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Summary

Summary

Protein biosynthesis represents one of the central processes within the cells of all living organisms.
Proteins are synthesized by ribosomes, passing through the stages of translation initiation,
elongation and termination. When cells possess enough nutrients, translation elongation occurs in
a fast and efficient way. In mammals, two translational GTPases eEF1A and eEF2 are required for
this process, whereas yeast needs a third essential factor, the eukaryotic elongation factor 3 (eEF3),
which is responsible for the release of the E-site tRNA. Using cryo-electron microscopy, we
investigated a native structure of the eEF3-80S complex at 3.3 A and determined its detailed
molecular interactions with the ribosome. We showed that the chromo domain (CD) of eEF3 is
involved in repositioning of the L1-stalk from an ‘in” into an ‘out’ conformation by directly
interacting with it and thus is substantial for E-site tRNA release. Furthermore, we provided seven
additional eEF3-bound 80S complexes, ranging from 3.3 A - 4.2 A in different ribosomal rotation,
swiveling and tRNA occupation states - structures, completing the yeast elongation cycle and thus
contributing to a wider understanding of this process.

Moreover, we determined an in vivo reconstituted structure of a close eEF3 homologue, the non-
essential S. cerevisiae protein Newl, bound to the 80S ribosome. This study revealed a similar
binding site of New1 on the ribosome. New1 possesses a truncated CD, which in our study did not
interact with the ribosomal L1-stalk, explaining why Newl is not able to efficiently fulfill the
function of eEF3 in E-tRNA release and suggesting another role of Newl1 in fungi translation.
During diverse stress conditions, e.g. nutrient deprivation, the activation of the integrated stress
response (ISR) pathway leads to adaptation and ensures cell survival. The yeast system comprises
the kinase Gen2, which is suggested to be activated via binding of deacetylated tRNAs (tRN Ade!)
within the ribosomal A-site. The subsequent phosphorylation of elF2a leads to a reprogramming
of the general gene expression profile, counteracting amino acid deficiency. The protein Genl (and
Gcen20) is essential for Gen2 activation. Since the ISR leads to severe metabolic changes, it requires
a tight regulation carried by various modulators, including the Rbg2-Gir2 complex. We obtained
the first structure of the Gen2 effector protein Genl and the Gen2 modulator complex Rbg2-Gir2,
binding to two colliding ribosomes (disome). The disome consists of a leading stalled ribosome
(LSR) and a colliding ribosome (CR). The LSR is non-rotated with A- and P-tRNA as well as eIF5A
in the E-site, whereas the CR is rotated, bearing hybrid A/P-, P/E-tRNA and Mbfl located between
the 40S body and head. We observe, that Gen1 spans both ribosomes and its termini form extensive
interactions with both P-stalks and 40S ribosomal heads. The Rbg2-Gir2 complex binds the A-site
on the LSR, in which Rbg2 is directly interacting with the A-site tRNA, while the RWD domain of
Gir2 reaches toward the C-terminal Genl. The latter observation illustrates how Gir2-RWD is
competing with Gen2-RWD for the essential Genl binding and thus suppresses Gen2 activation
under certain conditions. Simultaneously, our study serves as a structural basis for the Genl-
mediated Gen2 activation during the induction of the ISR. Since Genl is binding a disome in

simultaneous absence of tRNA%*¥, we propose ribosome collisions as the signal for the activation
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of the ISR - a structure, which does not only have implication for the ISR, but also for the ribotoxic

stress response and the ribosome-associated protein quality control (RQC).
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Introduction

1 Introduction

In the "Central Dogma of Molecular Biology " (Crick, 1970), Francis Crick postulated a concept of
the flow of genetic information. The genetic information stored in the DNA propagates through
RNA molecules followed by the translation into polypeptide chains, which fold into proteins.
Within cells, DNA molecules are stored in a compact and protected form as chromosomes. After
‘unpacking’ of the genome, the genetic information can be used for three basic processes. In the
tirst one, the DNA is propagated by the process of replication to pass it on the next cell generation.
In the second step, specific DNA sequences called genes are transcribed into RNA, a process
catalyzed by an RNA polymerase. RNA molecules fulfil different functions, for example as
ribosomal RNA (rRNA), transfer RNA (tRNA), small non-coding RNA (snRNA) or can act as a
template in the form of messenger RNA (mRNA) for the third function, namely that of translation.
In the latter, the mRNA is translated into a polypeptide chain by the ribosome. After folding into
its 3D native structure, active proteins participate in nearly all activities in the cell acting as
enzymes, hormones, antibodies, transport and contractile proteins or giving the cell its overall
shape. In the course of evolution, each step of the cellular transcription and translation machinery
became fast and efficient, but also tightly regulated and adaptable to different environmental

conditions to ensure cell survival.

1.1 The eukaryotic ribosome

The overall process of protein biosynthesis is orchestrated by a large macromolecular complex -
the ribosome (Crick, 1958). Its function and basic architecture is highly conserved in all three
domains of life - prokaryotes, eukaryotes and archaea - with some species-specific differences. The
eukaryotic 80S ribosome (70S in prokaryotes) is composed of a large 60S (LSU, 50S in prokaryotes)
and a small 40S subunit (SSU, 30S in prokaryotes), which consists of a head and body/platform
domains (Figure 1A). Both subunits are composed of ribosomal proteins (r-proteins) and rRNA.
The yeast 60S contains 25S, 5.8S and 5S rRNA moieties and 46 r-proteins, whereas the 40S consists
of the 18S rRNA and 33 r-proteins. The eukaryotic ribosome is substantially larger (3.5-4.0 MDa)
than its prokaryotic counterpart (2.5 MDa) due to some additional protein-RNA and RNA-RNA
layers, which are surrounding the highly conserved ribosomal core (Anger et al., 2013; Melnikov et
al., 2012). Whereas yeast ribosomes feature some of these additional protein-RNA layer in contrast
to the basic architecture in bacteria, ribosomes in Drosophila and humans exhibit in addition some
RNA layers forming outwards extended expansion segments (Anger et al., 2013; Natchiar et al.,
2017; Wilson and Doudna Cate, 2012). It is thought that the more complex the organism and thus

the translation (regulation) machinery, the more layers the ribosome features.

During translation, the ribosome binds an aminoacyl-tRNA and transfers the attached amino acid
to the end of a growing polypeptide chain. The interaction between the tRNA and the mRNA is
mediated through the decoding center (DC) on the SSU (Figure 1B) (Carter et al., 2000; Ogle et al.,

11
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Figure 1. The S. cerevisiae 80S ribosome. (A) Cryo-EM reconstruction of the yeast 80S at 2.6 A
resolution low-pass filtered to 4 A (EMD ID: 10377) (Tesina et al., 2020). 60S is shown in gray and
40S in pastel purple. (B) Schematic of the 40S subunit bound by A- (red), P- (yellow) and E-tRNA
(green). The mRNA is shown as black line and the decoding center (DC) is highlighted as dashed
circle. 40S head and body are denoted in purple. (C) 60S subunit occupied with tRNAs as in (B).
The peptidyl transferase center (PTC), the GTPase-activating center (GAC) and the nascent chain
(NC) with the peptide exit tunnel as well as the L1- and P-stalk of the 60S are denoted.

2001). Within the DC, the mRNA codons - consisting of triplets of nucleotides coding for a single
amino acid - are decoded by accommodation of the anti-codon of an aminoacyl-tRNA (Berg and
Offengand, 1958; Crick et al., 1961; Ogle et al., 2001). Peptide bond formation is catalysed via the
peptidyl transferase center (PTC) and enables sequential growth of the polypeptide chain through
the peptide exit tunnel within the LSU (Figure 1C) (Frank et al., 1995; Leung et al., 2011).
Additionally, the LSU has a GTPase-activating center (GAC) - a region which is bound by
translational GTPases (trGTPases) during proteins synthesis - comprising the sarcin-ricin loop
(SRL) of 28S rRNA (23S in prokaryotes) and the P-stalk (Maracci and Rodnina, 2016; Shimizu et
al., 2002; Uchiumi et al., 2002). The latter one consists of the PO and P1/P2 (L10 and L7/L12 in
prokaryotes) proteins, whereas the C-termini of the P1/P2 heterodimers are highly mobile and
present in multiple copies within the cell (Diaconu et al., 2005; Maracci and Rodnina, 2016). The
P-stalk not only stimulates the GTP hydrolysis of the ribosome-bound factors by stabilizing its
GTPase conformation, but is also facilitates their recruitment. The inter-subunit space formed by
the two ribosomal subunits harbours three binding sites for tRNAs termed as A (aminoacyl), P
(peptidyl) and E (exit) sites (Figure 1B-C) (Agrawal et al., 1996; Rheinberger et al., 1981). During
active protein synthesis, aminoacyl-tRNA is first binding to the A-site, followed by peptide bond
formation between the amino acid and the growing polypeptide chain on the P-site tRNA. The A-
site tRNA moves to the P-site and after another round of peptide bond formation finally enters the
E-site, from which the deacetylated tRNA (tRNA)) can be released and leaves the ribosome. To
enable the movement of the tRNAs and the mRNA, the ribosomal subunits move with respect to

each other. This motion, termed as rotation’, happens in both, the prokaryotic and the eukaryotic

12
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ribosome (Frank and Agrawal, 2000; Valle et al., 2003). The ribosomal head is also able to swivel, a
motion with respect to the body, which is important for the translocation of the tRNA-mRNA
module during elongation (Adio et al., 2015; Behrmann et al., 2015; Ermolenko and Noller, 2011;
Ramrath et al., 2013; Wasserman et al., 2016). The empty ribosomal A-site “opens up” to facilitate
its loading. This motion termed as "SSU rolling” is a eukaryotic specific rotation of the 40S around
its long axis and dependent on A- or E-site occupancy with a tRNA (Budkevich et al., 2014). During
the translational process, the ribosome transiently associates with numerous components that are
coordinating specific processes happening at the correct time of the cycle. These translational
factors are not only ensuring the high speed and fidelity of the translation reaction, but are also

involved in regulation of protein synthesis under certain conditions.

Since the ribosome plays such an important role in a central process of the cell, it was extensively
studied through various structural techniques. The first atomic models of the bacterial and archaeal
ribosome and ribosomal subunits were revealed by X-ray crystallography (Ban et al., 2000; Rabl et
al., 2011; Schluenzen et al., 2000; Selmer et al., 2006; Wimberly et al., 2000). At that time, eukaryotic
ribosomes were challenging to crystallize and thus exclusively studied by cryo-EM (Frank and
Agrawal, 2000; Verschoor et al., 1998). By docking the crystallographic molecular models into low
resolution cryo-EM maps, both methods went hand-in-hand and uncovered the basis of ribosome
composition. Finally, 10 years ago, the first structure of the eukaryotic (yeast) ribosome was solved
and enabled visualization of detailed atomic interactions (Ben-Shem et al., 2011; Ben-Shem et al.,
2010). In cryo-EM, the implementation of direct electron detectors and other (still ongoing)
technical improvements resulted in the so called ‘resolution revolution’ enabling near atomic
resolution for large complexes and meanwhile atomic resolution from smaller molecules (1.2 A for
mouse apoferritin) (Cheng, 2015; Nakane et al., 2020; Nogales and Scheres, 2015; Van Drie and
Tong, 2020). With these technical improvements cryo-EM contributes to new detailed insights of
the ribosome, its intermediate and factor-bound states, increasing and completing the

understanding of the translational process as well as its regulation.

