cyo

; % flies in each of the 2 vials. Progeny from
each genotype were segregated by sex, males (blue) and females (orange). Dashed green line shows
the expected percentage of resultant progeny of males and female (12.5%), as calculated from ratios
of each cross progeny expected from punnet square (1:1:1:1). As the UAS-RpS11-RNAi element was
inserted onto chromosome 3, no differences in the generation of male and female progeny was

expected. A difference of >5% would indicate a significant difference of progeny generated than

expected.

57



3.4 RNAi knockdown of RpS25 in D. melanogaster nervous system

As with the TMT-MS analysis, RpS25 was used as a control RP. Therefore, elav driven RpS25
knockdown was also performed to contextualise the knockdown results of RpS11. As with the RpS11
knockdowns, any decreases in the ratio of knockdown progeny generated indicates a vital
requirement for RpS25 in the development of the brain. This could suggest RpS25 is required for the
translation of vitally required mRNA transcripts in embryonic glial and neuronal cells. As with the

RpS11 crosses, the RpS25 mediated RNAI crosses were performed reciprocally.

3.4.1 elav driven RpS11-RNAi knockdown with line #101342 reduces the level of knockdown progeny
from expected
For the UAS-RpS25-RNAi x elav-GAL4 crosses, 3 crosses were set up with 10 UAS-RpS25-RNAi virgin
females and 10 elav males, and 2 crosses were set up with 10 UAS-RpS25-RNAi males and 10 elav-
GAL4 virgin males. Both directions of the UAS-RpS25-RNAi x elav-GAL4 crosses (Tables 9 and 10,
Figures 22 and 23) produced slightly fewer elav-GAL4;UAS-RpS25-RNAi (putative knockdown) flies
than CyO;UAS-RpS11-RNAi (no knockdown), however this was not greater than 5% decrease for either
males or females, so cannot be determined to be significantly different from the expected percentage
of progeny generated for this genotype, deduced from the respective punnet squares (1:1, elav-
GAL4;UAS-RpS25-RNAi: CyO;UAS-RpS25-RNAi (Figure 12)). The reciprocal crosses, however did
produce a significantly different reduction in putative knockdown flies (Figure 20). This indicates that
elav driven RpS25-RNAi likely reduces D. melanogaster viability. Although, this would require

knockdown confirmation and further investigation to establish this.
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elav-GAL4 + UAS-RpS25-RNAi  + . .
Table 9. Progen nt of the ——; - X @ ————— : — cr rri tin
able 9 ogeny count o e y0 i Q UAS—RpS25—RNAL ° + cross, carried ou

triplicate. Yellow coloured box indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing

progeny.
Total number of elav-GAL4;UAS-RpS25-RNAI
Genotype Sex Drosophila expressing progeny
collected

elav — GAL4 + d 130

UAS — RpS25 — RNAi * +
(straight wings) Q 137
Cyo t+t | 159

UAS — RpS25 — RNAi ’ +
(curly wings) Q 173
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elav—-GAL4  + x Q UAS—-RpS25—-RNAi  +
Cyo

o

)

¥ UAS—RpS25-RNAi’ +

mMale mFemale

30

% Drosophila progeny

elav—GAL4 + Cy0 +
+ ’ UAS-RpS25—RNAi + ' UAS — RpS25 — RNAi
(straight wings) (curly wings)

elav-GAL4

Figure 22. Percentage total resultant progeny of each genotype from the & 50 ; % X

UAS-RpS25-RNAi + s . elav—GAL4
—————— - — cross. Cross w in triplicate with 10 adult male ———— and 10 adult
UAS—RpSZ5—RNAL' & cross. Cross was set up in triplica 50

UAS—RpS25-RNAi . .
ZLoAPIZS T . X flies in each of the 3 vials. Progeny from each genotype were

virgin femal
gin temaie UAS—RpS25-RNAi ’ +

segregated by sex, males (blue) and females (orange). Dashed green line shows the expected
percentage of resultant progeny of males and female (25%), as calculated from ratios of each cross
progeny expected from punnet square (1:1). As the UAS-RpS25-RNAi element was inserted onto
chromosome 2, no differences in the generation of male and female progeny was expected. A

difference of >5% would indicate a significant difference of progeny generated than expected.
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UAS—-RpS25—-RNAi + Q elav-GAL4 +

Table 10. Progen ntofthe d —— ; — x ;— Cr rri i
able 10. Progeny count of the UAS—RpS25-RNAL ° + 5o 3 cross, carried out in

duplicate. Yellow coloured box indicates the genotype of the elav-GAL4;UAS-RpS11-RNAi expressing

progeny.
Total Number of elav-GAL4;UAS-
Genotype Sex Drosophila RpS25-RNAiI
collected expressing progeny

UAS —RpS25—RNAi + | & 27
elav — GAL4 T+

(straight wings) Q 39

UAS — RpS25 —RNAi + | & 109
Cy0 T+

(curly wings) Q 84
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Figure 23. Percentage total resultant progeny of each genotype from the

UAS-RpS25-RNAi  + elav—GAL4  + o .
i i Q—; S cross. Cross was set up in triplicate with 10 adult male

UAS—-RpS25-RNAi ' + Cyo

UAS-RpS25-RNAi  + - elav—GAL4  + . . .
———  ; —and1 It virgin female————— ; — fliesin h of the 3 vials. Progeny from
UAS—RpS25—RNAi ’ + and 10 adult virgin female y0 ; + fliesineacho the 3 vials. Progeny fro

each genotype were segregated by sex, males (blue) and females (orange). Dashed green line shows
the expected percentage of resultant progeny of males and female (25%), as calculated from ratios of
each cross progeny expected from punnet square (1:1). As the UAS-RpS25-RNAi element was inserted
onto chromosome 2, no differences in the generation of male and female progeny was expected. A

difference of >5% would indicate a significant difference of progeny generated than expected.
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3.5 Discussion

The first aim of this project was to assess the potential role of RpS11 in normal brain development in
D. melanogaster. Firstly, | addressed this by performing RpS11 peptide fraction analysis of the TMT-
MS data, to confirm increased RpS11 detection in head tissue ribosomes in comparison to other
tissues (Hopes et al., 2021). Then the role of RpS11 ribosomal heterogeneity in the D. melanogaster

nervous system was assessed by performing RNAi knockdown of RpS11.

3.5.1 Confirmation of RpS11 detection by TMT-MS

It was determined that overexpression of RpS11 in head tissue ribosomes is consistent across
replicates, and not dependant on an individual peptide, reinforcing the previous conclusions from
TMT-MS analysis (Hopes et al 2022). This is not seen in RpS25 peptide fragment analysis, which is
expressed more equally across different tissues. However, as the RpS11 peptide fragments were
mostly situated at the N-terminal (Figure 15), there is some level of doubt that this is full length RpS11
peptide sequence detection. This is in contrast to RpS25, a smaller peptide, that TMT-MS analysis
detected more peptide fragments across the whole length of the peptide (Figure 17). As these peptide
fragments were generated by trypsin digestion, this is perhaps reflective of the RpS25 sequence
having more trypsin cleavable sites throughout its peptide sequence. Although, this seems unlikely as
trypsin digests amino acids between the carboxyl group of arginine (R) and lysine (K) residues and the
amino group of the adjacent amino acid (Simpson, 2006). Both R and K residues are well distributed
throughout the RpS11 peptide sequence with more R and K residues at the C-terminus (Figure 15). As
previously stated, this could suggest that the production of RpS11 peptides is not amenable to LC-MS.
It is also possible that this could be resultant of an under representation of RpS11 peptide fragments

in the proteomic software used to analyse these TMT-MS data.

The literature supports this now confirmed enrichment of RpS11 in the head/brain. RNA sequencing
analysis across 6 human and mouse brain cells (astrocyte, endothelial, microglial, neuron,
oligodendrocyte and oligodendrocyte precursor cell) determined RpS11 mRNA was highly detected
across these cell types (McKenzie et al., 2018). High expression of RpS11 correlates with poorer
prognosis in glioblastoma patients (Yong et al., 2015). However, the high expression found across brain
cells and association with glioblastoma may be resultant of an extra ribosomal role of RpS11. Several
RPs, (e.g., RpS3, RpS9, RpS19, RpL13a and RpL7) have been established to have extra ribosomal roles
impacting processes vital roles which are often disrupted in cancer, including cell cycle regulation, cell

proliferation, apoptosis and DNA repair (Chen and loannou, 1999; Yamamoto, 2007; Wool, 1996).
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3.5.2 RpS11 RNAi knockdown in the brain

The two RpS11-RNAi line crosses produced different results. The #23475 RpS11-RNAi cross resulted in
the expected ratio of progeny (Tables 5 and 6, Figures 18 and 19), suggestive of either that knockdown
was unsuccessful or RpS11 does not play an essential role in brain development. The #23477 RpS11-
RNAI cross produced no knockdown progeny, suggesting knockdown leads to a reduction in viability
(Tables 7 and 8, Figures 20 and 21), potentially through disruption of translational mechanisms and
suggesting that RpS11 may be essential for neurodevelopment. If knockdown was confirmed, this
would suggest that RpS11 is required for global translation, rather than translation of specific subsets
of mRNAs that is expected of a specialised translation mechanism. However, knockdown of the RpS11
(#23477 line) is impossible to confirm since no knockdown progeny were generated. It could be
possible multiple copies of RpS11 protein (as is hypothesised and unable to be confirmed in the cryo-
EM analysis (Section 4)) are present in elav-expressing cells, with the canonical RpS11 facilitating
general translation and the additional copies playing a role in a specialised ribosome mechanism.
Therefore, successful knockdown (as the elav-GAL4 x UAS-RpS11-RNAi (#23477 line) is suggested to
be) would disrupt all translation if all copies were knocked down, without alluding to disruption of a
specialised ribosomal translation mechanism. If RpS11 was disrupting general translation, this would

suggest RpS11 is essential for the normal function of the ribosome in head tissue.

In contrast to our expectation that RpS11 knockdown would reduce viability in D. melanogaster, when
knocked down by RNAi in Caenorhabditis elegans, 3 studies have shown that this results in a 25-30%
increase in life span, although these studies did not assess the impact on translation (Reis-Rodrigues
et al., 2012; Hansen et al., 2007; Curran and Ruvkun, 2007). However, these knockdowns were
performed on worms that have already reached adult hood, so the impact of this knockdown on brain
development cannot be assessed, although increase in lifespan has been determined to be associated
with reduced translation in C. elegans (Hipkiss, 2007). As both C. elegans and D. melanogaster are

eukaryotes, their translational mechanisms are likely to be conserved.

3.5.3 RpS25 RNAi knockdown in the brain

However, for the RpS25 RNAi knockdown the proportion of knockdown progeny was less than
expected, and significantly different in one direction of the cross, indicating that in this direction
successful knockdown of RpS25 was achieved and that it reduces D. melanogaster viability (Table 9
and 10, Figures 22 and 23). This was an expected result, given the requirement of RpS25 for several
forms of non-AUG translation (Hertz et al.,, 2013). Moreover, RpS25 has been detected at

substoichiometric levels in mESCs and knockdown of RpS25 has previously been determined not to
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impact cap dependent translation (Shi et al., 2017; Hertz et al., 2013). Therefore, the reduction in the
expected number of viable RpS25 progeny indicates that RpS25 could facilitate translation of specific
transcripts in the brain required for viability. However, future work should include the confirmation
of knockdown by qPCR or western blot for a definitive assessment of knockdown success, where

possible.

