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Summary

Translational control plays a critical role in maintaining proteome homeostasis,
and in influencing cellular differentiation, proliferation, growth and
developmental pathways. Protein synthesis is closely linked to cellular
metabolism and any aberrations in its regulation lead to diseased states. In
this thesis presented here, translational regulation has been investigated in
three different biological contexts by integrating two different techniques
namely, cryo-electron microscopy and ribosomal profiling.

Translational regulation has been investigated in maturing dendritic
cells using ribosome profiling and RNAseq respectively. Dendritic cells (DC)
are the professional antigen-presenting cells of the immune system. In the
immature state (immature DC), they have the ability to monitor the
environment and upon encountering antigens they mature to launch immune
responses. Here, a defined cytokine mixture combined with TLR agonist
(R848) has been used for in vitro DC maturation. Upon induction of
maturation, pathways such as the ‘TNF signaling pathway’, the ‘cytokine-
cytokine receptor interaction’ and the °‘IL-17 signaling pathway’ were up
regulated both at the level of transcriptome and translatome respectively.
Transcripts encoding for proteins involved in oxidative phosphorylation
pathway were strongly repressed at the later stages of DC maturation (24 h).
As observed in previous studies transcripts encoding for ribosomal proteins,
antigen processing and presentation were also translationally up-regulated at
4 h while being translationally repressed at the 24 h time point. Transcripts of
the glycolytic pathway are also translationally repressed at the 24 h time-point.
Further, during the course of DC maturation, globally there was increased
ribosome occupancy in the 5 UTR. During the later stages of DC maturation,
down regulation of ABCE1 led to accumulation of post-termination ribosomes
in the 3° UTR. Moreover, ribosome occupancy in the 3’ UTR showed strong
correlation to its GC content.

Ski proteins function as accessory factors and are essential for
exosome function, which mediates the 3’ to 5 mMRNA decay pathway. Non-
stop transcripts are primarily decayed via the 3’ to 5’ pathway. It has been

shown here that the Ski complex, interacts with the ribosome independent of



Ski7. Ribosomal profiling of 80S-Ski-complexes revealed a fraction of longer
footprints, and contained more poly-A containing footprints. Further, RNAseq
analysis of the purified 80S-Ski-complexes revealed strong asymmetric
distribution of reads, where more reads mapped towards the 5 end of the
transcripts. Also, transcripts with shorter half-life (< 5 min) and with more non-
optimal codon content showed enrichment for Ski-80S footprints. This hinted
at the possibility that Ski complex might interact with ribosomes for turnover of
canonical transcripts via the 3’-5’ decay pathway.

The endoplasmic reticulum (ER) is responsible for properly modifying
and folding most of the secretory and membrane proteins. Its functioning
capacity is challenged during stressful circumstances such as in hypoxia,
calcium imbalance and viral infection. Unfolded protein response (UPR) is the
cellular mechanism that is activated to alleviate the ER stress. UPR acts via
three main pathways in mammals, and of this IRE1a-XBP1u branch is the
most evolutionarily conserved. XBP1u contains a C-terminal ribosomal
pausing site and plays a critical role in mediating UPR. Using cryo-EM, XBP1u
has been visualized in the ribosomal exit tunnel. Structural characterization
revealed that XBP1u forms a turn in the vicinity of the peptidyl transferase
center and causes a subtle distortion of the base C4398 to inhibit ribosomal
activity. This explains the temporary nature of the ribosomal arrest mediated
by XBP1u. During ribosomal pausing, HR2 of XBP1u is being recognized by
SRP, but it fails to successfully engage with the Sec61 translocon. XBP1u has
evolved with an intermediate ribosomal pausing strength, but this allows it to
be efficiently targeted by SRP onto the Sec61 translocon, albeit without gating
it.
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1 Introduction

Proteins contribute to more than half the dry weight of the cell, and play a
critical role in executing various cellular functions. Proteins are synthesized by
the ribosomes, which are comprised of ribosomal RNAs (rRNA) and several
ribosomal proteins. Ribosomes are conserved across evolution, and are
structurally organized into large (LSU) and small subunit (SSU). The subunits
are named according to their ultra-centrifugation sedimentation coefficients
expressed in Svedberg units as 60S and 40S respectively for eukaryotic
ribosomes. Each subunit has distinct functions; 40S (SSU) is responsible for
binding and decoding of mRNAs, while the 60S (LSU) catalyzes peptide bond
formation. Another characteristic feature of the 60S is a channel for newly
synthesized nascent chain called the ribosomal exit tunnel. Newly synthesized
nascent chain traverse through it before exiting on the solvent side, where the
nascent chain can be contacted by various factors. Both subunits interact via
the inter-subunit bridges, and contain three transfer-RNA (tRNA) binding sites,
the amino-acyl- (A-tRNA), peptidyl- (P-tRNA) and exit- (E-tRNA) site

respectively.

1.1 Eukaryotic translation cycle

The ribosomal translation involves four distinct steps: initiation elongation,

termination, and recycling (Figure 1.1).

1.1.1 Eukaryotic translation initiation

Translation initiation on eukaryotic mRNAs is a complex process mediated by
at least 12 eukaryotic initiation factors (elFs), and it begins on the split SSU
from the previous round of translation (Hinnebusch & Lorsch, 2012; Jackson
et al., 2010). Eukaryotic mRNAs possess 5 7-methylguanosine cap (m7G)
and 3’ end post transcriptionally added poly-A tail protecting them against
premature degradation. elFs recognize these features to select intact mRNAs
for translation initiation. Eukaryotic mRNAs typically possess a 5 UTR of
length 50 — 200 nucleotides lacking Shine-Dalgarno sequence (Lynch et al.,
2005; Mignone et al., 2002; Pesole et al., 2001), which is often used to



position ribosomes over the start codon in prokaryotes by base-pairing with 3’-
end of 16S rRNA. Start codon selection and mRNA affinity in eukaryotes
depends on the sequence context around the start codon, secondary structure
and overall start codon accessibility. Moreover, 43S pre-initiation complex
containing amongst other initiation factors and also the initiator tRNA does not
bind directly in the vicinity of the start codon but scans the mRNA from the &’
end for start codon selection. This process is termed as ribosomal scanning
and is a characteristic feature of eukaryotic translation initiation.

elF2 delivers the initiator tRNA (Met-tRNAi) to the SSU in the form of a
ternary complex: elF2-GTP-Met-tRNA.. Further, elF2-GTP-Met-tRNAi
associates with elF5, 1, 1A and 3, which all assemble on the 40S to form the
43S pre-initiation complex (43S-PIC). 43S-PIC now binds to mRNA thereby
leading to the formation of the 48S complex. mRNA binding to 43S-PIC is
promoted by contacts between elF3 and elF4F complex, which is pre-
assembled on the mRNAs. elF4F complex is composed of elF4A, B, E and G.
elF4E subunit recognizes the 5’-cap (m7G) of the mRNAs, while elF4G binds
to poly-A binding protein-1 (Pab1) at the poly-A tail, leading to the
circularization of mRNAs. 48S complex now scans the mRNA in & — 3
direction to identify the start codon. Scanning is processive, and this is further
facilitated by the ATPase activity of elF4A helicase. Upon start codon
recognition, elF5 and elF5B promote the hydrolysis of elF2-bound GTP.
Following hydrolysis, initiation factors get dissociated from 40S and 60S joins
to form the 80S. At this stage, tRNAiis in the P-site contacting the start codon,

with an empty A-site.
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Figure 1.1 Overview of eukaryotic translation cycle.

Ribosomal subunits, initiator methionyl-tRNA (Met-tRNAMet) and multitude of
eukaryotic initiation factors (elFs) come together at the AUG start codon for
translational initiation. Peptide chain is synthesized during the elongation
phase, and it is mediated by eukaryotic elongation factors (eEFs). Elongation
continues until the ribosome reaches a stop codon for termination. During
termination, peptide chain is released through the actions of eRF1 and eRF3.
After peptide release, ATPase binding cassette subfamily E member 1
(ABCE1) splits the 80S thereby, the ribosomal subunits can engage in next
rounds of translation. Figure adapted from (Schuller and Green, 2018).

1.1.2 Eukaryotic translation elongation

Translation elongation proceeds with the delivery of aminoacyl-tRNA (aa-
tRNA) to the ribosomal A-site. tRNA delivery is mediated by the GTP bound
eEF1A (eukaryotic elongation factor 1 alpha) ternary complex (Thomas E
Dever & Green, 2012), and it is recruited to the ribosome via interactions with
the P1/P2 stalk. eEF1A positions aa-tRNA in the 40S A-site. Upon cognate
codon-anticodon interaction, conformational changes cause eEF1A to
hydrolyze the bound GTP, leading to its dissociation from the tRNA. This
allows tRNA to be properly accommodated into the A-site, ensuing peptide
bond formation. After peptide bond formation, a deacylated t-RNA is bound to
the P-site, while the nascent chain is attached to the A-site tRNA. This is a
highly dynamic state, where the tRNA acceptor ends are repositioned in the
LSU, leading to a so-called rotated state with hybrid tRNA states: A/P- and
P/E-tRNA (first and second letter denotes position in SSU and LSU
respectively). Rotated state formation is coupled to the rotation of ribosomal
subunits with respect to each other (Frank & Agrawal, 2000). At this stage,
ribosomal translocation shifts the deacylated tRNA into the E-site and



peptidyl-tRNA into the P-site. Coupled to this translocation, is also the
movement of mMRNA by single codon. Translocation is catalyzed by the
GTPase eEF2 (Thomas E Dever & Green, 2012), which binds preferentially to
rotated state ribosomes with hybrid tRNAs. Elongation cycle is repeated until

a stop codon appears in the A-site.

1.1.3 Translation termination and ribosome recycling
Protein synthesis is terminated when a stop codon reaches the ribosomal A-
site (A. Brown et al., 2015b; Thomas E Dever & Green, 2012; Matheisl et al.,
2015; Preis et al., 2014). In eukaryotes all three stop codons are recognized
by the eukaryotic release factor-1 (eRF1), in contrast to two release factors
(RF1 and RF2) in prokaryotes. Prokaryotic and eukaryotic release factors
share less sequence similarity; however, they employ the conserved GGQ
motif to terminate protein synthesis. eRF1 associates with the GTPase eRF3
to form the eRF1-eRF3-GTP ternary complex. This allows eRF3 to access the
ribosomal GTPase binding site, while N-domain of eRF1 can probe into the
40S A-site. eRF1 contacts the stop codon via three motifs (NIKS, GTS and
YxCxxxF) and the glutamate residue 55 (Glu55) located in the N-domain.
Recently, it has been shown that, eRF1 recognizes the quadruplet stop codon
(Matheisl et al., 2015). All four bases contribute to the formation of UNR-type
U-turn geometry, which is recognized by eRF1 N-domain (Matheisl et al.,
2015). eRF1 fixes stop codon in a defined position, and its recognition causes
a change in ribosomal conformation to activate eRF3 GTPase function.
Hydrolysis of GTP by eRF3, leads to its release. This allows eRF1 to
accommodate its M-domain with GGQ motif into the PTC to hydrolyze the
ester bond connecting the nascent chain and P-tRNA (Song et al., 2000).
Binding of ribosomal splitting factor ABCE1 (ATPase binding cassette
subfamily E member 1) stimulates the hydrolysis activity of eRF1, leading to
translational termination and nascent chain release. eRF1 serves as a binding
platform for ABCE1 and also enhances its intrinsic ATPase activity (Becker et
al., 2012; Franckenberg et al., 2012; Pisarev et al., 2007). ATP hydrolysis by
ABCE1 causes a conformational change in its conserved rRNA binding iron-
sulfur (Fe-S) cluster domain. This is thought to split the 80S into 40S and 60S
ribosomal subunits, concomitantly releasing eRF1 and ABCE1. In eukaryotes,



translation termination is coupled to ribosome recycling. This coupling is
facilitated by the directionality provided by the delivery of eRF1 by the eRF1-
eRF3 complex and followed by ABCE1 binding to eRF1. Furthermore, several
initiation factors like elF2, 2D, 3, 1 and 5 show interactions with ABCE1 linking
recycling to translation initiation as well (Pisarev et al., 2007).

1.2 Principles of eukaryotic translational control

Protein synthesis is a complex and energy consuming process involving a
multitude of factors (Rolfe & Brown, 1997). Therefore, eukaryotic cellular
systems have evolved with various strategies to control and regulate
translation. Furthermore, regulation of protein synthesis has been shown to
play a central role during cellular development and differentiation, response to
infection, stress and many other external stimuli as well. Apart from
transcriptional control and mRNA stability, translational control is the most
determining factor for final protein levels (Hershey et al., 2012).

Translational control of gene expression provides multiple advantages.
First, the response at the level of translation circumvents the need for mRNA
synthesis, processing and its export to the cytosol. The majority of eukaryotic
mRNAs have a half-life of longer than 2 h (Raghavan et al., 2002), therefore
regulating translational efficiency and protein degradation rates can rapidly
alter cellular proteome homeostasis. Second, a majority of the translational
control pathways are rapidly reversible; this is a significant advantage to
mount quick responses. Third, localized translation provides spatial control
within the cells, such as synthesis of membrane proteins, secretory proteins
etc. Notably, spatial control of translation is shown to be important for synaptic
development and memory formation. Finally, translational control mechanisms
exist, that can affect several transcripts globally or can be specific for an

individual transcript (Gebauer & Hentze, 2004).

1.2.1 Translational regulation by elF2a kinases

Global pathways rapidly alter the translational status of several transcripts and
are mediated via modification of translation initiation factors. Especially during
limiting conditions, this enables the cell to conserve energy and divert

resources for selective translation to alleviate stress. One of the well-studied



mechanisms to down regulate global translation is mediated by elF2a
kinases, which inhibit the formation of active ternary complex (elF2-GTP-Met-
tRNAI) required for initiator tRNA delivery. During stress, the a-subunit of elF2
gets phosphorylated at Ser51; phosphorylated elF2a inhibits the activity of
elF2B to exchange GDP with GTP (Wek, 2018). elF2a phosphorylation
reduces cap dependent translation by limiting the delivery of initiator tRNA for
translational initiation. There are four elF2a kinases in vertebrates (Wek,
2018), namely heme-regulated inhibitor (HRI), protein kinase R (PKR), protein
kinase R-like endoplasmic reticulum kinase (PERK) and general control
nonderepressible 2 (GCN2). These kinases can sense various cellular
perturbations to down regulate global translation by elF2a phosphorylation.

1.2.2 Regulation of cap dependent protein synthesis by the mTOR

kinase

mTOR (mechanistic target of rapamycin) is a phosphatidylinositol 3-kinase-
related kinase (PIKK) conserved from yeast to mammals. In mammals, mTOR
exists as two functional complexes: mTORC1 and mTORC2 (Loewith et al.,
2002). Rapamycin sensitive mTORC1 affects translation by regulating the
activity of various factors associated with translation initiation and additionally
the function of eEF2 as well. Direct substrates of mTORC1 affecting
translation include elF4E-BP1, S6Ks (S6 kinases -1 and -2), elF4G and
eEF2K. Activated mTORC1 enhances cap-dependent protein synthesis, and
this complex is at the nexus of various cellular pathways (PI3K-Akt, Ras-ERK,
TNFa, Wnt). The mTORC1 complex is also sensitive to intracellular energy
and nutrient levels, therefore integrating both intra- and extracellular metabolic

signals to regulate global protein synthesis (Ma & Blenis, 2009).

1.2.2.1 Translational regulation during the maturation of dendritic cells

Dendritic cells (DCs) are the professional antigen presenting cells of the
immune system, and are uniquely equipped to stimulate naive T-cells (Hubo
et al., 2013; Segura & Amigorena, 2013). DCs are ubiquitously present in the
peripheral tissues as immature state. In this state they constantly sample the
environment and process intra- or extracellular antigens, and further present

the processed peptides either on MHC-I or Il complexes.



DCs sense the invading pathogens with the pattern recognition
receptors (PRR) such as toll-like receptors (TLR), nucleotide binding
oligomerization domain (NOD)-like receptors, retinoic acid inducible gene |
(RIG-I)-like receptors (RLR) or C-type lectins (Walsh & Mills, 2013). Upon
encountering an antigen through one of the PRRs, immature DCs are
differentiated into mature DCs, and induce T-cell mediated immunity. Given
that DCs can be used to elicit tumor specific T-cell mediated, for more than
past two decades they have been used for cancer immunotherapy (F. J. Hsu
et al., 1996).

During the maturation process, DCs undergo a dramatic change in their
morphology developing cellular projections. Mature DCs thereby have
increased surface area and ability to stimulate T-cells (Hubo et al., 2013).
Further, major maturation events are marked by increased surface expression
of co-stimulatory and MHC molecules, secretion of cytokines (such as IL12),
and up-regulation of the homing receptor CCR7 resulting in enhanced
migratory capacity of mature DCs (Figure 1.2). This enables mature DCs to
enter T-cell resident areas such as secondary lymphoid organs (Dieu et al.,
1998; Sallusto & Lanzavecchia, 2000). Another property of mature DCs is to
cease antigen uptake and processing, thereby the antigens presented to T-
cells represent the current state of the inflammation site. These processes
finally transform immature DCs to mature DCs with potent ability to induce
and differentiate T-cells, profoundly impacting their homeostasis.

Maturation of DCs also alters their metabolic patterns and biosynthetic
requirements (Pearce & Everts, 2015). Such drastic phenotypic changes
during maturation need to be accompanied by remodeling of their proteome.
At the same time, DCs need to sense the available nutrients in the
environment and adapt accordingly to support the rapid synthesis of
cytokines, co-stimulatory and MHC molecules after stimulation. A cellular
regulator that can integrate extracellular signals and also affect translation is
mTOR (Laplante & Sabatini, 2012; Weichhart et al., 2015). One of the
activators of mTOR includes TLR ligands, and accordingly mTOR plays a
central role in reprogramming translation and metabolism during DC

maturation (Jovanovic et al., 2015).



LPS (lipopolysaccharide) stimulated DCs show tight temporal
regulation of protein translation. The DC maturation process can be classified
into two phases namely early (up to 4 h) and late stages of maturation (24 or
48 h). The early phase is marked by rapid increase in cap-dependent protein
synthesis and peaks at about 4 h. This increase in translation is mainly
mediated via the PI3K-Akt-mTORC1 pathway (Lelouard et al., 2007).
Polysome profiling analysis of LPS stimulated DCs further revealed the
translational regulation of mMRNAs encoding for ribosomal proteins and
transcripts associated with antigen processing and presentation. Specifically,
these transcripts were engaged by polysomes at the early phase of
maturation, and disengaged during the later stage of maturation (Ceppi et al.,
2009).

Later stages of maturation are marked by increased cap independent
protein synthesis facilitated by elF2a phosphorylation. Further during this
stage there is increased production and degradation of elF4Gl and elF4Gl-like
factor DAPS5, correlating with the inhibition of cap-dependent translation. It has
also been shown that the switch to cap-independent translation during the
later stages is critical for synthesis of anti-apoptotic factors (Lelouard et al.,
2007). Taken together, translational regulation plays an essential role during

the maturation process and also necessary for the survival of mature DCs.
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Figure 1.2 Maturation state determines the function of dendritic cells.

Foreign pathogens and inflammatory signals stimulate the differentiation of
immature dendritic cells (iDC) to terminal mature dendritic cells. This results in
dramatic change in cellular morphology; thereby leading to mature DCs with
increased capacity to present processed antigens. Importantly, mature DCs
further engage with T-cells to elicit T-cell specific responses. Figure adapted
from (Hubo et al., 2013) .

1.2.3 Translational regulation by the 5’ untranslated region

Canonical translational initiation in eukaryotes involves cap recognition and
formation of scanning-competent 48S PIC. Stable elements such as RNA G-
quadruplex (Halder et al., 2009; Kumari et al., 2008) and cap-proximal hairpin
structures in 5" UTR are detrimental for mRNA translation, since they would
impede the scanning of small subunit during initiation (Figure 1.3). Certain
structural elements can be unwound by DEAD-box adenosine triphosphate
(ATP) dependent RNA helicases. Ded1 (DDX3 in mammals) and elF4A are
the two RNA helicases in yeast, and their activity seems to be specialized to
certain types or locations of the structural elements in the 5’UTR (Sen et al.,
2015). Some structural elements can recruit proteins under certain conditions

to form a stable ribonucleoprotein complex, which can also impede the
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scanning process. A well-studied example is the iron response element (IRE)
(W. et al., 1987) present in the 5 UTR recruiting iron regulatory protein (IRP)
under low-iron conditions to inhibit translational initiation.

In contrastingly, highly structured RNA elements in the 5 UTR called
internal ribosome entry sites (IRES) can directly recruit 40S ribosomes
internally onto 5’UTR for translation initiation (Figure 1.3). IRESs do not
require a 5’ cap or a free 5" end, and are pretty diverse in their structure and
composition. Depending on the type, IRESs may need a range of elFs and
IRES trans-activating factors (ITAFs). ITAFs are RNA chaperones that bind to
IRESs to enhance or repress their activity. The simplest known IRES is the
Discitroviridae intergenic region (IGR) IRES, requiring neither elFs nor ITAFs
for translational initiation. IRESs were initially discovered in viruses and later
in cellular mRNAs as well. During stress, when cap dependent initiation is
inhibited, these limiting conditions are reversed by translation of cellular
MRNA containing IRESs (Jackson, 2013).

IncRNA
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Figure 1.3 RNA sequence and structural elements in eukaryotic 5 UTR
regulating mRNA translation.

Eukaryotic mRNA contains the 7-methylguanosine (m’G) 5’ cap structure and
the poly-A tail (An) at the 3’ end of the mRNA. These elements stabilize the
mMRNA and stimulate translation. 5 UTR also contains structural and
sequence elements that can affect translation. Upstream open reading frames
(UORF) and upstream start codons (UAUG) mainly inhibit translation. While
the context of Kozak sequence around the start codon can significantly
influence translation initiation. Secondary structures such as pseudo-knot,
hairpin and RNA G-quadraplexes impede ribosomal scanning thereby
inhibiting translation initiation. Structures such as internal ribosome entry sites
(IRES) can recruit ribosomes independently of the cap structure for initiation
of translation. Figure adapted from (Leppek et al., 2018).

Genome wide sequencing has revealed the presence of upstream
ORFs (UORFs) in approximately 50% of mammalian mRNAs. Moreover,

ribosome-profiling studies have revealed increased ribosome occupancy over



11

these uORFs indicating pervasive translation. A majority of uORFs functions
to down regulate main ORF translation in a couple of ways. First, translation
of an uORF can preclude re-initiation at the main ORF or translation
termination at the uORF can destabilize mRNAs by pathways that degrade
mRNAs with a premature termination codon. Second, certain uORFs function
as ligand dependent ribosome stallers, as in the case of arginine-responsive
yeast CPA1 (Gaba et al., 2005) or spermidine-responsive ADM1 (Raney, Law,
et al., 2002). Ribosomal stalling creates a roadblock for downstream re-
initiation at the main ORF; therefore, uORFs provide translational control
based on intracellular conditions. A process called leaky scanning overcomes
the inhibitory effects of uORFs. Leaky scanning is supported by uORFs
containing start codons in a suboptimal context, and this process is prevalent
during stress induced elF2a phosphorylation. Interestingly, some of the stress
alleviating genes are preferentially translated under limiting conditions using
this mechanism (S. K. Young et al., 2015).

Certain sequences in 5 UTR can also serve as regulatory elements
such as TOP (terminal oligopyrimidine) mRNAs. TOP mRNAs contain
oligopyrimidine sequence motifs at their very 5 end. TOP mRNAs encode for
most of the ribosomal proteins and are preferentially translated during
mTORC1 activation (Gandin et al., 2016). Another important sequence
element in the 5 UTR is the Kozak sequence motif (Kozak, 1986). It helps in
improved recognition of the start codon and is present in most of the highly
translated mRNAs.

1.2.4 Translational regulation by 3’ untranslated region

3’ UTRs are much longer than 5 UTRs in eukaryotes, and primarily affect
MmRNA stability, localization and translation through RNA binding proteins
(RBP) and microRNAs (miRNAs) (Mayr, 2019). Presence of AU-rich elements
in the 3° UTR highlights the complexity of 3’ UTR mediated regulation of gene
expression. Initially it was thought to destabilize mRNA, thereby drastically
reducing protein output levels (C. Y. Chen et al., 2001; Lykke-Andersen &
Wagner, 2005). However, later studies show that AU-rich elements can
sometimes serve as a temporal switch to regulate translation (Kontoyiannis et

al., 1999), and have also been shown to interact with at least 10 RNA-binding
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proteins (RBPs) (Barreau et al., 2005; Brennan & Steitz, 2001; C. Y. Chen et
al., 2001; Lebedeva et al., 2011). Binding of tristetraprolin (TTP) to AU-rich
elements results in recruitment of the exosome, a complex that degrades
mRNA (Figure 1.4). In contrast, binding of HUR stabilizes AU-rich elements
containing mRNAs (C. Y. Chen et al., 2001). Moreover, RBPs bound to the 3’
UTR can serve as adapters for recruitment of effector proteins, leading to
some of the 3’ UTR mediated observed effects (Figure 1.4).

Different alternate 3’'UTR isoforms have varying capacity to interact
with RBPs. It is interesting to note that the function encoded in the sequence
of the 3" UTR can be transferred to the protein. 3' UTRs have expanded vastly
in higher organisms, and may well contribute to the higher organismal
complexity by influencing post-translational protein modification, localization,

PPl and protein complex formation (Mayr, 2019).
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Figure 1.4 Functional roles of the 3’ untranslated region.
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A. 3’ UTR (light green) contains sequences that are recognized by various
RNA binding proteins (RBPs shown in red, orange and blue), which then
interact with the translated protein. Alternative 3’ UTRs affect this protein-
protein interaction (PPI) although the CDS encodes for the same protein. In
the example depicted here only the longer 3’ UTR isoform (right) can mediate
PPI while the shorter isoform cannot (left). B. 3’ UTR dependent PPI affects
diverse protein features. Proteins recruited by the 3’ UTR can be involved in
complex formation, post-translational modification (P) of the protein and also
stimulate protein folding. C. At the mRNA level 3' UTR affects stability as well
as localization by recruiting various effector proteins such as exosome (blue,
left) or motor proteins (right). Figure adapted from (Mayr, 2019).