1.2 The eukaryotic translation cycle

The basic principles of protein synthesis in pro- and eukaryotes are the same, but the eukaryotic
one is more intricate and features more protein components. The translation cycle is divided into
four basic steps: initiation, elongation, termination and recycling - processes, which will be

discussed in more detail in the following section.

1.2.1 Initiation

During initiation, the SSU assembles around an mRNA template while placing the AUG codon that
signals the start of an open reading frame (ORF) within the ribosomal P-site. Initiation is the

process, which differs the most between pro- and eukaryotes (Myasnikov et al., 2009; Sonenberg
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and Hinnebusch, 2009). Prokaryotic initiation requires only three initiation factors (IFs) - IF1, IF2
and IF3 - and the Shine-Dalgarno (SD) sequence of the mRNA (Shine and Dalgarno, 1974). The
latter one is a purine-rich sequence located upstream of the AUG initiation codon, which base pairs
with a pyrimidine-rich sequence (anti-SD) of the 16S rRNA of the 30S (Kaminishi et al., 2007;
Korostelev et al., 2007). Through this base-pairing, the start codon is positioned correctly within
the ribosomal P-site of the 30S and can interact with the formylated initiator (tRNA;M<), All these
processes are mediated by IF1, IF2 and IF3. In the final step, the 50S ribosomal subunit joins

forming the final elongation-competent complex.

By contrast, in eukaryotes, the correct placement of the AUG start codon within the ribosomal P-
site does not involve the SD sequence, but takes place by a scanning mechanism, which involves at
least 12 initiation factors (Aitken and Lorsch, 2012; Aylett and Ban, 2017; Hinnebusch and Lorsch,
2012; Jackson et al., 2010). Initially, the GTP-bound eIF2 consisting of an a, f and y subunit is
binding the initiator methionine tRNA (tRNAM¢) thus forming a ternary complex (TC) (Figure
2). The TC is binding the 40S ribosomal subunit, a process, which is promoted by eIF3, eIF5, eIF1
and eIF1A, and results in formation of the 43S pre-initiation complex (PIC). In the next step the

43S PIC

TeIFZB (GEF)

A
€*
. 4
elF2-GDP

T elF5 (GAP)

elF4G
[4EY
N

808 4‘\—’/ ‘C\/
60S  IFs o . )
elF5B,GTP T T

Figure 2. The eukaryotic translation initiation. The tRNA;™* is bound by eIF2-GTP forming the
TC, which in turn binds the 40S subunit with the help of eIF3 and eIF5 and forming the 43S PIC.
The subsequent 48S PIC forms through binding to mRNA, which is promoted by eIF4F (elF4G,
elF4E, eIF4A), elF4B and PABP, and scans the mRNA for the AUG initiation codon. After reaching
it, the tRNAM* base-pairs with the AUG within the ribosomal P-site. The 60S subunits joins with
help of the GTP-bound GTPase eIF5B forming the complete 80S ribosome (scheme based on

(Hinnebusch, 2005) and (Jackson et al., 2010)).
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48S PIC forms through joining of the mRNA facilitated by the eIF4F complex (consisting of eIF4G,
eIF4E, eIF4A), eIF4B and poly(A) binding protein (PABP) (Figure 2). Whereas eIFAE recognizes
the mRNA 5'cap, eIF4G binds PABP, which in turn binds the 3 "poly(A) tail leading to circularizing
of the mRNA (Merrick, 2015). The 48S PIC scans the mRNA in the 5 to 3" direction for the AUG
starting codon. After AUG recognition, the GTPase- activating protein (GAP) eIF5 binds and
stimulates GTP hydrolysis of eIF2-GTP into eIF2-GDP, whereas the anticodon of the tRNAM
base-pairs with the initiation codon of the mRNA. In the final step, all IFs dissociate, whereas the
60S ribosomal subunit joins the complex - a process stimulated by e[F5B-GTP. This results in an
accommodated initiator tRNA within the P-site forming the elongation-competent 80S ribosome
ready to bind an aminoacyl-tRNA within its A-site. For re-entering another round of the initiation
cycle, elF2-GDP becomes recycled in its GTP-bound form by its guanine nucleotide exchange
factor (GEF) eIF2B (Figure 2). This step is a prominent target for regulatory mechanisms during
cellular stress, which will be discussed in later parts of this thesis. The translation initiation process
is rate-limiting and thus the most important step for translational regulation, which will be

discussed in the later parts of this thesis.

1.2.2 Elongation

During elongation, the ribosome moves along the mRNA, while amino acids are sequentially
attached to the growing polypeptide chain. The sequence of each amino acid within a polypeptide
chain is determined by the three nucleotide triplets within the codon of the mRNA, which forms
the genetic code. This process is physically mediated by the base pairing between the mRNA codon
and the aminoacyl-tRNA anticodon. Elongation is characterized by three main steps: decoding,

peptide bond formation and translocation.

Entering elongation, the ribosome features an initiator tRNA;M¢" occupied P-site and an empty A-
site ready to accommodate a cognate aa-tRNA. The latter one is delivered to the ribosomal A-site
as TC associated with the GTPase eEF1A (EF-Tu in prokaryotes) bound with GTP. Within the TC,
the tRNA binds to the DC of the 40S in a distorted A/T hybrid state conformation. This bent
conformation represents an energetic barrier, which is overcome when precise base-pairing
between mRNA codon and a cognate tRNA anticodon takes place. A small mini helix is formed by
establishing Watson-Crick geometry for the first two base pairs of the codon-anticodon
interactions, whereas the third position allows ‘more flexible” wobble base-pairing. Based on that,
one tRNA is able to match multiple codons, which makes the genetic code degenerate (Crick, 1966).
Within the 18S rRNA (16S in prokaryotes), the universally conserved nucleotides G530, A1492,
A1493 undergo dramatic conformational rearrangements and establish interactions with the minor
groove of the small codon-anticodon helix, which in turn become propagated in remote parts of
the ribosome (Demeshkina et al., 2012). To distinguish between a cognate or near/non-cognate
tRNA, the codon-anticodon interactions are monitored by the ribosomal DC before and after EF-
Tu/eEF1A hydrolysis (Loveland et al., 2020). When a cognate tRNA is bound, GTP hydrolysis

15



Introduction

allows the EF-Tu GTPase domain to extend away, leading to release from the tRNA, while the SSU
locks the cognate tRNA in the DC and allows its stable accommodation into the PTC (Loveland et
al., 2020). In presence of a near- or non-cognate tRNA, the DC is unable to lock the tRNA and thus
allows a dissociation before or after GTP hydrolysis during the steps of initial selection and
proofreading, respectively (Loveland et al., 2020). The kinkedstructure of the phosphodiester
backbone of the mRNA was shown to be important for decoding on the ribosome (Keedy et al.,
2018). While the G-domains of the GTP-bound eukaryotic eEF1A and the bacterial EF-Tu are
mostly similar, the crystal structure of the GDP bound mammalian factor revealed that eEF1A stays
longer bound after GTP hydrolysis and interacts with tRNA due to its different conformation in
contrast to EF-Tu (Crepin et al., 2014).

The second step of peptide bond formation occurs by transferring the polypeptide chain from the
P-tRNA to the amino acid attached to the A-tRNA - a process catalysed by the PTC of the 60S
(Figure 3A-B). The deacetylation of the P-site “unlocks” the ribosome resulting in a highly
dynamic equilibrium between the classical non-rotated pre-translocational (PRE) state with A/A-
and P/P-tRNA and a rotated state with hybrid A/P- and P/E-tRNA (Figure 3A-B) (Agirrezabala et
al., 2008; Blanchard et al., 2004; Budkevich et al., 2011; Cornish et al., 2008; Julian et al., 2008;
Moazed and Noller, 1989). During this thermally driven back and forth rotation, the 40S rotates
with respect to the 60S. In the hybrid state, the ribosomal A and P sites of the 40S are occupied by
the anticodon stem loops of the tRNAs, whereas the P and E sites of the 60S are harbouring the
acceptor ends of the tRNAs. Although both hybrid tRNAs cover the most distance relative to the
60S to translocate to P/P- and E/E-sites, the third and final translocation step requires the action of
the GTPase eEF2 (EF-G in prokaryotes). eEF2-GTP binds the rotated ribosome, causes a partial
back-rotation, back-rolling and a simultaneous 40S head swivel and allows the tRNA-mRNA
module to shift further in the direction of translocation and to adopt a chimeric ap/P and pe/E state
(Figure 3B-C) (Budkevich et al., 2014; Flis et al., 2018). In this state the anticodon loops of both
tRNAs are bound between the 40S body and the swiveled head domain, while the acceptor ends
fully moved into the P and E sites of the 60S. eEF2 dissociation via GTP hydrolysis causes the
ribosome to fully back-rotate, back-roll and back-swivel, which allows the ap/P- and pe/E-tRNAs
to move into their canonical P/P and E/E binding sites and the ribosome into non-rotated post-
translocation (POST) state (Figure 3C-D). In eukaryotes and prokaryotes GTP hydrolysis was
shown to be required for eEF2 dissociation from the ribosome rather than for the full translocation
of the mRNA-tRNA module (Flis et al., 2018). A recent study revealed that the bacterial ribosome
is able to spontaneously move from the classical PRE state to the chimeric ap/P and pe/E state with
head swiveled, but without the presence of EF-G (Zhou et al., 2019). Notably, in this state the
codon- anticodon interactions between the mRNA and tRNA are disrupted, from which the
authors followed that EF-G is essential to maintain the coupled movement of the tRNA,-mRNA
module to maintain the reading fame, rather than being required for translocation per se. After a

successful translocation from the PRE to a POST state, the deacetylated tRNA is released from the
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Figure 3. The eukaryotic translation elongation cycle. The ribosome is in a non-rotated, PRE
state bearing A/A- (red) and P/P-tRNA (yellow). After peptide bond formation the ribosome is in
an equilibrium between a classical PRE state and a hybrid state bearing A/P- and P/E- site tRNAs.
eEF2-GTP (blue) binds the rotated state and causes a 40S head swivel, whereas the tRNAs are
entering the ap/P and pe/E state. After GTP hydrolysis and eEF2 dissociation, the ribosome swivels
and rotates back occupying the POST, non-rotated state with P/P- and E/E-site (dark green) tRNAs.
In this state the empty A-site “opens up " (40S rolling). In yeast and fungi (not in higher eukaryotes),
eEF3-ATP (green) enters the elongation cycle releasing the tRNA%! from the E-site, whereas the
TC can be delivered to the empty ribosomal A-site. After E-tRNA release, eEF3-ADP* might leave
the ribosome or stay bound (scheme based on (Andersen et al., 2006), (Behrmann et al., 2015) and
(Dever and Green, 2012)).

ribosomal E-site, a process directed by the L1-stalk of the E-site of the ribosomal 60S (Bock et al.,
2013; Cornish et al., 2009; Fei et al., 2008; Trabuco et al., 2010). The L1-stalk is a highly dynamic
structure, which is able to rotate gradually up to 30° (60 A) during the elongation process (Mohan
and Noller, 2017). In the PRE state, the L1 stalk is in a fully opened state, whereas in the rotated
hybrid state it adopts a fully closed conformation and interacts directly with the elbow of the
deacetylated tRNA supporting the release of the E-tRNA after translocation. In yeast and fungi, E-
tRNA release requires a third essential factor, the ATPase eEF3, which will be discussed in detail in
later parts of this thesis (chapter 1.3.1) (Figure 3D-E) (Andersen et al., 2006; Triana-Alonso et al.,
1995). eEF3 was reported to bind the ribosome and indirectly stabilize the ribosomal L1-stalk in an
‘out’ conformation thus facilitating E-site tRNA release. With an empty A-site, a new TC can bind
and repeat the elongation cycle until translation is terminated by a stop codon. For yeast
specifically, the allosteric three site model was suggested, which postulates that A- and E-sites are
reciprocally linked and feature negative cooperativity, i.e. the occupation of the E-site reduced the

affinity for the A-site and vice versa and that this mechanism contributes to the accuracy of protein
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synthesis (Di Giacco et al., 2008; Nierhaus, 1990; Wilson and Nierhaus, 2006). Based on various
studies and the work of Ranjan, Pochopien and Chih-Chien et al. (2021), the yeast allosteric three

site model needs to be reconsidered, which will be discussed in detail in the discussion section 4.1.