RpS11 and RpS25 have been identified as RPs that heterozygous deletion of their genes results in the
Minute phenotypes of shorter thinner thoracic bristles as well as reduced body size, prolonged
development and lower viability and fertility (Marygold et al., 2007). Therefore, successful elav driven
RP-RNAi knockdown could result in production of the Minute phenotypes, although this seems
unlikely as knockdown only occurred in the elav-expressing cells and not the whole organism. During
progeny collection of elav driven RP-RNAi no noticeable difference in size of the knockdown progeny
flies or thoracic bristles was determined by visual inspection compared to no knockdown progeny,
however the difference in size was not quantified. A reduction of viability could only be confirmed in
the RpS25-RNAi knockdown, although the RpS11-RNAi (#23477) did not produce any viable progeny.
However, as previously discussed, it is undetermined if this was a direct effect of knockdown or off
target effect. To confirm presence or absence of the Minute phenotype, once knockdowns were
confirmed in the progeny producing crosses (elav driven RpS11-RNAi #23475 and RpS25-RNAi
crosses), each of these crosses should be repeated and the size of the knockdown progeny could be
guantified by measuring the mass and length compared to no knockdown progeny. Furthermore, the
impact of knockdown on fertility could be assessed by assessing the fertility of male and female

knockdown progeny with WT flies by the number of viable progeny generated.

In conclusion, RpS11 detection by TMT-MS has been validated and is resultant of detection of at least
the N-terminal region of the protein. The role this form of ribosomal heterogeneity in normal brain
development is inconclusive due to the contradictory results of the crosses performed with the
different UAS-RpS11-RNAi lines. However, the most reasonable explanation of the RpS11-RNAi
knockdown data is that RpS11is likely essential for all translation in elav-expressing cells. Confirmation
of these knockdowns and further analysis is required to determine the role of RpS11 in the translation

of brain transcripts.

65



4 Investigating structural consequences of RpS11 enrichment in

head ribosomes by cryo-EM

4.1 Introduction

The second aim of this project was to dissect the structural effect of RpS11 enrichment in head tissue
ribosomes. | was intrigued by the structural impact of the now validated significant enrichment of
RpS11 in head ribosome detection by TMT-MS. It could be possible that the high detection of RpS11
peptides in the head tissue ribosomes was due to an additional copy of RpS11 residing in a position of
the 80S ribosome, in addition to the canonical RpS11 location (Figure 8). Of note, ribosomes with
additional copies of RPs, as well as those lacking specific RPs have previously described (KiSonaité et
al., 2022; van de Waterbeemd et al., 2018). It was also postulated that enrichment of RpS11 may result
in an altered conformations or structural locations of the canonical RpS11, compared to other
D. melanogaster ribosomes. To this end, | sought to resolve the structure of adult D. melanogaster
head 80S monosomes by single particle cryo-EM analysis to deduce the location(s) of RpS11 and
dissect structural implications of the RpS11 enrichment. | presumed that any additional copies present
in the head 80S monosome 3D average would be clearly detected by overlaying the atomic model of

the ovary 80S monosome and testis 80S polysome, in which RpS11 was not enriched.

4.2 Cryo-EM image processing of RELION autopicked particles results in a 3.0 A final

resolution

To determine the structural consequences of RpS11 enrichment in head ribosomes, single particle
cryo-EM was performed on purified head 80S monosomes on previously generated grids by Juan
Fontana. A Krios microscope operated at 300 kV and equipped with a Falcon Il camera was used for
this, and a dataset of 14,827 micrographs was obtained. From this dataset, 2,711,718 particles were
autopicked by the RELION software based on a LoG filter with a minimum and maximum diameter for
LoG Filter (A) of 200 and 250 (Zivanov et al., 2018). This LoG function searches the micrographs for
particles with edges that fit within the 200-250 A diameter of a circle. 2 rounds of 2D classification
were then performed to remove non-ribosome (‘junk’) particles, resulting in ~1.35M particles. These
particles where then 3D classified into 5 classes, resulting in 3 classes containing ribosome particles
(~850,000 particles), which were then refined using the D. melanogaster testis 80S average (Hopes et
al., 2021) filtered to 375 A to reduce reference bias. This resulted in a 3.0 A 3D average (Figures 24
and 25).
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Single particle data collection RELION autopicking 2D Classification round 1
14,827 micrographs 2,711,718 particles (non-junk classes selected)
= 1,803,538 particles

D. Melanogaster testis 80S
reference model

A48,
(o

2D Classification round 2
(focused ribosome classes selected)
1,350,959 particles

l

3D Classification
(classes 3-5 selected)

Post-processed model 3D Refined model
3.0 A resolution 3.1 A resolution

Figure 24. Schematic illustration of image processing of cryo-EM data using RELION v3.1.1
autopicked particles. From 14,872 micrographs, 2,711,718 particles were picked using the RELION
autopicking software. 2 rounds of 2D classification were carried out to remove junk particles, resulting
in 1,350,959 particles submitted to 3D classification. From the 5 3D classes generated, the 3 best were
selected, consisting of 839,487 particles. 3D refinement of these particles resulted in a 3.1 A initial
resolution average. Post-processing resulted in a 3.0 A final resolution. Representative 2D classes
selected and taken forward are highlighted with red boxes, 3D classes selected and taken forward are
coloured in blue. Only the full ribosome 3D class averages generated were selected, as determined by
visual inspection, to ensure the highest resolution post processed average was produced.

Figure made with UCSF Chimera.
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Final resolution= 3 Angstroms
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Figure 25. Head 80S post-processing average of the RELION picked particles and Fourier Shell
Correlation (FSC) curve plot. (A) The D. melanogaster head 80S post-processed 3D average processed
from 839,487 particles at a resolution of 3.0 A. (B) Resolution plot of the average for the whole particle
population. The mostly overlapping corrected FSC (black line) and masked FSC (blue line) indicates
there is only a small amount of interference of noise in the final post-processed particle population
average. The decrease in the corrected FSC phase randomisation mask (red line) from 1 to close to 0
indicates little randomised phase data, indicating the resolution is produced from only 80S particles
(not from noise). Presence of the unmasked FSC (green line) is as expected between the corrected FSC
phase randomisation mask and masked FSC values, and this compares whole unmasked volumes. The
resolution of the average is calculated by taking the reciprocal of the resolution at an FSC value of
0.143, the fixed FSC value threshold at which a resolution value is comparable to X-ray crystallography
(Scheres and Chen, 2012). As shown by the black dashed line, at 0.143 FSC the reciprocal resolution is
0.33, thus, 1/0.33 = 3.0 A resolution.

Figure (A) made with UCSF Chimera.
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4.3 Cryo-EM image processing of crYOLO autopicked particles results in a 3.0 A final

resolution

Due to the large number of particles autopicked by RELION, image processing of this dataset, in
particular 3D refinement, took a large amount of time to complete (8 weeks). Therefore, crYOLO, a
more selective particle picking software, which employs machine learning, was tested to identify if
image processing jobs would process faster. | also considered that this could possibly result in a higher
final resolution, compared to the RELION picked dataset, due to better selection of ribosome particles
and therefore exclusion of ‘junk’ particles. crYOLO picking software picked on average 50
particles/micrograph, compared to 183 particles/micrograph by RELION autopicking. Particle picking
in crYOLO was indeed more selective and accurate, as, unlike RELION, crYOLO did not misidentify
carbon edges as particles (Figure 26). This reduced the number of particles selected (735,663 particles,
1,976,055 less than RELION) and processing of 2D classifications as carbon edges and significantly
fewer ‘junk’ particles needed to be removed from subsequent rounds of 2D classification (Figure 27).
Using the same workflow as the RELION picked particles (Figure 24), 2 rounds of 2D classification were
performed to remove non-ribosome (‘junk’) particles, resulting in ~610,000 particles. These particles
were then 3D classified into 5 classes, resulting in 4 classes containing ribosome particles (~540,000
particles), which were then refined using the D. melanogaster testis 80S average (Hopes et al., 2021),

filtered to 375 A to reduce reference bias.

Due to this more selective particle picking, image processing of the crYOLO picked particles was
significantly faster than the RELION picked particles. Within 2 weeks of crYOLO particle picking, a post-
processed model of 3.0 A was generated (Figure 27, Figure 28). The resulting model is the same
resolution achieved as the RELION autopicked model which took ~3 months to process. However,
Fourier shell correlation (FSC) of the phase-randomised averages (red line, Figure 28) took a slightly
higher value above zero in comparison to the RELION model (Figure 25). FSC curves might not reach
zero for a number of reasons, including overfitting, incorrect orientation determination or issues with
masking. In this case, since the FSC curve is close to zero (~0.05), the reason for this is likely

masking; therefore, a softer mask may be required for post-processing.
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Carbon edges of lacey carbon grids

Figure 26. Comparison of RELION and crYOLO particle picking of the same micrograph. (A) RELION
autopicking picked on average 183 particles/micrograph, each picked particle is represented by a
green circle. RELION autopicking identifies carbon edges of the lacey carbon grids as particles for
image processing. (B) crYOLO picking software picked on average 50 particles/micrograph, each picked
particle is represented by a red square. crYOLO does not identify carbon edges as particles to be image
processed.

Figures made with (A) RELION and (B) crYOLO.
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Single particle data collection  crYOLO particle picking 2D Classification round 1
14,827 micrographs 735,663 particles (non-junk classes selected)
o ‘ 661,632 particles

D. Melanogaster testis 80S
reference model

A4R,

2D Classification round 2
(focused ribosome classes selected)
610,605 particles

l

3D Classification
(classes 1, 2, 4 and 5 selected)
542,670 particles

Post-processed model 3D Refined model
3.0 Aresolution 3.2 A resolution

3f

Figure 27. Schematic illustration of image processing of cryo-EM data using crYOLO picked particles.
From 14,872 micrographs, 735,663 particles were picked using the RELION autopicking software. 2
rounds of 2D classification were carried out to remove junk particles, resulting in 610,605 particles
submitted to 3D classification. From the 5 3D classes generated, the 4 best were selected, consisting
of 542,670 particles. 3D refinement of these particles resulted in a 3.2 A initial resolution average.
Post-processing resulted in a 3.0 A final resolution. Representative 2D classes selected and taken
forward are highlighted with red boxes, 3D averages selected and taken forward are coloured in
orange. Only the full ribosome 3D class averages generated, as determined by visual inspection, were
selected to ensure the highest resolution post processed average was produced.