13

1.2.5 Nascent chain mediated control of translation

During translation elongation, the rate of peptide bond formation between
amino acids is not uniform (Wohlgemuth et al., 2008), but depends on the
chemistry and geometry of the incoming amino acid or combination of amino
acids in the peptidyl transferase center (PTC). An unfavorable combination of
amino acids can reduce the speed of elongation, and in certain cases can
cause translational arrest (Ito & Chiba, 2013). Proline with its unique
chemistry is both a poor acceptor (Johansson et al., 2011; Pavlov et al., 2009)
and donor of electrons (K. et al., 2013; Muto & Ito, 2008; Wohlgemuth et al.,
2008) during peptide bond formation. Consecutive proline residues are
problematic for ribosomes to synthesize, and cause translational stalling
during elongation and termination (Tanner et al., 2009; Woolstenhulme et al.,
2013) (Figure 1.5B). Therefore, there exists a specialized factor both in
prokaryotes and eukaryotes to alleviate such stalls, namely elongation factor
P (EF-P) in bacteria (K. et al., 2013; Susanne et al.,, 2013) and eukaryotic
initiation factor 5A (elF5A) in eukaryotes (Gutierrez et al., 2013). These
factors aid through translation of poly-Pro regions on mRNA by decreasing the
activation energy needed for the formation of subsequent peptide bonds
through favorable entropy change (Doerfel et al., 2015). Ribosome profiling of
EF-P-lacking bacteria showed significant stalling events on poly-Pro stretches
(Woolstenhulme et al., 2015). A cryo-EM structure of EF-P bound to a stalled
ribosome revealed that EF-P stabilizes the conformation of the nascent chain
and tRNAs, for efficient translation (Huter et al., 2017). EF-P cellular levels
and in combination with poly-Pro stretches affects the expression levels of
corresponding proteins (Elgamal et al., 2014). A mouse ribosome profiling
study identified several proline-containing motifs that cause ribosomal stalling
(Ingolia et al., 2011). Also, a stretch of basic amino acids such as lysine or
arginine was also shown to cause elongation stalling in eukaryotes
(Brandman et al., 2012; Dimitrova et al., 2009; Koutmou et al., 2015; J. Lu &
Deutsch, 2008). Proline is shown to be present in several prokaryotic leader
peptides, which typically regulate the expression of a downstream gene by

programmed ribosomal stalling (Wilson et al., 2016).
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1.2.6 Nascent chain mediated translational arrest

Nascent chains containing a ribosomal arrest peptide (AP) can stall or
temporarily pause ongoing ribosomal translation to regulate the expression of
a downstream gene. Proline-rich antimicrobial peptides typically act in trans
by binding within the ribosomal exit tunnel to modulate translation (Roy et al.,
2015; Seefeldt et al., 2015), while, APs act in cis to regulate expression during
their own translation (Figure 1.5A). Typically, APs are approximately 20 amino
acids in length, and several have been identified in prokaryotes (secretion
monitor [SecM], vibrio export monitoring peptide [VemP] (Ishii et al., 2015),
MifM and, TnaC (Gong et al, 2001)) and in eukaryotes (human
cytomegalovirus upstream open reading frame 2 [hCMV uORF2], arginine
attenuator peptide [AAP], S-adenosine methionine decarboxylase uORF
[SAM-DC uORF], and AMD1 (Yordanova et al., 2018)) as well. Depending on
the type they can either inhibit translation elongation (Figure 1.5A) (SecM,
VemP) (Ishii et al., 2015; Su et al., 2017; Tsai et al., 2014) or termination
(TnaC, CMV gp48 uORF2 and SAM-DC uORF) (Gong et al., 2001; Janzen et
al., 2002; Raney, Lynn Law, et al., 2002) or both in certain cases (MifM,
ErmCL and AAP) (Chiba & Ito, 2012; Fang et al., 2000). APs inhibiting the
elongation step can arrest ribosomes at a specific position (VemP and
ErmCL) or at multiple sites (SecM, MifM) (Ito & Chiba, 2013).

Certain APs have the intrinsic property to arrest translation (SecM,
VemP, CMV uORF2), while others need an additional co-factor such as
tryptophan for TnaC (Gong & Yanofsky, 2002), arginine for AAP (Z. Wang &
Sachs, 1997) and polyamines for SAM-DC uORF (Law et al., 2001) to exert
their function. Considering that ribosomes are conserved, it is predictable that
APs can induce ribosome stalling in other species as well. AAP from the
fungus Neurospora crassa or the arrest peptide from Arabidopsis thaliana
CGS1 have been both shown in vitro to stall yeast, rabbit reticulocyte and
wheat germ ribosomes (Fang et al., 2004; Spevak et al., 2010). Likewise, the
product of hCMV gp48 uORF2 (“CMV stalling” peptide) arrests not only
human ribosomes (Matheisl et al., 2015), but also ribosomes in wheat germ,
rabbit reticulocyte, Drosophila melanogaster and yeast translation systems
(Bhushan et al., 2010). Yet, other APs such as MifM and SecM are strictly

species specific. For example, ribosomes of the Gram-positive bacterium
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Bacillus subtilis are sensitive to MifM-mediated translational stalling, while
Gram-negative Escherichia coli ribosomes are not inhibited. Similarly, an
opposite effect is observed with the SecM arrest peptide (Chiba et al., 2011).
Also, some of the APs are force-sensitive. meaning the arrested state of the
ribosome can be rescued by application of force (VemP, SecM and MifM)
(Butkus et al., 2003; Chiba et al., 2009; Ishii et al., 2015; Ismail et al., 2012),
while, some APs are dead-end ribosome stallers (TnaC) and are being
targeted by decay pathways.
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Figure 1.5 Mode of action by ribosomal arrest peptides (APs).

A. Translational elongation stalling mediated by leader peptides of SecM,
MifM, VemP, ErmCL and CatA86 prevent stem-loop formation. This results in
the exposure of ribosome binding site (RBS) and thereby translation of
downstream genes. B. Common modes by which ribosomal APs inhibit
translation. Severe deformation of peptidyl transferase center (PTC) (1),
consecutive proline residues of the nascent chain at the PTC (2), strong
interactions between the nascent chain and the ribosomal exit tunnel (3), and
information relays through the ribosome and/or nascent chain to the PTC (4),
resulting in its deformation. Figure adapted from (Wilson et al., 2016).

Cryo-electron microscopy (cryo-EM) has enabled to visualize various
bacterial APs (Arenz, Meydan, et al., 2014; Arenz, Ramu, et al., 2014;
Bhushan et al., 2011; Sohmen et al., 2015; Su et al., 2017) in the ribosomal
exit tunnel, and provided unprecedented insights into their mode of function.
These structures revealed the extensive contacts made by APs with the exit

tunnel of the LSU and shed light on the conformations adopted by each AP to
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inhibit ribosome function. It is interesting to note that there is no general
consensus in the conformation of AP in the tunnel, as they can be in an
extended conformation or form a secondary structure such as a-helix within
the tunnel (Matheisl et al., 2015; Su et al., 2017). The tunnel wall interaction
occurs primarily between the PTC and the constriction site of the exit tunnel.
These interactions with the AP restrict or reposition some of the critical bases
(A2602, U2585 and U2506 in bacteria) constituting the PTC, thereby inhibiting
ribosomal function (Wilson et al., 2016) (Figure 1.5B).

Bacterial ribosome stallers positively regulate the expression of
downstream gene(s) in two ways. First, in the case of TnaC, via anti-
termination of transcription, ribosomal stalling occludes the Rho binding site
for transcription termination (Ito & Chiba, 2013; Wilson & Beckmann, 2011).
TnaC is part of the tnaCAB operon where thaA and tnaB encodes for
tryptophanase (TnaA) and tryptophan-specific permease (TnaB). TnaC is a
co-factor-dependent ribosome staller and its stalling is dependent on the
presence of the small molecule, the amino acid L-tryptophan (L-Trp). C-
terminal part of TnaC encodes for an AP that arrests ribosome during
translation termination. A spacer between tnaC and tnaA contains the Rho
binding site, and ribosomal stalling shields this region resulting in anti-
termination of transcription, and induction of downstream genes tnaA and
tnaB during high intracellular levels of free L-Trp.

Second, ribosomal stalling can induce mRNA conformational changes
to expose the Shine-Dalgarno sequence, which leads to ribosomal binding
and subsequent translation of the downstream gene (for example in SecM,
MifM, ErmCL, Cat86L) (Figure 1.5A) (Wilson & Beckmann, 2011). In contrast,
eukaryotic uUORF ribosome stallers repress the expression of main ORF as in
the case of “CMV-stalling”, AAP and Sam-DC. CMV uORF2 inhibits ribosomal
scanning and initiation at the downstream gp48/UL4 gene (Degnin et al.,
1993; Geballe et al., 1986). Mammalian ribosome profiling studies have
identified several ribosomal stalling sites within the coding region of the
genome (Arpat et al., 2020; Ingolia et al., 2011). Further studies are required
to understand the biological role of these newly identified ribosomal stalling
sites. One of the best-characterized mammalian ribosome stallers with a
known function is the arrest peptide of X-box binding protein-1 unspliced
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(XBP1u-AP). Ribosome arresting activity of XBP1u-AP plays a critical role in
mediating the mammalian unfolded protein response (UPR).

1.2.7 UPR

Approximately one third of the proteome that is destined for extracellular
secretion, the plasma membrane, lysosomes, and Golgi apparatus traverse
through the endoplasmic reticulum (ER). The ER is also the major site for
production of lipids (Jacquemyn et al., 2017) such as cholesterol,
glycerophospholipids, and ceramide, and plays a critical role in the regulation
of calcium storage. The ER harbors specialized enzymes and chaperones,
and provides an environment for post-translational protein modification and
folding (Schwarz & Blower, 2016). Intracellular perturbations such as glucose
deprivation, aberrant calcium regulation, oxidative stress, and viral infection
lead to accumulation of unfolded or misfolded proteins causing ER stress.
During ER stress folding capacity of the organelle is challenged, and this
leads to activation of UPR pathways to restore folding capacity and to
maintain proper protein homeostasis (Walter & Ron, 2011).

In mammals, there are three distinct branches of UPR and its activation
leads to production of bZIP transcription factors that work alone or in unison to
activate the UPR target genes (Figure 1.6). The three ER membrane-resident
sensors are activating transcription factor 6 (ATF6), double stranded RNA-
activated protein kinase like ER-kinase (PERK) and inositol-requiring enzyme
1 alpha (IRE1a). During unstressed conditions the lumenal domain of all three
sensors is bound by the ER-resident chaperone binding immunoglobulin
protein (BiP or Grp78), thus keeping them inactive. The presence of misfolded
proteins during ER stress titrates BiP away from the sensors (Anne Bertolotti
et al., 2000; Okamura et al., 2000), thereby promoting dimerization and
autophosphorylation to activate IRE1a and PERK, while ATF6 is activated by
a regulated membrane proteolysis.

One of the adaptive responses to ER stress is to transiently shutoff
global translation to reduce the flux of newly synthesized proteins
translocating into the ER. During ER stress, PERK serves this purpose by
phosphorylating elF2a to globally reduce translation initiation (Kaufman, 2002;
Ron & Walter, 2007) (Figure 1.6), although under these limiting conditions,
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selective mRNAs that contain one or multiple uORFs within the 5 UTR are
still translated (T E Dever et al., 1992; P. D. Lu et al., 2004; Vattem & Wek,
2004; Yaman et al.,, 2003). One such mRNA is ATF4 mRNA, encoding a
stress-responsive transcription factor that can activate genes involved in
protein synthesis, amino acid metabolism, redox homeostasis, apoptosis and
autophagy. ATF4 restores protein synthesis by being part of the pathway to
dephosphorylate elF2a (J. Han et al., 2013; H P Harding et al., 1999; Heather
P Harding et al., 2003).

During ER stress ATF6 transits from ER to the Golgi apparatus, where
site-1- and site-2-protease (S1P and S2P) process ATF6 to release a
fragment termed as ATF6p50, which is an active transcription factor (Figure
1.6). Of the three, the IRE1a branch is the most evolutionarily conserved
pathway (Mori, 2009), and also being the only sensor present in lower
eukaryotes. In mammals IRE1a acts via the XBP71u mRNA, to splice XBP1u
(unspliced) mRNA to XBP1s (spliced) mRNA, coding for the transcription
factor XBP1s (Figure 1.6). XBP1s together with ATF6/p50 activates genes
coding for ER resident chaperones and enzymes to increase ER protein
translocation, folding, maturation and secretion capacity. Also, both these
transcription factors promote biogenesis of ER and Golgi apparatus, thereby

increasing the overall secretory capacity of the cell during ER stress.
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Figure 1.6 UPR pathways.

(1) During endoplasmic reticulum (ER) stress, PERK phosphorylates elF2a
leading to global reduction in translation initiation. Although under these
conditions some mMRNAs are preferentially translated, such as ATF4 mRNA.
ATF4 is a transcription factor, and it activates UPR target genes involved in
amino acid biosynthesis, the antioxidative response, autophagy and
apoptosis. (2) From the ER ATFG6 transits to the Golgi apparatus, where it is
processed by the S1P (site-1-protease) and S2P (site-2-protease) proteases
giving rise to an active cytosolic fragment ATF6p50. This active fragment can
migrate to the nucleus to initiate transcription of UPR target genes involved in
the ER secretion and protein folding homeostasis. Further, it can also activate
genes to initiate ER and Golgi biogenesis. (3) Activated IRE1a splices XBP1u
MRNA to XBP1s mRNA, which encodes for the transcription factor XBP1s.
XBP1s activates genes to increase protein folding and secretion capacity of
the ER and the Golgi apparatus. IRE1a cleaves the ER associated mRNAs or
functional non-coding RNAs through regulated IRE1a dependent decay
(RIDD). This result in the influx reduction of newly synthesized proteins into
the ER, thereby modulating its protein folding capacity. Under non-canonical
ER stress conditions, cytosolic domain of the IRE1a can act as a scaffold to
recruit adaptor proteins, such as tumor necrosis factor receptor-associated
factor (TRAF) family members, resulting in the activation of inflammatory
responses. Figure adapted from (Hetz et al., 2020).

1.2.8 The IRE1a - XBP1 pathway in UPR

IRE1 has two paralogs in mammals; IRE1a and IRE1(3. IRE1a is ubiquitously
expressed in all tissues while IRE1[3 is restricted to intestinal epithelia (A
Bertolotti et al., 2001). IRE1a is a bifunctional transmembrane signal
transducer with kinase and endo-ribonuclease (RNase) activities. Once
activated, the RNAse domain of IRE1a cytoplasmically cleaves the XBP1-
unspliced (XBP1u) mRNA at specific sites on the ER membrane to excise a
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26 base unconventional intron (Calfon et al., 2002; Yoshida et al., 2001). The
cleaved XBP1u mRNA is re-ligated by the ligase RtcB to generate XBP1-
spliced mRNA (XBP1s). Translation of XBP1s mRNA generates the active
transcription factor XBP1s, which can translocate into nucleus to
transcriptionally upregulate UPR genes responsible for increasing ER
abundance, lipid biosynthesis, and chaperones (Shaffer et al., 2004; Sriburi et
al., 2004).

In order to be spliced by IRE1a during ER stress, the cytoplasmic
XBP1u mRNA is targeted to the ER membrane by an ingenious mechanism.
XBP1u contains two hydrophobic regions, HR1 and HR2, and also a very C-
terminal ribosome AP which transiently pauses translation (Yanagitani et al.,
2009, 2011). During this pause the HR2 domain is exposed outside of the
ribosomal tunnel and is used to encounter components of the co-translational
protein translocation pathway, such as the signal recognition particle (SRP) or
the Sec61 complex (Figure 1.7) (Kanda et al., 2016). Once being bound to the
ER-membrane via the Sec61 complex, XBP1u mRNA can be spliced by
IRE1a (Kanda et al., 2016; Plumb et al., 2015), an unconventional splicing
event on the ER membrane. Given the moderate hydrophobicity of HR2
domain, translational pausing mediated by the XBP1u AP is obligatory for
SRP recruitment by HR2 domain. Therefore, the localization of XBP1u mRNA
on the ER membrane is dependent on translational pausing mediated by its
C-terminal ribosomal AP. Truncation analysis showed that C-terminal 26
residues (position 236 — 261, full length numbering) of XBP1u contribute to
translational pausing. This region is evolutionarily conserved, and alanine-
scanning mutagenesis revealed 14 out of 26 residues that are critical for
translational pausing. It is interesting to note that XBP1u AP with a S255A

mutation elongates the duration of the pause (Yanagitani et al., 2011).
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Figure 1.7 Overview of the IRE1a-XBP1u pathway in mediating UPR.

Interaction of the XBP1u nascent peptide with the ribosomal exit tunnel
leads to translational pausing with the HR2 domain exposed outside.
Paused state of this ribosome-nascent chain complex (RNC) enables
successful recruitment of SRP and subsequent transfer to the Sec61
complex located in the ER membrane. During ER stress IRE1a is localized
near Sec61, therefore can splice XBP1u mRNA to XBP1s mRNA, which
then encodes for the active transcription factor XBP1s.

1.3 Ribosomal profiling, a genome-wide technique to
investigate translation
Genetic information is decoded in two steps, namely transcription and
translation. Techniques like microarray and RNAseq have enabled steady-
state measurement of mRNA abundance for hundreds and thousands of
genes, and its analysis revealed the critical role of transcriptional control in
gene expression. Although transcriptional levels correlate strongly with protein
abundance, translational control also plays a definitive role in determining final
protein levels. Therefore, studying translational regulation would provide rich
insights into the final stage of gene expression.
One of the techniques that can be used for investigating the in vivo

translational landscape is ribosome profiling. Nicholas Ingolia developed this



22

technique, while in the lab of Jonathan Weissman. Since its introduction
(Ingolia et al., 2009), it has been widely used to study translation in bacteria
(Li et al., 2012; Oh et al., 2011), fungi (Kasari et al., 2019; Wallace et al.,
2020), plants (Merchante et al., 2015; Zoschke et al., 2013), mouse
embryonic stem cells (Ingolia et al., 2011), viruses (Irigoyen et al., 2018;
Stern-Ginossar et al., 2012) and human cells (Fields et al., 2015; Guo et al.,
2011). Ribosome profiling has enabled to monitor all aspects of protein
synthesis in a global manner. Steady-state estimation of ribosome density
over individual mRNAs correlates better with protein amounts in comparison
to transcriptome levels.

Ribosomes translating an mRNA template typically protect a fragment
of approximately = 28 - 30 nts of mRNA upon nuclease treatment (Steitz,
1969). Ribosome profiling involves sequencing of these ribosome-protected
mRNA fragments (RPFs or ribosomal footprints) using the next-generation-
sequencing (NGS) technology. Each sequenced RPF reveals the mRNA that

is being translated, and also the position of the ribosome on the transcript.
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Figure 1.8 Schematic overview of ribosome profiling.

Cells are harvested and lysed, and ribosomes remain bound to mRNA
thereby forming polysomes. RNAse | treatment digests the exposed mRNA
but the bound ribosome physically protects a small fragment of this mRNA
which is termed as the ribosome protected fragment (RPF) or ribosomal
footprint. Generated monosomes are isolated by sucrose gradient
centrifugation, and ribosomal footprints are extracted by size selection. In
parallel, for RNAseq, total RNA is extracted, followed by removal of rRNA
fragments and heat fragmentation in alkaline conditions. Further, both
ribosomal footprints and fragmented total RNA are converted into DNA
libraries for deep sequencing.

The technique involves isolation of ribosomes in a physiological context
for inferring useful biological insight. In order to arrest translating ribosomes
on mRNAs, prior to lysate preparation samples are treated either with
translation elongation inhibitors such as cycloheximide (CLX) or
chloramphenicol, or rapidly frozen to prevent ribosomal run-off. After cell lysis,

the lysate is treated with a nuclease in order to collapse polysomes into
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monosomes (Figure 1.8, left). Nuclease treated lysate is centrifuged through
sucrose gradient solution using ultracentrifugation for monosome isolation.
Footprints from these monosomes are extracted by size selection and further
converted into a DNA library for deep sequencing. With the exact same
biological lysate, RNAseq libraries are also prepared in parallel to account for
transcriptome levels (Figure 1.8, right). The density of ribosomal footprints on
the mRNA template represents the protein synthesis rate, while normalizing
for mRNA levels provides translational efficiency for each mRNA. With the
advent of improved sequencing technology, comprehensive sampling of RPFs
has been made possible, providing a global snapshot of the translational
landscape. Ribosome profiling data is quantitative in nature, and often with
sub-codon resolution.

1.3.1 Monitoring cotranslational processes by selective ribosomal

profiling

Ribosome profiling has also provided insights into co-translational processes
during protein synthesis. There are several cellular factors that interact with
ribosomes cotranslationally, which are often dependent on the synthesized
nascent chain. Previously, there has been lack of techniques to systematically
investigate these cotranslational interactions at a genome wide scale.
Ribosome profiling of ribosomes co-purified with a factor of interest is
performed, in addition to ribosome profiling of all cytosolic ribosomes. This
method is broadly termed as selective ribosome profiling (SeRP) (Figure 1.9).
Analysis of SeRP data reveals several properties of the cotranslational factor
of interest, such as its substrate specificity, its point of cotranslational
engagement, and how often does it interact with its substrates. SeRP has
been performed with various ribosome interacting factors such as SRP
(Chartron et al., 2016; Schibich et al., 2016) (Figure 1.9), trigger factor (TF)
(Oh et al.,, 2011) and Hsp70 chaperone Ssb (Doring et al., 2017). These
studies expanded the pool of substrates engaged by these factors and

deciphered the determinants for cotranslational recruitment.
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Figure 1.9 Selective ribosome profiling (SeRP).

SeRP involves ribosome profiling of ribosomes co-purified with a factor of
interest (SRP, as shown in figure). Analysis of this enriched fraction provides
insight into substrate specificity and temporal nature of cotranslational
interaction of the factor with the ribosome. Figure adapted from (Schibich et
al., 2016).

1.3.2 Ribosome profiling strengths

Advanced next generation sequencing machines and improved library
preparation methods have enabled comprehensive sampling of footprints
across the genome, providing enough depth. This increased the sensitivity of
the technique and facilitated the capture of even rare translational events (G.
a Brar & Weissman, 2015). Previously, polysome profiling has been used to
study translational regulation in vivo. Although it provided rich qualitative data,
the positional information of ribosomes on the mRNA template cannot be
inferred. Also, in polysome profiling, resolving higher polysome fractions is

difficult and experimentally challenging.
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Ribosome profiling circumvents this problem and provides precise
positional information of the ribosome. The characteristic length of RPFs
enables reliable identification of P-site and A-site codon position within the
RPFs. Typically, for yeast RPFs of 28 nts length, the P-site is located 12 or 13
nts downstream of the & ribosomal footprint end (Ingolia et al., 2009).
Moreover, the RPFs display three-nucleotide periodicity, representing the
movement of ribosome across the ORF. Such analysis has allowed
investigating aspects of translation such as ribosomal pausing, stop-codon
read-through, translation initiation at non-AUG codons and uORF (upstream
ORF) translation (G. A. Brar et al., 2012; Ingolia et al., 2014; Li et al., 2012;
Woolstenhulme et al., 2015). Finally, a notable advantage of ribosome
profiling is that it allows instantaneous sampling of in vivo translational
landscape (Andreev et al., 2015). RNA-seq and mass spectrometry based
approaches has shed light on regulation at the level of transcriptome and the
proteome. But the information may not reflect the rapid cellular decision-

making that occurs at the level of translation.

1.3.3 Caveats of ribosome profiling
In ribosome profiling, translation needs to be rapidly halted in order to capture
the actual in vivo ribosomal position on mRNAs. Given that elongation is
faster, slower inhibition of translational elongation would result in blurring of
the ribosomal footprint signal. Therefore, cells are usually pre-treated with
higher amounts of elongation inhibitors (e.g CHX) to arrest translation.
Although such treatments never affected the global measurement of ribosome
density, it did cause accumulation of ribosomes especially near the start
codon (Ingolia et al., 2009, 2011). In addition, recent studies have pointed out
that elongation inhibitors can shift the position of ribosome density
downstream in comparison to untreated samples. To overcome this caveat,
rapid freezing of samples without any pre-treatment with inhibitors has been
shown to reliably capture ribosomal positions in vivo (Ingolia et al., 2012).
Contaminating RNA fragments can confound the analysis of ribosomal
profiing data. For example, one of the sources could be a large
ribonucleoprotein complex, which can co-migrate with the ribosomal fraction

during sucrose density gradient centrifugation. There are computational
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methods based on footprint length, which can differentiate between fragments
derived from translating ribosome or contaminating ones (Ingolia et al., 2014).

During the isolation of ribosomal footprints, rRNA fragments from the
ribosome itself can cause severe contamination. Therefore, inclusion of a step
to remove rRNA contaminants is highly effective and recommended. Lastly, in
contrast to RNAseq, amounts of biological sample required to prepare
libraries can be a limitation. This can be either due to the extra step involved
in the isolation of ribosomal footprints, or a too small portion of any given
mRNA molecule undergoing translation at a given time. Therefore, the
number of recoverable ribosomal footprints is reduced.

1.4 Translation and mRNA turnover

Transcript amounts and protein products ultimately determine the functionality
of a gene. These quantities are in turn kinetically maintained by balancing
their synthesis and degradation rates. The process of canonical mRNA
turnover is critical for the maintenance of transcriptome homeostasis, and
serves as a major control point in gene expression. Apart from canonical
MRNA turnover mechanisms, faulty and error prone messages need to be
degraded to prevent generation of proteins with deleterious effects.
Accordingly, multiple specialized pathways have been discovered to

recognize and decay such mRNAs.

1.4.1 Canonical mRNA turnover

Yeast mMRNAs are degraded in the cytoplasm by two major pathways (Parker,
2012). The pathways are termed as 5-to-3’ or 3’-to-5’ degradation pathway,
referring to the direction mRNAs are degraded (Figure 1.10). The 5-to-3’
pathway is mediated by the exonuclease Xrn1 (C. L. Hsu & Stevens, 1993;
Muhlrad & Parker, 1994), while the 3'-to-5 pathway is executed by the
cytosolic exosome (Anderson & Parker, 1998). 5’-t0-3’ is the major turnover
pathway in yeast (Parker, 2012), and both pathways are initiated by

shortening of the 3’ poly-A tail, a process referred to as deadenylation.
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1.4.2 Deadenylation and decapping

In yeast, Pan2/Pan3 and Ccr4-NOT complexes deadenylate mRNA
molecules, and they act in a coordinated temporal manner. mRNAs are
initially engaged by the Pan2/Pan3 complex, which reduces the poly-A tail
length to approximately 65 residues. After initial deadenylation, the Ccr4-NOT
complex (Ccr4/Pop2/Not) continues to deadenylate until the poly-A tail
reaches a length of approximately 10 residues (Tucker et al., 2001). mRNAs
with such short poly-A tails are targeted for decapping, and the bound Pab1 is
exchanged with Pat-1/Lsm-7 complex. Binding of Pat1-1/Lsm1-7 promotes
MRNA decapping after deadenylation.

Dcp1 and Dcp2 proteins of the Nudix family of pyrophosphatases carry
out mRNA decapping in yeast (Tharun & Parker, 2001). Decapping leaves
mRNA with 5 monophosphate, and Xrn1 prefers such mRNA substrates.
Therefore, they are subsequently degraded in 5’-t0-3’ direction by the Xrn1

nuclease (Figure 1.10).
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Figure 1.10 Messenger RNA degradation in yeast.

Transcript ends are modified with 7-methyl guanosine cap and 3’ end
poly-A tail of approximately 60 nts in length. These elements then
reqgulate the decay process. Decay is initiated by deadenylation
primarily mediated by Pan2/3 and then by the Ccr4/Pop2/Not
deadenylase complex. Once the poly-A tails are trimmed short enough,
Pab1p is dislodged from the poly-A tail, and the mRNA can be
degraded in 3’-5’ direction mediated by the exosome. On the other
hand, decapping by the Dcp1 and 2 is required before transcripts can
be decayed via the 5’-3’ direction by the Xrn1p exonuclease. Figure
adapted from (Huch & Nissan, 2014).

1.4.3 5’ to 3’ mRNA decay

5'-to-3’ decay is the major decay pathway in yeast (Parker, 2012). It was
initially thought that decapping and 5-to3’ decay happens in localized foci
within the cells called P-bodies. Hence, it was assumed that mRNA
undergoing active translation and associated with polysomes are not
segregated into P-bodies, while non-translated mRNAs are targeted to P-
bodies for degradation (Sheth & Parker, 2003). Thus, the mRNA fate was
directly coupled to their translational status. This hypothesis was recently
challenged, when it was shown for few yeast mRNAs, that they are decapped
while being still associated with polysomes (Hu et al., 2009). Later on,

sequencing of 5 monophosphate containing mMRNAs in yeast, has shown
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evidence strongly arguing for genome-wide co-translational mRNA decay in
5'-to-3’ direction (Pelechano et al., 2015). Therefore, Xrn1 mediated
degradation of mMRNA happens not exclusively in P-bodies, but also co-

translationally as well.