1.2.3 Termination

The end of elongation and thus the completion of a polypeptide chain is signaled by one of the
three stop codons (in most organisms UAA, UAG and UGA) within a protein-coding mRNA
region, which reaches the ribosomal A-site forming the pre-termination complex (PreTC) (Dever
and Green, 2012; Jackson et al., 2012) (Figure 4A). In prokaryotes, two class I termination factors
recognize different stop codons. RF1 senses UAA and UAG, whereas RF2 is able to recognize UAA
and UGA (Weixlbaumer et al., 2008; Zhou et al., 2012). In eukaryotes, one single release factor and
a peptidyl-tRNA hydrolase eRF1 recognizes all three stop codons (Brown et al., 2015; Matheisl et
al., 2015; Preis et al., 2014). Class I release factors are binding within the A-site and their overall
shape and dimension resemble a functional tRNA, whereas their certain domains correspond to
the tRNA anticodon loop and a CCA acceptor end (Song et al., 2000; Zhou et al., 2012). Although
eukaryotic and prokaryotic factors are evolutionary distinct, they both relay on the universally
conserved GGQ motif, which is crucial for the release of the NC. The motif positions a water
molecule in the PTC, which allows a nucleophilic attack on the ester bond of the peptidyl-tRNA
located in the P-site and a subsequent release of the polypeptide (Jackson et al., 2012; Kisselev et al.,
2003; Korostelev, 2011; Song et al., 2000). The recognition of a stop codon is a highly accurate
process based on the mechanism of class I RFs to distinguish between stop and sense codons, which
in turn depends on structural rearrangements in the 60S and 40S (including the universally
conserved nt G530 and A1492 in the DC) of the ribosome when a stop codon is recognized
(Hoernes et al., 2018; Kryuchkova et al., 2013; Youngman et al., 2007). Whereas class I RFs
recognize the stop codons and trigger the peptidyl-tRNA hydrolysis, class II RFs accelerate these
processes in a GTP-dependent manner. In prokaryotes, RF3 functions after peptide release to
promote RF1/RF2 dissociation from the ribosome. By contrast, the eukaryotic GTPase eRF3
delivers eRF1 to the ribosome (Alkalaeva et al., 2006; Preis et al., 2014; Shao et al., 2016; Zavialov et
al., 2002) (Figure 4A-B). After GTP hydrolysis, eRF3 dissociates allowing the GGQ containing
central domain of eRF1 to properly position itself within the PTC, followed by the release of the
polypeptide and formation of the post-termination complex (PoTC) (Figure 4B-C). eRF1 releases
the polypeptide by the action of its GGQ motif, forming the PoTC before or after dissociation of
eRF3-GDP from complex (Figure 4C-D). More recently it was shown that termination efficiency
is not only influenced by the presence of the stop codon within the A-site, but also by some

downstream mRNA nucleotides (+4 to +9) within the ribosomal entry channel (Cridge et al., 2018).
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Figure 4. Eukaryotic translation termination and recycling. (A) The preTC bearing the
peptidyl-tRNA within the P-site and a stop codon in the A-site (B) is bound by the eRF1-eRF3-
GTP complex, whereas eRF1 is recognizing the stop codon. (C) GTP hydrolysis of eRF3 causes
eRF3 dissociation and allows eRF1 to fully accommodate into the PTC thus (D) promoting
polypeptide release by its conserved GGQ motif. (E) ABCE1 is binding the PoTC and (F) ATP
hydrolysis of ABCE1 leads to splitting of the ribosomal subunits, the mRNA, the deacetylated P-
tRNA and the factors. The 40S remains associated with the mRNA and ABCE1 or with mRNA and
P- or P/E-tRNA (latter not shown). The release of the mRNA and the tRNA* from the 408 is
tulfilled by subsequent action of eIF1, eIF1A and eIF3. The joining of further initiation factors and
the TC induces a new round of translation initiation (scheme based on (Hellen, 2018), (Preis et al.,
2014) and (Heuer et al., 2017)).

1.2.4 Recycling

Recycling is the last step of the translational process, in which the mRNA and tRNAs are released
and the ribosome splits into its subunits, enabling a new translation cycle to be entered. Since RF3

and eRF3 have different functions in pro- and eukaryotes, the PoTC differs in both species.

In bacteria, the PoTC (consisting of the 70S ribosome bound to mRNA and a deacyl-tRNA within
the P-site) is split by the GTPase EF-G together with the ribosomal recycling factor (RRF) (Agrawal
et al., 2004; Hirashima and Kaji, 1973; Karimi et al., 1999; Peske et al., 2005). RRF binds directly to
the ribosomal P-site, whereas the binding of EF-G and the subsequent GTP hydrolysis splits the
ribosomal complex (Zavialov et al., 2005). Furthermore, IF3 binds the 30S subunit, promoting
dissociation of the the mRNA and deacyl-tRNA and simultaneously preventing the reassociation
of the 40S and 60S subunits. Splitting of the eukaryotic PoTC (consisting of the 80S ribosome bound
to mRNA, deacyl tRNA within the P- or P/E-site and eRF1(-eRF3)) in eukaryotes is initiated by the
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highly conserved AAA+ ATPase ABCEL (RIil in yeast). After eRF3 dissociation, eRF1 remain
bound and ABCE1 binds near the eRF3 binding site (Figure 4D). Alternatively, ABCE1 can also
bind to eRF1 before peptide release and stimulate the NC release (Shoemaker Green 2011, Pisarev
2010, Shoemaker 2010). ATP hydrolysis of ABCE1 leads to a power stroke that splits the PoTC into
the ribosomal subunits (Figure 4E-F). The 40S remains associated with the mRNA and ABCE1
(Heuer 2017) (Figure 4F) or mRNA and a tRNA%*! within the P- or P/E-site (Heuer 2017, Pisarev
2010, Preis 2014). The tRN A% and mRNA can be released from the 40S by the subsequent action
of elF1, eIF1A and elF3, which simultaneously lead — with the help of other initiation factors and
the eIF2-GTP-tRNA; TC - to a new round of initiation (Pisarev et al., 2010) (Figure 4F). Also, the
presence of ABCEI on the 408 after splitting was suggested to prime the next round of initiation by
promoting the recruitment of initiation factors (Andersen and Leevers, 2007; Dong et al., 2004;
Heuer et al,, 2017; Skabkin et al, 2013). ABCEl not only splits ribosomes after canonical
termination by eRF1, but also recycles vacant ribosomal complexes and stalled ribosomes after their
recognition by the eRF1 homologous rescue factor Pelota (Dom34 in yeast) (Barthelme et al., 2011;
Pisarev et al., 2010; Pisareva et al., 2011; Shoemaker and Green, 2011; van den Elzen et al., 2014).

Recycling does not need to be necessarily performed after termination. If recycling is incomplete
(40S-mRNA) or completely blocked (80S PoTC) then the process of re-initiation takes place, for
which the 40S ribosomal subunit is still associated with the mRNA and able to reinitiate at nearby
up- or downstream AUGs (Gunisova et al., 2018; Jackson et al., 2012; Skabkin et al., 2013).

1.3 The yeast ABC protein family and the ABCF ATPases

Allliving cells and their subcellular compartments are separated from the external environment by
the lipid bilayer. This plasma membrane allows the import of nutrients and export of cellular waste,
which is crucial for cell survival. The transport is carried out by a variety of transporters embedded
within the membrane. Importers are responsible for the uptake of amino acids, sugars, essential
metals, ions as well as other small molecules up to macromolecules, whereas exporters translocate
toxins, drugs, lipids and fatty acids out of the cell (Locher, 2016; Rees et al., 2009; ter Beek et al,,
2014; Thomas and Tampe, 2018; Wilson et al., 2020). Exporters are present in eukaryotes and
prokaryotes, whereas importers are only present in prokaryotes. 550 types of different transporters
have been identified so far, many of which belong to the ATP-binding cassette (ABC) protein family
representing one of the largest gene families across all kingdoms of life (Higgins, 1992; Locher,
2016; Wilkens, 2015). The human permeability glycoprotein (P-glycoprotein, ABCB1, MDR1) for
example is responsible for the redistribution of cholesterol in the membrane and the efflux of
amphiphilic compounds out of the cell including chemotherapeutic agents, which leads to
multidrug resistance (MDR) in cancer cells (Garrigues et al., 2002; McCormick et al., 2015; Thomas
and Tampe, 2020). The detailed investigation of the P-glycoprotein including its structure, led to
the identification of promising inhibitors counteracting MDR (Nanayakkara et al., 2018).
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A powerful tool for the studies of ABC proteins in higher eukaryotes represents the model organism
S. cerevisiae since the yeast genome significantly matches the human genome up to 25% (Bassett et
al., 1996; Decottignies and Goffeau, 1997). For the yeast genome, 29 ABC proteins (49 in human)
were discovered and subdivided into 6 different clusters (8 subfamilies in human) and/or named
alphabetically (ABC-A to ABC-H) based on their sequence similarity and topology (Dean et al.,
2001; Decottignies and Goffeau, 1997; Murina et al., 2018; Vasiliou et al., 2009). (Figure 5A).
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Figure 5. The yeast ABC proteins. (A) Phylogenic unrooted tree of the yeast ABC protein family
including 29 members (the only member of Cluster IV, the protein YFL028, is not shown). (B-C)
Schematic of (B) the basic domain arrangement of ABC transporters including 2 TMDs and 2
NBD:s as well as (C) a single NBD with an ATP molecule bound. Conserved and functionally crucial
motifs are depicted and labeled (figures adapted from (Decottignies and Goffeau, 1997), (Locher,
2016) and (Thomas and Tampe, 2020)).