Figure made with UCSF Chimera, crYOLO and RELION outputs.
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Final resolution = 3 Angstroms
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Figure 28. Head 80S post-processing average of the crYOLO picked particles and FSC curve plots. (A)
The D. melanogaster head 80S post-processed 3D average processed from 542,670 particles at a
resolution of 3.0 A. (B) Resolution plot of the average for the whole particle population. Explanation
to interpretation of the different curves is provided in the legend of Figure 25.

Figure (A) made with UCSF Chimera.

72



4.4 RELION and crYOLO 3D averages are identical

RELION and crYOLO achieved the same resolution. Therefore, to determine if the structures provided
comparable results, the averages were overlaid. However, no obvious differences were detected in
the structural densities between the two models (Figure 29). Since there were no significant
differences RELION and crYOLO structures, and crYOLO generated a model in a fraction of the time,

the crYOLO average was used subsequently for atomic modelling.

4.5 Global 80S ribosome atomic modelling finds no additional RpS11 densities

Due to the significant enrichment of RpS11 in D. melanogaster head 80S monosomes and polysomes
as detected by TMT-MS (Hopes et al., 2021), | hypothesised that extra RpS11 densities would be
detected by cryo-EM. Fitting of the D. melanogaster ovary 80S monosome and testis 80S polysome
atomic models revealed an area of density in the 60S subunit that was not accounted for by these
atomic model structures (Figures 30 and 31). Therefore, | suspected that this unoccupied region could
potentially correspond to extra RpS11 densities. This was further investigated by fitting the
D. melanogaster embryo 80S atomic model (Anger et al., 2013) into the head 80S monosome average,
as this was the atomic model on which the testis 80S polysome and ovary 80S structures were
calculated. However, fitting of this atomic model explained all ribosome densities in the average and
the previously unoccupied region was now accounted for by the atomic model (Figure 32). This density
was confirmed to be RpLPO, a lateral stalk subunit, which was present in the embryonic extract 80S
atomic model but not included in the ovary 80S monosome and testis 80S polysome atomic models.
Therefore, after this investigation, | found no additional densities were detected in the head 80S

monosome average that could account for an additional copy of RpS11.
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Figure 29. Superimposition of RELION and crYOLO cryo-EM D. melanogaster head 80S 3D averages
reveals no apparent differences. Each view represents a 90° rotation about the vertical axis of the 80S
ribosome. (A) Left side view (B) front view (C) right side view (D) back view. RELION average is shown

in blue and crYOLO in orange.
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Figure 30. D. melanogaster ovary 80S structure (Hopes et al., 2021) fitted onto the crYOLO cryo-EM
D. melanogaster head 80S 3D average. D. melanogaster ovary 80S structure (red) and crYOLO 3D
average (pale orange). (A) Left side view, red arrow indicating unaccounted density, not occupied by

the atomic model. Each view represents a 180° rotation about the vertical axis of the 80S ribosome.

(B) Right side view.
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Figure 31. D. melanogaster testis 80S polysome structure (Hopes et al., 2021) fitted onto the crYOLO
cryo-EM D. melanogaster head 80S monosome 3D average. D. melanogaster testis 80S structure
(green) and crYOLO 3D average (pale orange). Each view represents a 180° rotation about the vertical
axis of the 80S ribosome. (A) Left side view, red arrow indicating unaccounted density, not occupied
by the atomic model. (B) Right side view. Testis 80S polysome structure is shown in green and crYOLO

3D average in pale orange.
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180°

Figure 32. D. melanogaster embryonic extract 80S monosome (Anger et al., 2013) fitted onto the
crYOLO cryo-EM D. melanogaster head 80S monosome 3D average. D. melanogaster embryonic
extract 80S structure (purple) and crYOLO 3D average (pale orange). Each view represents a 180°
rotation about the vertical axis of the 80S ribosome. (A) Left side view, red arrow indicating density

accounted for by RpLPO. (B) Right side view.
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4.6 Confirmation that the head RpS11 atomic model is identical to other tissues

Since no extra RpS11 densities were detected in the 80S average, the canonical RpS11 occupancy was
investigated. | sought to determine if the head 80S monosome RpS11 was in an altered conformation
or structural location in comparison to other D. melanogaster ribosomes. The atomic model of the
ovary 80S monosome RpS11 seemed to be majorly accounted for and fitted tightly within the head

80S monosome electron density average (Figure 33).

To contextualise the fit, location and occupancy of RpS11 in the head 80S monosome average, the fit
of RpS11 within averages from ribosomes from different D. melanogaster tissues was analysed (Figure
34). The RpS11 atomic models from the testis 80S monosome, testis 80S polysome, ovary 80S
monosome, embryo 80S monosome and embryo 80S foot-printed polysome, fitted well within their
respective averages. Moreover, all fits were nearly identical. This suggests that there are no structural
consequences of the significant RpS11 enrichment detected by TMT-MS in head 80S ribosomes, in

terms of position, structure or stoichiometry of RpS11, when analysed by cryo-EM.
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Figure 33. The atomic model fit of the D. melanogaster ovary 80S RpS11 onto the crYOLO
D. melanogaster head 80S monosome 3D average. Each view represents a 180° rotation about the
vertical axis of the 80S ribosome. (A) Front view (B) back view. D. melanogaster ovary 80S RpS11
atomic model is shown in turquoise and D. melanogaster head 80S monosome 3D average in pale

orange.
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Figure 34. The atomic model fit of RpS11 in various D. melanogaster tissue ribosomes cryo-EM
averages. (A) Testis 80S monosome average (light red), testis 80S monosome RpS11 atomic structure
(turquoise). (B) Testis 80S polysome average (magenta), testis 80S polysome RpS11 atomic structure
(turquoise). (C) Ovary 80S monosome (light grey), ovary 80S monosome RpS11 atomic structure
(turquoise). (D) Embryo 80S monosome (light green), ovary 80S monosome RpS11 atomic structure
(turquoise). (E) Embryo 80S foot-printed polysome (light brown), ovary 80S monosome RpS11 atomic
structure (turquoise). Each view represents a 180° rotation about the vertical axis of the 80S ribosome.
Testis 80S monosome and polysome, and ovary 80S monosome and polysome atomic models and
averages from Hopes et al, (2021). Embryo 80S monosome and embryo foot-printed 80S polysome by

Amy Turner.
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4.7 Discussion

The second aim of this project was to dissect the structural effect of the now confirmed RpS11
enrichment in head tissue ribosomesas detected by TMT-MS. This was hoped to indicate a structural
mechanism by which RpS11 head enriched ribosomes could target specific mRNAs for translational

regulation.

4.7.1 Head 80S monosome structural analysis

Cryo-EM image analysis was carried on the head 80S monosome dataset particles. My analysis started
with a comparison of RELION and crYOLO particle picking software, focused on image processing time
and particle picking accuracy, to develop the ideal pipeline for 80S image analysis. crYOLO picked far
fewer junk particles, but a similar number of ribosome particles; as a consequence, it was more
accurate than RELION, resulting in much faster processing. However, both crYOLO and RELION
datasets resulted in visually identical averages at the same resolution (3.0 A). Due to faster processing,

the time the crYOLO average was taken forward for structural analysis and used for further analysis.

4.7.2 Determining structural consequences of RpS11 enrichment by atomic modelling

A recent study has established structural evidence of differential RP stoichiometry resulting in
additional copies of RPs residing in noncanonical positions. In Chaetomium thermophilum, the 60S
RpL41 was detected in the periphery of the 60S as well as the canonical location of the interface
between the 60S and 40 subunits. Whereas in S. cerevisiae, only one copy of RPL41 was located in the
canonical position (KiSonaité et al., 2022). Therefore, due to the significant enrichment of RpS11 in
D. melanogaster head 80S monosomes and polysomes compared to other tissue ribosomes (Hopes et
al., 2021), | expected to detect additional locations of RpS11 in head 80S structures or perhaps altered
structural location of the canonical RpS11, compared to other available D. melanogaster tissue
ribosome atomic models (embryonic extract 80S monosome (Anger et al., 2013), testis polysome and
ovary 80S monosome (Hopes et al., 2021). However, global atomic modelling of the available
D. melanogaster tissue ribosome structures fitted extremely well to the head 80S monosome average.
No additional densities were detected, after the RpLPO density was accounted for in the ovary 80S
monosome and testis polysome atomic models (Figures 30 — 32). Due to the relatively large size of
RpS11 (153 residues), | expected that if additional copies of RpS11 were present, they would be easily
detected whether they were located internally or on the periphery of the ribosome. However, this
was not the case, which could possibly indicate that a truncated version of RpS1 was incorporated into
the ribosome, which could not be ruled out by TMT-MS peptide fragment analysis but seemed unlikely

(Section 3.2). Therefore, it is possible that no additional copies of RpS11 are present in a consistent
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location in the head 80S ribosomes, detectable at any contour level. This was surprising as the head
ribosome sample analysed by TMT-MS was derived from sucrose purified ribosomes, implying that
the significant enrichment of RpS11 must be due to additional copies of RpS11 interacting with the
ribosome. Therefore, | investigated the fit of the canonical RpS11 within the head 80S monosome
average to determine if there were any differences in structure or location. Atomic modelling of the
ovary 80S monosome RpS11 structure fitted within the head 80S monosome electron density tightly
and all densities were accounted for, implying there was no difference in canonical RpS11 occupancy
(Figure 33). Furthermore, the atomic model fit of the ovary 80S monosome canonical RpS11 in the
head 80S monosome average was virtually identical to all other available D. melanogaster tissue
ribosomes (Figure 34). Together, this structural analysis of D. melanogaster head 80S monosomes
found no consequences of the reported significant enrichment of RpS11 in head tissue in comparison
to other tissues, as detected by TMT-MS analysis (Hopes et al., 2021). A possible explanation for no
detection of any additional RpS11 densities could be that additional RpS11 proteins may have been
incorporated into the ribosome in place of another RP that is not essential for general translation or
else is bound very weakly to the ribosome and is lost in the process of cryo-EM sample preparation. If
this was true, it could likely be one of the several RPs seen to be significantly enriched in the testis and
ovary 80S monosomes in comparison to the head 80S monosomes (Figure 7B and C). To investigate
this, the head 80S monosome atomic model coordinates could be further refined by combining
automated atomic model refinement with visual inspection (Afonine et al., 2018; Emsley et al., 2010).
Following this, atomic models would be generated for each ribosome sample, from which more
accurate structural analysis of the atomic models could be carried out to identify any additional RpS11

structures within the head 80S monosome.
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5 tRNA occupancy of D. melanogaster ribosomes

5.1 Introduction

The third aim of this project was to determine the translational profile of monosomes across different
D. melanogaster tissues. Historically monosomes of have been assumed to be far less translationally
active than polysomes as translation occurs more efficiently when many ribosomes simultaneously
translate 1 mRNA. Monosomes, however are thought to consist of 2 types of 80S ribosome: i)
monosomes are formed in the absence of mMRNA and therefore not actively translating, termed ‘vacant
couples’ (Noll et al., 1973), and ii) actively translating 80 ribosomes associated with low abundance
and highly regulated mRNA transcripts (Heyer and Moore, 2016). However, the relative proportion of

these two groups has not been established.