1.4.4 3’ to 5’ mRNA decay

In contrast to 5'-to-3’ decay, deadenylation and 3’-to-5° mMRNA degradation
happens exclusively in the cytoplasm. 3’-to-5' decay is mediated by the
cytosolic exosome (Anderson & Parker, 1998) (Figure 1.10). It is a conserved
multi-protein complex with ten subunits. Nine out of ten subunits form the core
(Exo0-9) of the complex (Liu et al., 2006; Makino et al., 2013), but they lack
catalytic activity. Exo-9 core associates with Rrp44 to form the active
exosome complex (Exo-10) (Dziembowski et al., 2007). Exosome forms a
pore like channel, where it threads single stranded RNA into the processive

exoribonuclease Rrp44 for degradation (Makino et al., 2013).

1.4.5 Ski proteins

Accessory proteins have been identified that can bind and regulate exosome
activity (Anderson & Parker, 1998; Araki et al., 2001; van Hoof et al., 2000).
These proteins are called Superkiller (Ski) proteins, and in particular four
(Ski2, Ski3, Ski7 and Ski8) of them have been shown to be essential for
exosome function during 3'-to-5° mRNA decay. Of these, Ski2, Ski3 and Ski8
form a complex called the Ski complex, while the interaction between the Ski
complex and exosome is mediated by Ski7.

Ski7 is a multidomain protein, and is required for exosome mediated 3'-
to-5° mRNA decay in yeast. Ski7 is part of the eEF1a family, and it is
structurally similar to other translational GTPases such as eEF1a, eRF3 and
Hbs1 (Benard et al.,, 1999). The N-terminal domain of Ski7 mediates
interaction with Ski complex and the exosome (Araki et al., 2001). The C-
terminal part of Ski7 harbors the GTPase domain, and is shown to be required
specifically in the NSD (non-stop decay) pathway (Van Hoof et al., 2002). Due
to its similarity to other translational GTPases and given its requirement in
NSD it was speculated that Ski7 interacted with ribosomes. However,
experimental proof for this is so far lacking.
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1.4.6 The Ski complex

The evolutionarily conserved Ski complex takes part in the cytoplasmic
exosome mediated RNA turnover mechanism, including 3’-to-5° mRNA
pathway, non-stop and RNA interference mediated decay (Halbach et al.,
2013). Ski complex interaction with exosome is mediated by Ski7. It's a
tetrameric complex with two copies of Ski8, organized in stoichiometric ratios
of 1:1:2 (J. T. Brown et al., 2000; Synowsky & Heck, 2008). Ski2 harbors the
only ATP-dependent helicase activity of the complex. Interestingly, ATPase
activity of Ski2 is decreased and its RNA binding ability is stabilized upon Ski
complex formation (Halbach et al., 2012, 2013).

Structural analysis revealed that Ski3 acts a platform for the Ski
complex. The C-terminal arm of Ski3 as well as the two Ski8 proteins position
the Ski2 helicase core in the center of the complex. Ski2 also contains a
highly flexible insertion domain. Removal of this insertion domain increased
both its ATPase and helicase activity in context of the Ski complex. Since the
N-terminal arm of Ski3 and the Ski2 insertion domain are juxtaposed
structurally, it was proposed that both elements act as a regulatory lid
modulating the Ski2 helicase activity (Halbach et al., 2013). Finally, RNAse
protection assays showed that the Ski complex shields RNA fragments of
length of 9 — 10 nts, while the Ski complex together with Ski7 and exosome
protected RNA fragments of length of 41 — 44 nts (Halbach et al., 2013). This
suggested that the Ski complex and the exosome together form a continuous
RNA channel, thereby coupling the helicase and the exoribonuclease activity

during RNA degradation.

1.4.7 ORF codon composition determines mRNA stability

All mMRNAs are eventually degraded via canonical turnover pathways, but half-
lives between mRNAs vary dramatically. mRNA half-lives in yeast have a
range of < 1 min to > 60 min or greater (Coller & Parker, 2004). The question
is what features of the mRNA determine their half-life? Sequence and
structural features of mRNAs in the 5 and 3’ UTR were initially proposed to
influence mMRNA fate (Geisberg et al., 2014; Lee et al., 2015; Muhlrad &
Parker, 1994). Such features could regulate the half-life of specific transcripts
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or for sub-populations of the transcriptome, but could not account for the
varied degradation rates observed across the transcriptome.

One common feature that was suggested to influence mRNA decay
rate was the codon usage. Substitution of synonymous codons in reporter
constructs with rare codons rapidly decreased their half-lives. This rapid
decay was initiated via decapping and deadenylation of the transcript, but the
effect was independent of mRNA surveillance pathways such as NMD, NGD,
and NSD.

Rare codons were classified as non-optimal codons (dos Reis et al.,
2004; Pechmann et al., 2014). Codon optimality basically reflects the amount
of charged tRNAs in the cytoplasm and the demand for these tRNAs by the
translating ribosome. It has been proposed that optimal codons are decoded
faster and more accurately by the ribosomes than non-optimal codons
(Akashi, 1994; Drummond & Wilke, 2008). Initially, codon optimality was
shown to influence gene expression, protein folding kinetics and translation
elongation. Recent work from the group of Jeff Coller group (Presnyak et al.,
2015) has suggested that codon optimality is a major determinant of mRNA
half-life. It has been shown that mRNAs containing more non-optimal codons
were more slowly decoded by the ribosomes. A later study showed that these
slow movements of ribosomes on mMRNAs with more non-optimal codons are
sensed by Dhh1 to repress translation and promote mRNA decay
(Radhakrishnan et al., 2016). Therefore, apart from clearance of aberrant
MRNASs, ribosomal translation also plays a major role in determining the fate

of normal mRNAs.

1.4.8 Decay of aberrant mRNA

Defective mRNAs with errors need to be eliminated effectively. Otherwise,
continued translation of these mMRNAs can produce aberrant protein products,
which can be detrimental to the cell. To reduce such errors, there exist
mechanisms broadly referred to as “mRNA surveillance” pathways.

There are three identified pathways in eukaryotes, and each pathway
selectively degrades a particular type of defective mRNAs. The three
pathways are named as nonsense-mediated decay (NMD), no-go decay
(NGD) and non-stop decay (NSD). mRNAs with a premature stop codon are
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degraded via NMD, while transcripts with stall-inducing sequence or
secondary structure are taken care by NGD. Sometimes, mRNAs lack a stop
codon and the NSD pathway eliminates such templates. Most importantly, all
these surveillance mechanisms are initiated co-translationally, implicating

translation in the decay of defective mRNAs (Shoemaker & Green, 2012).

1.4.9 NMD

In higher eukaryotes, the recognition of premature stop codons is aided by the
presence of exon-junction complexes (EJCs). EJCs are deposited near exon
junctions, during mRNA splicing in the nucleus, while the stop codon is
typically located in the 3’ end of the spliced exon. The presence of EJCs
defines the mRNA status, since EJCs are displaced by the ribosome during
the first round (“pioneer”) of translation (Maquat et al., 2010). Therefore, in the
presence of premature stop codon, downstream EJCs signal to initiate NMD
pathway (Le Hir et al., 2000). However, it must be noted that, even in higher
eukaryotes NMD is not strictly dependent on the presence of EJC. NMD is still
robust in lower eukaryotes such as in budding yeast, where splicing is not that
common. In such cases it has been proposed that the presence of an
extended 3’ UTR (faux 3’ UTR) helps in the recognition of premature stop
codons (Amrani et al., 2004; Hogg & Goff, 2010).

Upstream frame-shifting (Upf1, Upf2 and Upf3) proteins are the key
factors involved in NMD. Upf proteins together with Smg1 form the SURF
complex (Kashima et al., 2006). Upf1 is a helicase with ATPase activity, and
both these activities are necessary during NMD. In higher eukaryotes during
NMD, the defective mRNA is degraded mostly via the 5’-to0-3’ pathway
(Muhlrad & Parker, 1994). While in lower eukaryotes, the mRNA seems to be
eliminated via both the 5’-to-3’ and 3’-to-5’ pathways.

1.4.10 NGD and NSD

mRNAs with sequences which can form secondary structures such as stable
stem-loops, pseudoknots and GC-rich sequences are very effective in
inducing strong stalling of ribosomes to initiate NGD (Doma & Parker, 2006).
As mentioned before nascent chains functioning as ribosomal arrest peptide
can also stall translating ribosomes, and mRNAs coding for these ribosomal

arrest peptides can also be targeted by NGD. Dom34 (Pelota in human)
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together with Hbs1 forms a heterodimer akin to eRF1-eRF3, and this complex
was proposed to recognize the stalled ribosomes (Becker et al., 2011; HH et
al., 2007). It was shown that Dom34 could reach into ribosomal decoding
center to recognize stalled ribosomes. Moreover, Dom34-Hbs1 are also
involved in rescuing ribosomes stalled during quality control. ABCE1 mediates
canonical recycling of ribosomes with eRF1 on stop codon. During quality
control, ABCE1 partners with Dom34 instead of eRF1 to split stuck ribosomes
(Becker et al., 2012; Doma & Parker, 2006; Franckenberg et al., 2012; Saito
et al.,, 2013). Dom34-Hbs1 mediated rescue of stalled ribosomes is very
efficient when there is no mRNA in the A-site. Recently, it has been shown
that ribosomes stalled internally in the middle of an ORF are recognized and
rescued via the ubiquitin-proteasome pathway and mRNA control systems.
Here, first the stalled ribosomes are recognized and ubiquitinated at
one or multiple specific residues. In yeast, ubiquitination of stalled ribosomes
is performed by the E3 ubiquitin ligase Hel2 (Matsuo et al., 2017). Hel2
ubiquitylates SSU protein us10 at K6/8, and plays a crucial role in inducing
subunit dissociation. Further, it has been shown that Hel2 preferentially
ubiquitylates stalled disomes in vitro than monosomes (lkeuchi et al., 2019).
Second, these stalled and ubiquitinated ribosomes are recognized by RQC-
trigger complex (RQT), which also induces subunit dissociation. This allows
binding of nuclear export mediator factor (NEMF) to the 60S, which then
subsequently recruits the E3 ubiquitin ligase Listerin. Finally, nascent chain is
ubiquitinated by Listerin, thereby targeting them for proteasomal degradation.
NSD is involved in eliminating transcripts that lack a stop codon
(Frischmeyer et al., 2002; Van Hoof et al., 2002). There can be two types of
scenarios when there is a transcript without an in-frame stop codon. First,
truncated mRNA without an in-frame stop codon, where ribosomes would
translate through and are stuck at the very 3’ end of the transcript. Second,
mMRNAs lacking an in-frame stop codon but instead contain a poly-A tail. Later
type of mRNAs might be generated due to premature poly-adenylation.
Human and yeast studies has shown that at least 1% of the transcriptome is
prematurely polyadenylated (Ozsolak et al., 2010), highlighting the importance

of this mechanism.
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With prematurely polyadenylated mRNAs, it was initially assumed that
ribosomes would translate through and get stuck at the 3° end of the
transcript. If that would have been the case, NGD substrates can be
distinguished from NSD substrates based on where the ribosomes are stalled
on the mRNA. Mid-message stalled ribosomes can be targeted by NGD, while
ribosomes stalled at the 3’ end will initiate NSD. But recent evidence shows
that the distinction between these two pathways is not clear. Translation of the
poly-A tail produces a nascent chain with poly-lysine residues, and nascent
chain with as less as six consecutive lysine residues can induce ribosomal
translation arrest (Inada & Aiba, 2005; Ito-Harashima et al., 2007; Kuroha et
al., 2010). It was proposed that the stall might be caused by the interaction of
poly-lysine with the negatively charged tunnel. But, recent cryo-EM structure
of a poly-A stalled ribosome nascent chain complex revealed that poly-A
mRNA contributes more to stalling than the translated stretch of lysine
residues in the exit tunnel. Here, they observed that the poly-A mRNA adopts
a decoding incompetent 1r-stack arrays in the A-site (Tesina et al., 2020),
thereby hindering proper accommodation of A-site tRNA and leading to
translation inhibition.

Moreover, the poly-A tail lengths in human and yeast are much longer
than 20 nucleotides, and it is very unlikely ribosomes can translate through
them reaching the 3 end. Therefore, NSD and NGD share more
commonalities, and the actual cause of the stall might be important in initiating
either of these mRNA quality control pathways.

A unifying theme after initiation of NSD or NGD, is the occurrence of
endonucleolytic cleavage events in the aberrant mMRNA (Doma & Parker,
2006; Eberle et al., 2009; Gatfield & lzaurralde, 2004). Current understanding
is that initial endonucleolytic cleavage happens upstream of the primary
stalled ribosome. After this cleavage event, in NGD, the 5 secondary target
will be degraded by the cytosolic exosome via the 3’-to-5’ direction, while the
primary target is degraded by Xrn1 in 5’-to3’ direction (Doma & Parker, 2006).
Non-stop transcripts seem to be degraded primarily via the 3’-to-5’ decay
pathway by the cytosolic exosome (Maquat, 2002; Van Hoof et al., 2002).
Especially Ski7 is specifically implicated in the process of NSD. Here, as
mentioned before, Ski proteins are essential for the cytosolic activity of the
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exosome. Therefore, it was assumed that Ski7 recognizes such non-stop
stalled ribosomes and recruit the Ski complex and exosome to decay the
aberrant mRNA via 3’-to-5’ pathway (Frischmeyer et al., 2002; Van Hoof et al.,
2002).

1.5 Aims of this thesis

The thesis presented here comprises three main aims, two of which were
tackled with the ribosome profiling technique, that was established in the
Beckmann lab by the author of this thesis with the help of Dr. Markus Pech.

Ribosome profiling was first established in the context of dendritic cell
(DC) maturation, since it was already known that translational regulation plays
a critical part in the DC maturation process. Previous studies used polysome
profiling to investigate translational regulation during DC maturation. Although
previous work provided much insight, polysome profiling lacks the resolution
to study translational regulation at a genome-wide scale. Thus, the first aim
was to establish mammalian ribosome profiling and apply it to study
translational regulation in maturing dendritic cells. Monocytes isolated from
human PBMCs were used as the source for generating immature dendritic
cells (iDCs). IDCs were further matured in vitro using a cytokine cocktail
mixture that is known to generate mature DCs appropriate for immune-
therapeutic purposes. During the course of maturation DC samples were
collected at three time points: 0 h (iDCs), 4 h and 24 h after induction of
maturation. Ribosome profiing and RNAseq NGS (next generation
sequencing) libraries were generated and sequenced from these collected
samples. Further elaborate bioinformatic analysis of the generated data has
been performed. This provided insights about translationally regulated genes
during DC maturation, and their roles in the maturation process.

The second application of the ribosomal profiling technique was in
context of a project in the Beckmann lab dealing with mRNA decay by the Ski-
exosome complex. Here, the first goal was to explore the connection between
translation and mRNA turnover especially during NSD. Initially it has been
proposed that Ski7 might be involved in recognizing ribosomes stalled in the
NSD, and further recruit the Ski complex for mRNA turnover. However, this

proposed model lacked biochemical evidence. Therefore. the aim was to
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investigate the interaction of Ski7 as well as the Ski complex with the
ribosome. Apart from traditional methods like pull-downs, ribosome-Ski
interactions were validated, characterized and explored mainly by means of
selective ribosome profiling. Such genome-wide data was sought to shed light
on the physiological context of ribosome binding by these factors, e.g. to
elucidate their role in NSD or general mRNA decay. Moreover, this work
complemented a structural study of ribosome-Ski complex performed in the
Beckmann lab.

The third project aimed to apply cryo-EM to determine the structure of
ribosomes stalled by the XBP1u arrest peptide (XBP1u-RNC). The goal was
to visualize for the first time a mammalian ribosome staller in the ribosome
exit tunnel, to understand its stalling mechanism and compare it to its well-
understood bacterial counterparts. Moreover, the structure should shed light
on how SRP is recruited to the XBP1u-RNC, and how this influence targeting
to the Sec61, so that XBP7u mRNA can be efficiently spliced by IRE1a on the
ER membrane. Due to the translational arrest caused by the XBP1u-AP, HR2
domain of XBP1u gains sufficient affinity to be recognized by SRP. In order to
study this special mode of SRP recruitment, and also to structurally
investigate the state of the XBP1u-AP during targeting, cryo-EM structures of
the paused XBP1u-RNC in vitro reconstituted with the mammalian SRP or
Sec61 were generated. Further, these structures might shed light on the
possibility of XBP1u-AP being a force sensitive ribosomal staller.
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2 Materials and methods

2.1 Dendritic cell generation

The monocyte-enriched fractions from elutriation were thawed and washed
twice with VLE-RPMI medium at 200 g for 15 min. Cells were resuspended
and seeded at 4.5 x 107 per 80 cm? Nunclon flask in 15 ml DC medium. To
induce DC differentiation of monocytes, the DC medium was supplemented
with 800 IU/mlI GM-CSF (Bayer, Germany) and 580 IU/ml rhiL-4 (R&D
Systems, Germany), and cells were incubated at 37 °C and 5% COz2 in a
humidified atmosphere. Immature DCs (iDC) were harvested after 48 h. To
mature DCs, the DC medium was supplemented after 48 h with a cocktail
consisting of 1100 IU/ml TNFa, 2000 IU/ml IL-1B (R&D Systems, Germany),
5000 IU/ml IFNy (Boehringer Ingelheim, Germany), 250 ng/ml PGE2 (Sigma-
Aldrich, Germany), 1 pg/ml R848 (InvivoGen, USA), 800 IU/mlI GM-CSF and
580 IU/ml rhiL-4 for 4 or 24 h.

2.2 Lysis of dendritic cells

Lysis was performed at 4 °C on ice. In order to preserve ribosomal footprints,
ice-cold PBS (Pan Biotech, Germany) supplemented with cycloheximide
(CHX) (Sigma-Aldrich, Germany) was used. Dendritic cells were quickly
cooled down by pouring them into a 50 ml Falcon tube containing equal
volume of PBS with 200 ug/ml of CHX. To collect remaining cells, flasks were
washed with 100 pg/ml CHX-PBS, adherent iDC and 4 h DC were additionally
scraped off, and cells were pooled with non-adherent fraction. Cells were
washed twice with 100 pg/ml CHX-PBS at 500 g for 6 min. Cells were
resuspended in 400 pl lysis buffer/107 cells and dispersed by pipetting 8
times. Lysis buffer contained 1X polysome buffer (lllumina, USA), 1% Triton
X-100, 1 mM DTT, 10 U/ml Turbo DNase I, 100 ug/ml CHX and RNase free
water. Lysate was collected in a nuclease free 1.5 ml Eppendorf tube
(Eppendorf, Germany), incubated for 10 min on ice and centrifuged at 1300 g
for 10 min. Lysate supernatant was collected and split into several tubes of
200 pl each. These were snap-frozen in liquid nitrogen and stored at -80 °C

until further use.
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2.3 Immune phenotyping of dendritic cells

After incubation with FcR blocking reagent (Miltenyi, Germany) for 10 min at 4
°C to block non-specific antibody binding, cells were labelled with the
following fluorochrome-conjugated mAbs for 15 min at 4 °C. CD14 (FITC,
61D3), CD40 (PE, 5C3) (eBiosciences, USA), CD80 (PE, L307.4), CD83
(APC, HB15), CD274 (FITC, MIH1) (BD Biosciences, Germany), CD86
(Pacific Blue, 1T2.2), HLA-DR (Pacific Blue, LN3) (BioLegend, USA) and
CCR7 (APC or PE, FR11-11E8, Miltenyi). Corresponding isotype-matched
control mAbs were used: IgG1 (FITC, PE and APC, P3628, eBiosciences) and
IgG2b (Pacific Blue, BioLegend). Dead cells were excluded by staining with
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Molecular Probes, Eugene,
OR, USA). After washing, cells were analyzed by flow cytometry using a LSR
Il instrument (BD Biosciences) and post-acquisition analysis was performed
using FlowJo software (Tree Star, USA). Median fluorescence intensity (MFI)
ratios were calculated by dividing the MFI value of cells stained with a specific
mAb by the MFI value of the same cells stained with isotype-matched control
mAb. For intracellular staining of CCR7, cells were fixed and permeabilized
using the Fixation/Permeabilization Solution Kit (BD Biosciences, USA)
according to the manufacturer’s instructions after surface staining with CCR7
mAb and washing. In the presence of FcR Blocking Reagent, cells were
incubated with CCR7 mAb or an isotype-matched control mAb for 30 min at 4

°C. After washing, cells were analyzed by flow cytometry as described above.

2.4 Dendritic cell migration assay

DCs were harvested and analyzed in a transwell migration assay. The lower
chamber of a 96-transwell plate (Costar, USA) was filled with 235 pl DC
medium with or without 100 ng/ml CCL19 (R&D Systems, Germany). 5 x 104
DCs in 80 yl DC medium were seeded in the upper chamber and incubated
for 2 h at 37 °C and 5% COz. Cell numbers in the upper and lower chambers
were determined using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Germany) according to the manufacturer’s instruction.
Luminescence was measured with the Orion Il luminometer (Berthold

Detection Systems, Germany). The percentage of migrated DCs was
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calculated by dividing the number of cells in the lower chamber by the total
number of cells counted in the upper and lower chamber.

2.5 Cytokine secretion assay

DCs were co-cultured with CD40L-expressing LL8 fibroblast cells to mimic
interactions with activated T cells. Briefly, 5 x 10*/well LL8 cells were seeded
into 96-well plates and allowed to adhere for 1 h before coincubation with 2 x
10%/well DCs. After 24 h plates were centrifuged at 550 g for 5 min and
supernatants of three replicate wells were pooled for analysis of IL-12p70 and
IL-10 concentrations. Supernatants of DCs and LL8 cultured alone served as
controls. Cytokine concentrations were analyzed using the CBA multiplexed
bead-based immunoassay (BD Biosciences, USA). In brief, IL-12p70 and IL-
10 antibody coated beads were incubated with 25 ul of supernatant for 1 h.
Detection antibodies were added and after 2 h beads were washed and
samples immediately acquired on a LSR Il instrument (BD Biosciences).
FCAP software (BD Biosciences, USA) was used to plot standard curves and

calculate sample concentrations.

2.6 Generation and isolation of ribosomal footprints

Ribo-seq and RNAseq libraries were prepared using the ARTseq™ ribosome
profiling kit commercially bought from Epicentre Technologies (lllumina, USA).
Dendritic cell lysates containing atleast 5 A2s0 units of total RNA were used for
generation and extraction of ribosomal footprints. Concentrations of lysates
were measured using Nanodrop at 1:100 dilutions in nuclease free water.
Lysis buffer was used as a blank. RNAse | was used to generate the
ribosomal footprints, and was added at the concentration of 40 units per A260
of the lysate. Digestion was carried out at 25 °C for 45 min with shaking at
450 rpm. RNAse | activity was then inhibited by adding Superase.in (0.5 units
per unit of RNAse |). Digested lysates were then loaded onto 10-30% sucrose
gradients and centrifuged at 31,000 rpm using a SW40 rotor (Beckman
Coulter, USA) for 3.5 h at 4 °C. Gradients were then fractionated using a
fractionator (Biocomp Instruments, Canada) and 80S fractions were collected.
80S fractions were then centrifuged at 81,000 rpm for 1.5 h. Supernatant was

quickly removed and kept at 4 °C, and to the glassy ribosomal pellet 150 pl of
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splitting buffer (20 mM Tris (pH-7.8), 400 mM KCI, 2 mM MgClz2, 1 mM DTT
and 1 mM puromycin) was added. While being kept in ice for 60 min, using a
pipette ribosomal pellet was carefully dissolved in the splitting buffer. After 60
min, ribosomes were pelleted again by centrifuging at 80,000 rpm for 1.5 h at
4 °C. Supernatant (containing the ribosomal footprints) from this centrifugation
step is collected and cleaned up using Zymo Research RNA clean and
concentrator kit using a protocol to cleanup as described below.

Two volumes of RNA binding buffer (provided with the kit) were added to
the supernatant. Then 1.5X volume of 100% ethanol was added and vortexed.
This mixture was then transferred to the Zymo Spin column and centrifuged at
10,000 g for 30 sec at room temperature. Flow through was discarded and
400 uL of RNA prep buffer (provided with the kit) was added, and centrifuged
at 10,000 g for 30 sec at room temperature. Flow through was discarded and
700 pL of RNA wash buffer (provided with the kit) was added, and centrifuged
at 10,000 g for 30 sec at room temperature. Flow through was discarded and
400 pL of RNA wash buffer was added, and centrifuged at 10,000 g for 60 sec
at room temperature. Then Zymo Spin column was placed in a new 1.5 ml
centrifuge and 15 pL of nuclease free water was added to the matrix. Then
cleaned up RNA samples were eluted by centrifuging at 10,000 g for 30 sec at
room temperature.

This elute was mixed with equal amounts of 2x RNA loading buffer,
heated for 95 °C for 5 min. Then loaded on to a 15% urea-PAGE, and ran the
gel at 200 V. Gel fragments were cut using size selection markers of size 26
and 34 nts respectively. Cut gel fragments were made into a slurry by passing
through a small hole in 0.5 ml tube. To the slurry added 400 pl nuclease free
water, 40 yl 5 M ammonium acetate and 2 yl 10% SDS, and incubated
overnight at 4 °C with rotation. Slurry was centrifuged to collect the
supernatant containing the ribosomal footprint fragments. To the supernatant,
700 pl of isopropanol and 1.5 pl of Glycoblue™, and incubated at -20 °C for 2
h. Extracted ribosomal footprints were then pelleted by centrifuging at
maximum speed for 40 min at 4 °C. Supernatant was discarded and the pellet
was washed with 80% ethanol, and centrifuged at maximum speed for 20 min

at 4 °C. Supernatant was discarded and the dried pellet was reconstituted in
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20 pl of nuclease free water. Further these extracted ribosomal footprint
fragments are end-repaired, and proceeded with library preparation.

2.7 Extraction of total RNA for RNAseq library preparation

Lysate containing 40 — 60 pug of RNA (based on absorption at 260 nm) is used
for RNAseq library preparation. RNA was extracted from the lysate using
commercially bought miRNAeasy Mini Kit (catalog number: 217004) from
Qiagen (Hilden, Germany). 700 ul of QIAzol lysis reagent was added to the
lysate and incubated at room temperature for 5 min. To this 140 yl chloroform
was added and vortexed for 15 sec, and centrifuged at 12,000 g for 15 min at
4 °C. After centrifugation, top aqueous layer was transferred to a new tube
and to it added one volume of 70% ethanol and mixed thoroughly by
vortexing. This mixture is then transferred into a RNeasy Mini spin column
placed in a 2 ml collection tube, and centrifuged at 11,000 rpm for 15 sec at
room temperature. Flow through was discarded and to the column 700 pl of
buffer RWT was added, and centrifuged at 11,000 rpm for 15 sec at room
temperature. Flow though was discarded and to the column 500 pl of buffer
RPE was added, and centrifuged at 11,000 rpom for 15 sec at room
temperature. Previous step with buffer RPE was repeated one more time.
After discarding the flow through, column (lid open) was placed in a new 2 ml
collection tube and centrifuged at maximum speed for 1 min. Following this
RNA was eluted by adding 30 pL of RNAse free water onto the column

membrane by centrifuging at 11,000 rpm for 1 min at room temperature.