Despite the differences in their architecture, ABC transporters have 4 domains in common: the 2
transmembrane domains (TMDs) and 2 ABC domains (or nucleotide binding domains (NBDs))
(Figure 5B) (Locher, 2016; Rees et al., 2009; ter Beek et al., 2014). The TMDs are variable and
embedded in the membrane, where they create a pathway for the translocating substrate. Based on
their TMD sequence homology and folds assessed by numerous crystal structures, ABC
transporters were classified into 7 different types (Type I - VII), which will not be discussed in
further details here (Thomas and Tampe, 2020). In contrast, the two cytoplasmic and highly
conserved ABCs are separated by an a-helical interdomain linker and are responsible for the ATP-

coupled translocation of the substrate across the lipid bilayer (Murina et al., 2018; Ousalem et al.,
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2019). Based on their sequence identity, the 2 ABCs can be homodimeric or heterodimeric, but in
both cases they are structurally similar. Although ABC proteins possess 2 ABCs forming two ATP-
binding sites, it is still not clear if they bind and hydrolyze 2 ATP molecules for a complete transport
cycle. Based on the fact that some ABC proteins contain degenerated ABCs, in which one of the
two ABCs is non-functional due to some mutations, it was shown that for some ABC proteins one
active nucleotide binding site is sufficient for the transport of the target substrate and therefore
multiple transport stoichiometries were suggested (Jones and George, 2013; Nikaido and Ames,
1999; ter Beek et al., 2014).

The ATP binding and hydrolysis reaction itself requires Mg** ions and an activated lytic water
molecule surrounded by the conserved motifs of the 2 ABCs. The ABCs catalytic core is highly
conserved and includes the Walker A and Walker B motifs as well as the A- and Q-loop and the H-
motif, whereas the a-helical domain is more variable and encompasses the signature motif (Figure
5C) (Locher, 2016; Oswald et al., 2006; Rees et al., 2009; ter Beek et al., 2014; Thomas and Tampe,
2020). In the first step, the two ABCs are coming in close proximity (closed conformation) forming
an interface, where each of them contributes its conserved residues to form two active ATP-binding
sites enabling the binding of Mg**-ATP - an interaction based on attracting forces (Szollosi et al.,
2020). Within the catalytic core, the A-loop contains an aromatic residue (often a Tyrosine), which
stacks with the purine ring of the adenine of the ATP molecule and contributes to its correct
positioning. Interactions to the ATP a- and B-phosphates are established by the Walker A motif
(GXXGXGK(S/T), whereas X represents any amino acid) - also known as the phosphate binding
loop (P-loop). The Walker B motif (po¢@¢@DE, whereas ¢ represents a hydrophobic residue) has two
highly conserved Aspartate and Glutamate residues. Whereas Aspartate is responsible for
coordinating the Mg?* ion, the catalytic Glutamate serves as a general base polarizing the attacking
water molecule. The H-loop (or the switch region) has the important role to stabilize the position
between the general base, the Mg** ion and the attacking water (transition state) by a direct
interaction with the general base and the ATP y-phosphate via its conserved Histidine residue. In
the closed state with bound Mg**-ATP, the D-loop (SALD motif) and the Q-loop (~8 residues with
a conserved glutamine at the N-terminus) form a specialized geometry, which is disrupted after
ATP is hydrolyzed. The crucial signature motif (or C-loop, LSGGQ) is located on the N-terminus
of a helix, which directs the positive charge of the helical dipole towards the ATP y-phosphate.
Hybrid guantum mechanical/molecular mechanical (QM/MM) molecular dynamics (MD)
simulations of the E. coli ABC protein BtuCD-F showed that the ATP hydrolysis reaction is a three
step process (Priess et al., 2018). First, the ATP y-phosphate is nucleophilically attacked by the
polarized water molecule whereas the catalytic base near the y-phosphate transiently accepts a
proton (intermediate product 1: ADP + HPO4*). In the second step, the proton is transferred back
from the Glutamate to the ATP y-phosphate (intermediate product 2: ADP + H,PO,) followed by
third, a rearrangement of the hydrogen bond and coordination of the Mg** ion. After ATP
hydrolysis, the Mg?* is forming stabilizing interactions with ADP + P; and the product remains
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strongly bound to the ABCs, but by the interaction of a water molecule with Mg**-ATP + P; the
ABC dimers become separated and adopt an open state (Szollosi et al., 2020).

This conformational change of the two ABCs is transmitted to the TMDs via "coupling helices” and
this in turn enables the transport of the substrate (Figure 5B). The lack of TMDs is a characteristic
feature of two exceptional clusters of the ABC protein family - the ABCE and ABCF proteins
(Murina et al., 2018). Since they are missing their TMDs, they are not involved in transport, but
function as cytoplasmic factors, some of which are involved in the translation process (Davidson et
al., 2008; Fostier et al., 2020; Gerovac and Tampe, 2019). In bacteria, the ABCF protein family is
particularly known for its antibiotic resistance (ARE) activity (Davidson et al., 2008; Murina et al.,
2018). Since many antibiotics are targeting the bacterial ribosome and particularly the PTC or the
polypeptide exit tunnel thus inhibiting translation, ARE ABCFs are able to protect these locations
on the ribosome leading to ARE (Ero et al., 2019; Matzov et al., 2017; Schwarz et al., 2016; Sharkey
and O'Neill, 2018; Wilson, 2014; Wilson et al., 2020; Wilson et al., 2008). ARE ABCs are widely
distributed in Gram-positive and some Gram-negative bacteria. Some of them are able to bind
directly to the antibiotic thus removing it (type I protection type) or indirectly after binding to the
ribosome, which causes a conformational change leading to drug drop-off (type II protection type)
(Wilson et al., 2020). The type III protection type binds the ribosome and restore its functionality
despite the bound drug. The bacterial Staphylococcus haemolyticus VgaA, Enterococcus faecalis
LsaA, Bacillus subtilis VmIR and Listeria monocytogenes Vgal. proteins are examples for the type
IT protection type. Their cryo-EM structures revealed that the ABCF proteins are binding within
the ribosomal E-site in an ATP-conformation and extend their individual antibiotic resistance
domain (ARD) into the ribosomal PTC leading to a conformation change of the 23S rRNA, which
in turn causes an antibiotic drop-off (Crowe-McAuliffe et al., 2018; Crowe-McAuliffe et al., 2021).
Some of the bacterial ABCFs are not mediating ARE ability, but have other functions, like the E.
coli energy-dependent translational throttle A (EttA). Although it binds in the same position at the
ribosomal E-site, it regulates protein synthesis due to the energy status based on the ATP/ADP ratio
(Boel et al., 2014; Chen et al.,, 2014). In contrast to bacteria, the yeast genome contains 5 ABCF
proteins: the eukaryotic elongation factor 3 and 3B (eEF3/eEF3B, YEF3/HEF3, YLR249E/YNL014),
the [NU+] prion formation protein 1 (Newl, YPL226), the general control non-derepressible
protein 20 (Gen20, YFRO09W) and the ABC transporter ATP-binding protein (Arbl, ABCF2,
YERO036) (Figure 6A) (Decottignies and Goffeau, 1997). eEF3 is the most prominent member of
the yeast ABCF protein family and was shown to be essential in yeast and fungi during elongation
(Andersen et al., 2006; Triana-Alonso et al., 1995). eEF3 has two close homologues, one of them
named eEF3B (HEF3) (Murina et al., 2018). eEF3B shares 84% sequence identity with eEF3 and
was suggested to arise from a whole genome duplication in the Saccharomyces lineage (Kellis et al.,
2004; Maurice et al., 1998; Murina et al., 2018). Newl is the second closest homologue and exhibits
37% sequence identity, and was suggested to play a role in the eukaryotic ribosome biogenesis
(Decottignies and Goffeau, 1997; Li et al., 2009). The same role was proposed for Arb1l (ABCF2),
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but more recent studies revealed that Arb1 is occupying the ribosomal E-site, where it stimulates
the Vmsl-dependent cleavage of the tRNA during the ribosome-associated quality control (RQC)
pathway — mechanism which will be discussed in more detail in section 1.4 (Dong et al., 2005; Li et
al., 2009; Su et al,, 2019). Gen20 (ABCEF3) - a part of the general amino acid control (GAAC)
pathway - senses stresses, including amino acid starvation (Castilho et al., 2014; Hinnebusch, 2005;
Masson, 2019). The previous examples of the human P-glycoprotein and bacterial ARE strains
illustrate how important further investigations of ABC(F) proteins are, especially since their
mutations lead to many human diseases like cystic fibrosis, retinal degeneration,
adrenoleukodystrophy, cardiomyopathies or diabetes (Dean et al., 2001; Decottignies and Goffeau,
1997; Koehn et al., 2008).

1.3.1 The eukaryotic elongation factor 3 (eEF3)

Besides the two highly conserved GTPases eEF1A and eEF2, fungi translation elongation requires
a third essential factor - the ATPase eEF3 (Kamath and Chakraburtty, 1989; Skogerson and
Wakatama, 1976; Uritani and Miyazaki, 1988a). For decades, this factor was suggested to be fungi
specific, but some recent bioinformatic data revealed its presence in a wide range of unicellular
eukaryotes such as oomycete Phytophthora infestans (Mateyak et al., 2018). Whereas eEF1A and
eEF2 are strictly GTP dependent, eEF3 is more variable and accepts in addition to ATP, also GTP
and ITP (Kamath and Chakraburtty, 1989; Miyazaki et al., 1988; Moldave, 1985). Whereas yeast
eEF1A and eEF2 were shown to be able to substitute for their counterparts in an in vitro translation
system in mammals and vice versa, dependence on eEF3 was only shown for yeast translation so
far (Skogerson and Engelhardt, 1977). The intrinsic ATPase activity of eEF3 is low, but strongly
stimulated by the ribosome (Uritani and Miyazaki, 1988a). eEF3 was shown to predominantly bind
to polysomes and suggested to promote the release of the tRNA% ! from the E-site during
elongation (Andersen et al., 2006; Hutchison et al., 1984; Triana-Alonso et al., 1995). This activity
is strictly dependent on the presence of ATP, but not ADPNP (Triana-Alonso et al.,, 1995).
Simultaneously, eEF3 was proposed to influence the rate of the TC binding to the A-site (decoding)
increasing translation fidelity, which was supported by the fact that eEF3 is directly interacting with
eEF1A (Anand et al., 2006; Anand et al., 2003; Uritani and Miyazaki, 1988b). eEF3-eEF1A complex
formation was enhanced in the presence of ADP, so in the post-ATP hydrolysis state of eEF3.
eEF3’s influence on TC binding also supports the allosteric three side model, which postulates that
the ribosomal A- and E-sites are linked to each other in the manner that the tRNA occupation of
the E-site reduces the affinity for tRNA of the A-site and vice versa (Triana-Alonso et al., 1995).
Although in vitro studies proposed an additional function of eEF3 in ribosome recycling, where it
was shown to split the PoTC in presence of ATP, ribosome profiling data of the yeast eEF3
depletion strain supported EF3’s function in translation elongation rather than recycling (Kasari
et al., 2019; Kurata et al., 2010; Kurata et al., 2013). Furthermore, eEF3 was suggested to be

implicated in translational control, since it has many interaction partners involved in translational

24



Introduction

efficiency including eEF2, She2 and Stm1 (Du et al., 2008; Szklarczyk et al., 2019; Van Dyke et al,,
2009). Increased levels of Stml for example negatively alter the association of eEF3 with the
ribosome thus modulating translation elongation (Balagopal and Parker, 2011; Van Dyke et al.,
2009). Interestingly, eEF3 expression is altered during starvation for nutrients and its
overexpression disturbs Genl's interaction with the ribosome, thus modulating the kinase activity
of Gen2 (Grousl et al., 2013; Visweswaraiah et al., 2012).