5.2 The head 80S monosome average contains all classical tRNA densities

When inspecting the head 80S monosome global average, | observed strong tRNA densities within the
mRNA channel, indicative of a substantial proportion of head 80S monosomes to be engaged in active
translation. A detailed analysis of the head 80S monosome average found that multiple tRNA densities
were present, assessed by fitting atomic models of the classical tRNAs (A/A, P/P and E/E) (Figure 35).
This showed densities corresponding to the A/A and P/P tRNAs, in addition to faint densities for the
E/E tRNA. According to the literature, during peptide bond formation ribosomes usually only contain
two tRNAs which move from the A/A and P/P sites into the P/P and E/E sites via the intermediate A/P
and E/P states (Uemura et al., 2010; Schuller and Green, 2018). Therefore, it seems likely that head
80S monosome was an average of the elongation translational stages, likely including the intermediate
tRNAs A/P and E/P and possibly elongation factors, in addition to the classical tRNAs. For this reason,
| decided to ascertain if the head 80S monosomes were trapped in different translational states.
Together, the presence of the intermediate tRNA and multiple translational states would confirm the
head 80S monosomes are actively translating. | aimed to calculate the proportion of the head 80S
monosomes engaged in active translation compared to the tRNA vacant monosomes. In addition, |
sought to understand if this level of tRNA occupancy is exclusive to the head tissue and if tissue specific

differences exist.
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5.3 Determining and quantifying translational states of the head 80 monosome

dataset

The methods by which tRNA occupation and the translational states present were determined and
assessed was first validated in the head 80S monosome dataset and applied to the remaining

D. melanogaster tissue ribosome datasets.

To resolve the individual translational states of the head 80S monosome, ‘focused classification” was
used to classify monosomes into classes according to their tRNA occupation or vacancy. The focused
classification uses a mask to focus on a region of localised 3D variance in a further classification job on
RELION (Penczek et al., 2006). In this case the region of variance focused on was the mRNA channel.
The head 80S monosome dataset particles were binned 5 times to expedite the image processing
steps; as the final resolution was 3.0 A (corresponding to a maximum resolution of 10.65 A), the image
processing aimed only at determining the presence or absence of tRNAs which can be assessed at

lower resolutions.
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Figure 35. The atomic model fit of the classical tRNAs within the crYOLO D. melanogaster head 80S
monosome electron density average. (A) Atomic model fit of the classical tRNAs within the average
of head 80S monosomes. (B and C) Coloured EM densities based on the fits of the classical tRNAs, on
their own (B) or together with the whole average (C). A/A site tRNA is shown in red, P/P tRNA site in
green and E/E in pink. In C, the large (blue) and small (yellow) subunits, are shown at 70%

transparency.
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5.3.1 Justifying tRNA occupation assessment at the mean + 1o contour level

To accurately interpret the tRNA occupation or vacancy of the resultant significant focused
classification class averages, the contour level of each average must be carefully chosen. | sought an
objective contour level that was appropriate to assess tRNA occupation and the strength of tRNA
density detection (strong, partial or faint). | stipulated that this level would show the largest amount
of densities around the mRNA channel without any background noise or the loss of structural

information.

The atomic model of the testis 80S polysome was fitted to each significant focused classification class
average and contours corresponding to multiples of the standard deviation from the mean (mean +
xo) were calculated for each class. The averages were assessed by visual inspection for background
noise and the atomic model fit at the different contour levels (Figure 36). Consistently across all the
significant head 80S monosome focused classification classes, the mean + 1o level was found to be
the most appropriate level. In all averages at the mean contour level, notable background noise was
observed. At the mean + 20 and mean + 30 levels there was a loss of densities around the atomic
models compared to the mean + 1o level, as evidenced by the electron density averages no longer
covering the atomic model. Therefore, the mean + 1o level was selected to analyse tRNA occupancy

of the head 80S monosomes and all other D. melanogaster tissue ribosome datasets.

5.3.2 Validation of the focused classification

To validate the focused classification method to resolve and assess tRNA densities within the mRNA
channel an unmasked 10-class 3D classification without alignment was carried out in parallel for
comparative analysis. Both classifications were assessed on the number of resultant unique
significant classes. Significant classes were defined as classes containing >1% total dataset particles
and >200 particles. The resolution of classes below this threshold were considered too poor to define
tRNA occupation. The focused classification for the head 80S dataset produced 6 significant classes,
showing 3 unique tRNA conformations and 1 tRNA vacant class, accounting for 99.88% of the head
80S monosome particles (Figure 37). In comparison, the unmasked classification produced 4
significant classes with only 2 unique tRNA conformations and no tRNA vacant classes, accounting for
98.09% of particles (Supplemental figure 5). | therefore concluded that the focused classification was
more accurate in resolving individual tRNA occupancy and vacancy conformations. Accordingly, the
focused classification method was used to assess tRNA occupancy of the head 80S monosome and
other D. melanogaster tissue ribosome datasets. It should be noted that a dataset specific mRNA

channel mask was generated for each dataset focused classification.
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5.4 98% of head 80S monosomes contain tRNAs

Having determined the focused classification workflow to classify the different tRNA
occupation/vacancy within a ribosomal dataset and validated the contour level at which to assess this,
the significant head 80S monosome classes were analysed (Figure 37). The percentage of particles
making up each significant class was calculated, and the tRNA densities | confirmed and detected for
this, and all other datasets were qualitatively scored by level of density detection: full (+++), partial
(++) and faint (+). Once the tRNA occupation was confirmed, the translational state each significant

class could represent was then assigned.

Overall, 97.59% of dataset particles formed tRNA occupied classes and 2.29% of dataset particles
formed the tRNA vacant classes. 3 of the 6 classes representing 60.55% of dataset particles contained
densities for both A/A and P/P tRNAs, which | determined to represent the elongation stages of
peptide bond formation and pre-translocation (Figure 37A, D, E). 18.55% of dataset particles
contained densities for the intermediate tRNA conformations A/P and P/E, which correspond to the
hybrid state elongation stage (Figure 37B). 18.50% of dataset particles contained only densities
corresponding to the P/P site tRNA, which is suggestive this represents the E/E site ejection stage
(Figure 37C). However, this could also be potentially representative of the post-translocation stage
after CHX treatment. Although the post-translocation stage consists of occupation the P/P and E/E site
tRNAs, CHX was used in the ribosome purification protocol. CHX is an elongation inhibitor which
occupies the E/E site, preventing eEF2 entry but allows for an additional round of translocation
(Pestova and Hellen, 2003). Therefore, this strong P/P signal could be from a post-translocation stage
monosome after CHX incorporated, where the E/E site tRNA would be ejected and no additional A/A
site tRNA has been incorporated. However, this cannot be confirmed as presence of CHX cannot be

seen at this low resolution.

This demonstration of tRNA occupation in 5 out of 6 significant classes and the identification of

multiple translational states, strongly suggests that the majority head 80S monosomes are actively

translating.

87



Mean + 20 Mean + 30

Figure 36. The 6 significant 3D classes of the head 80S dataset (610,605 particles) focused
classification, presented at the mean, mean + 10, mean + 206 and mean + 30 contour levels.
Significance was defined as focused classes consisting of >1% dataset particles and >300 particles. A
to F, significant head 80S monosome classes, fitted with the testis 80S polysome structure and ordered
by abundance (A, most abundant). 60S (light blue), 40S (yellow), A/A tRNA (red), P/P tRNA (green),
A/P tRNA (orange), P/E tRNA (blue).

88



A B C
38.84% 18.55% 18.50%

CORbs LI
\\}?.\‘f (:-: (\\\,‘ . N ¢ «"};-J ! \‘ < ,A\l_\‘ h
AN (\ —/ < ,\\‘ \ }\m J) "‘"—"
\_)\ N ¢ )M MoV S ‘s» g
“’]\x r: - P ¥ \\ —

Ne {;‘ , NG = \ g
8 ‘\"/)':/ AN IS
S ~ / \'\‘ ’/
P/P A/A P/P
(+4+) (++4) (+++)
D 12.71% E F 2.29%
/ u 3 3 - .
&) ’3}.?1 &)1 z)”
o 20 o) L Oed g
"\/?: ~ . \\/\/"? " Stv: ‘\\
A S DR Y &" /) e
\ \ \Y N < 3 [ J
By \?l . \Tf‘ \-Z/;:‘i (ﬁ‘ P
A e = : >
Vg Wy S
' “ N P
o> 1 ™ ==
P/P A/A P/P A/A tRNA absent
(++4) (+++) (++4) (++)

Figure 37. Significant classes resulting from focused classification of the head 80S monosome
dataset (610,605 particles). (A) 38.84% (237,142) dataset particles, containing strong A/A tRNA (red)
and P/P tRNA (green) densities. (B) 18.55% (113,271) dataset particles containing strong A/P tRNA
(orange) and P/E tRNA (blue) densities. (C) 18.50% (112,936) dataset particles, containing strong P/P
tRNA (green) densities. (D) 12.71% (77,605) dataset particles, containing strong A/A tRNA (red) and
P/P tRNA (green) densities. (E) 9.00% (54,932) dataset particles, containing partial A/A tRNA (red)
densities and strong P/P (green) tRNA densities. (F) 2.29% (13,962) dataset particles, tRNA vacant. 60S
is light blue and 40S is yellow. mRNA channel densities were qualitatively scored on a scale of full

(+++), partial (++) and faint (+).
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5.5 91% of embryo 80S monosomes exhibit tRNA occupancy

The structure of 80S monosomes from D. melanogaster embryos has previously been resolved to 6.0 A
and was determined to contain an E/E site tRNA (Anger et al., 2013). Therefore, | hypothesised that
the focused classification of the embryo 80S monosome dataset (11,446 particles) would reveal high
levels of tRNA occupancy similar to the head 80S monosomes. Focused classification resulted in
97.16% of dataset particles forming significant classes. 91.22% of dataset particles formed 3 tRNA
occupied classes and 5.94% formed 1 tRNA absent class. 83.06% of dataset particles contained partial
P/P and E/E tRNA densities indicative of the post-translocation elongation stage (Figure 38A). Due to
the small percentage of particles in the dataset, the remaining two tRNA occupied classes
(representing 5.75 and 2.41% of dataset particles, respectively) were resolution limited meaning that
detailed assessment of the specific sites these tRNAs occupied and the translational states they
represent could not be determined (Figure 38C, D). However, they clearly contained densities at the
mRNA channel, and therefore were considered tRNA-containing classes. Similarly, the remaining class
(representing 5.94% of dataset particles) was resolution limited, preventing a detailed assessment,
but deemed to be tRNA absent due to the mRNA channel appearing vacant by visual inspection (Figure
38B). Together this data implies, as with head 80S monosomes, that the majority of embryo 80S

monosomes are actively translating.
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Figure 38. Significant classes resulting from focused classification of the embryo 80S monosome
dataset (11,446 particles). (A) 83.06% (9,507) dataset particles, containing partial E/E tRNA (pink) and
P/P tRNA (green) densities. (B) 5.94% (680) dataset particles, tRNA absent with detailed assessment
limited by poor resolution. (C) 5.75% (658) dataset particles, tRNA occupied with detailed assessment
limited by poor resolution. (D) 2.41% (276) dataset particles, tRNA occupied with detailed assessment
limited by poor resolution. 60S is light blue and 40S is yellow. mRNA channel densities were

qualitatively scored on a scale of full (+++), partial (++) and faint (+).