2.8 rRNA depletion of total RNA and heat fragmentation

Ribosomal RNA (rRNA) in the total RNA sample was depleted using the
commercially bought Rib-Zero™ Magnetic Kit (Human/Mouse/Rat) (Epicentre,
USA). 5 ug of extracted total RNA was used for rRNA depletion. Batch
washing procedure was followed for preparing the beads, and rRNA
fragments were removed magnetically by following the manufacturer's
instructions. While removing rRNA fragments using magnetic beads, 50 °C
incubation step was excluded. rRNA depleted total RNA was then cleaned up
and concentrated using Zymo RNA Clean and Concentrator kit (Zymo

Research, CA, USA). Final sample was eluted in 20 pl of nuclease free water
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and was mixed with 7.5 pl of ARTseq PNK buffer. Further rRNA depleted total
RNA was heat fragmented by incubating at 94 °C for 25 min. Samples were
immediately placed on ice after heat fragmentation. From the end repair step

both the RNAseq and Ribo-seq samples are processed in parallel.

2.9 Preparation of NGS libraries from ribosomal footprints
and total RNA (rRNA depleted)

From the end repair both the RNA and ribosome footprint samples are
processed in parallel. To the heat fragmented RNA and to the extracted
ribosomal footprints 44.5 pl of nuclease free water and 3 pl of ARTseq PNK
enzyme were added bringing the total volume to 75 pl. End repair reactions
were carried out at 37 °C for 2 h, and further cleaned up using Zymo
Research RNA Clean and Concentrator kit. 25 pl of nuclease free water was
added to each sample bringing the total volume to 100 pl. To this 200 ul of
RNA binding buffer and 450 pl of absolute ethanol was added. This mixture
was then transferred to Zymo Spin column and centrifuged at 10,000 g for 30
sec at room temperature. Following this, Zymo Spin column was treated with
RNA prep buffer and RNA wash buffer as per manufacturer’s instructions. End
repaired fragments were eluted in 9 pl of nuclease free water.

In order to proceed with adapter ligation, first 8 ul of end repaired
fragments and 1 pl of ARTseq 3’ adapter was mixed and denatured at 65 °C
for 2 min. Following this, samples were immediately placed on ice until ligation
master mix is added. Ligation master mix is prepared by mixing 3.5 pl of
ARTseq ligation buffer, 1 yl of 100 mM DTT and 1.5 pl of ARTseq ligase.
Ligation master mix was then added to the denatured samples and mixed by
gentle vortexing. Ligation reaction was carried out at 25 °C for 2 h. To remove
excess unused 3’ adapter, 2 yl of ARTseq AR enzyme was added to each
ligation reaction and incubated for 60 min at 30 °C.

For reverse transcription (RT), RT premix was prepared on ice. Adding
4.5 pl of ARTseq RT reaction mix, 1.5 yl of 100 mM DTT, 6 pl of nuclease free
water and 1 pl of EpiScript RT enzyme RT premix is prepared. RT premix was
then added to the ligation reactions, and incubated for 30 min at 50 °C. To
remove excess RT primer, 1 yl of ARTseq exonuclease was added to each
reaction and incubated for 30 min at 37 °C, followed by 15 min at 80 °C. Then
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placed the samples on ice. Finally, template RNA was removed by adding 1 pl
of ARTseq RNAse mix to each reaction and incubated at 55 °C for 5 min,
followed by holding the samples on ice.

To each reaction 18 uL of nuclease free water was added bringing the
total volume of each sample to 50 uyl. Then reactions were cleaned up using
Zymo Research RNA Clean and Concentrator kit using the > 17-nt protocol.
cDNA was eluted with 11 pL of nuclease free water. To this added DNA
loading buffer and heated the samples at 95 °C for 5 min. Then PAGE purified
these fragments using a 10% urea-PAGE, and gel fragments were extracted
using size selection markers of length between 70 — 85 nts. Excised gel
fragments were made into a slurry by passing it through a hole in a 0.5 ml
tube. To the slurry was then added 400 ul of water, 40 pl of 5 M ammonium
acetate and 2 ul of 10% SDS solution. Incubated this mixture at 37 °C for 1 h
with shaking at 750 rpm. To this added 1.5 pl of Glycoblue™ and 700 ul of
isopropanol and incubated at -20 °C for 2 h or longer, and precipitated cDNA
by centrifuging at maximum speed for 40 min at 4 °C. Pellet was then washed
with 80% ice-cold ethanol and centrifuged at maximum speed for 20 min at 4
°C. Supernatant was carefully removed and dried. Dried pellet was
reconstituted in 10 ul of nuclease free water. Circularization was performed as
per the instructions in the kit. Circularized cDNA fragments were stored in -80
°C until further use.

Final sequencing libraries by PCR amplification using lllumina index
primers. Test PCR is performed with 1 pl of circularized cDNA input with 12,
14, 15, 18, and 20 cycles of amplification. Based on the gel analysis,
preparative PCR will be performed. Amplified products were run on a 8%
native PAGE, and fragments of size between 140 — 160 bp were excised and
extracted as before for cDNA fragments. Reconstituted libraries were

sequenced on lllumina HiSeq 2500.

2.10 Analysis of DC RPFseq and RNAseq NGS data

Demultiplexed reads were trimmed of the 3’ adapter. Trimmed
sequences were further cleaned by removing reads mapped to non-coding
sequencing such as rRNA, tRNA, snRNA and snoRNA. Then, these reads are

mapped onto the human genome (grCh37, release June 28", 2013) using the
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splice aware mapper GSNAP (Wu et al.,, 2016; Wu & Nacu, 2010). Only
uniquely mapping reads are used for further downstream bioinformatic
analysis. Gene boundaries and features of the gene were provided by Dr.
Basak Eraslan (Group of Prof. Dr. Julian Gagneur). Number of reads mapping
to the gene features such as 5 UTR, 3’ UTR and CDS were counted using
HTSeq (Anders et al., 2015).

For stop and start codon metagene plots, per nucleotide coverage of all
genes around these codons were calculated. Further, the coverage was then
normalized the DESeq estimated sizefactor. Counts between the replicates
were summed up. Summed coverage were then normalized by gene
expression level, which is the sum of the footprint counts mapping onto the
CDS. Footprints from first and last 10 codons of the ORF were excluded for
this analysis. Genes only with a minimum of 200 footprint counts between the
replicates were included. ORFs shorter than 140 amino acids were not
included. Genome wide mean per base is then plotted and only transcripts
whose boundaries within the plotted window are included for mean
calculation.

Stop codon pause score is the ribosome occupancy on the stop codon
normalized by ribosome occupancy on the CDS. Scores were calculated on
genes at least longer than 70 amino acids. Gene expression level as
mentioned before was used as the ribosome occupancy of the CDS. 5’ end
shifted footprints falling on the stop and upstream 15 bases of it were
collectively considered as stop codon occupancy. In this analysis stop and
CDS ribosome occupancy were length and library size normalized. Values
between the replicates were summed up.

Differentially expressed genes at the level of RNA, RPF and for
RPF/RNA were calculated using DEseq (Love et al., 2014). This was done for
both the 4 h and the 24 h time point, and fold changes at all levels were
calculated with respect to the iDC sample. Here, iDC sample is considered as
time point zero. Genes were further sorted into categories, if they show
statistically significant changes at the level of both RNA and RPF, or either
only at the RNA or at the level of the RPF. Genes showing significant changes
at the level of RNA and RPF are categorized as homo-directional, since most

of the genes in this category exhibit changes in the same direction at both the
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levels. For genes, within each category Spearman correlation was calculated
between RNA and RPF log2FoldChange values.

Gene set enrichment analysis was performed using the online tool
WebGestalt (http://www.webgestalt.org/) (J. Wang et al., 2017). In the
functional database option ‘pathway’ and ‘KEGG’ were chosen with default
parameters. For Figure 3.8, DEseq normalized log2FoldChange of ribo-seq
values were used. Only gene exhibiting homo-directional changes were
included in this analysis. This was performed for both 4 h and 24 h samples.
For Figure 3.10, DEseq normalized log2FoldChange of translational efficiency
was used. For this analysis, all genes that were detected in the two time

points were used for this analysis.

2.11Quantitation of ABCE1 expression by qPCR

Total RNA was isolated using RNeasy spin columns (Qiagen, Germany)
according to the manufacturer's recommendations. Contaminating DNA was
removed by DNAse treatment with either dsDNAse (Thermo Fisher Scientific)
or the RNase-Free DNase Set (Qiagen). Total RNA was reverse-transcribed
with the First Strand cDNA Synthesis kit (Thermo Fisher Scientific Fermentas)
and random hexamer primers. Quantitative real-time PCR was performed on
a LightCycler 96 real-time PCR detection system (Roche, Switzerland) using
FastStart Essential DNA Probes Master kit (Roche) and the TagMan gene
expression assays for ABCE1 (Hs01003010_g1), HPRT1 (Hs02800695 m1),
C1orf43 (Hs00367486_m1) and CHMP2A (Hs00205423 _m1; all from Thermo
Fisher Scientific Applied Biosystems).

The relative expression of ABCE1 was determined in duplicates and
normalized to the expression of HPRT1 or C1orf43 or CHMP2A. The three
housekeeping genes were selected based on their stable expression profiles
(RNASeq). Similar results were obtained by normalization to either
housekeeping gene.

2.12Relative ABCE1 protein levels

Equal protein amount was loaded for all samples. For detecting ABCE1,
antibody generated against ABCE1 C-terminal region was used at the dilution

1:3000. Further, actin levels were used as the loading control, and also for
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relative quantitation. Band intensity for relative quantitation was estimated
using the ImageJ software.

2.13TAP-tagged pullouts of native Ski-complex interacting
with ribosome
Pullouts experiments was performed by Dr. Christian Schmidt (Group of Prof.
Roland Beckmann), and provided the samples for preparing riboseq and
RNAseq libraries. Yeast strain expressing C-terminally TAP-tagged Ski3 were
used for pullouts using Dynabeads® M-270 Epoxy (Life Technologies). Log
phase cultures were harvested and resuspended in lysis buffer (20 mM
HEPES pH 7.4, 100 mM KoAc, 10 mM MgCI2, 1mM DTT, 0.5 mM PMSF, 10
pg/ml cycloheximide). Further, resuspended cell pellets were lysed using
glass beads and clarified by centrifugation. Lysates were then incubated with
IgG-coupled magnetic beads for 12 h at 4 °C with rotation. Elution of bound
complexes were performed with ACTEV protease for 3 h at 17 °C. For more
details regarding the Ski3-TAP tagged pullouts and cryo-EM reconstruction of

ribosomal-Ski complexes, refer to this publication (Schmidt et al., 2016).

2.14Preparation of RPFseq and RNAseq libraries from Ski3-
TAP pullout

Total cell lysate amounting to 10 A2so units was used to prepare background
RNA and RPF samples. For the background RNA, 5 Azeo of the total cell
lysate were used for RNA extraction using miRNAeasy mini kit (Qiagen).
Further, extracted total RNA was depleted of ribosomal RNA using the Ribo-
Zero rRNA removal kit for Human/Mouse/Rat (Epicentre). rRNA depleted total
RNA was heat fragmented in alkaline conditions as mentioned above in the
section 2.8. Fragmented RNA was converted to cDNA libraries using the
ARTseq™ Ribosome profiling kit as described before. For Ski pulldown RNA
sample, RNA was extracted from purified ribosome-Ski complexes and
processed into cDNA libraries as mentioned above.

Ribosomal footprints were generated by treating the cell lysate or
purified ribosomal-Ski complexes with 40 units per A2so of RNase | (Ambion)
at 25 °C for 45 min in a shaker at 500 rpm. RNase | activity was inhibited by
adding SUPERase-in (Ambion). RNase | treated lysate was applied to 10-30%
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sucrose gradient and centrifuged at 121,000 g for 3.5 h to separate 80S
monosomes from polysomes. Monosome peak was isolated and ribosomes
were pelleted by centrifugation as mentioned before in section 2.6. Sucrose
gradient centrifugation step was omitted for ribosome-Ski complexes, as the
purified complex showed 80S monosomes only. Instead, ribosomes were
pelleted through a sucrose cushion. 80S were split and pelleted as mentioned
before. Ribosomal footprint containing supernatant from the previous step was
further purified and size selected in a 15% denaturing urea-PAGE. Fragments
between 26 - 62 nucleotide markers were extracted, these extracted
fragments were processed and converted into cDNA libraries as mentioned

before. Sequencing was performed on Illlumina HiSeq 1500.

2.15Bioinformatic analysis of RNA- and RPFseq libraries from
the native Ski3-TAP pullout

Demultiplexed reads were 3’ adapter trimmed using the software Cutadapt
(version 1.2.1, EMB) (Martin, 2011). Trimmed reads were then depleted of
ribosomal RNA, tRNA, small nuclear and nucleolar RNA. Remaining reads
were mapped to the yeast genome using Tophat (v2.0.8b) (Kim et al., 2013).
Only uniquely mapped reads were used for most of the downstream
bioinformatic analysis (unless otherwise mentioned).

For plotting the relative position of RNAseq reads (Figure 3.22) in the
ORFs, multiple mapping of two positions within the genome has been used.
This was performed in order to avoid partial coverage due to overlapping
genes or duplicated sequences within the coding regions. First, per nucleotide
coverage in the ORFs for all genes was calculated. Then, each gene was
divided into ten equal segments. Each segment mean coverage was
normalized to its corresponding gene mean. Then, genome wide average was
calculated for these ten segments, and plotted with standard deviations as
well. This analysis was performed for two replicates of the pulldown RNAseq
and a single dataset of the background RNA.

In order to identify poly-A transition reads (Figure 3.21), a previously
published strategy was modified (Guydosh & Green, 2014). First, adapter
trimmed and unmapped reads were taken for further analysis. These reads
were further trimmed of consecutive A’s from the 3’ end of the read and
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mapped to the genome and plotted. For displaying the poly-A trimmed
footprints (Figure 3.21A) mapping to ORFs and the 3’ UTR, 5" end has been
shown. Only in the case of poly-A transition reads, position of 3’ end has been
shown to better delineate these regions. For plotting the amount of poly-A
clipped reads, values for the Ski-pulldown RPFseq and control RPFseq were
normalized to per million mapped reads. Analysis of poly-A containing reads
were performed for the RNAseq and RPFseq datasets. Length analysis of
poly-A stretches in poly-A clipped reads was done by calculating the number
of clipped A’s for each read. Fractions with respect to the total amount of all
reads for each number of clipped A’s was plotted.

Codon correlation plot (Figure 3.24) was analysed as described before
(Presnyak et al., 2015). Here, Spearman correlation was calculated between
the footprint count ratio and codon occurrence (in percentage). Optimal and

non-optimal codons were adapted from this publication.

2.16Cloning of XBP1u

Plasmid containing full-length XBP1u was a gift from Prof. Kenji Kohno (Nara
Institute of Science and Technology, Takayama, Japan). The S255A which
was described before was then truncated to have only the HR2 domain and
the pausing motif with N-terminal (8X-His, 3X-Flag and 3C protease cleavage
site) and C-terminal (HA-tag) for purification purposes. Here is the final nucleic

acid sequence of the construct used for purification.

ATGGGCCACCATCACCATCACCATCACCATGGCTCCGACTACAAGGACC
ATGAC751GGTGATTATAAGGATCACGACATCGACTACAAGGATGACGAT
GACAAGGACTACGATATCCCCACCACACTGGAGGTGCTCTTCCAGGGCC
CTGGCGGCTCCATCTCCCCATGGATTCTGGCGGTATTGACTCTTCAGATT
CAGAGTCTGATATCCTGTTGGGCATTCTGGACAACTTGGACCCAGTCAT
GTTCTTCAAATGCCCTTCCCCAGAGCCTGCCAGCCTGGAGGAGCTCCCA
GAGGTCTACCCAGAAGGACCCAGTTCCTTACCAGCCTCCCTTTCTCTGT
CAGTGGGGACGTCATCAGCCAGCTTGGAAGCCATTAATGAACTACCCAT
ACGATGTTCCAGATTACGCTGGATCTTAA

Here is the final amino acid sequence of the construct

MGHHHHHHHHGSDYKDHDGDYKDHDIDYKDDDDKDYDIPTTLEVLFQGPG
GSISPWILAVLTLQIQSLISCWAFWTTWTQSCSSNALPQSLPAWRSSQRSTQ
KDPVPYQPPFLCQWGRHQPAWKPLMNYPYDVPDYAGS*
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2.17 Preparation of linear template for in vitro transcription

Linearized plasmid was used as template for capped mRNA generation, and
was generated by digesting with Notl-HF enzyme. The linearization reaction is
set up as described in the table below.

Table 2-1 Composition for linear template generation

Component Volume (pl)
Plasmid DNA 100 (20 pg)
10X CutSmart® buffer 20
Notl-HF 3
Nuclease free water 77
Total 200

The mixture is then incubated at 37 °C for 120 min for digestion, and
deactivated by incubation at 65 °C for 20 min. 200 ul of
phenol:chloroform:isoamyl alcohol mixture (Sigma Aldrich) was added and
vortexed vigorously for 5 sec, followed by centrifuging the mixture for 1 min
using table-top centrifuge at maximum speed. After centrifugation, top
aqueous layer is collected for extraction of template DNA. To this added 10%
(vol /vol) of 5 M ammonium acetate solution (Invitrogen) and twice the volume
of 100% ethanol. This was then incubated for 1 h at -80 °C, DNA is then
pelleted by centrifuging at 14,000 rpm for 20 min at 4 °C. Supernatant is
discarded and the pellet is washed once with 1 ml of 70% ethanol, and
centrifuged for 20 min at 14,000 rpm at room temperature. After this
centrifugation step, supernatant is carefully removed and the pellet is air-dried
and reconstituted in nuclease free water. Concentration of the linear template
is measured using Nanodrop™ spectrophotometer and the quality of the

preparation is assessed by agarose-gel electrophoresis.

2.18Generation of capped mRNA for in vitro translation
reaction

Capped mRNA for in vitro translation reactions were prepared using the T7

mMessage mMachine® kit (Life Technologies). The in vitro transcription
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reaction is setup as described in the table below, and components are added

in the given order. Reaction is setup at room temperature.

Table 2-2 Composition for in vitro transcription reaction

Component Volume (pl)
Nuclease free water 3
Nucleotides/CAP 10
Linear template DNA 3 (~1 ug)
10X reaction buffer 2
Enzyme mix 2
Total 20

This mixture is then incubated at 37 °C for 2 h. For reactions more than
100 pl in total volume, 40 pl aliquots were made and then incubated. After in
vitro transcription, 1 yl of DNAse is added in order to digest away the linear
template and incubated for another 30 min at 37 °C. The digestion reaction is
stopped by adding 30 ul LiCl2 and 30 ul of nuclease free water and incubated
for 1 h at -20 °C for precipitating the mRNA. mRNA is then pelleted by
centrifuging at 14,000 rpm for 15 min at 4 °C. Supernatant is sucked away
carefully, and the pellet is washed with 1 ml of 70% ethanol at room
temperature. This was then again pelleted at 14,000 rpm for 15 min at 4 °C,
and air-dried for removal of residual ethanol. The pellet is finally reconstituted
with RNAse-free water and the mRNA concentration was measured using
Nanodrop™ spectrophotometer. The mRNA quality was then assessed by

Urea-PAGE analysis.

2.19His-tag purification of XBP1u ribosome nascent chain
complex (XBP1u-RNC)

For the purification of XBP1u- paused complex, 80 ng of mRNA was used for

per ul of final translation reaction mix. mMRNA reconstituted in nuclease free

water was denatured by heating at 65 °C for 3 min, and then rapidly cooled by

placing on ice. 800 pl translation reaction was set up, and to this was added

the linearized mRNA and mixed well. 200 pl aliquots of the final reaction mix

were then incubated at 37 °C for 10 min, and the translation reaction was
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stopped by immediately placing it on ice. The reaction was then diluted with
ice-cold buffer-1 (50 mM HEPES/KOH pH 7.5, 200 mM KOAc, 15 mM
Mg(OAc)2, 1 mM DTT, 0.1% Nikkol and 0.02 units per pl of RNAse inhibitor) to
a final volume of 2.4 ml. Diluted reaction volume is then incubated with 800 ul
of equilibrated Talon beads for 120 min at 4 °C with rotation. Beads were
equilibrated by washing initially with 1.6 ml of buffer-1 for two times, followed
by 1.6 ml of buffer-1 (supplemented with 1:1000 yeast tRNA, volume/volume)
for two times. After initial incubation, flow through is collected by gravity and
beads were washed with 1.6 ml of buffer 1 for three times, which are labeled
as W1 - W3. Beads were further washed with 1.6 ml of buffer-1
(supplemented with 10 mM imidazole, W4 — W5) for two times, and finally six
times with 1.6 ml of buffer 1 (W6 — W11). Paused XBP1u- ribosome nascent
chain complex was eluted by incubating the beads in buffer-1 with 3C
protease overnight at 4 °C with rotation. Paused ribosome nascent chain
complex in the elution fraction were concentrated by sucrose cushion
pelleting. Composition of sucrose cushion buffer is buffer-1 with 500 mM
sucrose, PMSF and protease inhibitor cocktails. Pelleting was done using
TLA 100.3 rotor (Beckman Coulter, USA), and further centrifuged at 90,000
rom for 90 min at 4 °C. For 1.6 ml of elution fraction, 0.8 ml of sucrose cushion
buffer was used for pelleting. Final pellet was re-suspended in buffer-1, slowly
on ice. The preparation yielded 4.2 pmol of XBP1u-paused ribosome nascent
chain complex, which was then used for structural analysis using cryo-

electron microscopy.

2.20/n vitro reconstitution of purified XBP1u-RNC with SRP
and Sec61

Canine rough microsomes were used as the source of SRP. SRP was purified
from a high salt extract of canine rough microsomes by gel filtration
(Sephadex G-150), followed by ion-exchange chromatography (DEAE-
Sepharose) as described before (B.Martoglio, S.Hauser, 1998). Further it was
purified by sucrose centrifugation as described before (Walter & Blobel, 1983).
XBP1u-RNC-SRP was prepared as follows: 1.2X molar excess of purified dog
SRP was added to purified XBP1u-RNC in the presence of 2 mM GMP-PNP
and 0.1% GDN (glycol-diosgenin), and incubated at 25 °C for 15 min. Further,
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4.5X excess of purified SRP receptor (a and 3) and six-fold excess of Sec61
was added and incubated at 25 °C for 15 min before being applied onto the
grids for cryo-EM analysis.

Canine puromycin/high-salt treated rough membranes (PKRM) were
prepared as described before (Gogala et al., 2014). PKRM were pre-treated
with RNAsin, and were incubated with purified XBP1u-RNC for 15 min at 25
°C. Membranes were then solubilized with 1.5% digitonin in buffer-1 for 90
min in ice. Solubilized ribosome-translocon complexes were pelleted through
sucrose cushion (with 500 mM sucrose, 0.3% digitonin, PMSF and protease
inhibitor in buffer-1). Pelleted complexes were resuspended in buffer 1 with

0.1% GDN and used for cryo-EM sample preparation.

2.21Cryo-electron microscopy and single particle
reconstruction
Purified XBP1u-RNC of concentration 5.2 OD2s0 per mL was applied to 2 nm
pre-coated Quantfoil R3/3 grids. Cryo-EM data was collected semi-
automatically using EM-TOOLS acquisition software (TVIPS, Germay) a Titan
Krios. Defocus range was between 0.5 and 3 pm. Pixel size on the object
scale was 1.084 A. All data were recorded on a Falcon Il detector (FEI). For
XBP1u-RNC, a total of 6080 micrographs were collected with a total exposure
of ~28 electrons/A? fractionated into 10 frames. Micrographs were manually
inspected for ice and aggregation. Particles were picked automatically using
Gautomatch (https://www.mrc-Imb.cam.ac.uj/kzhang/). Relion-2.1 (Kimanius
et al., 2016) was used for all classification and refinement purposes. After 2D
classification, total of 531,952 ribosomal particles were subjected to 3D
classification with a prior round of 3D refinement. Two ribosomal states were
obtained from the intial 3D classification. These states correspond to post and
rotated states with tRNA's, respectively. Further enrichment of the post state
XBP1u-RNC was obtained by performing a 3D classification with a mask for
P-tRNA and the large subunit. This resulted in a subclass of 223,773 particles,
which were refined further with a 60S mask leading to final overall resolution
of 3 A. Rotated state XBP1u-RNC from the initial 3D classification was also

refined with a 60S mask to 3.1 A overall resolution.
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2.22Modeling and refinement of XBP1u-RNC models

For the post state XBP1u-RNC PDB 5LZV (Shao et al., 2016) was used as
the initial rabbit ribosome 80S model, and was docked into the sharpened
density. Initial fit was done in UCSF Chimera and the model was further
adjusted in Coot (Emsley & Cowtan, 2004). The model was refined in Phenix
(Adams et al., 2010) using the command phenix.real_space_refine with
secondary  structure restraints obtained with the command:
phenix.secondary_structure_restraints. All manual adjustments were done to
fit the local resolution filtered map generated with Relion 2.1 (Kimanius et al.,
2016). P-tRNA, E-tRNA, XBP1u nascent chain and mRNA were manually
inspected and adjusted to fit into the final map. Some 28S rRNA bases such
as C2794, C4398, U4531, U4532, A3908, G3904 and A4388 were individually
inspected as well.

Since a proper rotated state model was not available, in two steps the
post state model was fitted into the rotated state density. First the large
ribosomal subunit 60S was fitted. Then the split small ribosomal subunit 40S
was fitted and joined in Coot. tRNAs from PDB 3JBV (J. Zhang et al., 2015)
and 3J77 (Svidritskiy et al., 2014) served as initial models for rotated state
A/P- and P/E- tRNA respectively.

For the post state XBP1u-RNC with SRP and Sec61, PDB 3JAJ
(Voorhees & Hegde, 2015) and 6FTI (Braunger et al., 2018) were used as
initial models for SRP and Sec61 respectively. These models were rigid body
docked and fitted in Coot. Further refinement with Phenix was performed as
mentioned above. Final statistics (Table 6-3) of all the refined models were
calculated using Molprobity (V. B. Chen et al., 2010).

2.23Figure preparation

Figures showing results for ribosomal profiling data is plotted in R using the
package ggplot2 (Wickham, 2009). Figures showing molecular models and
electron densities were prepared either with UCSF Chimera (Pettersen et al.,
2004), UCSF ChimeraX (Goddard et al., 2018) or Pymol Molecular Graphics
System (Version 1.8.2 Schrédinger, LLC). Most of the final compositions were

generated using Adobe lllustrator.
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2.24Work contribution

Dr. Frauke Schnorfeil (Group of Prof. Marion Subklewe) provided the dendritic
cell (DC) lysates for ribosomal profiling analysis Dr. Frauke Schnorfeil also
performed the immune phenotyping, cytokine secretion and cell migration
assays. Dr. Markus Pech and the author of this thesis did the preliminary
analysis of the DC ribosome profiling data. We established the ribosomal
profiling technique, and prepared the RPFseq and RNAseq libraries for next
generation sequencing (NGS). Dr. Basak Eraslan (Group of Prof. Julien
Gagneur) observed the correlation between GC content in 3° UTR and its
ribosome density at the 24 h time point. Dr. Basak Eraslan also determined
the transcript boundaries using RNAseq data.

Dr. Christian Schmidt (Group of Prof. Roland Beckmann) did the
preliminary biochemical experiments and purified the in vivo yeast Ski 80S
complex for ribosome profiling analysis. Also provided the lysate control for
library preparation. | prepared the yeast RPFseq and RNAseq libraries (Pull-
out and control) for NGS. | analyzed all the NGS data and generated the

figures.
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3 Results

3.1 Ribosome profiling of maturing dendritic cells

Translational regulation plays a critical role during the maturation of dendritic
cells (DC) (Ceppi et al., 2009; Lelouard et al., 2007). In order to study this
regulation, changes at the level of translatome and transcriptome during DC

maturation were analyzed using ribo-seq and RNA-seq, respectively.