eEF3 is an 1044 amino acid large protein comprising a N-terminal HEAT (Huntingtin, elongation
factor 3 (EF3) 1, protein phosphatase 2A (PP2A) 2, and the yeast PI3-kinase TOR1) repeat domain,
a four-helix bundle (4HB) domain, the two ABC1 and ABC2 domains as well as an unique chromo
domain (CD) insertion within ABC2 (Figure 6A) (Kambampati et al., 2000). In general, the
solenoid structure of HEAT repeats was reported to function as scaffold and anchoring, whereas
CD insertions in (mostly chromatin remodeling) proteins were shown to interact with RNA and
DNA, especially with methylated lysines (me-K) in histone tails (Andrade and Bork, 1995; Brehm
et al., 2004; Kobe et al., 1999; Nielsen et al., 2002; Yap and Zhou, 2011). The 9.9 A cryo-EM structure
of the in vitro reconstituted eEF3-80S complex revealed that the eEF3-HEAT's contact the 40S head
and the eEF3-ABC2 the CP of the 60S, whereas the CD was shown to point towards the ribosomal
L-stalk and was therefore suggested to influence its conformation (Figure 6B) (Andersen et al.,
2006). In vitro studies showed that mutations within the CD compromise ATPase activity, but not
ribosome binding (Sasikumar and Kinzy, 2014). Based on the fact that the complex was
reconstituted in vitro with RNCs lacking the E-site tRNA, it remained elusive, which ribosomal
species eEF3 binds to in vivo and exactly how the eEF3-CD is able to influence the position of the
L1-stalk.
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Figure 6. The yeast ABCF proteins. (A) Schematic of the domain organization of the five yeast
ABCEF proteins eEF3, eEF3-B, Newl, Arbl and Gen20. PD, prion domain; 4HB, four-helix-bundle;
CD, chromo domain; CTD, C-terminal domain; NTD, N-terminal domain; Sc, Saccharomyces
cerevisiae; Sp, Saccharomyces pombe. (B) Cryo-EM structure of the in vitro reconstituted eEF3-
80S complex at 9.9 A resolution. (Scheme based on (Murina et al., 2018) and cryo-EM structure
adapted from (Andersen et al., 2006)).
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1.3.2 The [NU+] prion formation protein 1 (New1)

As mentioned previously, the fungi-specific New1 protein is the second closest homologue of eEF3.
New1 knock-out revealed that it is non-essential and leads to cold sensitivity, but its exact function
is unknown (Li et al., 2009). Newl and eEF3, both share the same domain architecture (HEAT,
4HB, ABC1/2, CD) with exception of an additional N-terminal prion domain present in Newl
(Figure 6A) (Michelitsch and Weissman, 2000; Murina et al., 2018; Santoso et al., 2000). Prions are
self-propagating 3-sheet-rich amyloid protein aggregates and known to be infectious in mammals
and involved in many neurodegenerative diseases including Huntington's and Alzheimer's Disease
(Brundin et al., 2010; Gomez-Gutierrez and Morales, 2020). In contrast to its pathogenic quality in
mammals, prions in yeast form predominantly in a sequence-specific manner and are responsible
for the epigenetic control of protein activity leading to adaptation during changed environmental
conditions (Liebman and Chernoff, 2012; True and Lindquist, 2000). Although the YNGQ
repetitive prion region in New1 was shown to be responsible for formation of the [NU"] prion, it is
not conserved among fungi, e.g. it is present in S. cerevisiae but missing in S. pombe (Figure 6A)
(Murina et al., 2018; Osherovich and Weissman, 2001). Since Newl was shown to colocalize with
actively translating polysomes, it makes an interesting potential target in the translational process
(Li et al., 2009).

1.4 Ribosome stalling and the ribosome-associated quality control (RQC)

Correctly translated proteins are involved in all areas of cellular physiology and therefore the
transcription and translation machineries developed numerous mechanisms to ensure accurate
protein synthesis. Kinetic proofreading during codon-anticodon recognition or the editing
mechanism of the aminoacyl-tRNA synthetases, which link the correct amino acid with the correct
tRNA are only two of numerous examples leading to a remarkable translational accuracy, but
however one of ten synthesized proteins show at least one miscoded amino acid (Drummond and
Wilke, 2008; Hopfield, 1974; Perona and Gruic-Sovulj, 2014; Wolff et al., 2014; Yadavalli and Ibba,
2012; Zaher and Green, 2009). Gene mutations, faulty gene expression or chemical damage lead to
the synthesis of aberrant protein products, which compromise the cellular fitness and integrity of
organelles such as mitochondria or the ER (Simms et al., 2014; Wurtmann and Wolin, 2009).
Especially mRNA molecules are prone to constant changes and modifications. Hence, monitoring
of the mRNA and protein quality during translation is highly important and performed by a variety

of specialized machineries, which subject them to rapid degradation.

The cell senses potential aberrant protein products not directly by monitoring the faulty mRNA
sequences or the composition of the nascent polypeptide, but by “observing’ the state of the
ribosome. Ribosomes, which stall on mRNAs represent the key signal for the quality control
machineries (Brandman and Hegde, 2016; Joazeiro, 2017; Matsuo et al., 2017). Stalled ribosomes
indicate that whether the mRNA, the protein or even the ribosome itself might be corrupted, giving
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the opportunity to target and remove a potentially toxic product(s) at a very early stage. Ribosome
stalling can have many different causes, such as aberrant or damaged mRNA or tRNA, immature
60S subunits or nonstop mRNA generated by endonuclease cleavage or premature mRNA
polyadenylation (Buskirk and Green, 2017; Joazeiro, 2017, 2019; Sarkar et al., 2017). The exact
molecular mechanisms that inhibit elongation and drive ribosome stalling are widely unknown,
but some structural and biochemical studies of ribosomes stalled on a poly(A) mRNA reveled that
the mRNA is able to form a stable single-stranded helix within the DC of the ribosome leading to
its deformation and a potential clash with an incoming A-tRNA, thus preventing elongation
(Chandrasekaran et al., 2019; Tesina et al., 2020). Recent live-cell imaging and in vitro studies
showed that ribosomes stalled on poly(A) mRNAs result in long queues of collided ribosomes and
that the length of the queue as well as the collision frequency is connected to the efficiency of signal
recognition (Goldman et al., 2021; Yan and Zaher, 2021). Ribosome stalling leads to numerous and
specific cellular responses including the inhibition of translation initiation, activation of the
nonstop- and no-go-mediated decay (NSD, NGD) of mRNA, dissociation of ribosomal subunits
(ribosomal rescue) and the ribosome-associated quality control (RQC) pathway, whereas the focus
in this thesis is put on the two latter ones (Brandman and Hegde, 2016; Buskirk and Green, 2017;
Joazeiro, 2017).

As already discussed in section 1.2.4, after a successful translation of an mRNA OREF the ribosome
reaches the stop codon and subsequently can be recognized by the canonical factors eRF1 and eRF3,
and Rlil splits the 80S ribosome into its individual subunits, followed by subunit recycling. The
same mechanism takes place when ribosome stalling occurs before reaching the stop codon. This
ribosomal stalling occurs on internal mRNAs or on the 3 ‘end of truncated mRNA sequences, and
both stalling substrates require a different set of rescue factors (Figure 7). The recognition of
ribosomes stalled on internal mRNA sequences is initially sensed by the E3 ubiquitin-ligase Hel2
(also Rqtl, ZNF598 in mammals) together with Ascl (RACK1 in mammals) as well as the RQC-
trigger (RQT) complex composed of the RNA helicase family protein Slhl (also Rqt2), the
ubiquitin-binding protein Cue3 (Rqt3) and Ykr023w (Rqt4) (Garzia et al., 2017; Ikeuchi et al., 2019;
Juszkiewicz and Hegde, 2017; Matsuo et al., 2017; Sitron et al., 2017; Sundaramoorthy et al., 2017).
Hel2 together with the E2 enzyme Ubc4 catalyzes the mono-ubiquitinylation of the 40S protein
uS10 at a specific lysine residue and this tagging is responsible for the subsequent recruitment of
ribosomal splitting factors (Matsuo et al., 2017). UV-crosslinking and mass spectrometry revealed
that Hel2 is recruited to or stabilized on the 40S subunit in an Ascl-dependent manner (Winz et
al., 2019). The C-terminus of Hel2 seems to directly interact with the 185 rRNA and mRNA - an
interaction required for both the RQC pathway and the NGD. Deletion of the ubiquitin ligase Hel2
or the 40S ribosomal protein Ascl leads to enhanced protein synthesis downstream of the stalling
site (Brandman et al., 2012; Letzring et al., 2013). Stalling ribosomes form so-called disomes,
consisting of a leading stalled and a second ribosome, which collided into it. A disome forms a

unique structural unit between the leading stalled and the collided ribosome and was proposed by
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Figure 7. The eukaryotic ribosome rescue and the RQC pathway. Basic overview of the
ribosome rescue and RQC system and their involved factors. In the first step Hel2/ZNF598,
Ascl/RACKI1 and Slh1 or Dom34/Pelota, Hbs1/HBS1L or GTPBP2 and Rlil/ABCEI mediate and
induce 80S ribosomal splitting, when the ribosome stall on internal mRNA and on the 3 end of an
mRNA, respectively. The split 40S can be recycled and the mRNA degraded by Xrnl and the
exosome. In the second step, the 60S subunit bound to a P-site tRNA with a polypeptide nascent
chain subsequently enters the RQC pathway. Initially, the 60S-tRNA-NC is recognized by
Rqc2/NEMF subunit of the RQC complex, which binds the exposed 60S-tRNA and recruits the E3
ligase Ltnl/Listerin. Whereas Ltnl/Listerin attached polyubiquitin chains on the NC, the
Rqcl/TCF25 subunit of the RQC complex binds the ribosome (in an until unknown way). The
ubiquitin signal recruits the AAA+ ATPase Cdc48/VCP and its cofactors, which extracts the NC
after the tRNA-NC conjugate become released from the 60S by Vms1/ANKZF1, and the NC can
be finally degraded by the proteasome (scheme adapted from (Joazeiro, 2019)).

Simms et al. 2017 for the first time to be responsible for signal recognition by Hel2 (Simms et al.,
2017). A recent selective ribosome profiling study reveals that Hel2 is recognizing collisions on
mRNAs encoding secretory protein prior to ER engagement that preferentially lack the recognition

site for the signal recognition particle (SRP) (Matsuo and Inada, 2021).