91



5.6 99% of embryo 80S foot-printed polysomes are tRNA occupied

The embryo 80S foot-printed polysome dataset (34,603 particles) was generated by Amy Turner. This
dataset was derived from embryo polysome fractions isolated by sucrose gradient centrifugation and
treated with RNase, which digested the mRNA between each 80S ribosome, producing 80S foot-
printed polysomes. This dataset was selected to be analysed as a positive control. Since the dataset
was collected from foot-printed polysomes, they must be in a state of active translation and therefore
containing tRNA. Focused classification resulted in 4 tRNA occupied significant classes, representing
99.23% of dataset particles (Figure 39). 53.13% of dataset particles made up the most populated class
of 80S polysomes, which contained densities for the hybrid tRNA site conformations, A/P and E/P, and
therefore was considered to be in the hybrid state of the elongation stage of translation (Figure 39A).
43.18% of dataset particles contained densities for the P/P and E/E site tRNAs, indicative of the final
elongation stage, post-translocation (Figure 39B). The least populated significant class (1.25% of
dataset particles) contained densities for A/A and P/P site tRNA densities which was determined to be
representative of the elongation stage states of peptide bond formation and pre-translocation (Figure
39D). The tRNA assignment of the tRNA occupied class consisting of 1.67% of dataset particles was
limited by poor resolution, meaning no specific tRNA or translational state designation could be made
(Figure 39C). Therefore, the detection of multiple translational states confirms as expected that the

embryo 80S foot-printed polysomes are actively translating.

5.7 |FRD1 occupies 99% of testis 80S monosomes

It has been previously described that on average testis 80S ribosomes contain IFRD1 but it was not
determined the percentage of them that did (Hopes et al., 2021). D. melanogaster IFRD1 is
orthologous to rabbit IFRD2, a protein that was identified to be occupied spanning the P/P and E/E
sites of inactive rabbit reticulocyte ribosomes, representing 7.6% of rabbit reticulocyte ribosomal
particles and approximately 20% of translationally inactive ribosomal particles (Hopes et al., 2021;
Brown et al., 2018). To determine the proportion of IFRD1 occupation in testis 80S monosomes,
focused classification of the testis 80S monosome dataset (46,878 particles) was performed. This
resulted in 2 significant classes, representing 98.72% of dataset particles. Both significant classes
contained strong IFRD1 densities, positioned in the P/P and E/E tRNA sites. No tRNA densities were
detected in either class indicating that at least 98.72% of testis 80S monosomes are translationally
inactive (Figure 40). This data implies that IFRD1 is a potent inhibitor of translation of the testis 80S

monosomes.
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Figure 39. Significant classes resulting from focused classification of the embryo 80S foot-printed
polysome dataset (34,603 particles). (A) 53.13% (18,383) dataset particles, containing strong P/E
tRNA (blue) and A/P tRNA (orange) densities. (B) 43.18% (14,943) dataset particles, containing strong
E/E tRNA (pink) and P/P tRNA (green) densities. (C) 1.67% (577) dataset particles occupied with
detailed assessment limited by poor resolution. (D) 1.25% (434) dataset particles containing strong
P/P tRNA and A/A tRNA (red) densities. 60S is light blue and 40S is yellow. mRNA channel densities

were qualitatively scored on a scale of full (+++), partial (++) and faint (+).
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Figure 40. Significant classes resulting from focused classification of the testis 80S monosome
dataset (46,878 particles). (A) 96.74% (45,351) dataset particles, containing a strong IFRD1 (purple)
density in the mRNA channel. (B) 1.98% (926) dataset particles, containing a strong IFRD1 (purple)
density in the mRNA. 60S is light blue and 40S is yellow. mRNA channel densities were qualitatively

scored on a scale of full (+++), partial (++) and faint (+).
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5.8 97% of testis polysomes are tRNA occupied

Atomic modelling of testis 80S polysomes previously determined that a tRNA occupied the P/P site, as
would be expected for actively translating polysomes (Hopes et al., 2021). | was therefore interested
if focused classification could detect classes with additional tRNA densities and determine the level of
testis 80S polysomes engaged in translation. Focused classification of the testis 80S polysome dataset
(10,392 particles) resulted in just one significant class, made up of 97.25% of the dataset particles,
which was tRNA-occupied. This class consisted of a faint A/A density and full P/P density (Figure 41).
Due to the presence of only one significant class, the small size of the dataset and faint density
detection of the A/A tRNA, designation of the translational stage is difficult to assign. A potential
explanation is that this class represents a combination of the elongation stages peptide bond
formation and pre-translocation and E/E site ejection or possibly CHX incorporated post-translocation.
This CHX incorporated post-translocation stage, as discussed in the head 80S monosome tRNA
occupation analysis above, would explain the very strong P/P tRNA site occupation. This could also
indicate that the limited number of dataset particles were being stretched too far by being forced into
a 10 class focus classification, therefore | decided to carry out a 5 class focus classification to compare
resultant classes. However, this resulted in virtually the same result of 1 significant focused class
consisting of 97.06% of all particles (10,087 particles) with a faint A/A density and full P/P density

(supplemental figure 6).

In any case, it can be confidently concluded that the testis 80S polysomes are actively translating and
not trapped in one translational conformation. Despite not clearly showing multiple elongation states
across several significant classes, polysomes are known to be actively translating and there are clearly

tRNAs present in the mRNA channel.

5.9 97% of ovary 80S monosomes are vacant couples

Finally, I analysed the ovary 80S monosome particle set. Previous analysis of the final cryo-EM average
did not detect any tRNAs or additional densities around the mRNA channel (Hopes et al., 2021).
However, | was unsure if this was true all ovary 80S monosomes. Therefore, focused classification of
the ovary 80S monosome dataset (185,913 particles) was performed. This produced 4 significant
classes, together representing 97.16% of dataset particles. mRNA channel inspection found all four
significant classes were found to be tRNA absent. The complete absence of tRNAs from any of the
classes is highly suggestive that ovary 80S monosomes are not actively translating (Figure 42). These

classes are likely to be ‘vacant couples’, 80S monosomes formed in the absence of mRNA.
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P/P  A/A

(++4) (+)
Figure 41. Significant classes resulting from focused classification of the testis 80S polysome dataset
(10,392 particles). (A) 97.25% (10,106) dataset particles, containing a strong P/P tRNA (green) density
and a faint A/A tRNA (red) density. 60S is light blue and 40S is yellow. mRNA channel densities were

qualitatively scored on a scale of full (+++), partial (++) and faint (+).
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Figure 42. Significant classes resulting from focused classification of the ovary 80S monosome
dataset (185,913 particles). (A) 43.29% (80,480) dataset particles, tRNA absent. (B) 41.90% (77,897)
dataset particles, tRNA absent. (C) 7.53% (14,001) dataset particles, tRNA absent. (D) 5.85% (10,879)
dataset particles, tRNA absent. 60S is light blue and 40S is yellow. mRNA channel densities were

qualitatively scored on a scale of full (+++), partial (++) and faint (+).
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5.10 Comparison of tRNA occupancy across D. melanogaster tissues

Comparative translational state and tRNA occupation analysis of the available D. melanogaster tissue
ribosome datasets confirmed as expected that the ovary and testis 80S monosomes were
translationally inactive, whereas the testis and embryo polysomes were determined to be
translationally active. This analysis also demonstrated clearly that unexpectedly, the majority of head,
and somewhat surprisingly, most embryo 80S monosomes are also translationally active. This is
evident from the multiple translational states present in these datasets (Table 11). Moreover, head
80S monosomes were determined to present a similar level of tRNA occupation to the testis 80S
polysomes and the embryo 80S foot-printed polysomes (97.25% and 99.23% vs. 97.59%, respectively),
and therefore | can conclude that they are all similarly translationally active. Additionally, the embryo
80S monosomes tRNA occupation was only marginally lower than the polysome datasets (91.22%),
suggesting that they are also highly translationally active. This is in contrast to the IFRD1 occupied
testis 80S monosomes and mRNA channel vacant ovary 80S monosomes where no tRNAs were
detected in any significant focussed class and are therefore translationally inactive (Table 12, Figure

43).
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Table 11. tRNA occupation and determined translational stages of the significant focused classes of
D. melanogaster tissue ribosome datasets. The D. melanogaster tissue ribosome datasets analysed
were the head 80S monosome (610,605 particles), embryo 80S monosome (11,446 particles), embryo
80S foot-printed polysome (34,603 particles), testis 80S monosome (46,878 particles), testis 80S
polysome (10,392 particles) and ovary 80S monosome (185,913 particles). Significant focused classes
with the same tRNA occupancy have been combined.

Percentage of [ mRNA channel occupation
Dataset Determined translational stage

particles (%) assessment

Elongation — Peptide bond formation/pre-

60.55 A/A tRNA, P/P tRNA
translocation
Head 80S 18.55 A/P tRNA, P/E tRNA Elongation — Hybrid state
monosome Elongation — E/E site ejection or possible CHX
18.50 P/P tRNA
incorporated post-translocation
2.29 tRNA absent N/A
83.06 P/P tRNA, E/E tRNA Elongation — Post-translocation
tRNA absent - resolution
5.94 Undetermined
limited
Embryo 80S
tRNA occupied - resolution
monosome 5.75 Undetermined
limited
tRNA occupied - resolution
2.41 Undetermined
limited
53.13 A/P tRNA, P/E tRNA Elongation - Hybrid state
43.18 P/P tRNA, E/E tRNA Elongation - Post-translocation
Embryo 80S
. tRNA occupied - resolution
foot-printed 1.67 Undetermined
limited
polysome
Elongation — Peptide bond formation/pre-
1.25 A/A tRNA, P/P tRNA
translocation
Testis 80S
98.72 IFRD1 N/A
monosome
Possible combination of elongation states —
Testis 80S Peptide bond formation/pre-translocation and
97.25 A/A tRNA, P/P tRNA
polysome E/E site ejection or possible CHX incorporated
post-translocation
Ovary 80S
98.57 tRNA absent N/A
monosome
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Table 12. Percentage of all D. melanogaster tissue ribosome particles that are tRNA occupied, tRNA
absent and undefined. Undefined particles were determined to be the particles that were not

included in the significant focused classes.

tRNA occupied tRNA absent Undefined
D. melanogaster tissue ribosome
dataset particles | dataset particles | dataset particles
dataset

(%) (%) (%)
Head 80S monosome 97.59 2.29 0.12
Embryo 80S monosome 91.22 5.94 2.84
Embryo 80S foot-printed polysome 99.23 0 0.77
Testis 80S monosome 0 98.72 1.28
Testis 80S polysome 97.25 0 2.75
Ovary 80S monosome 0 98.57 1.43

Percentage tRNA occupancy in 80S monosomes and polysomes of various

D. melanogaster tissue single particle cryo-EM datasets
100
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30

Percentage dataset particles (%)
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10

Head 80S monosome Embryo 80S monosome  Embryo 80S foot-printed Testis 80S monosome Testis 80S polysome Ovaries 80S monosome
polysome

D. melanogaster tissue ribosome dataset

tRNA occupied tRNA absent Undefined

Figure 43. Percentage D. melanogaster tissue ribosome particles that are tRNA occupied, tRNA
absent and undefined particles. Orange; tRNA occupied particles, blue; tRNA absent particles, grey;

undefined particles.
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5.11 Discussion

The final aim of this project was to determine the translational profile of monosomes across different
D. melanogaster tissues. | answered this aim by performing tRNA occupation quantification and
assessment of D. melanogaster tissue 80S monosomes and polysomes. | have verified that focus
classification is a suitable method to analyse and quantify tRNA occupation in D. melanogaster tissue
ribosome cryo-EM analysis datasets. tRNA occupation analysis found that as expected the significant
focused classes of all testis and embryo polysomes were actively translating, whereas the significant
focused classes of all testis and ovary 80S monosomes were not actively translating. Unexpectedly,
focus classification detected that the vast majority of head and (and less unexpectedly) embryo 80S

monosomes are in a state of active translation.