3.1.1 Dendritic cell maturation and phenotypic characterization
Monocytes from a healthy donor were used as source for generating
immature dendritic cells (iDCs). iDCs were matured for 4 or 24 h (4h-DC or
24h-DC) using cytokine cocktail mixture consisting of IFNy, TNFa, IL-14,
PGE:2 and the TLR7/8 agonist R848 (Figure 3.5A). Previously, this mixture of
cytokines has been shown to produce mature DCs that secrete high amounts
of IL-12p70 and reduced amounts of IL-10, therefore appropriately inducing
Th1 immune responses during immunotherapy (Lichtenegger et al., 2012).
During DC maturation process, phenotypic surface markers were monitored
using flow cytometry (Figure 3.1A). Differentiation of monocytes into iDC
(immature DC), and maturation of DCs were performed by Dr. Frauke
Schnorfeil (Group of Prof. Dr. Marion Subklewe). Time points 4 h and 24 h for
sample collection were decided based on previous studies (Ceppi et al., 2009;
Lelouard et al., 2007). Prior studies investigating DC maturation have shown
that protein synthesis peaks at 4 h after stimulation of maturation, and
decreases during later stages (16 h and above) of maturation.

CD83, a surface molecule associated with DC maturation, and HLA-
DR, a class-lIl major histocompatibility complex responsible for presenting
processed antigen to T-cells is increasingly expressed during the course of
maturation. Co-stimulatory molecules that interact with T-cells such as CD40,
CD80 and CD86, as well as the co-inhibitory factor CD274 are up regulated
during maturation (Figure 3.1A). CCR7 is a key chemokine receptor that
governs DC migration to the lymph nodes in vivo. Compared to monocytes,
iDC show strong increase in expression of CCR7, while during maturation, 4 h
and 24 h DCs showed only slight increase in the surface expression of CCRY.

It has been shown before that CCR7 is being constantly ubiquitylated and
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thereby it is mainly detected intracellularly (Schaeuble et al., 2012).
Additionally, the matured DC was functionally characterized by analyzing
cytokine secretion upon CD40L stimulation mimicking T-cell interaction.
Cytokine secretion analysis reveals that mature DCs significantly secrete
more of IL-12p70 upon stimulation, while the levels of IL-10 don’t show much
change during maturation (Figure 3.1B). Importantly, mature DCs especially at

the later time-point show increased capacity for migration (Figure 3.1C).
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Figure 3.1 Phenotypic characteristics of mature DCs.

(A) Surface markers during DC maturation were monitored using flow
cytometry. Surface expression of monocyte marker, CD14 is down regulated
upon maturation while surface expression of typical DC maturation markers
such as CD80, CD86, and CD274 show increase in expression as maturation
progresses. HLA-DR, a MHC class-Il complex involved in the processing and
presentation of antigens also show increased surface expression. CCR7, a
key chemokine receptor governing DC migration to the lymph nodes also
shows increased surface expression. (B) Cytokine secretion analysis of iDC,
4h and 24h DC. Upon maturation, 4h and 24h DCs secrete higher amounts of
IL-12p70, while IL-10 secretion is reduced. (C) 24h DCs gains significant
migratory potential upon maturation.

3.1.2 Ribosome profiling of maturing dendritic cells

Ribosome profiling is a technique to sequence the mRNA fragments that are
shielded by ribosomes upon nuclease digestion. These mRNA fragments are
termed as ribosome protected mRNA fragments (RPFs) or ribosomal
footprints (RPFs).

with RNAse-I, resulting in conversion of polysomes into 80S a monosomal

Briefly, the protocol involves treatment of lysate material
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fraction containing RPFs. Then, the nuclease treated lysate is subjected to
sucrose gradient centrifugation resulting in the separation of free RNAs, small
and large ribosomal subunits, 80S monosomes and nuclease resistant higher
polysome fractions. 80S monosomes isolated from this step are used as the
source of RPFs. A traditional method involves acid-phenol-chloroform
extraction of this fraction for RPF isolation. Since this did not result in good
yields of ribosomal footprints, footprints were extracted by splitting the 80S
monosomes using high-salt buffer containing puromycin (see materials and
methods for details). Footprints isolated from this step were end-repaired
before adapter ligation, and further converted to cDNA molecules. Circularized
cDNA molecules were PCR amplified using indexed primers for library
generation (RPFseq) and subjected to next generation sequencing. For every
biological sample, matched RNAseq was also generated in parallel to
estimate transcript levels (see materials and methods).

Sequenced RPF- and RNAseq libraries were first clipped off the 3’-end
adapter and then further cleaned by removing the reads that map to non-
coding RNAs (rRNA, tRNA, snRNA and snoRNA). Unmapped reads from this
step were then mapped to the human genome, and gene specific ribosome
occupancy and RNA levels were calculated by counting the reads that map to
corresponding gene coordinates within the genome. Numbers of uniquely
mapping reads are summarized here (Table 6-1). With the exception of one
biological replicate from the 4 h time-point, libraries prepared from all other
samples yielded at least 10 million uniquely mapping ribosomal footprints.
Similarly, all RNAseq libraries contained at least 20 million uniquely mapping
reads.

Length distribution of generated RPFseq range between 26 — 34 nts
while the expected length of RPFs is around 28 — 30 nts. It is known that
RNAse-| digestion is not completely precise and the length of the ribosomal
footprint also depends on the ribosomal state itself. Since there was variation
in the length distribution of ribosome protected fragments (Figure 3.2), only
fragments between the length of 25 and 32 nts were used for further
downstream analysis. 75% of ribosome protected fragments were within this

range. Finally, both RNA- and RPFseq datasets showed strong correlation
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between the biological replicates (Spearman correlation 0.90 — 0.98) (Figure
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Figure 3.2 Length distribution of ribosomal footprints during the course

of DC maturation.

Length distribution of uniquely mapping ribosomal footprints of iDC, TLRdc_4h
and TLRdc_24h samples (biological replicates) are plotted. Although there is
variation in the length distribution within the same time-point, more than 75%
of the footprints are between 25 and 32 nts in length. For further analysis, only
footprints between the above-mentioned lengths were used.
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Both RNAseq and RPFseq reads show strong correlation between biological

replicates across all three time-points.
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Moreover, more than 75% of sequenced ribosomal footprints map to
coding regions of the genome (Table 6-2). This is also reflected quite well in
the metagene plot. Metagene plots are used to display the ribosome density
around a region of interest. When plotting ribosome density around the stop
codon, it can be clearly seen that ribosome density decreases dramatically
past the stop codon. Another feature that is striking is the three-nucleotide
periodicity exhibited by ribosomal footprints over the CDS (Figure 3.4). This 3-
nt periodicity depicts the transition of ribosomes during active translation.
Expectedly, the 3-nt periodicity of ribosomal footprints is lost over the UTRs.
Overall, considering the correlation between replicates (Figure 3.3),
parameters of footprint length (Figure 3.2), percentage of reads mapping to
CDS (Table 6-2), 3-nt periodicity and reliability to identify the active site
(Figure 3.4) within the footprint, it can be inferred that the generated RPFseq
libraries are of high quality.

iDC
TLRdc_4h
—— TLRdc_24h

Normalized Averaged Reads

T
-50 -25 0 25 50
Position w.r.t Stop Codon

Figure 3.4 Stop codon metagene plot.

Metagene analysis around the stop codon reveals three-nucleotide periodicity
of ribosomal footprints. Further, the ribosome density is sharply reduced past

the stop codon as expected. The TLRdc_24h time-point shows a increased
number of reads in the 3’ UTR. This is due to a biological phenomenon
discussed in later sections.
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3.1.3 Comparison of ribosome profiling data to phenotypic markers

Next, gene expression levels of phenotypic markers involved in DC maturation
were determined and those were further examined to assess, whether the
results qualitatively reflected the trends from flow cytometry experiments. In
order to do this, mean fold change in expression levels (RNA-FC and RPF-
FC) were calculated with respect to iDC sample (4h/iDC & 24h/iDC). CD14, a
marker for monocytes showed strong down-regulation at both the RNA and
RPF levels (Figure 3.5B). Co-stimulatory molecules such as CD40, CD80,
CD83, CD86 and CD274 exhibited maximum fold change at 4 h at both RNA
and RPF levels, although without further increase at 24 h time-point (Figure
3.5B). This deviates from the phenotypic data (Figure 3.1) as MFI showed
further increase at 24 h for co-stimulatory molecules. Most likely this slight
deviation could be explained by the time delay involved in protein synthesis
and subsequent surface exposure. The strongest difference was observed for
the chemokine receptor CCRY7. Despite the strong increase observed in RNA
and RPF at 4h, there is no apparent change of CCR7 on the surface and only
a slight increase at 24h. However, as reported before CCR7 is constitutively
ubiquitylated, serving as a signal for recycling by endocytosis (Schaeuble et
al., 2012), and can be therefore detected mainly intracellularly as described
above (Figure 3.5C). In summary, these data obtained by ribosome profiling
are in perfect agreement with the phenotypic characterization of immature and

matured DCs.
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Figure 3.5 DC maturation markers.

(A) PBMCs isolated from a healthy human donor were used as the
source for monocytes. Monocytes were further differentiated into
immature dendritic cells (iDCs). Using a defined cytokine mixture, iDCs
were then induced for maturation. Samples were collected at 4 h and
24 h post-induction for RNAseq and Ribo-seq analysis. (B) DC
maturation markers such as CD80, CD86, CCR7 show up-regulation in
expression at the level of transcriptome and translatome respectively,
while CD14, a monocyte marker is down regulated upon induction of
DC maturation. Maturation markers at the level of RNA and RPF reflect
phenotypic characteristics of mature DC (TLRdc_24h) analyzed by
flow-cytometry (Figure 3.1A).

3.1.4 General changes during DC maturation
In order to find differentially expressed genes (DEG) during the course of DC

maturation, time-points 4 h and 24 h were compared to the iDC sample.
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Further, DEseq was used to find DEG at the level of transcriptome (RNAseq)
and translatome (RPFseq), respectively. Translational efficiency (ribosome
density) was also calculated for genes by normalizing RPF reads (ribosome
occupancy) with RNA levels: RPF/RNA. Genes that showed significant

changes in translational efficiency were also detected for both time points.

A
Number of Differentially Expressed Genes (DEG) over CDS
Analysis RPF RNA RPF&RNA RPF/RNA
4h vs iDC 2001 1057 2137 157
24h vs iDC 1612 647 3391 11
B 4h vs iDC 24h vs iDC
L2 H Ai 8
6- : . .'.:s‘_ -t:f..;: e DTE 6
“ i Yol RPF “
o _ 2 W J o _ 21
D 0deemmene AR ® RNA =% ol
o 2 p a8
e~ 2 . ® RPF&RNA ™~ o
)
4 e e not sig 47
6 ) oo -6
s e ?p corr = 0.:37 P P Sp_) corr =.0'8§
6 4 2 0 2 4 6 8 6 4 -2 0 2 4 6 8
RNA FC RNA FC
(log2) (log2)
Cc
0.84
0.6
%‘ —— 24h vs iDC
c
T 04 ~—— 4hvs iDC

0.24

3 2 4 0 1 2 3
Translational Eff FC
(log2)

Figure 3.6 Differential expression of genes during DC maturation.

(A) Numbers of differentially expressed genes (DEG) at the level of translatome
(RPF), transcriptome (RNA) and translational efficiency (RPF/RNA) are plotted.
(B) Correlation between changes in transcriptome and translatome upon
induction of DC maturation are plotted. Genes showing significant homo-
directional changes (both RPF and RNA) are shown in green. Genes showing
significant changes only at the level of translatome and transcriptome are
shown in orange and blue, respectively. Genes without any significant changes
are plotted in grey, and genes significant for changes at the level of
translational efficiency are plotted in red. (C) Cumulative distribution of
translation efficiency changes over the course of DC maturation is plotted.
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In order to examine the coupling between transcription and translation
during DC maturation, RNA-FC against RPF-FC for both time points (4h/iDC
and 24h/iDC) were plotted (Figure 3.6B). This analysis revealed that the
changes in gene expression at the RNA and RPF were much more correlated
for 24 h DC (Spearman correlation = 0.88) than in comparison to 4 h DCs
(Spearman correlation = 0.67). Differential gene expression analysis detected
a total of 5352 genes that showed significant changes at 4 h time-point, while
at 24 h time-point 5661 genes were detected. This includes expression
changes at the level of RPF, RNA and RPF/RNA.

To further analyze changes in translation and transcription during DC
maturation, genes were sorted into three categories. The main objective here
was to investigate the reason for reduced correlation between RNA and RPF
fold changes at the 4 h time-point. First, genes that showed significant
changes at the level of both transcriptome (RNAseq) and translatome
(RPFseq) were analyzed. This category would contain genes that exhibit
homo-directional changes, i.e genes showing similar changes at the level of
the transcript as well as at the translatome level. The second and third
category would be genes showing significant changes only at the RNA or at
the translatome level (RPF). Spearman correlation was then calculated
between RNA and RPF fold changes for both the time-points (4h/iDC and
24h/iDC) post induction of DC maturation. Within each category, Spearman
correlation was calculated separately for up- and down-regulated genes
respectively. For example, in the second category, genes were split into up
(positive change) or down (negative change) regulated based on RNA fold
changes. Similarly, for the third category, genes were separated based on
RPF fold changes, while in the first category, genes were separated if they
show similar changes at both the levels.

First, the number of genes that showed homo-directional changes in
expression at both RNA and RPF levels were identified (Figure 3.6A).
Surprisingly, at 4 h time point only = 40% of DEG showed significant changes
at both levels (RNA and RPF), while at 24 h time point = 60% DEG show
similar homo-directional changes. Spearman correlations between RNA and
RPF fold changes were quite high especially at the 24 h time point, around 0.9

for both up and down regulated genes. While correlation values were slightly
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lower at the 4 h time point, 0.87 and 0.77 for up- and down-regulated genes,
respectively (Figure 3.7, top). Higher correlation values are not surprising;
since this category contains genes that exhibit homo-directional changes at

both the levels.
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Figure 3.7 Correlation between RNAseq and RPFseq fold changes.

(Top) Spearman correlations for genes showing significant fold changes at
the level of both RNAseq and RPFseq. Similarly, Spearman correlation
was calculated for genes showing statistically significant changes either at
the RNA (middle) or at the level of translatome (bottom).

To find out what families of transcripts are homo-directionally regulated,
these set of genes were subjected to gene set enrichment analysis using the

WebGestalt online tool (J. Wang et al., 2017). To mention some, pathways
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such as ‘Cytokine-cytokine interaction’, ‘IL-17 signaling pathways’, ‘NOD-like
receptor signaling pathway’ and ‘TNF signaling pathway’ are up regulated
during the course of DC maturation (Figure 3.8, top). Also, these pathways
are amongst the top up-regulated pathways at the 24 h time point as well
(Figure 3.8, bottom). These pathways are activated in response to the pro-
inflammatory cytokines present in the cytokine mixture to induce DC
maturation. Therefore, it can be inferred these pathways are strongly up
regulated and this up-regulation persists in the 24 h time-point as well.

Interestingly, some of the transcripts that are down-regulated during the
4 h time point, encode for proteins that take part in DNA repair (belong to
pathways such as ‘Mismatch repair’ and ‘Base excision repair’). It should be
noted that iron-sulfur cluster containing proteins play a critical role in DNA
repair and replication, although the down regulation of these genes in the
context of DC maturation is not clear. Transcripts that code for proteins
involved in ‘Phosphatidylinositol signaling’ and ‘Inositol phosphate
metabolism’ are also down regulated at the 4 h time-point. Phosphoinositides
play a critical role in many signaling pathways influencing cell migration,
endocytosis and membrane lipid dynamics. Importantly they are also part of
the PI3K-Akt pathway, and this pathway has been implicated in the activation
of rapid cap-dependent protein synthesis during the early stages (4 h time-
point) of DC maturation.

Multiple pathways involved in lipid metabolism such as ‘Cholesterol
metabolism’, ‘Glycerophospholipid metabolism’ and ‘Ether lipid metabolism’
are strongly repressed at the 24h time-point. Twenty-four transcripts encoding
for four proteins (ATP synthase (n=6), cytochrome c¢ oxidase (n=5),
NADH:ubiquinone oxidoreductase (n=5), ubiquinol-cytochrome c¢ reductase
(n=3), succinate dehydrogenase complex iron sulfur subunit B (n=1)) involved
in the oxidative phosphorylation pathway are significantly down-regulated at
the 24h time-point (Figure 3.8, bottom). Down-regulation is observed at the
level of both transcriptome and translatome and is much stronger at the 24h
time-point (Figure 3.9).
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Figure 3.8 Pathways exhibiting homo-directional during DC maturation.

Pathways identified by gene set enrichment analysis (GSEA) using genes that
showed significant changes at the level of both transcriptome (RNAseq) and
translatome (RPFseq). Pathways shown in blue or yellow correspond to up- or
down-regulated upon DC maturation, and the darkness of the color depicts
the false discovery rate (FDR). Up and down regulated pathways at the 4 h
(top) and 24 h (bottom) time point are shown here.
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Figure 3.9 Changes in transcripts encoding for proteins involved in
oxidative phosphorylation pathway.

Twenty four transcripts encoding for mitochondrial ATP synthase, cytochrome
c oxidase, ubiquinol-cytochrome c¢ reductase and NADH:ubiquinone
oxidoreductase core subunits are significantly repressed during the 24 h time-
point. Repression is at the level of both transcriptome and translatome. Box
plots show the distribution of translational efficiency, RNA and RPF fold
changes at the 4 h (left) and 24 h time-point (right). Points represent individual
genes.

Performing similar analysis for genes that showed significant changes
only at the RNA-level, correlation values were 0.89 and 0.84 for up and down
regulated genes at the 24 h time-point, while at the 4 h time point, genes
exhibited less correlation between RNA and RPF fold changes with values of
0.79 and 0.67 for up and down regulated genes (Figure 3.7, middle).

For genes that show significant changes only at the translatome level,
correlation values were 0.77 and 0.82 at the 24 h time point for up and down
regulated genes respectively. While for the 4 h time point, correlation values
were 0.67 and 0.49 respectively (Figure 3.7, bottom). This is indeed surprising
especially at the 4 h time point for significantly down regulated genes, and this
shows that there are strong changes at the level of translation, which has not
been reflected at the level of RNA. Especially at the 4 h time point, genes that
showed significant changes only at the translatome are preferentially
repressed or engaged by the ribosomes. In order to find out what families of

transcript are enriched in this gene set, GSEA was performed. With the
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exception of transcripts encoding for ribosomes (RPF up regulated,
translationally engaged), this analysis did not provide any other family or
pathway that was statistically enriched. This means that ribosomal transcripts
are translationally engaged at the 4 h time point, and this observation is in

accordance with previous studies (Ceppi et al., 2009; Lelouard et al., 2007).
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3.1.5 Changes in translation over the course of DC maturation

In order to find out translationally engaged or repressed genes during the
course of DC maturation, GSEA was performed with translational efficiency
values. Here, all genes that had a base mean expression level of 50 or greater
was used, regardless of whether the gene exhibited significant fold changes at the
level of RNA and/or at the translatome level. At the 4 h time-point this GSEA
analysis revealed five sets of transcripts that showed positive change in
translational efficiency (Figure 3.10, top).

These sets of transcripts encode for ribosomal proteins, antigen
processing, amino acid biosynthesis, tyrosine metabolism and ‘alcoholism’ (Figure
3.10, top). Almost all the genes under the ‘alcoholism’ family encode for histones.
Translational up-regulation of transcripts encoding for ribosome and antigen
processing and presentation is well in accordance with previous polysome
profiling analysis of DC maturation (Ceppi et al., 2009). Apart from the above-
mentioned gene families, the glycolysis pathway is translationally engaged at the
4 h time point. When plotting the fold changes for translational efficiency, RNA
and RPF, it could be clearly seen that there is translational engagement for these
transcripts at the 4 h time point (Figure 3.11). Among the pathways that are
repressed it is important to note that PI3K-Akt signaling pathway is one of them
(Figure 3.10, top).

In line with previous studies, temporal up-regulation of ribosomal and
antigen processing and presentation transcripts were also evident. At the 24 h
time point, top two repressed transcript families are ribosome and glycolysis
respectively (Figure 3.10, bottom). This was also evident when plotting the
distribution of translational efficiency; RNA and RPF fold changes at the 24 h time
point (24h/iDC) (Figure 3.12). Among the five families of transcripts that were up-
regulated at the 4 h time point, translational repression at the 24 h time point was
much stronger for ribosomal transcripts (Figure 3.12). Transcripts encoding for
antigen processing and presentation do not show much translational repression at
the 24 h time point. This makes sense, since DCs need to still present the
processed antigen at this time point.

The number of genes that showed statistical for differential translational
efficiency (RPF/RNA, DTE) at 4 h time point (157 genes) is also higher in
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comparison to 24 h time point (11 genes). In order to find out how translational
efficiencies (TE) were affected during the course of DC maturation, the change in
TE was plotted for both 4 h and 24 h time-point respectively. This distribution
revealed that at the 4 h time-point the change in TE exhibited broader distribution
than in comparison to the 24 h time-point (Figure 3.6C). In accordance with all
previous analysis, it can be inferred that there is more translational regulation at 4

h post maturation than during later stages of DC maturation.
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Figure 3.10 Pathways enriched for translational efficiency changes over
the course of DC maturation.

GSEA was performed with translational efficiency values. Pathways shown in
blue or yellow correspond to enhanced or repressed translational efficiency.
Analysis was performed for both the 4 h (top) and 24 h (bottom) samples.
Intensity of the color depicts false discovery rate of the identified pathways.
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Figure 3.11 Translationally upregulated pathways at the 4 h time-point
during DC maturation.

Transcripts that encode for ribosomes, histones, amino acid biosynthesis,
antigen processing and presentation and glycolysis are translationally up
regulated at the 4 h time-point. Shown here are the distributions of
translational efficiency (red), RNAseq (green) and RPFseq (blue) fold
changes (4h/iDC) respectively.
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Figure 3.12 Pathways that are repressed translationally at the 24 h time
point.

Plotted are the distributions of translational efficiency (red), RNA (green) and
RPF (blue) fold changes for transcripts encoding for ribosomes, histones,
amino acid biosynthesis, glycolysis and antigen processing and presentation.
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3.1.6 Accumulation of ribosomes in untranslated regions during

dendritic cell maturation

Since ribosome profiling involves sequencing of fragments protected by 80S
monosomes, it is assumed that the majority of RPFs map to coding
sequences. Therefore, it was surprising to observe RPFs mapping to 5’-UTR
regions at 4 h as well as at 24 h time point (Figure 3.13). Additionally, an
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increased number of RPFs mapped to 3-UTR at 24 h time-point. As
mentioned before, the ribosome-profiling protocol employed here involved a
sucrose gradient step after RNAse-l treatment in order to enrich 80S
monosomes and subsequent downstream processing of this fraction for
RPFseq library preparation. Hence, the RPFs mapping to UTRs are likely
originated from fragments protected by the 80S monosomes. Comparison of
ribosome density on untranslated regions and CDS across all samples
revealed that elevated ribosome density on UTRs is apparently a global effect
rather than for specific genes. This is evident from the number of genes
showing significantly increased ribosome density for 5° UTR. It should also be
mentioned that the 5 UTR displays a progressive increase in ribosome
density during the course of DC maturation, while, the 3° UTR shows
increased ribosome density only at 24 h time point (Figure 3.13).

Plotting the 5° UTR ribosome density against the corresponding CDS
ribosome density revealed no strong correlation for iDC and the 4h time-point,
while the 24 h time point showed weak correlation (Spearman correlation-
0.24) (Figure 6.2). Metagene analyses of ribosomal footprints around AUG
codons in the 5 UTR were performed for all samples to test for active
translation in the 5 UTR during DC maturation, And a global alignment of
ribosomal footprint was performed similar to regions around the canonical
stop codon, where three-nucleotide periodicity was observed (Figure 3.4).
However, performing a similar analysis with start codons in the 5 UTR
exhibited only weak three-nucleotide periodicity for 4h DC, while iDC and 24 h
DC samples did not show any periodicity (data not shown). Therefore, the
current state of analysis does not provide strong evidence for active
translation in the 5 UTR.

Recently, a growing number of ribosome profiling studies have reported
on the presence of small ORFs (coding for less than 100 aa) in the non-
coding regions of the genome. However, the validation of these small peptides
is quite challenging, since ribosome profiling has to be performed in the
presence of translation initiation inhibitors (such as lactimidomycin or
harringtonine). Furthermore, the evidence for corresponding peptides has to

be supported by mass spectrometry studies. This can be investigated in future
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studies specifically focused on identification and characterization of novel

small ORFs during DC maturation.
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Figure 3.13 Increase in ribosome density in the UTRs over the course of DC
maturation.

(A) As an example, ribosome occupancy (RPF, left) and RNA coverage (RNA,
right) is shown for the gene CCRY7. Coverage over 5" UTR, CDS and 3’ UTR is
shown in orange, light blue and purple, respectively. 5° UTR ribosome occupancy
increases over the course of DC maturation, while 3 UTR shows increased
ribosome occupancy at a later time point. (B) Ribosome density is ribosome
occupancy normalized for RNA amounts, and is plotted here for 5° UTR, CDS
and 3’ UTR, respectively. Globally CDS ribosome density median does not
change much over the course of maturation, while 5 UTR shows increase in
ribosome density after induction of maturation. Interestingly, at the last time-point
(TLRdc_24h) 3’ UTR shows increased ribosome density.

3.1.7 Ribosome recycling defect in mature dendritic cells

Similar to 5’ UTR, the increase in ribosome density in the 3’ UTR also showed
no correlation to the corresponding CDS. The accumulation of ribosomes in
the 3' UTR at 24 h could be a result of defects in translation termination

leading to stop codon readthrough. However, a stop codon metagene plot of
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RPFs showed that ribosomes entering 3° UTR lose their three-nucleotide
periodicity, a typical feature of RPFs generated from translating 80S, therefore
rendering this explanation unlikely (Figure 3.14A). Correspondingly,
expression levels for the genes encoding for release factors eRF1 and eRF3
showed only slight changes in their expression levels.

Using rabbit reticulocyte in vitro translation system, it has been shown
before that post termination ribosomal complexes (i.e after canonical peptide
release by eRF1), in the absence of ABCE1 can diffuse along the mRNA into
the 3’ UTR and are able to rebind to codons cognate to the P-tRNA which
they still carry. Similarly, a recent publication (D. J. Young et al., 2015) by the
Green group showed that Rli (ABCE1 in mammals) depletion in yeast leads to
accumulation of ribosomes in the 3’ UTR. Interestingly, these ribosomes are
shown to reinitiate translation in the 3 UTR by a frame-independent non-
canonical mechanism. In fact, the gene coding for ABCE1 showed a slight
decrease of one-third at 4 h and three-fold down regulation at 24 h at the level
of both RPF- and RNAseq respectively (Figure 3.14D). Further, the down
regulation of ABCE1 during DC maturation was validated at RNA and protein
levels by gRT-PCR (Figure 3.14C) and western blot analysis (Figure 3.14E).
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Figure 3.14 Down regulation of ABCE1 in mature dendritic cells.