In contrast, Hbs1, Dom34 and Rlil (HBS1L and GTPBP2, Pelota and ABCE1 in mammals) are key
players when ribosomes stall at the 3" end of a truncated mRNA. In this scenario, the ribosomal A-

site is not occupied by an mRNA and thus prevents the interaction with the tRNA-eEF1A complex,
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which would continue elongation, or with the eRF1-eRF3 complex, which would induce
termination. Hbsl and Dom34 are the mammalian homologues to the canonical release factors
eRF1 and eRF3 responsible for the recruitment of Rlil and ribosomal splitting. Like eEF1A and
eRF3, Hbsl is a trGTPase, which all bind at the GTPase center near the ribosomal A-site (Becker et
al., 2011). In the first step, the GTP-Hbsl1-Dom34 complex binds the stalled ribosome. Hbsl
interacts via its C-terminus near the mRNA entry channel, whereas Dom34 binds within the empty
ribosomal A-site inserting its B-loop into the mRNA channel (Hilal et al., 2016). After a subsequent
hydrolysis of Hbs1-GTP, Hbs1-GDP dissociates, allowing full accommodation of Dom34 into the
ribosomal A-site, which recruits the ATPase Rlil responsible for the final splitting step of the stalled
ribosome (Pisareva et al., 2011; Shoemaker et al., 2010; Shoemaker and Green, 2011). In vitro
studies in yeast and mammals showed that Hbs1-Dom34 are also able to resolve stalled ribosomes
in the case where the mRNA occupies the A-site, e.g. in the case of stalling on poly(A) and non-
stop mRNAs, mRNAs including stable stem-loops or when aa-tRNAs are unavailable (Becker et al.,
2011; Ikeuchi et al., 2016; Shao et al., 2013; Shoemaker et al., 2010; Shoemaker and Green, 2011).

In both cases the mRNA-80S complex is split into mRNA, 40S and 60S ribosomal subunits, whereas
the 60S remains associated with the P-site tRNA attached to the NC (Figure 7) (Brandman and
Hegde, 2016; Joazeiro, 2019). In the next step the nascent polypeptide and the mRNA need to be
degraded since they are potentially aberrant. The mRNA becomes degraded by the 5°-3°
exoribonuclease Xrnl and 3’-5" by the Ski2-Sk3-Ski8 helicase together with the exosome. A recent
cryo-EM structure of the 80S ribosome-Xrn1 nuclease complex revealed that the conserved core of
Xrnl is directly interacting with the ribosomal mRNA exit site in the manner that the mRNA is
channeled directly into the nuclease center of Xrnl and highlights its efficiency in rapid
degradation (Tesina et al., 2019). Within the Ski2-Ski3-Ski8 complex, the Ski2 helicase is placed
near the ribosomal mRNA entry tunnel, where the 3’mRNA overhang is directly channeled from
the 40S subunit to the helicase core of Ski2 primed for degradation by the exosome (Schmidt et al.,
2016). Concomitantly, the NC attached to the tRNA of the 60S subunit is targeted by the RQC
complex (Figure 7). In the first step, Rqc2 (Tea2, NEMF in mammals) binds the 60S and the
exposed P-tRNA, where it prevents 40S rejoining and recruits and stabilizes the RING domain E3
ubiquitin-protein ligase Ltnl (originally Rkr1, Listerin in mammals) (Defenouillere et al., 2013;
Shao etal., 2015). Ltn1 binds stably to the 60S and catalyzes the attachment of polyubiquitin chains
on a lysine residue within the NC sequence (Figure 7) (Bengtson and Joazeiro, 2010; Shao et al.,
2015; Shao et al., 2013). The now proteolytic tagged NC together with the Rqcl subunit of the RQC
complex, both serve as a signal for the recruitment of the AAA+ family ATPase Cdc48 (VPC or p97
in mammals) and its cofactors Npl4 and Ufd1l. While the eRF1 paralogue Vmsl (ANKZF1 in
mammals) - a peptidyl-tRNA hydrolase - releases the NC, Cdc48 extracts and transfers the NC to
the 26S proteasome for its subsequent degradation (Su et al., 2019; Verma et al., 2018; Zurita
Rendon et al., 2018). A recent cryo-EM structure showed, that Vmsl directly binds to the 60S,
whereas its Vms1-like release factor 1 (VLRF1) domain overlaps with that of the Rqc2 binding site
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in the A-site, where it reaches via its GSQ motif towards the tRNA CCA-end for nucleolytic
cleavage - a process promoted by the already mentioned ABCF ATPase Arbl located within the
ribosomal E-site (Su et al., 2019).

In case the NC cannot be ubiquitinated, because the portion of the NC is not long enough to be
exposed to the outside of the exit tunnel or a short NC part does not contain an ubiquitination-
competent lysine, Rqc2 recruits aa-tRNAs, which extend the NC with C-terminal alanine and
threonine (CAT) tails (Shen et al., 2015). The CAT-tails attached via this non-canonical elongation
reaction push the nascent polypeptide out of the ribosomal exit tunnel until a lysine becomes
exposed, which can be in turn ubiquitinylated and the NC mediated to degradation (Kostova et al,,
2017; Shen et al.,, 2015; Sitron and Brandman, 2019). Newer studies revealed that CAT-tails also
enable Ltn1 to access other NC residues than lysine for ubiquitinylation (Sitron and Brandman,
2019). Even when this mechanism fails, the CAT-tails serve as degrons and enable the proteasomal
degradation of the NCs in a Ltn1-independent manner by the E3 ubiquitin ligase Hul5 (Sitron and
Brandman, 2019; Sitron et al., 2020). Degradation of these potentially harmful polypeptides is
essential, since ‘free’ CATylated NCs form myloid-like aggregates, which disrupt protein
homeostasis and cause proteotoxic stress (Choe et al., 2016; Defenouillere et al., 2016; Yonashiro et
al., 2016).

More recently, a similar RQC mechanism was found in some bacteria, involving the factor RqcH,
which is the homologue of the eukaryotic Rqc2/NEMF and was suggested to act on some non-strop
ribosomal complexes (Joazeiro, 2019; Muller et al., 2021; Yan and Zaher, 2019). But in contrast to
eukaryotes, the major ribosome rescue pathway of trans-translation in bacteria use an entirely
different quality control system for targeting defective mRNA and label the NC for degradation
(Buskirk and Green, 2017; Muller et al., 2021). For example, in case of ribosomal stalling at the end
of a truncated mRNA lacking a stop codon, the bacterial system developed a mechanism, which
involves the action of tmRNA - an RNA with tRNA- and mRNA-like properties (Himeno et al.,
2014; Janssen and Hayes, 2012; Moore and Sauer, 2007; Muller et al., 2021). The tRNA-like region
is coding for alanine and binds within the ribosomal A-site where it restarts translation, whereas
the mRNA-like part is translating a short degradation tag (ssrA peptide) attached to the C-terminus

of the nascent polypeptide chain leading to termination, NC release and its degradation.

The importance and the need for further investigations of the RQC pathway is highlighted by the
fact, that mutations in RQC components lead to neurodegeneration in mice as well as other human
inherited diseases (Chu et al., 2009; Ishimura et al., 2014; Scheper et al., 2007).

1.5 The integrated stress response (ISR) in yeast

Cells must be able to adapt to environmental stresses in a fast and efficient way to maintain their
health. In mammals, the integrated stress response (ISR) is able to sense environmental and

pathological conditions via four specialized serine/threonine kinases: double-stranded RNA-
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activated protein (protein kinase R, PKR), PKR-endoplasmic reticulum (ER)-related kinase
(PERK), heme-regulated inhibitor (HRI) and the general control non-derepressible 2 (GCN2)
(Figure 8) (Costa-Mattioli and Walter, 2020; Donnelly et al., 2013; Pakos-Zebrucka et al., 2016;
Taniuchi et al., 2016). Each of the kinases is responsible for sensing a specific stressor. PKR
counteracts viral infections by inhibiting translation of the viral mRNA and promoting apoptosis,
whereas PERK is activated when misfolded proteins accumulate at the ER (ER stress) (Donnelly et
al., 2013). HRI links heme availability with translation of globin mRNA, which together form
hemoglobin and thus HRI is protecting erythroid cells from the accumulation of harmful globin
aggregates (Chen, 2014; Han et al., 2001). Finally, the kinase Gen2 is known to function as a sensor
for amino acid availability and is activated during nutrient deprivation (Chaveroux et al., 2010;
Hinnebusch, 2005).

reduced
. global
protein
synthesis
elF2B (GEF) | .
Ser-51 _
A (Gen2) ( HRI ) (PKRD (PERK) U expression of
(V* @« RO @& ‘V\w B gones
= v v v v R 4
elF2-GDP < — elF2(a)-P |—
% f uORFs
r/-i\ \/- | \w
w’ W { H H H _GCN4

= = L
c@Re@ GADD34 | . ATE4

Figure 8. The ISR pathway in mammals. During different stress conditions, the four protein
kinases Gcn2, HRI, PKR and PERK are able to phosphorylate Ser-51 of the elF2a. The
phosphorylation of eIF2a prevents the recycling of eIF2-GDP into eIF2-GTP by elF2B and thus the
involvement of eIF2-GTP into the formation of the TC. On the one hand this leads to a reduced
global protein synthesis and on the other hand to a simultaneous translation of specific mRNAs
containing uORFs coding for transcription activators such as GCN4 in yeast and ATF4 in
mammals, which control the expression of a numerous genes involved in cellular adaptation. The
PP1/CReP and PP1/GADD34 complexes dephosphorylate elF2a and terminate the ISR after the
stress passed by to maintain cellular homeostasis. The ISR in yeast involves only the Gen2 kinase
as well as the phosphatase GLC7. Scheme based on (Castilho et al., 2014) and (Pakos-Zebrucka et
al,, 2016).

Importantly, all four kinases are stimulated via oxidative stress and additionally show an