5.11.1 Head 80S monosomes are engaged in active translation

Structural analysis of the head 80S monosome average detected strong densities of all 3 classical
tRNAs in the mRNA channel, indicating that most head 80S monosomes are in a state of active
translation (Figure 35). This was a surprising finding as monosomes have long been assumed to be far
less translationally active than polysomes. Although the existence of translationally active monosomes
has been established and the type of transcripts they preferentially translate is now defined, the
extent and proportion of monosomes in active translation compared to vacant couples is as yet
undetermined (Heyer and Moore, 2016). Therefore, | was interested to determine the translational
states of these ribosomes and the proportion of these monosomes that were actively translating in
comparison to other D. melanogaster tissues. Notably, it seemed very unlikely that the increased
RpS11 stoichiometry in head tissue investigated in this project was inducing monosomal translation,
as TMT-MS analysis determined RpS11 to be highly incorporated into both the monosomal and

polysomal fractions (Hopes et al., 2021).

5.11.2 Head 80S monosome tRNA occupation analysis

Focused classification was used to determine the extent and proportion of these monosomes in active
translation by assessing and quantifying tRNA occupation. The focused classification and contour level
at which to properly assess tRNA occupation was validated using the head 80S monosome cryo-EM
particle dataset (Figures 36 and 37). The resultant significant focused classification classes determined
that ~98% of head 80S monosomes are engaged in active translation and ~2% are vacant couples
(Figures 37 and 43, Table 12). This is suggestive that monosomal translation is utilised in the head
tissue, and more specifically the brain, as a form of translation regulation and is required for

translation of specific mRNA transcripts. This notion is supported in the literature: monosomal
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translation was found to be major source of proteins in the axons and dendrites of rodent neurons.
These monosomes were found to translate distinct pools of mRNA in comparison to mRNAs that are
being translated by polysomes in the soma (Biever et al., 2020). However, as these 80S monosomes
used in my study were from head tissue, this implies that monosomes in the brain are actively
translating no matter how close to the axons or dendrites. Since the brain only makes up 14% of the
dry mass of the head tissue (Posey et al., 2001), this potentially also implies that glia cells as well as
the other brain cells and tissues of the head (e.g., eyes, proboscis, antennae, pharynx etc.) also contain

actively translating monosomes.

~61% of the total particles formed ribosomes | determined to be representative of the elongation
stages of peptide bond formation and pre-translocation (Figure 37A, D, E, Table 11). Differentiation of
these 2 stages cannot be carried out at this resolution as they both have the same tRNA conformation
and only differ in tRNA acetylation. Both A/A and P/P tRNAs are acetylated prior in the peptide bond
formation state, whereas the P/P tRNA is deacetylated in the pre-translocation state and A/A is
acetylated (Dever et al., 2018). Therefore, analysis with higher resolution cryo-EM averages could be
performed to allow the visualisation of acylated and unacetylated tRNAs to differentiate between

ribosomes in the peptide bond formation state and those in the pre-translocation state.

~19% of all particles formed a focused class that was designated to be in the hybrid state of
translocation in the elongation phase, due to the presence of intermediate A/P and E/P tRNAs (Figure
37B and Table 11). This shows that the hybrid state is a well occupied state of elongation in head 80S
monosomes. ~19% of particles formed ribosomes with only P/P tRNA densities that were accounted
to be representative of E/E site ejection and possibly the post-translocation stage after CHX binding.
The CHX mechanism of action is not exactly known, however after binding to the E/E site, CHX has
been found to allow for an extra round of translocation (Pestova and Hellen, 2003). Higher resolution
analysis could confirm the presence of CHX to confirm this interpretation. Although P/P tRNA site
occupation is suggestive of both initiation and termination phases (Figure 4), | determined that this
was not likely as no elF or eRF densities were detected in the mRNA channel. Furthermore, initiation
and termination only occur once during translation whereas elongation is a cyclical process repeated
for each additional ORF codon until the stop codon is reached (Schuller and Green, 2018). Therefore,
it is unlikely that enough 80S ribosomes would be in the initiation and termination phases to be

resolved in a significant focussed class.
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5.11.3 Embryo 80S monosomes tRNA occupation analysis

The focused classification of the embryo 80S monosome dataset determined that ~91% of
monosomes were actively translating and 5.94% were vacant couples (Figure 38, 43 and Table 12).
This was an expected result as E/E tRNA and eEF2 densities were resolved in a previously published
atomic model of D. melanogaster embryo 80S monosomes (Anger et al., 2013). As the embryo 80S
monosome dataset was relatively small (~11,000 particles), only 1 focused class was of high enough
resolution for a confident tRNA assessment to be made, consisting of ~¥83% of the total dataset
particles. This class contained partial E/E and P/P site tRNA densities, which | designated as
representing the post-translocation elongation stage (Figure 38A). Notably no detection of eEF2 in the
post-translocation state focused class of this dataset, which was expected due to the inclusion of CHX
in the ribosome purification protocol (Section 2.7.2), as CHX acts as an inhibitor of elongation by
binding the E/E site, preventing the binding of eEF2 (Schneider-Poetsch et al., 2010). Although eEF2-
GDP dissociates after post-translocation (Dever et al., 2018), there was no detection of any eEF2
densities implying that CHX is likely incorporated into most embryo 80S monosomes. The embryo 80S
monosome translational state did not show the same single tRNA occupancy of the E/E site in the
published embryo 80S monosome atomic model (Anger et al., 2013). This is likely due to a combination
of factors. For example, the absence of CHX in this ribosome purification protocol meant that
translation was not halted in these ribosomes. In addition, the embryo extract was derived from 0-12
hour embryos, whereas our embryo 80S ribosomes were derived from 0-2 hour embryos.
Furthermore, this atomic model was based on the dataset particle average and individual translational
states were not investigated, so other tRNA sites may be occupied but not resolved in the global

average.

Assessment of the poorly resolved classes determined 2 were confidently showing tRNA occupation
(representing 5.94 and 5.75%, respectively) and one class was tRNA absent. To better characterise the
translational states of the embryo 80S monosomes, analysis of a much larger dataset is required. This
could be achieved by reperforming embryo 80S monosome cryo-EM sample preparation with
significantly more input material. This may result in a more concentrated sample being applied to cryo-

EM grids to allow for the detection of more monosome particles during cryo-EM data collection.

Detection of tRNA occupancy in ~91% of monosomes implies, similar to head 80S monosomes, that
monosomal translation is utilised in the embryonic tissue as a form of translation regulation and is
required for translation of specific mRNA transcripts. Moreover, monosomes have been established

to preferentially translate uORF containing transcripts (Heyer and Moore, 2016). Genome-wide
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averages of ribosomal occupancy during the D. melanogaster lifecycle found that 49.3% of uORFs
(17,603 out of 35,735) expressed were ribosome occupied during the embryos at 0—2-hours (Zhang et
al., 2018). This is the same stage that the embryos were collected for my analysis. Therefore,
embryonic monosomal translation may be the result of specific translational control mechanisms and

large number of uORFs translated during early embryo development (Patraquim et al., 2020).

5.11.4 Foot-printed embryo polysome tRNA occupation analysis

The foot-printed embryo polysomes found that all significant focused classes were tRNA occupied
(~99% particles), as expected (Figure 39, 43 and Table 12). As this dataset was selected as a positive
control, this result is an additional validation of the focused classification method in resolving and
guantifying the translational states of D. melanogaster tissue ribosome datasets. Notably, this dataset
resolved 4 out of 5 tRNA states of elongation: peptide bond formation and pre-translocation (~1%
particles) (Figure 39D), the hybrid state (~53% particles) (Figure 39A) and post-translocation (~43%

particles) (Figure 39B).

As seen in the embryo 80S monosome, and in contrast to the head 80S, the foot-printed embryo
polysome post-translocation state contained both P/P and E/E tRNA densities. As both embryo and
head tissues were treated with the same concentration of CHX (100 ug/mL) during cellular lysis, this
could suggest that concentration of ribosomes is much higher in embryo tissue than in heads.
Therefore, CHX induced states may be underrepresented in focused classes. Alternatively, this
observation could also imply that embryo ribosomes are less susceptible to CHX incorporation than

head 80S monosomes.

5.11.5 Testis 80S monosome tRNA occupation analysis

It has been previously described that testis 80S ribosomes contain IFRD1 in the P/P and E/E sites, but
it was not determined the percentage that were occupied. It was assumed that most, but not all testis
80S monosomes were occupied (Hopes et al., 2021). However, focused classification determined that
~99% of all particles contained IFRD1 densities and no tRNAs were detected. Therefore, in contrast to
the head 80S and embryo 80S monosomes, no testis 80S monosomes were detected to be actively
translating (Figures 40, 43 and Table 12). This strongly implies that IFRD1 is a potent inhibitor of
translation in the testis. A possible mechanism of IFRD1 inhibition influencing translational regulation
could be by stalling ribosomes by stably binding the 60S and 40S subunits restricting formation of

actively translating monosomes and polysomes.
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This extremely high level of IFRD1 occupation in testis 80 monosomes is in contrast to the rabbit
reticulocyte 80S ribosomes where approximately 20% of translationally inactive ribosomes were
bound by IFRD2, an orthologous protein to D. melanogaster IFRD1 (Brown et al., 2018). Notably all
IFRD2 containing rabbit reticulocytes were also bound by a Z site tRNA, a non-canonical tRNA binding
site. The Z site tRNA has only been identified in these inactive rabbit reticulocytes ribosomes, both in
the presence and absence of IFRD2 (Brown et al., 2018). Focused classification of the testis 80S
monosomes did not find any densities at any level occupying the Z tRNA site. This could suggest that
the mechanism of IFRD1 inhibiting translation is different in D. melanogaster testis 80S monosomes
compared to IFRD2 in the rabbit reticulocyte ribosomes. This seems likely due to the relatively high

amino acid sequence conservation of these two orthologs (37% identity) (Hopes et al., 2021).