(A) Metagene analysis reveals ribosome occupancy well past the stop codon
into the 3’ UTR for 24 h DC sample. Modest increase in ribosome occupancy
can be seen over the stop codon for the 24 h time-point. (B) Stop codon
pause score was calculated for 4 h/iDC and 24 h/iDC. This analysis revealed
that at later stage of DC maturation, ribosomes indeed dwell longer at the stop
codon. (C) ABCE1 mRNA levels were quantified using qPCR, and It is down
regulated after induction of maturation. As a control, iDCs were cultured for 24
h without adding the cytokine mixture for maturation, and ABCE1 levels does
not show much difference compared to the 0 h time-point. (D) ABCE1 shows
slight decrease in expression at the transcriptomic and translatome level for
the 4 h time-point, while a stronger down regulation is seen at both levels for
the 24 h time-point. (E) ABCE1 protein levels were estimated after induction of
DC maturation by western blotting. It can be seen that indeed at the protein
level, ABCE1 expression is repressed strongly as the maturation progresses.

The consequence of ABCE1 down-regulation should lead to increased
ribosome occupancy at canonical stop codons as a result of defective post-
termination ribosome recycling. Therefore, a pause score was calculated over

canonical stop codons for iIDC and 24 h DC samples. The analysis
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demonstrated that indeed in 24 h DC sample, as a result of post-termination
recycling defect, ribosomes occupy the stop codon much longer than in
comparison to iDC. Stop codon pause scores (Figure 3.14B) are normalized
to their corresponding CDS expression levels, therefore the observed change
in pause score is not the effect of differential CDS expression.

In contrast to the study conducted in yeast (D. J. Young et al., 2015),
the non-recycled ribosomes in 24 h DC do not show any hint of translation
reinitiation in the 3° UTR. This is evident, as ribosomes pass by number of
stop codons in the 3’ UTR, and also 3’ UTR stop codons do not display any
detectable level of ribosome occupancy (Figure 3.15). Overall, the reduction

of ABCE1 levels results in increased occupancy of non-recycled ribosomes

over canonical stop codons and also in the 3’ UTR.
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Figure 3.15 Stop codons in the 3° UTR does not show increased
ribosome occupancy.

As an example, ribosome occupancy (blue) and RNA coverage (gray,
background) of the gene IL10RA is shown here. Corresponding features of
this gene are shown below in yellow. At the 24 h time-point, the IL10RA gene
shows increased ribosome occupancy in the 3' UTR, due to the down-
regulation of ribosome recycling factor ABCE1. As a zoomed-in view, a part of
3’ UTR is shown. The canonical stop codon of the gene is shown in red, while
stop codons in the 3’ UTR are shown in green. It can be seen that 3’ UTR stop
codons do not show increased ribosome occupancy, indicating absence of re-
initiation or any active translational activity by the ribosomes stuck in the 3’
UTR.



81

3.1.8 Ribosome density in 3’ UTR shows strong correlation to the 3’
UTR GC content

To investigate further if any additional features contributed to increased
ribosome density in the 3' UTR, length and GC content of 3° UTR were
compared to their corresponding ribosome densities. Plotting ribosome
densities against the length of gene features across all samples (iDC, 4 h and
24 h) did not yield any conclusive result.

An interesting observation was made with respect to the GC content.
Not surprisingly, the GC content of CDS and their corresponding ribosome
density did not show any correlation. Despite this, CDS ribosome density of 4
h DC sample showed a mild correlation to GC content, which might be likely
due to changes in expression and/or translation levels during DC maturation.
For 5 UTR, there was neglectable correlation for iDC sample, while 4 h and
24 h DC sample showed a slightly positive correlation. As mentioned before,
the biological relevance for ribosome occupancy of 5 UTR is not clear.
Calculating the correlation for 3 UTR GC content and corresponding
ribosome density showed a mild correlation for iDC (Spearman correlation, r =
0.26), but progressively became stronger over time (r = 0.66 for 24 h DC
sample, Figure 3.16)

What explains this strong correlation between GC content and 3’ UTR
ribosome density? A simple explanation would be that, 3’ UTRs with high GC
content have a higher propensity to form folded secondary structures. As a
result of ABCE1 down-regulation during DC maturation, non-recycled
ribosomes diffusing along the 3’ UTR would be slowed down and sequestered
by 3’ UTRs with higher GC content.
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Figure 3.16 Correlation between 3’UTR GC content and ribosome
density.

During the course of DC maturation, ribosome density in the 3'UTR
exhibited progressively stronger correlation to its GC content.

In conclusion, mammalian ribosomal profiling has been successfully
established, and has been used to study translational regulation in maturing
dendritic cells. Certain sets of pathways or genes were homo-directionally
regulated during DC maturation. Especially, twenty-four transcripts encoding
for proteins involved in oxidative phosphorylation pathway were repressed
both at the level of RNA and translatome. In line with previous studies,
transcripts encoding for ribosomal proteins, antigen presentation and

processing were translationally up regulated during the early stage of DC
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maturation, while being repressed at the 24 h time point. Further, 5° UTR
showed gradual increase in ribosome occupancy. Interestingly, the ribosome-
recycling factor ABCE1 is down regulated over the course of DC maturation,
leading to accumulation of post termination 80S-ribosomal complexes in the 3’
UTR. This accumulation of ribosomes in the 3’ UTR is strongly correlated to
its GC content.
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3.2 Selective ribosome profiling of the ribosome-Ski complex

In this project, the structure and function of ribosome-bound Ski complex was
explored. Ribosome-Ski complexes were structurally investigated using cryo-
electron microscopy and functionally characterized by in vivo selective

ribosome profiling.

3.2.1 The Ski complex interacts with ribosomes in vivo

In order to examine whether Ski proteins interact with the ribosomes in vivo,
yeast strains expressing TAP tagged versions of Ski7 and Ski3 were used.
Lysates from these modified yeast strains were subjected to sucrose gradient
centrifugation and fractionated for polysome analysis (Figure 3.17A). Dr.
Christian Schmidt (Group of Prof. Dr. Roland Beckmann) performed the
polysome analysis, purification and structural analysis of native ribosome-Ski-
complexes discussed in this part. Collected fractions were further analyzed by
western blotting, and positions of Ski3-TAP and Ski7-TAP in the sucrose
gradient were monitored using o-TAP antibody. Surprisingly, most of the
signal for Ski7-TAP was confined to lower molecular weight fractions (upper-
part) of the gradient, while Ski3-TAP was detected throughout ribosomal
fractions (Figure 3.17A). In order to exclude the possibility of Ski3 co-
migrating with ribosomes due to possible non-specific interaction with mRNA,
polysome analysis was performed with RNAse-A treated lysates. RNAse-A
treatment collapsed the polysomes to a single 80S monosome peak, and
Ski3-TAP was detected only in this fraction (Figure 3.17A). Possibly, mRNA
overhangs created upon RNAse-A treatment led to enrichment of Ski3-TAP

on the 80S monosome fraction.
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Figure 3.17 Ski complex interacts with 80S monosomes.

(A) Sucrose gradient polysome profiles of yeast lysate containing TAP tagged
Ski7 or Ski3 protein and with and without RNAse-A treatment. (B) Cryo-EM
maps of the Ski complex-bound 80S ribosome (front and top view). Ribosomal
subunits, A-, P-site tRNAs, the nascent chain and mRNA are shown as
segmented densities.

This result suggested that the Ski complex but not Ski7 interacts with
ribosome in vivo. Additionally, Ski-complex and Ski7 were tested for their
function in NSD using non-stop reporter assays (Performed by Quentin
Defenouillere, Alain Jacquier lab). The non-stop reporter construct had a TAP-
tag, and was expressed in strains lacking SK/7 and either DOM34 or HBS1.
Non-stop ribosomal complexes were purified using the TAP-tag, and further
quantified using label-free mass spectrometry. This analysis further confirmed
that Ski-complex is recruited to the non-stop ribosomal complexes in the
absence of Ski-7 and either Dom34 or Hbs1.
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Moreover, native ribosome-Ski-complexes were purified via Ski3-TAP
for cryo-EM structure determination and selective ribosome profiling. The
cryo-EM analysis performed by Dr. Christian Schmidt revealed ribosomal
particles containing indeed the entire Ski complex as additional density.
Refinement of these particles led to a 3.8 A structure of the 80S-Ski-complex,
enabling to build a near complete atomic model of the ribosome and the Ski
complex. The structure revealed a ribosome programmed with tRNAs in the A
and P sites and the presence of a nascent polypeptide chain indicating that
Ski-bound ribosome are indeed stalled during translation. The Ski complex
binds exclusively to the small ribosomal subunit on the mRNA entry site
(Figure 3.17B) forming multiple interactions with 40S subunit proteins and
rRNA. Strikingly, density for 34-nts of mMRNA was observed extending from the
mMRNA channel into the Ski2 helicase core (Figure 3.17B) indicating that the
Ski complex indeed directly interacts with mRNA overhangs as suggested by
the RNAse experiment (Figure 3.17). Refer to this publication for further
structural details (Schmidt et al., 2016).

3.2.2 Selective ribosome profiling of the native ribosome-Ski-complex
Analysis of the cryo-EM structure revealed that the mRNA overhang
extending from the 3’ end of the ribosome might serve as a signal for
recruitment of the Ski-complex to the translational machinery. In order to
characterize this interaction and to gain insights about in vivo mRNA
substrates of the Ski-complex, selective ribosome profiling of the 80S-Ski-
complex has been performed. The overall strategy is depicted in the Figure
3.18. Ribosome profiling (RPFseq) gives global information about the position
of the ribosomes in vivo, while RNAseq provides data on the mRNA
abundance. Since the Ski-complex is known to be involved in the exosome-
mediated mMRNA turnover, RNAseq was done for the purified ribosome-Ski-
complexes (Ski-80S-RNAseq) and also for the background lysate (control-
RNAseq) sample.



87

Cell lysate
150 A,

Pulldown
purification

native ribosome-
Ski-complexes

Isolation of 80S/

RNAse | RNA Total RNA NAse | treatment

treatment extraction extraction

Ski-80S | Ski-80S ' 80S
RPFseq RNAseq RN RPFseq

v
b
r

&

Pulldown / Ski-80S Control / Background

Figure 3.18 Schema for selective ribosome profiling of the native Ski-80S
complexes.

Sample preparation overview for ribosome profiling from Ski3 TAP tagged strain.
Control or background sample is prepared directly from the cell lysate. Pull-down
or Ski-80S sample is generated from purified native Ski-80S complexes. Isolation
of 80S step is excluded for ribosome profiling of Ski-80S complexes, since most
of the purified Ski-80S complexes contained 80S monosomes.

Native ribosome-Ski-complexes for selective ribosome profiling (Ski-
80S-RPFseq) have been purified using the exact same method used for cryo-
EM sample generation. Preparation of background RPFseq (80S-RPFseq),
which served as a control here, involved an extra step of 80S isolation after
nuclease digestion using sucrose gradient centrifugation. Also, as mentioned
before in the previous section, this step was performed for human dendritic
cell ribosome profiling. This 80S isolation step, however, has been omitted for
Ski-80S-RPFseq, since the purified 80S-Ski-complexes predominantly
contained monosomes. Libraries were prepared using the protocol developed
for dendritic cell ribosome profiling. Sequenced libraries were clipped of the 3’
end adapter, and further removed of reads mapping to the non-coding parts
(rRNA, tRNA, snRNA and snoRNA) of the yeast genome. Unless otherwise
mentioned only uniquely mapped reads were used for further analysis.

In total 677,621 and 790,797 reads that uniquely map to the yeast
genome were obtained for control- and pullout-RPF, respectively. It is a well-
known fact that the length distribution of yeast ribosomal footprints exhibits a
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sharp peak at 28 nts (Ingolia et al., 2009; Weinberg et al., 2016). Not
surprisingly, approximately 40% of control-RPF footprints were of length 28
nts (Figure 3.19, top). Interestingly, footprint length distribution of pullout-
RPFseq peaked at 30 nts but also showed a sub-population of footprints
(15%) of length between 36 — 40 nts (Figure 3.19, bottom). As seen in the
structural analysis (Figure 3.17) mRNA overhangs bind to the Ski2 helicase
core leading to a protection of this fragment, thus explaining the longer
footprints in the Ski-RPF data. This observations also agree with previous
biochemical data showing that the Ski-complex protects mMRNA fragments of 9
- 10 nucleotides in vitro (Halbach et al., 2013). Taken together, this work
shows that the Ski-complex binds to the ribosome in vivo and channels mRNA

extending from the mRNA tunnel into its helicase core.
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Figure 3.19 Length distribution of ribosomal footprints from 80S-Ski-
complexes and control 80S monosomes.

(Top) Length distribution of control-RPFseq footprints exhibiting a sharp peak
at the expected length of 28 nts (light blue). (Bottom) Length distribution of
RPFs from purified 80S-Ski-complex showing a peak at 30 nts bases (light
blue), but also a smaller population of longer length fragments between 35 —
40 nts (dark pink).
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3.2.3 The Ski-complex interacts with the 40S subunit on the mRNA
entry site

Examination of the structural data showed that the Ski-complex predominantly
interacts with the 40S subunit on the mRNA entry site. In order to examine
whether this interaction is reflected in RPFseq data, ribosomal footprints were
aligned and summed with respect to start and stop codon. 5’ and 3’ end of
ribosomal footprints was generated upon nuclease digestion by the 40S
MRNA exit and entry side respectively.
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Figure 3.20 Ski complex interacts with the 40S subunit on the mRNA
entry side in vivo.

(Left) 5 and 3’ end metagene plot of ribosomal footprints around start and
stop codon, respectively. It can be observed for control RPFseq (top) that
there is 3-nt periodicity for both footprint ends (Ingolia et al., 2009). However,
Ski-80S footprints exhibit periodicity only for 5’ end, while 3-nt periodicity is
disturbed at the 3’ end, implying 3’ end periodicity for Ski-80S footprints are
lost due to the interaction of the Ski complex with the ribosome on the mRNA
entry site. (Right) Shown are the percentages of reads within the three
reading frames (0, 1 and 2).
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Moreover, there are two main advantages analyzing yeast ribosomal
footprints generated upon RNAse-I digestion. First, RNAse-I does not have
cutting bias and therefore ribosomal footprints display clear three-nucleotide
periodicity, representing ribosomal movement of one codon at a time. Second,
since the majority of yeast ribosomal footprints are of a single length (28 nts),
consequently these footprints all display strong single reading frame
preference (Ingolia et al., 2009). Reading frame preference simply denotes
that the footprint ends predominantly map to one of the three bases of the
codon. On that account, the number of footprints mapping into any of the
three bases was calculated for both control and Ski-80S-RPFseq datasets.
This analysis was performed for 5’- and 3’-ends of the footprint. Inspecting the
5 end, both footprints display three-nucleotide periodicity and strong
preference for one of the reading frames. However, examining the 3’ end, it
can be seen that only control footprints predominantly map to a single reading
frame and also exhibit three-nucleotide periodicity. While 3’ end analysis of
footprints derived from ribosome-Ski-complexes does not show three-
nucleotide periodicity, and also do not map predominantly to single reading
frame. Therefore, this analysis shows that the Ski-complex in fact interacts
with the 40S subunit on the mRNA entry site. Notably, this is in accordance

with the structural data.

3.2.4 The Ski-complex interacts with ribosomes stalled during NSD

The Ski-complex is known to function with the exosome in NSD, targeting the
stalled ribosomes in the mentioned pathway (Frischmeyer et al., 2002; van
Hoof et al., 2002). As previously demonstrated, ribosomes involved in NSD
should give rise to footprints with consecutive A’s in the 3’ end (Guydosh &
Green, 2014). Ribosomal footprints containing only stretches of A’'s cannot be
mapped to the yeast genome and therefore were discarded. Interestingly,
both in the control- and Ski-RPFseq there were footprints that could be
mapped back to the yeast genome after being trimmed of poly-A stretches
from the 3’ end. Most of the poly-A trimmed footprints map at the junction
between 3' UTR and the poly-A tail (Figure 3.21A). Notably, these footprints

were initially classified as ‘unmapped’ by the mapper, meaning these
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footprints could be mapped uniquely only after poly-A stretches have been
trimmed. Similar reads in the control- and Ski-RNAseq were also analyzed.
Calculating the number of poly-A trimmed footprints revealed an about
four-fold enrichment in the Ski-RPFseq (Figure 3.21B). As many as 20 A’s
have been clipped from the 3’ end (Figure 3.21C), and this implies that the
poly-A stretch could reach the A-site of the ribosome, for being translated into
lysine residues and subsequent ribosomal stalling as described before (Inada
& Aiba, 2005; Ito-Harashima et al., 2007; Koutmou et al., 2015). Similar
inspection in the RNAseq data showed that poly-A trimmed reads are more
than fivefold enriched in the background control-RNAseq (Figure 3.21B). This
implies that control-RNAseq has more intact mRNAs with poly-A tails than in
the Ski-RNAseq. However, ribosome-Ski-complexes are enriched on fewer
numbers of poly-A containing mMRNA reads. Overall, this indeed confirms that
the ribosomes involved in NSD are targeted by the Ski-complex in vivo
(Frischmeyer et al., 2002; Ito-Harashima et al., 2007; Van Hoof et al., 2002).
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Figure 3.21 Ski-complex targets ribosomes stalled in NSD.

A) Footprints mapping to ORF (green), 3’ UTR (yellow) and at poly-
adenylation site (poly-A) (red) are plotted. Reads that map to poly-A sites
could be mapped after poly-A trimming. (B) Proportion of poly-A containing
reads in control and pull-down RPFseq and RNAseq data respectively. (C)
Numbers of consecutive A’s present in the 3’ side of the footprints derived

from Ski-80S (red) and 80S ribosome profiling data (blue).

3.2.5 Ribosome-Ski-complex is involved in 3’-5° mRNA degradation

Since Ski-80S-RNAseq contained fewer poly-A containing reads, reads
mapping to 3 UTR and ORFs were calculated. Plotting the read ratio
(Ski/control) for both regions revealed that the Ski-RNAseq dataset contained
almost three-fold fewer reads that map to 3° UTR (Figure 3.22B, orange),
while there is not much difference between the datasets for reads mapping to
the ORF (Figure 3.22, green). Even though there is high correlation for ORF
mapping reads, there is a striking difference in their coverage pattern. A
couple of examples are shown in Figure 3.22A. It can be clearly seen that
there are more reads that map to 5 ends of the transcript in the Ski-80S-
RNAseq dataset in comparison to control-RNAseq. In order to verify whether
this trend is observed across the genome, each coding transcript was divided

into ten equal segments.
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Figure 3.22 Characteristics of pull-down and control RNAseq reads.

(A) IGV browser (Thorvaldsdottir et al., 2013) screenshots showing pull-down
and control RNA coverage for a couple of genes. Evident is the difference in
distribution of RNA coverage between pullout and control RNA. Pull-down
RNA shows asymmetric coverage with more reads mapping to the 5" end of
the transcript. (B) Histogram showing ratio of pull-down RNA over control-
RNA for 3° UTR (4427 genes) and ORF respectively (5521 genes). (C) RNA
coverage within the ORF (5814 genes). Genes were split into ten segments,
and each segment mean was normalized with its corresponding gene mean.
Plotted is the mean of normalized segment mean across the yeast genome.

Further, each segment’s mean coverage was normalized to their
corresponding gene mean. Then for each segment, this normalized mean was
averaged across the genome and plotted (Figure 3.22C). A total of 5814
genes were included in this analysis. This analysis revealed that for control-
RNAseq, each segment’s mean does not deviate much from its corresponding
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gene mean. This implies that transcripts sequenced in the control-RNAseq are
complete and intact as expected. However, Ski-RNAseq showed asymmetric
coverage with greater number of reads mapping to the 5’ end and coverage
gradually decreasing towards the 3’ end. Mean coverage at the 5’ end was
1.6x gene mean, while the depleted 3’ end showed coverage of 0.6x gene
mean. Overall, analysis of RNAseq data points to the fact that those
transcripts engaged by ribosome-Ski-complexes are in the process of
undergoing 3’-5° mRNA degradation. This observation also fits well with the
fact that Ski-RNAseq contained fewer reads containing poly-A stretches
(Figure 3.21B), and also reads mapping to the 3’ UTR.

3.2.6 Transcripts with shorter half-lives are enriched in ribosome-Ski-
complexes

In case the ribosome-Ski-complex is really involved in 3-5 mRNA
degradation of canonical transcripts, it can be assumed that mRNAs with
shorter half-lives are enriched in the Ski-pulldown, since shorter half-life
transcripts are turned over faster and consequently engage more often with
degradation machineries. In order to examine whether this hypothesis is true,
RNAseq and RPFseq read ratios (Ski/control) were compared to mRNA half-
lives. A majority of yeast transcripts are short-lived in comparison to their
generation time (Geisberg et al., 2014). Nevertheless, two subsets of
transcripts with shorter (< 5 min, 1052 genes) and longer half-lives (> 20 min,
596 genes) were used for analysis. The cumulative fraction of genes for both
subsets was plotted against either RNAseq or RPFseq read ratios. While the
RNAseq read ratio did not show any enrichment for shorter half-life transcripts
(Figure 3.23A), a similar analysis with RPFseq revealed that indeed ribosome-
Ski-complexes engage more often with short-lived transcripts (Figure 3.23B).
As this analysis was done only with a subset of transcripts, we wanted to

examine whether this trend holds true across the genome.
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Figure 3.23 80S-Ski-complex footprints show enrichment for shorter half-life
mRNAs.

A) Cumulative plot of RNA ratio (Ski pull-down/80S) were plotted for genes with
longer half-life (greater than 20 min, n = 596 genes) and shorter half-life (less than
5 min, n = 1052 genes). (B) Cumulative plot for footprint ratio. With higher ratios for
lower half-life mMRNA compared to longer half-life mRNA species suggests Ski
complex might be involved in the turnover of canonical mMRNA in 3’ — 5’ direction.

To that end, percentages of non-optimal codons in transcripts were
calculated. A recent study characterized 61 sense codons into optimal- and
non-optimal codons, and transcripts with increased non-optimal content tend
to have significantly reduced half-life (Presnyak et al., 2015). Accordingly, to
investigate whether Ski-RPFseq is enriched for substrates with reduced half-
life, the Spearman correlation between codon content and RPFseq read ratio
(Ski/control) was calculated. This analysis was performed across the genome
for 3765 coding genes. 25 codons showed positive correlation (Ski-enriched),
and strikingly 21 of them are non-optimal codons (Figure 3.24). Therefore, it
can be concluded that the ribosome-Ski-complex engage more often with
shorter half-life transcripts in vivo. Notably, it is important to point out that only
the footprint data showed enrichment for short-lived mRNAs. Probably this
phenomenon can be explained by the fact that there could be multiple
numbers of ribosomes associated with any single transcript. Thereby, this
enrichment can be seen only at the level of the translatome (RPFseq) but not

at the transcriptomic (RNAseq) level.
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Figure 3.24 Enrichment of Ski-80S footprints on transcripts with
increased non-optimal codon content.

Spearman correlation of codon content and Ski/80S footprint ratio across the
genome (n = 3765 genes). Codons with positive and negative correlation
were termed as Ski enriched and de-enriched respectively. Bars are colored
whether codons are characterized as optimal (green) or non-optimal (red) as
described in this study (Presnyak et al., 2015).

In conclusion, selective ribosome profiling of ribosome-80S-Ski-
complexes revealed a sub-population of longer footprints. This is in
accordance with the structural data that the 3° end mRNA overhangs might
serve as a signal for Ski-complex recruitment. Also, analysis of poly-A clipped
ribosomal footprints showed that the Ski-complex is recruited to non-stop
stalled ribosomal complexes. Finally, RNAseq reads from Ski-80S complexes
showed strong asymmetric distribution in comparison to background RNAseq,
with more reads mapping to the 5 end of the transcript. This hinted at the
possibility that the ribosomal-Ski-complexes might be involved in the 3’-5

degradation of canonical transcripts. Accordingly, shorter half-life transcripts
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with more non-optimal codon content showed enrichment for Ski-80S
ribosomal footprints.
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3.3 Cryo-EM structure of a 80S ribosome stalled by the
mammalian XBP1u arrest peptide

This part of the thesis deals with early targeting steps of the main UPR
transcription factor in mammals — XBP1u to the ER membrane. As outlined in
chapter 1.2.8, targeting of XBP7u mRNA involves translation of an arrest
peptide, that also contains a hydrophobic SRP targeting sequence at its N-
terminus. In this study, first the molecular mechanism of XBP1u arrest peptide
(XBP1u-AP) mediated ribosome stalling was elucidated, via cryo-EM and
single particle analysis of stalled XBP1u-RNC complex. The obtained
structure was then compared with SRP-bound and Sec61-bound XBP1u-RNC
to examine, if and how binding of these ligands affects the structure of the
arrest peptide, e.g. if SRP or Sec61 can act as a force sensor to relive stalling.
This may eventually even play a role for activation of IRE1a to initiate splicing
of the XBP1-bound mRNA on the ER.

3.3.1 Generation of stable XBP1u- ribosome-nascent-chain complex

(XBP1u-RNC)

Since the wildtype XBP1u-AP has weaker arrest potency, and stalls the
ribosome only transiently (Yanagitani et al.,, 2011), the more stable S255A
mutant has been used. It has been previously shown to be an efficient
ribosome staller, and thus would allow to purify homogenously stalled
ribosomal complexes for structural analysis (Yanagitani et al., 2011). The
human full-length XBP1u construct was modified to express only the HR2
domain and the AP of XBP1u with N- terminal (3x-Flag, 8x-His tag and 3C-
cleavage site) and C-terminal (HA tag) tags for purification and detection
purposes (Figure 3.25A).

The rabbit reticulocyte lysate (RRL) in vitro translation system was
used for generating stalled XBP1u-RNC. RRL is a well-established
mammalian in vitro translation system, and previously (Braunger et al., 2018;
A. Brown et al., 2015a; Shao et al., 2016) it has been successfully used for
generating ribosomal complexes for cryo-EM structural analysis.

In vitro translation was initiated with the addition of capped mRNA to
RRL. The stalled XBP1u-RNC was affinity-purified via the N-terminal Hiss-tag
(See materials and methods for details). The final sample was subjected to

SDS-PAGE and CBB staining, and a clear ribosomal protein pattern similar to
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control 80S ribosomes was observed (Figure 3.25B). Typically, a 1 ml
translation reaction yielded stalled XBP1u-RNCs of concentration between 3 —
4 pmol, which was then subjected to cryo-EM analysis. Cryo-EM data was
collected on a Titan Krios TEM with a Falcon |l direct electron detector, and

further processing was carried out with RELION.
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Figure 3.25: Generation of the stalled XBP1u-RNC complex.

(A) Schematic representation of the construct used for generating the stalled
XBP1u-RNC complex. The XBP1u arrest peptide sequence is shown in green,
while the HR2 domain is shown in red. A- and P-site positions are also denoted
above the arrest peptide sequence. XBP1u-AP is numbered according to full
length XBP1u. The S255A mutation used in this study is also shown purple. (B)
Simply Blue stained gel after SDS-PAGE of purified XBP1u-RNC complex. Control
80S ribosomes (lane 2), purified XBP1u-RNC complex (lane 1), and stained
protein molecular weight markers (lane L).

3.3.2 Cryo-EM analysis of the paused XBP1u-RNC

Processing of the cryo-EM dataset yielded a total of 531952 ribosomal
particles, and an initial 3D refinement led to a density (electron potential map)
of 6.6 A with densities for P- and E-site tRNA. Further 3D classification
resulted in two ribosomal subpopulations with a majority of them in the post
state (54% with P-, E-site tRNA) and a smaller class in the hybrid state (18%
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with A/P-, P/E- site tRNA) denoted as class-5 and class-4, respectively
(Figure 3.26). After this initial 3D-classification step only 28% of the ribosomal
particles were not programmed (absence of P-tRNA). The post state
ribosomal class was further enriched by 3D classification for the presence of
P-tRNA (with 60S mask). The particles of this enriched post state class were
Bayesian polished (correcting for beam induced movement) before a final
round of 3D refinement with a large subunit mask.