overlapping activation in response to different stimuli, e.g. PERK is able to sense glucose
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deprivation and together with Gen2 it is able to regulate host response to viral infection (Berlanga
et al., 2006; Cheng et al., 2005; de la Cadena et al., 2014; Harding et al., 2003; Suragani et al., 2012).
HRI can be induced in a heme-independent manner by cytoplasmic stress or 26 proteasome
inhibition, but also relays mitochondrial stress to the cytosol together with Omal and Delel (Guo
et al., 2020; Han et al,, 2001; Lu et al., 2001; Yerlikaya et al., 2008). Interestingly, the kinases show
the ability to compensate for each other, for example the knockdown of PERK in ‘stressed” HeLa
cells leads to upregulation and activation of Gen2 and vice versa (Roobol et al., 2015). PKR, PERK,
HRI and Gcen2 possess distinct regulatory domains, which gives each kinase the opportunity to
tulfill specific functions (Pakos-Zebrucka et al., 2016). In contrast, all kinases have a homologous
protein kinase (PK) domain, which need to dimerize and autophosphorylate for its activation and
allow to converge on phosphorylation of a single serine (Ser-51) at the a subunit of the eukaryotic
initiation factor eIF2 (elF2a-P) (Figure 8) (Baird and Wek, 2012; Chaveroux et al., 2010;
Hinnebusch, 2005). In this form, eIF2-GDP is blocked and cannot be recycled to eIlF2-GTP by its
GEF eIF2B, thus disabling eIF2 to enter another round of translation initiation leading to a reduced
formation of the TC (Figure 8) (Baird and Wek, 2012). A further mechanism contributing to the
inhibition of translation initiation was shown recently for Gen2 (Dokladal et al., 2021). Besides
elF2a, Gen2 was shown to also be able to directly phosphorylate eIF2p and thus promote its
association with eIF5, which prevents its spontaneous nucleotide exchange from eIF2-GDP to elF2-
GTP. This phosphorylation of eIF2 leads to a general decrease in global translation conserving
nutrients and energy, and simultaneously to an increased translation of specific mRNAs containing
unique upstream open reading frames (WORF) in their 5’-untranslated regions (Figure 8) (Harding
et al., 2000; Hinnebusch, 2005). Under non-deprived conditions, ribosomes scan along these
mRNAs and arrive at those inhibitory uORFs leading to ribosome dissociation before the ribosome
has reached the ORF. In the case of stress and reduced TC availability, the scanning of the ribosome
is "leaky’ and may bypass the inhibitory uORFs resulting in a de-repression of translation of
specific mRNAs. The ORFs are coding for transcription factors that up-regulate the synthesis of a
large array of proteins, which drive a new transcriptional program and thereby maintain or re-
establish the physiological homeostasis during stress. For example, the transcriptional activator
GCN4 in yeast (ATF4 in mammals) induces expression of genes encoding key amino acid
biosynthetic enzymes that counteract amino acid deficiency (Figure 8) (Castilho et al., 2014;
Hinnebusch, 2005). Although in the yeast system, the ISR pathway is induced by only one of the
four mentioned kinases - the kinase Gen2 - the ISR pathways are very similar in yeast and mammals
(Pakos-Zebrucka et al., 2016). Since the yeast ISR was initially identified as a response to starvation
for amino acids, which results in an up-regulation of genes required for amino acid synthesis, the
pathway is also known as the GAAC pathway (Castilho et al., 2014; Hinnebusch, 2005). Activation
of Gen2 has been a subject of investigation for over three decades and the proposed key signal for
kinase activation are tRNA' (Hinnebusch, 2005). The model postulates that starvation for one
or several amino acids leads to accumulation of tRNA*, which bind and activate Gen2 together
with its regulators Genl and Gen20 (Figure 9) (Castilho et al., 2014; Hinnebusch, 2005).
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Figure 9. The ISR pathway in mammals.
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In addition to nutrient deprivation, other stress conditions were correlated with the activation of
the kinase, including glucose starvation, high-salt conditions, starvation for purines, treatment with
alkylating agents as well as oxidative and UV stress, which will be discussed in further detail in
following parts of the thesis (Anda et al., 2017; Deloche et al., 2004; Goossens et al., 2001; Masson,
2019; Natarajan et al., 2001; Rolfes and Hinnebusch, 1993; Yang et al., 2000).

Whereas yeast cells express over 100 different protein kinases, phosphatases play a crucial role for
maintaining cellular homeostasis after the stress has passed (Barford, 1995; Breitkreutz et al., 2010).
To do so and to terminate the ISR in mammals, elF2a-P becomes dephosphorylated by the
serine/threonine protein phosphatase (PP1) complex. The complex consists of the PP1 catalytic
subunit (PP1c) and one of the two regulatory subunits, one of which is the constitutive repressor
of elF2a phosphorylation (CReP, also PPP1R15B) (Figure 8). CReP is constantly expressed during
non-stress conditions and PP1c/CReP is responsible for keeping the eIF2a-P levels low and thus
ensuring translational homeostasis (Jousse et al., 2003). In contrast, the growth arrest and DNA
damage-inducible protein (GADD34, also PPP1R15A) is expressed during stress and ISR induction
(Figure 8) (Kojima et al., 2003). The GADD34/PPlc complex acts as an important negative
regulator to restore translation after cellular stress, but was also implicated in the induction of
apoptosis when cell homeostasis cannot be re-established (Novoa et al., 2003). In contrast, yeast

lack the targeting subunit homologues CReP and GADD34, but possess only the functional
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homologue of PP1c, the phosphatase GLC7, which alone is responsible for the dephosphorylation
of eIF2a-P (Feng et al., 1991; Wek et al., 1992). In vitro and in vivo studies showed that eIF2y by
itself possesses a PP1-binding motif (KKVAF), which is able to recruit GLC7 leading to a
subsequent dephosphorylation of eIF2a (Rojas et al., 2014).

The ISR response in yeast and mammals is extremely complex and the GCN4 / ATF4 pathways
have the potential to influence more than 400 genes which are inducing conflicting processes of cell
survival and cell death (Pakos-Zebrucka et al., 2016). In higher eukaryotes, Gen2 was implicated in
many diseases, such as cancer and Alzheimer s disease, impaired viral defense, the immune system,
the pathogenesis of COVID-19, and plays a role in important processes, such as long-term memory
formation, neuronal cell development, aging, obesity and many more (Castilho et al., 2014; Kim et
al., 2020; Lehman et al., 2015; Ma et al., 2013; Philips and Khan, 2021; Ye et al., 2010). New reports
are constantly emerging on new biological roles for Gen2 highlighting its importance as a

pharmacological target.

1.5.1 The protein kinase Gcn2

The yeast Gen2 kinase is a 1659 amino acid long (~190 kDa) protein that co-sediments with
ribosomes, particularly with active polysomes, and was shown to have a higher affinity to 60S than
to 40S subunits (Castilho et al., 2014; Ramirez et al., 1991). With 279 molecules/cell it has a relatively
low abundance (Ghaemmaghami et al., 2003). Gen2 contains five conserved folded domains,
including an N-terminal RWD (termed from its presence in RING-finger proteins, WD repeat-
containing proteins and the yeast DEAD-like helicases) domain, a pseudo protein kinase (yPK)
domain (with no enzymatic function), a catalytically active elF2a protein kinase (PK) domain, a
histidyl-tRNA synthetase-like (HisRS-like, enzymatically inactive) domain and a C-terminal
domain (CTD) (Figure 10) (Castilho et al., 2014; Hinnebusch, 2005). In addition, a 'charged
linker " connects the RWD to the yPK domain.

In vivo, Gen2 forms a constitutive dimer mediated by its CTD, but also the HisRS-like and the PK
have been shown to be involved in dimer formation (He et al., 2014; Qiu et al., 1998). The CTD is
also responsible for the association with the 80S ribosome as well as (together with the HisRS-like
domain) for binding of deacylated tRNAs (Castilho et al., 2014; Hinnebusch, 2005). Three lysine
residues (K1552, K1553 and K1556) within the CTD are crucial for ribosome and tRNA binding
(Wek et al., 1995). Notably, dimerization of Gen2 was shown to be unnecessary for ribosome
association. Crystal structures of yeast and mammalian CTDs revealed a common conserved core,
but their interdigitated dimeric structures differed, suggesting some regulatory differences.
Nevertheless, in both cases, dimerization via the CTD is critical for efficient translational control
by Gen2 (He et al., 2014). Interestingly, mouse Gen2 does not appear to associate with ribosomes,
whereas yeast Gen2 does (He et al., 2014). In contrast to the yeast Gen2-80S association via Gen2-
CTD, the human Gen2 ribosomal interaction was shown to involve the CTD, yPK, PK as well as
the HisRS-like domain (Inglis et al., 2019). The HisRS-like domain is similar to the histidyl-tRNA
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Figure 10. Simplified domain organization of Genl, Gen2, Gen20, Rbg2 and Gir2. Scheme of
the mentioned proteins shown due to their domain organization as labeled. The shaded regions
are representing the individual nucleotide binding domains (ATP binding for Gen2 and Gen20
and GTP for Rbg2). RWD, RING-finger proteins, WD repeat-containing proteins and the yeast
DEAD-like helicases; yPK, pseudo protein kinase domain; PK, protein kinase domain; HisRS-like,
histidyl-tRNA synthetase-like domain; CTD, C-terminal domain; NTD, N-terminal domain;
eEF3-like, eEF3-like HEAT repeat region; OBG-type G, OBG-type GTPase domain; TGS, ThrRS,
GTPase, and SpoT; DFRP, DRG family regulatory protein domain (adapted from (Castilho et al.,
2014), (Ishikawa et al., 2013) and the database UniProt).

synthetase, which belongs to the class II synthetases (Castilho et al., 2014; Ruff et al., 1991). This
class of synthetases contain a motif 2 (m2) involved in binding of the tRNA acceptor stem (Ruff et
al., 1991). It was shown that mutations of Gen2 m2 (Y1119, R1120) result in a severe decrease of
phosphorylation of elF2a in vivo and in vitro (Wek et al., 1995; Zhu et al., 1996). Studies revealed
that the HisRS region of Gen2 needs to dimerize to efficiently bind tRNA (Qiu et al., 2001).

The PK domain is responsible for phosphorylation of the a subunit of eIF2 on Ser-51 (Hinnebusch,
2005). The catalytic site of the PK is located in a cleft between the N-and C-terminal lobes, which
are interconnected by a hinge region (Castilho et al., 2014; Dong et al., 2000; Lageix et al., 2015).
Based on the crystal structures of the PK domain of the mouse Gcen2, it could be shown that the
wild-type structure bound to ATP/ADPNP exhibited a secluded position resulting from the rigid
hinge region between the N- and C-terminal lobes (Padyana et al., 2005). In this closed state
important residues for e.g. binding of the ATP triphosphate moiety are not accessible, preventing
ATP and elF2a binding and catalysis. The binding of tRN A% to the HisRS-like region allows the
release of the CTDs and the interaction between the PK and yPK domain (Masson, 2019; Padyana
et al., 2005). In the consecutively activated state (R794G mutant activates Gen2 independently of

tRNA binding), a rearrangement within the hinge region residues was observed leading to a
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breakdown of the hydrogen bonding surrounding the hinge region, which impairs flexibility and
leads to separation of the lobes as well as widening of the catalytic cleft (Masson, 2019; Padyana et
al., 2005). In the subsequent step, two threonine residues (T882 and T887 in yeast, T898 and T903
in mouse) within the activation loop of the PK are phosphorylated, leading to enhanced activity
and stabilization, which was shown to be dependent on intermolecular salt bridge between the
kinase domains (Dey et al., 2007; Lageix et al., 2015). The widened catalytic cleft exposes all the
important residues to allow efficient binding of ATP and phosphorylation of elF2a on Ser-51.
Based on the structure of PKR bound to elF2a, it was proposed that elF2a itself is unfolded and
exposes the region carrying Ser-51 upon binding to the Gen2 PK domain via an induced fit
mechanism, thereby ensuring specificity for recognition and phosphorylation by Gen2 (Dar et al,,
2005; Dey et al., 2011). A very recent crystal structure of the human Gen2 PK domain reveled a
parallel dimer organization similar to PKR highlighting the difference to the yeast dimer, which is

organized in an antiparallel manner (Maia de Oliveira et al., 2020).

In absence of an activation signal, Gen2 exhibits an intrinsic mechanism holding itself in an inactive
state by forming autoinhibitory interactions between the CTD, the HisRS-like region and the N-
terminal lobes of the PK (Dong et al., 2000; Lageix et al., 2015). During amino acid starvation, the
autoinhibitory interactions become resolved through binding of deacylated tRNAs and allowing
the protein to rearrange, which results in an activation and autophosphorylation of the Gen2 kinase

domain (Lageix et al., 2014; Romano et al., 1998).

The yPK domain shows sequence similarity to eukaryotic serine/threonine protein kinases, but
lacks the residues necessary for enzyme function (Castilho et al., 2014; Zhu et al., 1996).
Nevertheless, this domain was shown to be required for Gen2 kinase activity in vitro and in vivo
(Wek et al., 1990; Zhu et al., 1996). A regulatory function was also proposed by directly binding to
the Gen2 PK domain during the auto-inhibitory state of Gen2 (Boudeau et al.,, 2006; Qiu et al.,
1998).