It was suggested that IFRD2 (the rabbit ortholog of IFRD1), impacted translational regulation during
differentiation (Brown et al., 2018). As differentiation is a key process of spermatogenesis, this is likely
the same role that IFRD1 is playing in the testis 80S monosomes (Demarco et al., 2014). The role of
IFRD1 in inhibiting translation in the testis could be characterised by performing UAS-GAL4 RNAI
mediated knockdown of IFRD1. It seems likely that in the absence of IFRD1 monosomal translation
would be induced or that the levels of polysomal translation would increase and presence of
monosomes would decrease. Gross inspection of testes dissected from knockdown progeny compared
to WT would indicate if translation regulation by IFRD1 impacts the normal structure, formation and
function of the testis. Moreover, ribosome foot-printing of monosomal and polysomal fractions in
knockdown progeny compared wild type would confirm if any monosomal translation is occurring and

what transcripts this impacts and whether they relate to differentiation during spermatogenesis.

5.11.6 Testis 80S polysome tRNA occupation analysis

As expected, focused classification demonstrated that all testis 80S polysomes in the significant
focused classes were actively translating (~¥97%) (Figures 40, 43 and Table 12). However, due to the
relatively small size of the dataset (10,392 particles) only one tRNA conformation was resolved by
focus classification. This focus class contained a strong P/P site tRNA and a partial tRNA A/A, indicating
that due to the unequal strength of the tRNA densities this was likely representing two elongation
state tRNA conformations: peptide bond formation and pre-translocation (A/A and P/P), and E/E site
ejection or possibly CHX incorporated post-translocation (P/P). The detection of only one tRNA
conformation could suggest that the polysomes are frozen in one translational state, however due to
the difference in strength of the tRNA densities detected (as defined by visual inspection of the tRNA

densities at the mean + 1o contour level), this is very unlikely. Moreover, polysomes are known to be
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translationally active and due to the finding of ~99% of testis monosome particles being IFRD1
occupied and therefore translationally inactive, it is impossible that all 80S ribosomes in testis tissue
are translationally inactive. Therefore, focused classification of testis 80S polysomes must have

resolved a combination of multiple elongation stages.

5.11.7 Ovary 80S monosome tRNA occupation analysis

tRNA occupation analysis and quantification determined that 98.57% dataset particles formed 80S
ribosomes formed in the absence of mRNA (vacant couples) (Figure 41, 43 and Table 12). This result
also shows that IFRD1 is not inactivating monosomal translation in any of the ovary 80S monosome,
as previously suggested (Hopes et al., 2021). This result was more surprising than the detection of no
translational activity in testis 80S monosomes, as focus classification detected no additional densities,
within the mRNA channel or the ribosome that could be inhibiting monosomal translation. This
therefore implies that 80S monosomal translation is being repressed by an unknown mechanism.
Further analysis of ovary 80S TMT-MS data may determine a translational repressor or else could
suggest there is much less monosomal translation, and therefore translation of monosome associated

transcripts, in the ovaries than the testis.

This finding is in contrast to the determination of eEF2 occupying vacant couples and stably binding
the 80S ribosomes in HEK293 cell lysates (Liu and Qian, 2016), no eEF2 densities were present in the
ovary 80S monosome focus classes. This is likely due to the occupation of CHX in the E/E site,
preventing eEF2 binding (Pestova and Hellen, 2003). This indicates that in ovary 80S monosomes that
eEF2 is not required for the stable binding of ribosomal subunits to form vacant couples. eEF2 is
unlikely to occupy testis 80S monosomes vacant couples due to IFRD1 occupation across the P/P and

E/E sites potentially blocking eEF2 binding sites in the mRNA channel.

5.11.8 Comparison of tRNA occupation in all D. melanogaster tissue ribosome datasets

This tRNA occupancy quantification and analysis has shown that not only are monosomes of the head
and embryo tissue active translating, but almost all of the monosomes in these tissues are actively
translating. Notably head 80S monosomes were found to be as tRNA occupied (and therefore as
actively translating) as the embryo foot-printed and the testis 80S polysomes, whereas embryo 80S
monosomes were slightly less tRNA occupied (~7-8%). This could also imply that head and embryo
tissues are performing localised translation in small volume regions of cells such as axons where
visualisation of polysome complexes is generally unseen due to their large size being unable to be

accommodated (Biever et al., 2020; Holt and Schuman, 2013; Steward and Schuman, 2003). This is
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starkly different in the testis 80S monosomes, where IFRD1 appears to be actively inhibiting
translation of all monosomes detected by focused classification. In contrast, all ovary 80S monosomes
in significant focused classes were found to be tRNA absent without any extra ribosomal factors
detected that could be inhibiting translation. As no level of translational activity was detected in these
tissues, this suggests that monosomal translation is not necessary for the translation of any transcripts
vital to normal testis and ovary function. Moreover, this could imply that there are very low levels of
the transcripts found to be favoured in monosomal translation such as short ORFs and NMD targets,

UORF containing mRNAs and low abundance proteins (Heyer and Moore, 2016).

Across all D. melanogaster tissue ribosome datasets, of the tRNA occupied 80S ribosomes, the focused
classification only resolved significant focused classes that were in the elongation phase (Table 11).
This presence of only elongation states in D. melanogaster tissue ribosome datasets is similar to
ribosome profiling of yeast 80S monosomes that found the majority of monosomes are engaged in
elongation (Heyer and Moore, 2016). Furthermore, monosomes have been thought to be ‘pioneer
ribosomes’, initiating 80S ribosomes, which bind to the mRNA transcript before it has moved far
enough along the transcript to allow a second 80S ribosome to bind and form a polysome complex
(Heyer and Moore, 2016). The detection of no initiating stages in head 80S and embryo 80S
monosomes therefore could suggest that these monosomes are not representative of these pioneer
ribosomes but are truly actively translating monosomes. However, as discussed, due to very few
actively translating ribosomes likely to be initiating compared to elongating, initiation would be
unlikely resolved by focus classification. To determine the presence of pioneer ribosomes in embryo
and head 80S monosomes, ribosome profiling could be carried out to determine the mRNA codons
they occupy. Any monosomes occupying AUG codons in the P/P site would be considered to be

initiating.

Although multiple elongation tRNA conformations and therefore elongation states were detected, |
did not however detect any eEFs. As discussed, this is in contrast to the eukaryotic extract 80S
monosome which detected eEF2 and E/E site tRNA (Anger et al., 2013), due to inclusion of CHX in
ribosome purification. Hence, no detection of eEF2 densities in the assigned hybrid and post-
translocation states in the other actively translating tissue ribosomes suggests that CHX was well
incorporated into all tissue ribosomes analysed. In addition, | determined that no significant focused
classes of any of the datasets analysed resolved the A/A site tRNA selection stage, consisting of A/A
site and P/P site occupation, where eEF1A-GTP is bound to the A/A site tRNA (Figure 4) (Rodnina et

al., 2005). Notably CHX incorporation should not impact eEF1A binding, as eEF1A delivers tRNAs to
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the A/A site, whereas CHX prevents eEF2 binding by binding to the E/E site (Rodnina et al., 2005;
Schneider-Poetsch et al., 2010). A/A site selection has been resolved by cryo-EM in E. coli ribosomes,
showing A/A site and P/P site occupation, with EF-Tu-GTP (the prokaryotic homolog of eEF1) bound
to the A/A site tRNA (Loveland et al., 2020). However, this state was resolved by incubation of the
E. coli ribosomes with Phe-tRNA-EF-Tu-GTP, which allowed visualisation of this state (Loveland et al.,
2020). This could suggest that this stage is too transient to be resolved by cryo-EM in vivo or that by
halting elongation, CHX incorporation may prevents further A/A site tRNAs being delivered to the

ribosome by eEF1A.
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6 Discussion

6.1 Assessment of RpS11 enrichment in head ribosomes

This project set out to establish the role of ribosomal heterogeneity by changesin RpS11 stoichiometry
in D. melanogaster head tissue, which was employed as a proxy for the brain. This was prompted by
the reported significant enrichment of RpS11 in head tissue ribosomes as detected by TMT-MS (Hopes
et al., 2021). This finding was verified by RpS11 peptide fragment detection analysis, although it was
unclear if this was the detection of the full-length peptide and not a truncated version. Therefore, |
investigated the impact of this enrichment through RNAi knockdown and cryo-EM structural analysis
of head 80S monosomes. Structural analysis however could not determine structural consequences
of RpS11 enrichment. Further investigation is required to establish the role of RpS11 stoichiometry in
brain and head tissue development and function, and if it impacts translation of specific mRNAs or
global translation. Therefore, considering the inconclusive results of RpS11 heterogeneity as assessed
by UAS-GAL4 RpS11 RNAi-mediated knockdown as well as this structural analysis, the roles of RpS11

stoichiometry in head tissue translation is as yet undetermined.

Potentially the significant RpS11 enrichment in head ribosomes could be only playing a role in the
normal adult brain function, since enrichment was detected in adult head ribosomes. Therefore, the
significance of RpS11 enrichment may not be apparent in knockdown of the developing
D. melanogaster brain, as was carried out in the RpS11-RNAi knockdowns performed. This could be
investigated by the employment of adult brain drivers to drive expression of RpS11-RNAI, such as heat
shock inducible RpS11-RNAi drivers (Grabher and Wittbrodt, 2004). Alternatively, auxin-inducible
gene expression system (AGES) could be combined with elav-GALA4 to only induce expression of RpS11-
RNAi after development by adding auxin to the fly food of adult flies (McClure et al., 2022).
Alternatively, injection of short RpS11 double stranded RNA transcripts to the abdomen of
anesthetised adult WT D. melanogaster could induce RNAI. This method has been previously shown

to knockdown LacZ expression in the CNS of bacterial lacZ-expressing flies (Dzitoyeva et al., 2001).

The elav-GAL4 driver was used as elav is expressed in the D. melanogaster neurons and most
embryonic glial cells (Berger et al., 2007). Therefore, it would be beneficial to confirm the expression
of the elav-GAL4 line used to ensure that knockdown is only being performed in the target cells. This
could be achieved by carrying out a cross with a UAS-fluorescent marker line (e.g. UAS-mCherry) to
confirm the elav driver expression, by confocal microscopy of the resultant UAS-GAL4 progeny brains.