The overall resolution of the post state XBP1u-RNC was 3 A (Figure
3.27A) with the local resolution of the ribosomal core reaching up to 2.5 A.
After initial sorting, the hybrid class was directly Bayesian polished before final
3D refinement, which yielded in a final density of average resolution 3.1 A
(Figure 3.27B). A model for the XBP1u stalled ribosome nascent chain was
obtained by fitting a previously published rabbit ribosome model (PDB 5LZV)
into the cryo-EM map. After initial fitting of the model in Coot, it was further
refined in real space (using Phenix; Adams et al., 2010) and in reciprocal
space (using REFMAC; Murshudov et al., 2011). Dr. Jingdong Cheng built the
initial model of the XBP1u nascent chain in the ribosomal exit tunnel.
Validation of the model was done by first calculating a Fourier shell correlation
(FSC, model vs. full-map Figure 3.27) between the model and the cryo-EM
map. In order to check for overfitting of the model during refinement, atoms of
the final model were randomly displaced by 0.5 A. Then this displaced model
was refined against the first half of the map from the gold standard
determination. After refinement, a new FSC is calculated with this model
against the first-half (FSCwork, model vs. half-map1) and second-half map
(FSCtest, model vs half-map2) (Figure 3.27). The discrepancy between these
FSC curves should indicate overfitting. This procedure showed that the
XBP1u-RNC atomic models for both post and rotated state do not display
overfitting bias.

In both classes of stalled XBP1u-RNCs, the density for the XBP1u-AP
in the exit tunnel was observed extending from the CCA end of the peptidyl-
tRNA (Figure 3.28). In the upper parts of the tunnel, closer to PTC, the
XBP1u-AP in the post state complex was resolved to between 3 — 3.5 A
(Figure 3.29A,B), while in the lower parts of the tunnel, owing to flexibility it

was not well resolved with resolution lower than 4 A (not shown).
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Figure 3.26: Cryo-EM processing scheme of XBP1u-RNC dataset.

In silico 3D classification and entire processing of the dataset was performed
in Relion 2.1 (Kimanius et al., 2016). Initial 3D-classification was done without
a mask. Further sorting resulted in a post state XBP1u-RNC class with
223,773 particles. The hybrid state subset comprising 94,923 particles was
directly Bayesian polished from first 3D-classification to generate shiny
particles for final 3D-refinement.
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Figure 3.27: Resolution of XBP1u-RNC'’s.

Cross-section of (A) post and (B) hybrid state XBP1u-RNC maps colored
according to their local resolution (left panel). (Right panel) Fourier shell
correlation (FSC) curve of the final map (black) indicating average resolutions
are shown (FSC=0.143, dashed black line). FSC curves calculated between
final full-map and model (orange), as well as the self (green) and the cross-
validated (brown) correlation curves (indicating resolution, FSC = 0.5 Cref,
dashed blue line) for the respective maps are plotted here.

3.3.3 XBP1u nascent chain in the ribosomal exit tunnel

With well-resolved density for the nascent chain in the upper parts of the
tunnel, the complete XBP1u-AP pausing motif comprising 25 residues
(Met260 — Asp236) was modeled. This model allowed deciphering the role of
XBP1u-AP in inhibiting ribosomal function. In both the paused ribosomal
states, the last residue attached to the P-tRNA is Met260, which is also the
penultimate amino acid of the XBP1u nascent chain. Most of the nascent
chain is in an extended conformation, except for residues located in the upper
part of the tunnel where the XBP1u-AP forms a turn in close proximity to the

ribosomal active center (Figure 3.30).
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The turn is comprised of eight residues (Trp249 — Trp256), which is the
latter half of the pausing motif. It is only four residues away from the ribosomal
peptidyl transferase center (PTC) and located above the constriction site, the
narrowest region in the ribosomal peptide exit tunnel. The turn’s proximity to
ribosomal active site suggests its critical role in inhibiting ribosomal peptidyl
transferase function. Even though the XBP1u-AP is well resolved in both the
ribosomal classes, the AP resolution in the post state complex was better than
in rotated state. Therefore, further discussion and analysis is pertained to post
state XBP1u-AP.

Figure 3.28: Cryo-EM reconstruction of XBP1u-RNC.

(A) Cross-sectional view focusing on the XBP1u-AP in the ribosomal exit
tunnel. The XBP1u-AP is attached to the CCA end of P-tRNA, and the density
spans a major portion of the exit tunnel. (B) Close-up view on tRNAs in the
XBP1u-RNC reconstruction. Post state (top panel) P- and E- site tRNAs are
shown in green and pink. Hybrid state (bottom panel) A/P- and P/E- tRNAs are
shown in red and purple.
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Figure 3.29: Local resolution of the XBP1u-AP in the ribosomal exit
tunnel.

Displayed are the isolated XBP1u-AP densities in post (A) and hybrid (B)
state XBP1u-RNC. Nascent chain densities is colored according to estimated
local resolution.

Figure 3.30: XBP1u-AP in the ribosomal exit tunnel.

View on the XBP1u-AP (green) in the ribosomal exit tunnel; also shown is the
constriction site formed by ulL4 (orange) and uL22 (blue). The rest of the
tunnel and 60S subunit is shown in grey. Left to right: Cross-sectional view
with solid density, same view with respective models (density shown as
mesh), and a 180° rotated view without the ribosomal tunnel showing only the
XBP1u nascent chain, uL4 and uL22 (density shown as transparent mesh).
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3.3.4 Interactions of the XBP1u nascent chain with the ribosomal exit
tunnel

XBP1u-AP interacts with the ribosomal peptide exit tunnel. In the lower part of
the tunnel, the constriction site protein residues Arg71 and Ser87 (Figure
3.31J-L) of uL4 and Arg128 of ulL22 (Figure 3.31K) make contact via
hydrogen bonds with the backbone of the XBP1u-AP. In the same region
Tyr241 of XBP1u-AP stacks on C2794 of the 28S rRNA (Figure 3.31H).

The turn that is bordered by bulky tryptophan residues (Trp249 &
Trp256) protrudes into a hydrophobic crevice in the tunnel, causing the
displacement of the base G3904 (Figure 3.31E). The corresponding base in
prokaryotes is A2058, which along with A2059 has been described as critical
for macrolide binding (Hansen et al., 2002) and drug mediated ribosomal
stalling (Arenz, Ramu, et al., 2014). Moreover, in the case of TnaC leader
peptide induced ribosomal stalling, it has been shown that this base can
sense the free L-tryptophan (Martinez et al., 2014). It is likely that this region
in the ribosomal tunnel has evolved in eukaryotes to play a similar role to
sense nascent chains as previously shown for prokaryotic ribosomes (Cruz-
Vera et al., 2011; Tanner et al., 2009). Positively charged Arg251 of XBP1u
forms a salt bridge with the phosphate group of A4388 (Figure 3.31F), while
Gly250 and GIn253 makes contact with the tunnel via hydrogen bonds with
the 28S rRNA bases A3908 and U4555, respectively (Figure 3.31G,l). These
are the interactions made with the tunnel by the residues forming the turn.

When analyzing the nascent chain interactions within close proximity to
the PTC, Lys257 stacks onto U4532 (Figure 3.31D) that is next to U4531
(U2585 in E. coli). Met260 of the nascent chain makes a hydrophobic
interaction with U4531 (Figure 3.31C). These two interactions of the nascent
chain might hinder the movement of U4531, which is critical for PTC activity
(Youngman et al., 2004).

Apart from nascent chain interactions with the tunnel, two
intramolecular interactions within the nascent chain lead to stabilization.
Tyr249 of XBP1u stacks onto GIn248 (Figure 3.31B), while Arg251 makes a
hydrogen bond with Lys257 (Figure 3.31A). All these interactions eventually
contribute to the stability of the XBP1u nascent chain leading to its unique

conformation within the tunnel.
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Figure 3.31: Interactions of the XBP1u nascent chain with the ribosomal
exit tunnel.

(Left panel) XBP1u-AP density (shown as transparent mesh), and the
corresponding model in green. Important interacting rRNA and protein
residues are shown as well. (Right panel) (A) Lys257 of XBP1u (green)
contacts Arg251 of XBP1u via an internal hydrogen bond. (B) Trp249 of
XBP1u internally stacks against GIn248. (C) Met260 of XBP1u makes a
hydrophobic interaction with U4531 of 28S rRNA (blue). (D) Amino group of
Lys257 of XBP1u stacks against U4532 of 28S rRNA. (E) Trp249 and Trp256
of XBP1u displaces G3904 of 28S rRNA. (F) Arg251 of XBP1u forms a salt-
bridge with the phosphate group of the base A4388 of 28S rRNA. (G, 1)
GIn253 and Gly250 of XBP1u are in hydrogen bonding distance with U4555
and A3908 of 28S rRNA respectively. (H) Tyr241 of XBP1u stacks 28S rRNA
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base C2794. (J, L) Pro244 and GIn242 are in hydrogen bonding distance with
Arg71 and Ser87 (orange) of uL4 ribosomal protein. (K) Pro238 of XBP1u is in
hydrogen bonding distance with Arg128 (pink) of constriction site ul22
protein.

3.3.5 Inhibition of peptidyl transferase activity by XBP1u nascent chain
Precise positioning of the PTC bases is critical for ribosome’s peptidyl
transferase function (Wilson et al., 2016). Often ribosomal arrest peptides
distort the geometry of rRNA bases involved in PTC activity, thereby inhibiting
ribosomal function. Some of the bases involved in peptidyl transferase activity
are U4531 (U2585 in E. coli), U4452 (U2506) and A4548 (A2602), and these
bases are severely distorted by ribosomal arrest peptides to stall ribosomal
activity as shown in cryo-EM reconstructions of other stalled ribosomal
complexes (Arenz, Meydan, et al., 2014; Matheisl et al., 2015; Su et al.,
2017). Of the three bases, the most critical one is U2585 (U4531 in rabbit)
shown to be critical for peptidyl transferase function and peptide release
(Youngman et al., 2004).
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Figure 3.32: Position of critical PTC bases C4398 (C2452) and
U4531(U2585).

(A) Position of 28S rRNA base C4398 (C2452 in E. coli) in XBP1u-RNC (blue)
stabilized by Leu259 of XBP1u-nascent chain (green). Un-induced state of
U4531 of 28S rRNA is also shown. (B) Comparison of 28S rRNA bases C4398
and U4531 of XBP1u-RNC with human post-state 80S reconstruction
(Behrmann et al., 2015) (PDB ID: 5AJ0) and didemnin treated rabbit 80S (Shao
et al.,, 2016) (PDB ID: 5LZS). This depicts the movement of base C4398 in
XBP1u-RNC, while U4531 is unperturbed. (C — D) Same view and models as in
(A — B), but with corresponding densities: XBP1u-RNC (blue), human post state
80S (soft-pink, EMDB ID: 2875) and rabbit 80S (soft-blue, EMDB ID: 4130).

To begin with, the conformation of the base U4531 was compared to
that in a post state 80S human ribosome (Behrmann et al., 2015). In
comparison, U4531 (U2585 in E. coli) is in typical un-induced state before A-
site tRNA accommodation (Figure 3.32A-D), which has been shown before for
prokaryotes (Martin Schmeing et al., 2005). U4531 (U2585) moves down into
induced state upon A-site tRNA accommodation. Even though U4531
interacts with Met260 of the XBP1u nascent chain, we find that U4351 will not
be hindered to transit into induced state upon A-site accommodation.

Therefore, it is clear that the state of base U4531 is not perturbed.
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Figure 3.33: Inhibition of peptidyl transferase activity by XBP1u nascent
chain.

(A) View of the base C4398 in XBP1u-RNC (blue), stabilized by Leu259 of
XBP1u-AP (green). (B) Comparison of C4398 in XBP1u-RNC with human post-
state 80S (Behrmann et al., 2015) (soft-pink, PDB ID: 5AJ0) and with yeast 80S
with A-, P- site tRNA and elF-5A (Schmidt et al., 2015) (soft-blue PDB ID:
5GAK). Premature closed conformation of C4398 in XBP1u-RNC a similar
position as seen in yeast 80S model, but without the presence of an A-site
tRNA. (C) Model of incoming Asn-tRNA (A-site) would clash with Leu259 of
XBP1u-AP. Premature closure of A-site cleft by C4398 of 28S rRNA, and the
prevention of A-site tRNA accommodation by Leu259 of XBP1u is the
mechanism behind ribosome arresting activity of XBP1u-nascent chain.

Looking at other PTC bases, we find that C4398 is in closed
conformation. C4398 is a part of a so called A-site crevice (Gurel et al., 2009)
and is also implicated in peptidyl transferase function. Closed conformation of
this base is observed only after A-site accommodation as seen in the
reconstruction of yeast 80S ribosomes with A-, P- site tRNA and elF-5A
(Schmidt et al., 2015). Leu259 of the XBP1u nascent chain stabilizes this
premature closed conformation of C4398 (Figure 3.33A,B), and unlike
Met260, mutating Leu259 to Alanine almost completely abolishes stalling
(Yanagitani et al., 2011). Moreover, Leu259 in its final unique conformation
would clash with the incoming Asn-tRNA (Figure 3.33C).

Therefore, the underlying mechanism behind the stalling activity of
XBP1u-AP is to prevent the accommodation of incoming A-site tRNA.
Accordingly, there are no ribosomal classes with accommodated A-site tRNA

in our dataset.

3.3.6 Cryo-EM structure of XBP1u-RNC with SRP and Sec61



110

For effective splicing of XBP1u mRNA mediated by IRE1a, the arrested
XBP1u-RNC needs to be localized to the ER membrane where it presumably
inserts into the Sec61 protein-conducting channel (PCC). The targeting of the
stalled XBP1u-RNC to the ER membrane is mediated by SRP (Kanda et al.,
2016; Plumb et al.,, 2015), which is recruited non-canonically by the
moderately hydrophobic HR2 domain of XBP1u. In order to investigate this
special mode of SRP recruitment and to analyze XBP1u-AP state upon SRP
recognition and ER targeting, purified XBP1u-RNCs were in vitro reconstituted
with dog SRP (see materials and methods for details) or canine high
salt/puromycin treated rough microsomes. The in vitro reconstituted ER
targeting/translocation complexes were subjected to cryo-EM analysis.

Classification of the dataset for the presence of SRP and further
refinement yielded 80S XBP1u-RNC (post state) with SRP bound to it (Figure
3.34). Average resolution of the final reconstruction was 3.7 A (Figure 3.35),
and SRP was itself resolved locally between 5 — 10 A probably owing to its
flexibility. Characteristic L-shaped density of the SRP, extending from the
ribosomal inter-subunit space to S-domain contacting the exit tunnel was
observed (Figure 3.36A). The recently published engaged state mammalian
SRP model (Voorhees & Hegde, 2015) fitted well with the observed density.
Individual domains of SRP were manually inspected and fitted in Coot
(Emsley & Cowtan, 2004).

When analyzing the hydrophobic groove of SRP54 M-domain, which is
known to mediate the recognition of signal sequences, a clear rod like density
was observed (Figure 3.36B). An adequate hydrophobic stretch available for
recognition by SRP would be the HR2 domain, and therefore the density can
be assigned to this domain. This indicates that the HR2 domain of XBP1u
forms a helical structure upon recognition by SRP and this mode of interaction
is identical to that of M-domain mediated recognition of canonical signal
sequences. Moreover, XBP1u-AP density was also well resolved in this SRP-
bound paused complex. Therefore, this enabled to de novo model the AP, and
compare its conformation in the exit tunnel between SRP bound and unbound
stalled XBP1u-RNC. Surprisingly, the comparison revealed that the
conformation of the XBP1u-AP in the exit tunnel was unperturbed suggesting
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that the paused state of the complex is maintained upon recruitment of SRP

by the stalled XBP1u-RNC.
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Figure 3.34: Cryo-EM dataset processing scheme of XBP1u-RNC-SRP.

3D-classification for presence of SRP with XBP1u-RNC resulted in a
subpopulation of 24875 ribosomal particles bound to SRP in post state, which
was further refined to a final resolution of 3.7 A.
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Figure 3.35: Local resolution and model validation of XBP1u-RNC-SRP.

Final volume of XBP1u-RNC-SRP colored by local resolution. SRP was
resolved between 5 — 10 A, while the overall average resolution of the complex
was 3.7 A. FSC curve of the final map indicating average resolution (black)
(FSC = 0.143, dashed black line). FSC curve between model and full-map
(orange), and self-validation (green) and cross-validation (brown) FSC curves
(indicating resolution, Cref = 0.5) are plotted here.
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Figure 3.36: Cryo-EM structure of in vitro reconstituted XBP1u-RNC with
SRP.

(A) View of SRP (orange) interacting with the XBP1u-RNC, also shown is the
HR2 domain (purple) of the XBP1u nascent chain bound to the SRP54 M-
domain. Same view: with a cross-sectional slice to elucidate the presence of
XBP1u-nascent chain (green) in the ribosomal tunnel. (B) Close-up top and
lateral views of SRP54 M-domain interacting with the HR2 domain (purple). The
HR2 domain forms a helical structure when being recognized by SRP.

Purified XBP1u-RNCs were incubated with canine high salt/puromycin
treated rough microsomes (see experimental methods for details) to generate
the XBP1u-RNC-Sec61 complex. The final sample was obtained after
solubilization of the membranes with digitonin and was subjected to cryo-EM
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analysis (Figure 3.37). A clear density for Sec61 was observed at the tunnel
exit, and also for the XBP1u-AP in the exit tunnel (Figure 3.39). The overall
resolution of the complex was 3.9 A, while Sec61 showed a modest resolution
of around 8 A (Figure 3.38). A recently published Sec61 model (Braunger et
al., 2018) was fitted into the observed density, and the state of the lateral gate
was inspected. The lateral gate of the translocon was in closed state, when
comparing the position of TM2 and TM7 with other known Sec61 structure
(idle state) (Voorhees & Hegde, 2015). No extra density was observed upon
searching near the lateral gate for the HR2 domain of XBP1u (Figure 3.39).
Given the moderate hydrophobicity of the HR2 domain only 10% of the ER
targeted complex engage successfully with the Sec61 channel and get
integrated into ER membrane as shown previously before (Plumb et al.,
2015). This could explain why no extra density for HR2 was observed. HR2
likely only makes transient or weak interactions with the translocon. Taken
together in the in vitro reconstituted ER targeting complex, the Sec61 is in the
idle state, and HR2 domain probably can interact with Sec61 but cannot

engage productively.
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Figure 3.37: In silico sorting of XBP1u-RNC-Sec61 cryo-EM dataset.

Processing of XBP1u-RNC-Sec61 dataset yielded a final population of 12749
ribosomal particles in post-state bound to Sec61 (see methods for more
details).
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Figure 3.38: Average resolution and model validation for XBP1u-RNC-
Sec61.

Final density of in vitro reconstituted XBP1u-RNC-Sec61 complex colored
according to its local resolution. On the right, showing FSC curve (black) for
final volume indicating the average resolution of the complex (FSC = 0.143).
Also plotted model validation FSC curves: final map against the model
(orange), self-validation (green) and cross-validation (brown) respectively.
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XBP1u-RNC-Sec61

Figure 3.39: Cryo-EM structure of in vitro reconstituted XBP1u-RNC-
Sec61.

(Left) Cross-sectional view of Sec61 (blue) bound to the stalled XBP1u-RNC.
XBP1u-nascent chain and P-tRNA in green, while 40S and 60S ribosomal
subunits shown in yellow and grey respectively. (Right) Analysis of Sec61
lateral gate forming TM2 and TM7 helices. Comparing it to another known
idle-state translocon (Voorhees et al.,, 2014), shows that Sec61 bound to
paused XBP1u-RNC is in idle-state. Also evident is absence of density for
HR2 domain of XBP1u-nascent chain.

Next, the conformation of XBP1u-AP in XBP1u-RNC-Sec61 was
compared with structures of XBP1u-RNCs alone or with SRP. The
comparison revealed that XBP1u-AP state was indistinguishable, and RMSD’s
between the structures is less than 1 A (Figure 3.40). This suggests that the
paused state is maintained through ER targeting and even after being
localized to the ER membrane. Therefore XBP1u-AP does not act as a force
sensitive switch in UPR i.e., the paused state of XBP1u-RNC is unlikely to be

released by the force exerted by Sec61.
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Figure 3.40: XBP1u nascent chain states with XBP1u-RNC (alone),
XBP1u-RNC with SRP and Sec61.

(Left to Right) Shown are XBP1u-nascent chain densities (mesh) also with
their respective models. XBP1u-nascent density from RNC alone (green, low-
pass filtered at 3.1 A), followed by Gaussian filtered densities of XBP1u-
nascent chain from RNC alone (green), RNC with SRP (orange) and Sec61
(blue) respectively. State of XBP1u-nascent chain is unaltered from pausing to
being targeted to Sec61 on the ER membrane.

In conclusion, structural analysis of the XBP1u-AP within the ribosomal
exit tunnel revealed that it makes several interactions with the tunnel wall.
Further, it forms a turn near the ribosomal active site. Surprisingly, the
ribosomal pausing of XBP1u-AP is mediated by minimal distortion of the
peptidyl-transferase center. Leu259 of the XBP1u-AP stabilizes the premature
closed confirmation of C4398, and it prevents the accommodation of the
incoming A-site tRNA. Cryo-EM structures of the XBP1u-RNC reconstituted
with SRP and rough microsomes show that the state of XBP1u-AP within the
exit tunnel is unperturbed during the ER targeting of the paused XBP1u-RNC.
While the HR2 domain is recognized by SRP, but fails to engage productively
with the Sec61 translocon. Therefore, XBP1u-AP cannot function as a force

Sensor.
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4 Discussion

In the thesis presented here, translational regulation has been explored in
three different biological contexts.

The first study involved investigating translational control during dendritic
cell maturation. This was done mainly using ribosome profiling, which has
been successfully established in the Beckmann lab. Analysis of ribosome
profiling data revealed that there is more translational regulation during the
early stages of DC maturation. Further, in line with previous studies transcripts
encoding for ribosomal proteins, antigen processing and presentation were
translationally up regulated during early stages of DC maturation (Ceppi et al.,
2009; Lelouard et al., 2007). Globally, 5° UTRs showed increased ribosome
occupancy during DC maturation. Unexpectedly, at the 24 h time point down-
regulation of ABCE1 led to accumulation of post termination ribosomal

complexes in the 3’ UTR.

4.1 Translational regulation in maturing dendritic cells

Previously, gene expression changes during DC maturation were
studied using RNAseq and proteomic approaches (Buschow et al., 2010).
Further polysome profiling was used to get insights into translational control
during DC maturation (Ceppi et al., 2009). But polysome profiling suffers from
a major limitation. Genes that were detected showing significant changes in
translation did not provide positional information of ribosomes on the
transcript. With polysome profiling it would not have been possible to detect
the presence of ribosomes in the 3’ UTR during the later stages of maturation.

The depth of the generated data enabled to identify gene families that
showed either homo-directional changes or significant changes only at the
level of RNA or RPF. Here ribosome profiling with RNAseq enabled to identify
in total more than 5000 differentially expressed genes (DEG) at the level of
transcriptome (RNA), translatome (RPF) and RPF/RNA (normalized changes).
Such analysis shed light on transcriptional and translational control of gene
expression during DC maturation. Overall, transcriptional changes correlated
with translatome changes, although correlation was slightly reduced at the 4 h

time point (Figure 3.6B). Translation efficiency changes showed a much
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broader distribution at the 4 h time point (Figure 3.6C). In order to further
investigate this reduced correlation at the 4 h time point, DEGs were sorted
into three classes, either showing homo-directional changes (i.e significant
changes at the level of both RNA and RPF) or showing significant changes
only at the level of RNA or RPF, respectively. Here genes at the 4 h time point
showed again less correlation between RNA and RPF fold changes (Figure
3.7). Changes at the level of RNA were not reflected at the level of RPF
indicating post transcriptional regulatory mechanisms during the early stages
of DC maturation. A likely explanation for these observations could be
provided by the context of functional changes that define the process of DC
maturation.

DC maturation is marked by rapid changes in cellular morphology and
the ability to migrate, to uptake and to process foreign antigens etc. (Mellman
& Steinman, 2001). Such changes require quick strategies to alter gene
expression patterns. Translational regulation provides the advantage to
rapidly modify the proteome, and therefore it makes sense that more
translational regulation was observed at the 4 h time point.

Some of the homo-directionally up regulated pathways include the
‘cytokine-cytokine receptor interaction’, the ‘IL-17 signalling pathway’, the
‘TNF signaling pathway’ and the ‘NOD signaling pathway’. This is not entirely
surprising, since these pathways are activated upon engagement by cytokines
used for DC maturation. Also, previous RNAseq studies of DC maturation
showed these pathways to be up regulated (Buschow et al., 2010),
establishing them as maturation markers for DC.

Genes that showed significant changes only at the level of RPF
provided insights into translational control during DC maturation. As with
previous DC maturation studies (Ceppi et al., 2009), here as well transcripts
encoding for ribosomal proteins, antigen presentation and processing and
amino acid metabolism are translationally engaged at the 4 h time point
(Figure 3.10). One possible explanation for this translational up-regulation at
the 4 h time point is the need for increased protein synthesis capacity, and the
immediate need to uptake and process foreign antigens. Interestingly, this
translational up-regulation is temporal and ribosomal protein transcripts are
down-regulated at the 24 h time point.
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Apart from these known gene families, transcripts encoding for
histones and proteins involved in the glycolysis pathway were also temporally
engaged by the ribosomes (Figure 3.11). Currently, the significance of histone
MRNA’s being translationally up regulated in the context of DC maturation
cannot be explained yet.

Although it was not observed in previous polysome profiling analyses,
recently it has been shown that metabolic regulation plays a critical role in DC
maturation (Wculek et al., 2019). One of the key metabolic pathways that is
activated in the early phase of DC maturation is glycolysis (Krawczyk et al.,
2010). Sustained activation of the glycolytic pathway is dependent on the
cytokine stimulation used for DC maturation. Further, glycolysis is activated
via the Akt/PI3K pathway and is essential for ER and Golgi body biogenesis in
the mature DCs (Everts et al., 2014). Glycolysis and mitochondrial oxidative
phosphorylation are tightly regulated in vivo, as these are the key pathways
for cellular energy generation. In this study, transcripts for the glycolytic
pathway were only temporally engaged by ribosomes, while transcripts
encoding for proteins involved in oxidative phosphorylation showed to be
strongly repressed during later stages of maturation. OXPHOS transcripts
were down regulated at the level of both transcriptome and translatome
(Figure 3.9). It could be speculated that lower translational efficiency of
glycolytic transcripts might be enough to replenish cellular energy resources in
terminally differentiated mature DCs.

4.2 Down regulation of ABCE1 in mature dendritic cells

During DC maturation increased ribosome occupancy was observed in
both the 5 and 3’ UTRs (Figure 3.13). This is a rather surprising observation.
Occurrence of ribosomes on the 5° UTR may be related to a previous study,
where it has been shown that there is a switch in the mode of translation
initiation from cap-dependent to cap-independent mechanism (Lelouard et al.,
2007). This switching is primarily due to the phosphorylation of elF2a, which is
generally an outcome of stress response. After switching, translation initiation
through presence of endogenous IRES elements in the 5 UTR bas been
previously described (Lelouard et al., 2007). However, this could not be

verified with the ribosome profiling data generated here. Yet, it seems likely
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that the DCs undergo cellular stress during the maturation process, causing
ribosomes to accumulate in the 5’-UTR region.

Surprisingly, also the 3’ UTR showed increased ribosome occupancy
during the later stages of DC maturation (Figure 3.13). The profiling data
suggested that this correlated with down-regulation of ABCE1, and
consequently leading to accumulation of post-termination 80S ribosomes in
the 3’ UTR. One of the immediate consequences of this would be the reduced
availability of free ribosomes in the cytosol to initiate translation. Another
interesting observation was that, ribosomal mMRNAs were down-regulated at
the 24 h time point. Similar down-regulation of ABCE1 was observed in
terminal differentiation of erythroid cells (Mills et al., 2016). However, in
erythroid cells, in order to replenish free ribosomes in the cytosol for
translation initiation, the Dom34/Hbs1 rescue system was up-regulated. In a
yeast study (D. J. Young et al., 2015), diminished levels of RIli1 (ABCE1
homolog) resulted in the accumulation of 80S ribosomes over the stop codon,
and as well as in the 3’ UTR. Unexpectedly, they also observed that the non-
recycled 80S ribosomes re-initiate translation in a frame independent manner
in the 3’ UTR. These re-initiation events lead to generation of small peptides,
and the study provided multiple lines of evidence supporting this claim. Similar
to erythroid cells, the yeast study also showed the critical importance of
Dom34/Hbs1 mediated recycling 80S ribosomes stuck in the 3° UTR. Such a
similar up-regulation of Dom34/Hbs1 rescue system was not observed in the
mature DCs. Therefore, in order to reduce the translational activity in mature
DCs, ribosomes are sequestered to the 3° UTR and further synthesis of new
ribosomal proteins is getting repressed as well. What causes the down
regulation of ABCE1 in mature DCs?

ABCE1 is an iron-sulfur cluster containing protein, and the biogenesis
of these clusters happens in the mitochondria. Therefore, one of the possible
reasons could be that mitochondrial integrity is compromised during DC
maturation. Transcripts encoding for OXPHOS are strongly repressed, and
there is a strong connection between OXPHOS down regulation and
mitochondrial dysfunction. Another explanation for ABCE1 downregulation
may be the generation of reactive oxygen species (ROS) during cytokine
stimulation (Herb et al., 2019; Yang et al., 2007). Metals are sensitive to ROS
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generated within the cells and may affect incorporation of Fe-S clusters into
proteins causing reduced levels.

Taken together, the ribosome profiling work presented here provides novel
insights into the DC maturation process. Apart from previously known gene
families that were translationally regulated during DC maturation (Ceppi et al.,
2009), here it has been shown that transcripts involved in lipid metabolism,
glycolysis and oxidative phosphorylation are regulated as well. Down-
regulation of ABCE1 leads to accumulation of post-termination ribosomes in
the 3’ UTR, and this would eventually reduce the rate of translation initiation.
Reduced translation, and coupled with down-regulation of glycolysis and
oxidative phosphorylation might cause decreased metabolic activity, which
can possibly serve as a signal for programmed death in these terminally
differentiated DCs.

4.3 The Ski complex interacts with the 80S ribosome

The second part of this thesis dealt with the relationship between the
ribosome and the Ski proteins. Based on structural similarity between the C-
terminal region of Ski7 and the translational GTPase Hbs1 (Van Hoof et al.,
2002), it has been proposed that Ski7 might be the factor recognizing the
ribosomes stalled in NSD in vivo. It was further believed that Ski7 can recruit
the Ski complex and the exosome for turnover of non-stop mRNAs. Here,
however it has been demonstrated that the Ski complex and not Ski7 interacts

with ribosomes in vivo.

4.4 Characteristic features of in vivo Ski complex interaction

with the 80S ribosome

Footprints generated from the purified 80S-Ski complexes contained a
four-fold excess of poly-A containing footprints than the background 80S
(Figure 3.21). Poly-A clipped footprints predominantly mapped to poly-
adenylation sites across the transcriptome. These footprints were generated
from ribosomes stalled while translating poly-A stretches. In contrast, RNAseq
analysis showed that the purified 80S-Ski complex harbored less poly-A
containing reads, and fewer reads mapping to the 3’'UTR, as well (Figure

3.22). The primary reason for this enrichment observed only at the
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translatome level is due to the protection of non-stop intermediates by the
ribosomes stalled during NSD. Such ribosomes were already previously
shown to be recognized by the exosome/Ski machinery (Frischmeyer et al.,
2002; lto-Harashima et al., 2007; Van Hoof et al., 2002), providing the most
likely explanation for their enrichment in the purified 80S-Ski complexes.
Moreover, 80S-Ski RNA showed asymmetric read distribution with more
reads mapping to the 5 end of the transcript, while, background RNA
displayed a uniform distribution of reads (Figure 3.22). Since the Ski complex
plays a major role in 3'-5° mRNA decay mediated by the exosome, these data
showing an observed asymmetric pattern can be well explained by an
enrichment of transcripts undergoing 3’-5° mRNA decay in the 80S-Ski

complexes.

4.5 The Ski complex bridges translational and mRNA
degradation machineries

Ski complex interaction with the 80S resulted in longer footprints than the
expected footprint length of around 27 — 29 nts (Figure 3.19). Metagene
analysis of the 5 end of 80S-Ski footprints revealed three-nucleotide
periodicity, while similar analysis with the 3’ end showed marked reduction in
this periodicity (Figure 3.20). This is consistent with structural studies by the
Beckmann lab, showing that the Ski complex contacts ribosomes on the
MRNA entry site. This explains how, complete trimming by RNase | on the 3’
end may be prevented. Overall, these data confirm that mRNA overhangs
serve as a signal for Ski complex recruitment to the ribosome.

Interestingly, the 5 end of the 80S-Ski footprints exhibits three-
nucleotide periodicity and a substantial fraction of these footprints map to the
coding region (Figure 3.20). This signifies that the Ski complex is being
recruited to actively translated ribosomes. But it raises the question why so
many 80S-Ski footprints are mapping to the coding region or how within the
coding region substrates are generated for Ski complex recruitment to the
ribosomes?

One of the possible reasons is the pervasive presence of prematurely
poly-adenylated transcripts within the yeast transcriptome (Ozsolak et al.,
2010). These prematurely polyadenylated mRNAs are non-stop substrates
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and ribosomes get stuck while translating over poly-A stretches. A recent
ribosome profiling study has shown that such stalling events leads to
ribosome-phased endonucleolytic cleavage to degrade non-stop transcripts
(Guydosh & Green, 2017). Further, they observe that these cleavage events
occur hundreds of nucleotides upstream of the stalling site, within the coding
region of the transcripts. Potentially, every single yeast transcript could
contain certain amount of prematurely poly-adenylated substrates. Therefore,
it could be envisaged that ribosomal stalling triggered endonucleolytic
cleavage might generate mRNA overhangs for Ski complex recruitment. But
there was no correlation observed (data not shown) between footprint ratio
(Ski vs background) and the percentage of premature poly-A mRNA amounts
(normalized for canonical poly-A mRNA levels). Although premature poly-A
substrates might be predominantly decayed via 3’-5" pathway this does not
completely explain the presence of Ski footprints mapping to the ORFs.

Analysis of 80S-Ski selective ribosome profiling data showed that
MRNAs with shorter half-lives displayed higher ratio of Ski footprints (Figure
3.23) and this correlated with non-optimal codon content of the transcripts
(Figure 3.24). Thus, another possible scenario that might explain
accumulation of reads in 5 UTR regions could be that the Ski complex is
involved in cotranslational degradation of canonical mMRNAs in 3’-5’ direction.
Notably, also Xrn1, the main decay factor for mRNAs in the 5-3’ direction
was recently shown to be involved in cotranslational decay. (Hu et al., 2009;
Pelechano et al., 2015; Tesina et al., 2019).

Cotranslational decay activity of Xrn1 allows complete translation of the
substrate mMRNA before being degraded, while cotranslational interaction of
the Ski complex with the ribosome would not allow further translation. Possibly
degradation from the 3’ end could prevent the full-length synthesis of defective
protein products, which could cause harmful consequences for the cell. Xrn1
degrades from the 5’ end, thereby, could allow multiple ribosomes to finish
translation. Accordingly, Xrn1 has been shown to be associated with
polysomes, degrading decapped mRNAs (Hu et al., 2009). But how does Ski
complex engage with ribosomes in the context of canonical mMRNA turnover?
Possibly, during canonical mRNA turnover, exosome together with the Ski
complex might start to rapidly degrade from the 3’ end. Upon reaching the
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coding region, here then Ski complex could encounter translating ribosomes.
A recent study has identified that sub-population of Ski complex interacts with
a protein named Ska1 to form Ski-Ska1 complex (E. Zhang et al., 2019). They
further show that this complex with exosome is sufficient to decay ‘ribosome
free regions’ of mMRNAs. Interestingly, they observe that Ska1 prevents Ski
complex association with 80S ribosomes, however, the structural obtained in
the Beckmann lab suggests that Ski complex interaction with ribosome
displaces the auto-inhibitory domain of Ski2, thereby threading mRNA
overhangs into the Ski2 helicase channel.

Once the Ski complex is bound to translating ribosomes with the 3’
overhang, it can then proceed to extract the mRNA. It has been shown in vitro
that the mammalian Ski complex proceeds to extract mRNA in the 3’-5
direction (Zinoviev et al., 2020). Ski complex mediated mRNA extraction is an
ATP-dependent process and can extract from both pre- and post-translocation
ribosomal complexes. Further, they show that the Ski mediated extraction
renders stalled ribosomal complexes (both pre- and post-translocation) to be
split and recycled via the A-site factors Pelota/Hbs1 and ABCE1 (Zinoviev et
al., 2020). Since the Ski complex and the translational machinery is
evolutionarily conserved, it could be speculated that Ski bound yeast 80S
complexes are recycled via the same pathway.

Taken together analysis of Ski-80S complexes by selective ribosome
profiling data confirms that indeed ribosomes stalled in NSD are targeted by
the Ski complex apart from turnover of non-stop transcripts, Ski complex
might also be involved in involved in turnover of canonical transcripts in the 3’-
5’ direction, especially if those messages have a high content of non-optimal
codons.

4.6 XBP1u arrest peptide in the ribosomal tunnel

XBP1u is a central player in the unfolded protein response (UPR), and it
contains a functionally critical ribosomal arrest peptide. IRE1a splices XBP1u
mRNA on the ER membrane to generate the active transcription factor
XBP1s. XBP1u uses the SRP pathway to localize itself on the ER membrane
in the vicinity of IRE1a. XPB1u-AP arrests translational elongation, and this

activity is absolutely essential for SRP recruitment by the moderately
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hydrophobic HR2 domain. Interestingly, in comparison to other ribosomal
stallers, XBP1u-AP induces only brief arrest in translation. Cryo-EM study
presented here provided valuable insights into the functioning of XBP1u-AP.
To date, only several bacterial AP structures in the ribosomal tunnel
have been solved, but until the start of the thesis, there has been only a single
structure of mammalian ribosome staller: the “CMV-staller”. Here, stalling is
mediated by CMV gp48 uORF2 (cytomegalovirus leader peptide upstream
open reading frame 2) to inhibit translation termination (Matheisl et al., 2015).
The structural work presented here is the first cryo-EM structure of a well-
characterized mammalian ribosome arresting peptide in the exit tunnel.

The high-resolution cryo-EM structure of the XBP1u arrest peptide
obtained in this study provided insights into its role as a ribosomal staller. As
observed in previously studied APs, XBP1u AP distorts the PTC minimally to
inhibit translation. XBP1u-AP forms a turn in the upper-part of the tunnel near
the PTC, and Leu259 of the XBP1u-AP prevents accommodation of the
incoming t-RNA to prevent further peptide bond formation.

In the upper part of the tunnel, where XBP1u forms a turn, in the same
region other stallers can form secondary structures like a-helices to inhibit
PTC activity of ribosomes (Figure 4.1C,E). In the distal part of the tunnel, the
conformation of the nascent chain is like a mammalian nascent chain in the
tunnel (Figure 4.1B).

Ribosomal arrest peptides can stall ribosomes at a specific site (Ishii et
al., 2015) or in some cases they can have multiple stall sites (Chiba & Ito,
2012; Tsai et al., 2014) within the arrest peptide. The high-resolution cryo-EM
reconstructions, revealed that the first amino acid attached to P-tRNA in both
post and rotated state complexes is methionine, corresponding to Met260
within the XBP1u arrest peptide (Figure 3.31), indicating that XBP1u arrest
peptide has a specific stall site. Interestingly, bioinformatic analyses of mouse
embryonic cell ribosome profiling data have also predicted ribosomes stall
with Met260 in the P-site (Ingolia et al., 2011).
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XBP1u MifM VemP

Figure 4.1: Comparison of XBP1u-AP in the ribosomal exit tunnel to
other known ribosomal stallers.

(A) XBP1u-AP (green) shown as surface and model in the ribosomal tunnel.
(B) Comparison of XBP1u-AP with a model of nascent chain from rabbit 80S
(Voorhees & Hegde, 2015) (orange, PDB ID: 3JAG). (C — E) XBP1u-AP
compared with other known ribosomal stallers such as CMV uORF2 (Matheisl
et al., 2015) (pink, PDB ID: 5A8L), MifM (Sohmen et al., 2015) (purple, PDB
ID: 3J9W) and VemP (Su et al., 2017) (cornflower blue, PDB ID: 5NWY).
Positional overlap of the turn formed by XBP1u-AP and a-helical structures by
CMV and VemP in ribosomal exit tunnel.

4.7 Minimal distortion of PTC by XBP1u arrest peptide

Bases, that coordinate PTC activity need to be precisely positioned for PTC
functioning. Important bases involved in PTC include A4548 (A2602), U4452
(U2506) and U4531 (U2585), and of these U4531 coordinates both translation
elongation as well as termination. Since U4531 (U2585) being the critical one,
it is often severely perturbed by ribosomal arrest peptides or in some cases
prevented to move into the induced state. Surprisingly U4531 is unperturbed
in XBP1u-RNC, while another PTC base C4398 (C2452 in E. coli) is in a
premature closed conformation stabilized by Leu259 of XBP1u-AP. Therefore,
XBP1u-AP prevents accommodation of A-site tRNA to induce ribosomal
stalling, similar to some of the previously described arrest peptides (Arenz,
Meydan, et al., 2014; Sohmen et al., 2015; Su et al., 2017), albeit in a unique

manner.
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Figure 4.2: Schematic representation of XBP1u-AP in the ribosomal exit
tunnel.

Schematic representation of the XBP1u nascent chain within the tunnel, and the
unique conformational turn is highlighted. Residues of the nascent chain are
colored based on the number of residues that could be mutated for a particular
position to increase the potency of XBP1u-AP. Coloring is based on Figure
4.1C. Inset, shows PTC as a cartoon where the perturbed base C4398 (red) is
highlighted, also shown is incoming A-site tRNA (yellow) where it would clash
with Leu259 (green) of XBP1u-AP.

4.8 XBP1u nascent chain does not function as a force sensor
in UPR
Cryo-EM structures of XBP1u-RNC with SRP and Sec61 revealed that HR2 is
recognized as a canonical signal sequence but fails to engage the translocon
Sec61. This observation is consistent with previous efforts (Kanda et al.,
2016; Plumb et al., 2015). Even if a minimal force is exerted on the nascent
chain, there is a possibility that the arrested state can be released given that
the perturbation of PTC by XBP1u is minimal. In order for the AP to
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experience a significant pulling force it has to be placed with a certain length
from the hydrophobic segment: between the pausing site and the hydrophobic
segment. As has been observed from the force profile analysis of XBP1u-AP,
it experiences maximum pulling force at the length of 43 residues
(Shanmuganathan et al., 2019), while XBP1u pausing site is at 53 residues
from HR2 sequence. Therefore, it is very unlikely that XBP1u-AP will
experience any significant force mediated by Sec61 while interacting with the
HR2 domain.

4.9 Fate and role of XBP1u nascent chain in UPR

Since force mediated release of the arrested XBP1u-RNC complex is
not likely in vivo, there can be two alternative scenarios envisioned regarding
the fate of this stalled ribosomal complex. Arrest enhancing XBP1u-AP mutant
(Ser255Ala) has been used for both structural and saturation mutagenesis in
the study reported here, while wildtype XBP1u has a shorter half-life in vivo,
as shown in a previous study (Yanagitani et al., 2011). Therefore, one likely
scenario is that the stalling complex is released spontaneously in vivo.
Second, the stalled complex might be targeted by the ribosomal quality control
factors such as Pelota/Hbs1, acting in the A-site and potentially releasing the
stall.

A recent ribosome profiling study surveyed for ribosomal collisions sites
caused by ribosomal pausing within the human and zebrafish transcriptome.
One of the prime candidate in vivo that showed several disome peaks was
XBP1u. Strikingly, the highest peak representing the disome ribosomal
footprint was at the predicted arrest site (P. Han et al., 2019). With the leading
ribosome on the arrest site (Met260), they detect several disome peaks
upstream of the pause site indicating queued colliding ribosomes. Further with
biochemical experiments, they also show that XBP1u is decayed via
ribosomal quality control (RQC) pathway. Therefore, unstressed cells seem to
utilize the process of ribosomal collision to trigger decay of XBP1u via RQC.

In conclusion, XBP1u nascent chain interacts with the ribosomal exit
tunnel to pause translation, while this pausing state allows HR2 domain to
successfully recruit SRP. This sets the path for the paused complex to be

targeted to ER on the Sec61 translocon, where during ER stress IRE1a can
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splice XBP1u mRNA to generate XBP1s mRNA. In this context, the XBP1u
nascent chain might have evolved as a timer, which provides a short window
for IRE1a to access the mRNA to generate the active transcription factor
XBP1s. In agreement with a function as a timer, the arrest phenotype as well
as the arrest mechanism is rather weak. Compared to rather robust bacterial
stallers like SecM and VemP, where the geometry of the PTC is perturbed at
multiple sites, in case of XBP1u only one single base of the PTC is distorted,

suggesting a rather quick reversal.
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5 Outlook

Translation is one of the central and energy consuming processes of the cell.
In order to conserve cellular resources regulation of translation is critical.
Using ribosome profiling and cryo-EM, translational regulation has been
explored in this thesis within three different biological contexts. The study
presented here provides novels insights into translational regulation, but it
also raises some interesting questions, which can be further explored.

During DC maturation increased ribosome occupancy was observed in
the UTRs. One obvious question is, what exactly are the ribosomes doing
there? Are the ribosomes involved in upstream initiation? This could be
probably studied further by performing ribosome profiling in the presence of
eukaryotic specific translation initiation inhibitors such as lactimidomycin and
harringtonine. Identification of translation initiation sites upstream and more
interestingly in the 3 UTRs during the later stages of DC maturation would
provide insights into UTR mediated translational control during DC maturation.
3 UTRs harbor sites for RNA binding proteins (RBP), and these RBPs can
further recruit effector proteins, which can affect the function and role of the
encoded protein. Finally, it would be interesting to find out how long the
mature DCs can tolerate with the ribosomes stuck in the 3° UTR, and whether
the stuck ribosomes in the 3° UTR serve as a signal for triggering cellular
death pathways in mature DCs.

Biologically, ribosome stalling has been exploited for various purposes,
and the XBP1u-AP studied in this thesis plays a critical role in the UPR to
alleviate ER stress. Cryo-EM analysis of the XBP1u-AP in the ribosomal
tunnel showed that it minimally distorts PTC, thereby leading to transient
arrest in translation. Mammalian ribosome profiling studies has shed light on
amino acid sequences that can cause strong ribosomal arrest. It would be
interesting to find amino acid stretches that can cause temporary arrest in
translation and also can be structurally visualized to investigate the state of
PTC in the arrested state. Probably such studies would be help to synthesize

APs of varying strength to inhibit ribosomal activity.
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6 Appendix
A
Number of genes significant for RNA, RPF or RPF/RNA change over 5’ UTR
Analysis RPF RNA RPF&RNA RPF/RNA
4h vs iDC 1341 247 321 1225
24h vs iDC 2548 240 804 1704
B
Number of genes significant for RNA, RPF or RPF/RNA change over 3' UTR
Analysis RPF RNA RPF&RNA RPF/RNA
4h vs iDC 383 1185 119 191
24h vs iDC 988 643 563 4464

Figure 6.1 Identification of genes that showed differential ribosome
occupancy and transcript fold change over the UTRs.

Number of genes that showed significant change in ribosome density
(RPF/RNA), ribosome occupancy (RPF) and transcript levels (RNA) over the
5 UTR (A) and 3’ UTR (B) was calculated using DEseq.
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Figure 6.2 Correlation between 5’ UTR ribosome
density and CDS ribosome density.

Plotted is the ribosome density (RPF/RNA or
Translational efficiency) of the 5 UTR against the
ribosome density of CDS for all three points (iDC,
4h and 24h DC). There is a weak correlation only
for the 24 h time-point (bottom) between 5 UTR
ribosome occupancy and translation of the CDS.
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Figure 6.3 Correlation between 3’
UTR ribosome density and CDS
ribosome density.

3’ UTR ribosome density is plotted
against the ribosome density of CDS
for all three time points: iDC (top), 4h
(middle) and 24h (bottom) DC. Very
weak correlation was observed for 4h
and 24h time-point.
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Figure 6.4 Correlation between 3’
UTR length and 3’ UTR ribosome
density.

3" UTR ribosome density is plotted
against its length for all three time
points. Slightly strong negative
correlation was observed for the 4 h
and 24 h time points.



Table 6-1 Number of uniquely mapping reads

Sample RNAseq RPFseq RPFseq (25-32)
iDC replicate 1 22491129 13762372 9888281 (71.8%)
. . 43622037
iDC replicate 2 75603532 49027917 (88.9%)

TLRDC 4 h 36626843 6878122 5212412 (75.7%)
replicate 1

TLRDC 4 h 13194823
replicate 2 29526329 15448388 (85.4%)

TLRDC 24 h 22380246
replicate 1 36578248 24233833 (92.3%)

TLRDC 24 h 35672517
replicate 2 33832251 41786854 (85.3%)

Table 6-2 Percentage of reads mapping to the CDS

Sample RPFseq (25 -32) Percentage (%)
iDC replicate 1 8936271 90.3
iDC replicate 2 41720262 95.6
TLRDC 4h 4565237 87.5
replicate 1
TLRDC 4h 12415775 94
replicate 2
TLRDC 24h 16003641 71.5
replicate 1
TLRDC 24h 30831957 86.4

replicate 2
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Table 6-3 Model and refinement statistics for XBP1u-ribosome nascent
chain complexes

XBP1URNC |XBP1URNC | v u | XBPIURNC-
RNC-SRP Sec61
Ribosomal state Post State Rotated state Post state Post state
FEI Titan
Microscope FEI Titan Krios FEl Titan Krios Krios FEI Titan Krios
Camera Falcon Il Falcon Il Falcon Il Falcon Il
Voltage (kV) 300 300 300 300
Pixel size (A) 1.084 1.084 1.084 1.084
Electron dose (e-/A?) 28 28 28 28
Defocus range (um) 0.5-25 0.5-25 0.5-25 0.5-25
Particles after 2D (no.) 531952 531952 170231 43578
Final particles (no.) 223773 94923 24875 12749
Model Composition
Protein residues 11717 11673 12566 12239
RNA bases 5669 5797 5874 5668
Resolution (A) 3 3.1 3.7 3.9
FSC threshold 0.143 0.143 0.143 0.143
Map CC (around
atoms) 0.76 0.75 0.71 0.68
Map CC (whole unit
cell) 0.73 0.72 0.68 0.66
Map sharpening B-
factor (A2) -71.2 -59.9 -105.54 -81.6
RMS Deviations
Bond lengths (A) 0.004 0.0038 0.0036 0.0035
Bond angles (°) 0.91 0.92 0.88 0.91
Validation
MolProbity score 1.5 1.66 1.55 1.5
Clashscore 4.9 4.82 5.34 4.55
Poor rotamers (%) 0.23 0.20 0.16 0.13
Ramachandran Plot
Disallowed (%) 0.03 0.09 0.05 0.02
Allowed (%) 3.60 5.67 3.84 3.87
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Favored (%)

96.37

94.24

96.11

96.1




7 List of Abbreviations

A-tRNA

ABCE1
AP
ATF6
ATP
Bip
bZIP
CBB
CCR7
CD14
cDNA
CDS
CHX
CMV
cryo-EM
DCs
DTT
E-tRNA
elF
EJC
ER
eRF
frL
FSC
GCN2
GTP

HLA-DR
HR2
HRI
iDC

Aminoacyl-tRNA

ATP-binding cassette subfamily E

member 1
Arrest peptide

Activating transcription factor
Adenosine triphosphate
Binding immunoglobulin protein
Basic leucine zipper
Coomassie brilliant blue

C-C chemokine receptor type 7
Cluster of differentiation 14
Complementary DNA

Coding sequence
Cycloheximide
Cytomegalovirus

Cryoelectron microscopy
Dendritic cells

Dithiothreitol

Exit-tRNA

Eukaryotic initiation factor
Exon-junction complex
Endoplasmic reticulum
Eukaryotic release factor
Fraction full-length

Fourier shell correlation
General control nonderepressible 2

Guanosine triphosphate
Human leukocyte antigen DR-isotype

Hydrophobic region 2
Heme-regulated inhibitor

Immature dendritic cells
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IFN-y
IGR
IL12

IRE1a

IRES
ITAF
LPS
LSU
m7G

miRNA

mRNA

mTOR
ng

NGD
NGS
NMD
NSD
ORF
OST

P-tRNA

Pab1

PAGE
PCC
PCR

PERK

PGE2
PIC

PIKK
PKR
PNK
PPI
ProRP
PRR

Interferon-y

Intergenic region

Interleukin 12

Inositol requiring enzyme 1a
Internal ribosome entry site
IRES transactivating factors
Lipopolysaccharides

Large subunit
7-methylguanosine

Micro RNA

Messenger RNA

Mechanistic target of rapamycin
Nanogram

No go decay

Next generation sequencing
Nonsense mediated decay
Nonstop decay

Open reading frame
Oligosaccharlytransferase
Peptidyl-tRNA

Poly-A binding protein-1

Poly acrylamide gel electrophoresis
Protein conducting channel
Polymerase chain reaction
PKR-like endoplasmic reticulum kinase
Prostaglandin E2

Preinitiation complex

Phosphatidylinositol  3-kinase-related
kinase
Protein kinase R

Polynucleotide kinase
Protein-protein interaction
Proximity specific ribosome profiling

Pattern recognition receptor
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PTC
RBP
RF
RM
RNA
RNC
RPF
RQC
RRL
rRNA
SDS
SecM
SeRP
SL
snoRNA
snRNA
SRP
SSU
TF
TLR
™
TNFa
TOP
tRNA
uORF
Upf
UPR
UTR
XBP1s
XBP1u

(3¢
pl
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Peptidyl transferase center
RNA binding protein

Release factor

Rough microsomes
Ribonucleic acid

Ribosome nascent chain complex
Ribosome protected fragment
Ribosomal quality control
Rabbit reticulocyte lysate
Ribosomal RNA

Sodium dodecyl sulfate
Secretion monitor

Selective ribosome profiling
Stem-loop

Small nucleolar RNA

Small nuclear RNA

Signal recognition particle
Small subunit

Trigger factor

Toll-like receptors
Transmembrane segment
Tumor necrosis factor-a
Terminal oligopyrimidine
Transfer RNA

Upstream ORF
Upstream frame shifting
Unfolded protein response
Untranslated region

X-box binding protein-1 spliced
X-box binding protein-1 unspliced
Microgram

Microliter
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