Following confirmation of elav expression and successful RpS11-RNAi knockdown by western blot or
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gPCR, as discussed, phenotypes of knockdown progeny could be assessed by dissecting brains and
gross physiological inspection. In addition, the assessment of behavioural phenotypes (e.g., social
behaviour, olfactory learning and habituation). Altered behavioural phenotypes from parental
controls would indicate abnormal neuronal function (Nichols et al., 2012; Busto et al., 2010).
Performing puromycin incorporation assays on RpS11-RNAi head tissue to measure the rate of protein
synthesis would allow assessment of the importance of RpS11 stoichiometry in general translation in
the head tissue(Nakano and Hara, 1979). Furthermore, to establish whether RpS11 enriched
ribosomes translate specific mRNAs that are important to neural function/development, Ribo-seq
could be utilised to assess differences in the translatome of these RpS11-RNAi knockdown ribosomes
in comparison to WT, isolated by polysome fractionation (Ingolia et al., 2009). This would provide a
snapshot of mRNA transcripts being actively translated and whether these relate to neuronal
development or function. If RpS11-RNAi knockdown is lethal in D. melanogaster, as suggested by the
production of no knockdown phenotype progeny in the elav-GAL4 UAS-RpS11-RNAi #23477 cross, the
experiments discussed above could not be performed. In this case, incorporation of additional copies
of RpS11 could be determined by producing a transgenic D. melanogaster line tagging RpS11 with
both HA and FLAG tags (Kanca et al., 2017). Ribosomes would be isolated from this line by polysomal
fractionation and would be subjected to confocal microscopy. Detection of both tags on the same

ribosome would imply that multiple copies of RpS11 are present.

To confirm if head ribosomes contain different length versions of RpS11, western blot could be used
to determine if RpS11 is detected at the correct molecular mass (18.1 kDa). Cryo-EM analysis
confirmed the presence of the single full-length copy (Figures 30-34). Therefore, if additional
truncated versions of RpS11 were also incorporated into the head ribosomes this may explain the
significant enrichment of RpS11 and why no additional copies of RpS11 could be detected by cryo-EM.
To ensure there are no additional RpS11 densities associated with the exterior of the ribosome, re-
post-processing the refined models with larger, softer masks may reveal additional RpS11 densities
outside of the ribosome previously excluded by tight fitting masks. If no extra RpS11 densities are
identified in re-post-processing, head 80S monosome particles could be repicked using larger box sizes

to ensure any additional densities surrounding the ribosome are included during particle picking.

As the enrichment of RpS11 detected by TMT-MS in head ribosomes was derived from ribosomal
fractions after sucrose centrifugation, RpS11 must be interacting with the ribosome. Alternative
explanations to the reported RpS11 enrichment could be due to RpS11 playing an extra ribosomal RNA

binding role in head tissue ribosomes; or perhaps post-translational modifications of RpS11 allows for
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more efficient detection by TMT-MS possibly preventing protein turnover or degradation. It is worth
noting that if additional copies of RpS11 were present in inconsistent locations, they would not be
seenin the cryo-EM averages; a possible approach to test if this is the case would be to use both native
(native-MS) and cross-linking mass spectrometry (XL-MS). Native-MS allows for intact ribosomes to
enter the mass spectrometer and non-covalent interactions would be preserved, therefore enabling
accurate measurement of the stoichiometry of RpS11, confirming the presence of additional copies
(van de Waterbeemd et al., 2018). Once this was confirmed, XL-MS would be employed. The use of
amine reactive cross-linkers in cross linking mass spectrometry retains structural interactions of RPs
(Tating et al., 2020). This would determine which proteins that RpS11 could be interacting with. An
additional possible explanation of no structural evidence of additional RpS11 densities is that
additional copies of RpS11 are associating with the head 80S monosome but are not stable enough to
persist. Therefore, use of the Gradient Fixation (GraFix) method could be applied, which uses chemical
cross-linking during density gradient ultracentrifugation to stabilise weak molecular interactions,

reducing RpS11 dissociation during cryo-EM grid preparation (Stark, 2010).

Notably the brain makes up a very small proportion of the head tissue, the dry weight of the
D. melanogaster brain is only 14% of the head tissue (Posey et al., 2001). Therefore, RpS11 is also likely
to be significantly enriched in the ribosomes of other tissues of the head as well as the brain, including
the eyes, pharynx, proboscis, maxillary palps, bristles, antennae, antennae segments etc. To further
implicate the enrichment of RpS11 as impacting RpS11 stoichiometry in the brain tissue ribosomes
and therefore, its relevance to translation of transcripts required for normal brain development could
be investigated. TMT-MS analysis could be performed using brain tissue as well as the other
D. melanogaster tissue ribosomes. This would determine if RpS11 is enriched in brain tissue

ribosomes, in comparison to other tissues, to the same extent as head tissue monosomes.
This series of experiments and analysis will further the understanding of the role ribosomal

heterogeneity plays in neuronal function, as well as potentially elucidating specialised ribosome

mechanisms.

6.2 tRNA occupation of D. melanogaster ribosomes

Structural analysis of the head 80S monosome cryo-EM average by focused classification surprisingly
showed that nearly all (98%) head 80S monosomes were actively translating. This novel observation
led to the question: are 80S monosomes also translating in other D. melanogaster tissues and if so to

what extent? Therefore, tRNA assessment and quantification was carried out and determined that,
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unexpectedly, the vast majority (91%) of 0-2h embryo 80S monosomes are also actively translating. In
contrast, there was no detection of translation in the testis and ovary 80S monosomes. Interestingly,
all testis 80S monosomes were found to be occupied by IFRD1, inhibiting translation. In contrast, ovary
80S monosomes formed vacant couples in the absence of any detectable additional factors. As
expected, | established all embryo 80S foot-printed and testis polysomes were actively translating.
These findings suggest that monosomal translation is a form of translational regulation and is required
in head and embryo tissues for translation of specific mMRNA transcripts, not expressed in testis or

ovary tissue.

To further dissect the implications of 80S monosomal translation in head tissue, cryo-EM analysis of
the D. melanogaster brain and brain cells could be carried out to determine the extent of monosomal
translation in these settings. Moreover, ribosome foot-printing of the brain and brain cells could

determine the specific transcripts that are expressed by monosomal translation.

Cryo-EM of embryos from other time points and specific embryo cell monosomes could determine the
extent of monosomal translation during D. melanogaster development. In addition, ribosome profiling
of the embryo tissue could be carried out to determine the types of transcripts and specific transcripts
that monosomal translation is favouring. This has been already performed in polysomes however not
in monosomes (Patraquim et al., 2020). Therefore, it would be very interesting to compare the

polysome associated transcripts to the monosome associated.

6.3 General conclusions and significance

The role of the reported RpS11 enrichment in head ribosomes remains elusive but is very suggestive
of RpS11 holding a significant role in the development or function of the D. melanogaster brain. This
warrants further investigation to determine the significance of this enrichment in the specific tissues
of the head, as well as any translational roles it may hold in the brain. Better understanding of RpS11
in the D. melanogaster brain could shed light on neurodegenerative conditions and brain cancers in

humans, leading to new treatments.

The analysis of tRNA occupation and quantification implies that monosomal translation in
D. melanogaster tissues is a form of translational control that is important for the translation of
specific transcripts in embryo and head tissues. These results have much significance in the field of
translation. This project has shown for the first time that D. melanogaster head 80S monosomes are

actively translating, implicating the brain tissues as also performing monosomal translation.
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Moreover, by quantifying the level of active translation in both embryo and head 80S monosomes we
have determined that the vast majority of these ribosomes are actively translating. It was astounding
the clear-cut definition of active translation in these tissue and number of translational states that
could be determined by focus classification, even in relatively small particle datasets such as the foot-
printed embryo 80S polysomes. This work adds to the evidence redefining monosomes from being
considered translationally unimportant, to a major source of translation as well as involved in the
translation of highly regulated transcripts (Heyer and Moore, 2016; Biever et al., 2020). These results
could impact many ribosome foot-printing studies which have only analysed polysomal fractions and
disregarded the monosomal fractions. It would be very exciting to apply these methods to other
species, in particular humans, and determine if monosomal translation is impacted in disease states.
For example, translational regulation is known to be to be highly dysregulated in neurodegeneration
and cancer (Kapur et al., 2017; Vaklavas et al., 2017). Therefore, characterising monosomal translation

could further the understanding of these diseases and even allude to possible new treatments.
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7 Supplementary Data
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Supplemental figure 1. TMT-MS replicate 1 hierarchical clustering of logi, scaled normalised
abundances of RpS11 peptide fragments in D. melanogaster tissue and cell culture ribosomes.
Normalised abundances were scaled to a control pool (the average detection of all RP peptide
fragments in all ribosome fractions) from which Z-scores were calculated and plotted, rows are
clustered according to RpS11 peptide fragments. Peptide fragment normalised abundances were

extracted from the TMT-MS data using RpS11 protein (Uniprot accession code A1Z8U9).
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Supplemental figure 2. TMT-MS replicate 1 hierarchical clustering of logi, scaled normalised
abundances of RpS25 peptide fragments in D. melanogaster tissue and cell culture ribosomes.
Normalised abundances were scaled to a control pool (the average detection of all RP peptide
fragments in all ribosome fractions) from which Z-scores were calculated and plotted, rows are
clustered according to RpS25 peptide fragments. Peptide fragment normalised abundances were

extracted from the TMT-MS data using RpS25 protein (Uniprot accession code P48588).
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Supplemental figure 3. TMT-MS replicate 2 hierarchical clustering of logi, scaled normalised
abundances of RpS11 peptide fragments in D. melanogaster tissue and cell culture ribosomes.
Normalised abundances were scaled to a control pool (the average detection of all RP peptide
fragments in all ribosome fractions) from which Z-scores were calculated and plotted, rows are
clustered according to RpS11 peptide fragments. Peptide fragment normalised abundances were

extracted from the TMT-MS data using RpS11 protein (Uniprot accession code A1Z8U9).
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Supplemental figure 4. TMT-MS replicate 2 hierarchical clustering of logi, scaled normalised
abundances of RpS25 peptide fragments in D. melanogaster tissue and cell culture ribosomes.
Normalised abundances were scaled to a control pool (the average detection of all RP peptide
fragments in all ribosome fractions) from which Z-scores were calculated and plotted, rows are
clustered according to RpS25 peptide fragments. Peptide fragment normalised abundances were

extracted from the TMT-MS data using RpS25 protein (Uniprot accession code P48588).
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Supplemental figure 5. Significant classes resulting from the unmasked classification of the head 80S
monosome dataset (610,605 particles) presented at the mean + 10 contour level. (A) 67.29% dataset
particles, containing a strong P/P tRNA (green) density and a partial A/A tRNA (red) density. (B) 20.48%
dataset particles, containing strong P/E tRNA (blue) and A/P tRNA (orange) densities. (C) 9.11% dataset
particles, containing a strong P/P tRNA (green) density and a faint A/A tRNA (red) density. (D) 1.21%
dataset particles, containing strong P/E tRNA (blue) and A/P tRNA (orange) densities. 60S is light blue
and 40S is yellow. mRNA channel densities were qualitatively scored on a scale of full (+++), partial

(++) and faint (+).
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Supplemental figure 6. Significant classes resulting from focused classification of the testis 80S
polysome dataset (10,392 particles). (A) 97.06% (10,087) dataset particles, containing a strong P/P
tRNA (green) density and a faint A/A tRNA (red) density. 60S is light blue and 40S is yellow. mRNA

channel densities were qualitatively scored on a scale of full (+++), partial (++) and faint (+).
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