The RWD domain of Gen?2 is related to the ubiquitin-conjugating enzyme (UBC) domain, but also
here the catalytic cysteine residues necessary for ubiquitin-conjugating activity are lacking
(Castilho et al., 2014; Hunter et al., 2012). The structure of the mouse Gen2 RWD domain solved
by NMR spectroscopy revealed a characteristic YPXXXP motif forming a triple p-turn, which is
unique for RWD, the UBC and the Ubiquitin E2 variants (Castilho et al., 2014; Nameki et al., 2004).
A recent crystal structure of the human RWD dimer uncovered the formation of a novel crystal
packing mode (Hei et al., 2021). The Gen2 RWD domain is directly interacting with its effector
protein Genl and the minimal region for establishing these interactions encompasses residues 1-
125 (Kubota et al., 2000). The interaction with Genl is absolutely required for Gen2 to sense amino

acid starvation in vivo (Anda et al., 2017; Sattlegger and Hinnebusch, 2000).
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1.5.2 Activation and regulation of Gcn2

Based on the energetic costs of a global gene expression reprogramming, the Gen2 kinase needs to

be efficiently activated, but also tightly regulated.

1.5.2.1 Gcnl/Gen20

For an efficient sensing of the starvation signal, Gen2 associates with the Gen1/Gen20 complex, in
which Genl and Gen2 directly contact the ribosome (Figure 9) (Castilho et al., 2014; Hinnebusch,
2005). Both, Genl and Gen20 exhibit homology to eEF3, an already discussed essential and fungi-
specific protein, which removes the tRNAY! from the E-site during translation elongation
(Andersen et al., 2006; Marton et al., 1997). The role of eEF3 led to a similar model for Gen1-Gen20,
in which the complex removes the tRNA*, but from the A-site instead of the E-site and delivers
it to the HisRS-like region of Gen2 leading to its activation (Marton et al., 1997; Sattlegger and
Hinnebusch, 2005).

With the length of 2672 amino acids (~297 kDa) Genl belongs to a small group of the largest
proteins present in yeast with 7,330 copies per cell. Genl co-sediments with mono- and polysomes
(Ghaemmaghami et al., 2003; Sattlegger and Hinnebusch, 2005). The protein itself was predicted
to consist of at least 45 HEAT repeats through its entire length. No homology to any other protein
was determined, but only its middle potion (residue 1330-1641) is homologous to the N-terminal
eEF3 HEAT repeat region and was therefore suggested to compete with eEF3 for the same binding
site on the 80S ribosome (Figure 10) (Visweswaraiah et al., 2012). Overexpression of eEF3 lead to
inhibition of Gen2 activation, supporting this prediction (Visweswaraiah et al., 2012). By contrast,
overexpression of Genl leads to an increased association with 80S and growth defects as well as
sensitivity to paromomycin suggesting its spatial proximity to the ribosomal A-site (Figure 9)
(Sattlegger and Hinnebusch, 2000). Importantly, Genl is not required for Gen2 kinase activity per
se, but for its activation in response to amino acid starvation (Marton et al., 1993). It also seems to

be required for all other stress rearrangements that activate Gen2 (Castilho et al., 2014).

Genl directly interacts with Gen2-RWD via its highly conserved CTD (residues 2052-2428)
(Sattlegger and Hinnebusch, 2000). Overexpression of the Gen2-RWD domain sequesters Genl
away from its interaction with the full-length Gen2 and impairs phosphorylation of elF2a in vivo
(Masson, 2019; Sattlegger and Hinnebusch, 2000). Mutation of R2259, or neighboring regions
impair Genl-Gen?2 interaction, but not influence the binding to the ribosome or Gen20 (Sattlegger
and Hinnebusch, 2000). Mutation of F2291 also leads to a reduced eIF2a phosphorylation (Kubota
etal., 2001). Genl lacking one of its termini has reduced Gen2 affinity in vivo and the lack of Genl1-
NTD results in impaired Genl-80S interaction (Sattlegger and Hinnebusch, 2000).

The Genl interaction with the ribosome is mediated by residues 1-2052 (Sattlegger and
Hinnebusch, 2000). The identified M7 and M1 mutations (residues 754-796 and 1458-1465 in yeast,
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793-834 and 1508-1515 in human) result in reduced Gcnl-80S association and impaired Gen2
activation, but do not influence Genl-Gen20 interaction (Sattlegger and Hinnebusch, 2005). It
could be shown that Genl contacts the ribosomal protein uS10, which is required for full induction
of the kinase Gen2 (Lee et al., 2015).

The EF3-like HEAT repeat region was identified to interact with the N-terminus of Gen20 (residues
1-189) (Marton et al., 1997; Vazquez de Aldana et al., 1995). In contrast to Genl, Gen20 enhances,
but is not required to induce the Genl-dependent Gen2 activation (Marton et al., 1997; Vazquez
de Aldana et al., 1995). Gen20 belongs to the ABCF protein family and its two ABCs (residues 199-
239 and 565-572) are homologous to those present in eEF3 (Vazquez de Aldana et al., 1995). With
14,600 molecules/cell, Gen20 is twice as abundant as Genl, and post-translationally acetylated
(Ghaemmaghami et al., 2003; Van Damme et al., 2012). The Gen20-CTD contributes to the high
affinity of the Gen1-Gen20 complex to the ribosome in an ATP-dependent manner, thus suggesting
Gcn20s role in fine-modulation of the Genl-mediated Gen2 activation (Castilho et al., 2014;
Marton et al., 1997). Interestingly, a very recent study revealed that Gen2 is able to phosphorylate
Gen20 and thus directly modulate its activity in a negative autoregulatory feedback loop, since
phosphorylated Gen20 is impaired to form the Gen2-stimulating Gen1-Gen20 complex (Dokladal
et al., 2021). Although Gcn20 seems not to interact directly with the ribosome, it possesses an
intrinsic ribosome binding activity and co-sediments weakly with polysomes (Marton et al., 1997).
In contrast to Genl and Gen2, no clear mammalian homologue of Gen20 was reported so far.
Although the mammalian ABC50 features some sequence similarity with Gen20, it was reported to
function during translation initiation, where it interacts with eIF2 and thus influences the accuracy
of codon selection (Paytubi et al., 2009; Stewart et al., 2015). Furthermore, the mammalian ABC50
is not able to complement the function of a yeast Gen20 deficient strain (unpublished observations
from J. K. Tyzack, G. Pavitt, and C. G. Proud, cited in (Tyzack et al., 2000)).

As already mentioned, HEAT repeats, as structural motifs, are known to function as interaction
sites for other proteins and nucleic acids and therefore the HEAT repeat protein Genl was
suggested to act as a scaffold (Andrade et al., 2001). Interestingly, global landscape analysis of
protein complexes in yeast did not reveal any Genl binding partners, not even the so far clearly
identified ones like Gen2, Gen20, Yihl etc. (Castilho et al., 2014; Ho et al., 2002; Krogan et al.,
2006). Based on this observation and the fact that emerging studies reveal the involvement of Genl
in other various processes besides the ISR, e.g. Genl’s involvement in cell cycle, cell proliferation
and embryonic development in mice, it seems that Genl might have many other interaction
partners and that identification of these interactions is challenging due to their potentially weak

nature (Yamazaki et al., 2020).

1.5.2.2 The Gir2/Rbg2 complex

Gcen2 has many further regulators modulating its activity, including the yeast Gir2 (Genetically
Interacts with Ribosomal genes 2, DFRP2 in mammals) protein (Castilho et al., 2014). Like Gen2,
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Gir2 possesses an N-terminal RWD domain, which was shown to compete with Gen2 for Genl-
CTD binding (Figure 10) (Wout et al., 2009). This suggestion was based on the observation that
Gir2 overexpression results in a decreased cellular eIF2a phosphorylation levels under starvation
conditions, which are restored by a simultaneous co-overexpression of Gen2 (Wout et al., 2009).
The deletion of Gir2 does not lead to a general increase of Gen2 activity, suggesting that Gir2 is not
a permanent inhibitor of Gen2, but likely only under certain conditions (Castilho et al., 2014;
Ishikawa et al., 2013). The protein itself is intrinsically unstructured, especially an acidic amino acid
part of the RWD domain (residue 85-101) and the CTD (Alves and Castilho, 2005). Furthermore,
the RWD domain contains a PEST sequence, which is targeted by proteases, so the protein is highly
prone to proteolysis (Alves and Castilho, 2005; Castilho et al., 2014). However, binding of the C-
terminus to its interaction partner, the small GTPase Rbg2 (Ribosome-interacting GTPase 2),
stabilizes the protein (Alves and Castilho, 2005). Gir2 is also capable of forming interactions with
Rbgl, but Rbg2 was identified as its distinct interaction partner, whereas Rbgl forms a complex
with Tma46 (Daugeron et al., 2011; Francis et al., 2012). Although the Rbg2-Gir2 complex is
predominantly formed, Gir2-Rbgl was shown to bind polysomes together with Genl, whereas the
association of Gir2 with polysomes is partially dependent on binding to Genl (Wout et al., 2009).
Notably, double deletion of Rbgl, Rbg2 and the helicase Slh1 leads to impaired translation and cell
growth indicating a potential connection to the RQC pathway (Daugeron et al., 2011).

Rbg2 and Gir2 alone colocalize with non-polysomal fractions, Rbgl with polysomes, and as already
mentioned Genl is observed in both the non-polysome and polysome fractions (Castilho et al.,
2014; Ishikawa et al., 2013). Rbg2 and Gir2 were shown to be non-essential for the cell, but
responsible for maintaining efficient cell growth under amino acid starvation conditions in the
presence of GTP bound to Rbg2 (Ishikawa et al., 2013). Under these conditions, the formation and
stability of the complex is greatly increased as well as its association to Genl (Ishikawa et al., 2013).
A point mutation in Rbg2 inactivating nucleotide binding decreases the level of Rbg2/Gir2 complex
formation and disrupts the stress-induced cell growth (Ishikawa et al., 2013). Based on the fact that
the Rbg2/Gir2 complex stabilization is strictly dependent on GTP binding to Rbg2 and, to a lesser
extent, on GDP, it was suggested that the complex fine-tunes the threshold levels for Gen2
activation to the availability of GTP within the cell and thus to its energetic state, e.g. high GTP
levels and its binding to Rbg2 signal availability of sufficient energy for protein synthesis, following
Rbg2/Gir2 complex formation and Gir2 interaction with Genl, which in turn blocks the crucial

Genl-Gen?2 interaction suppressing Gen2 activation (Castilho et al., 2014; Ishikawa et al., 2013).

Mammals contain a Gir2 orthologue Dfrp2 (DRG family-regulatory protein 2) and its binding
partner Drg2 (developmentally regulated GTP-binding protein) - a mammalian orthologue of
Rbg2. Drg proteins are known to be crucial for embryonic development, proliferation,

differentiation and cell cycle and are characterized by their high conservation through eukaryotes
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and archaea, but their exact function remains unclear (Ishikawa et al., 2005; Ko et al., 2004;
Schellhaus et al., 2017; Song et al., 2004; Wei et al., 2004).

1.5.2.3 Deacetylated tRNAs and ribosome pausing events

During amino acid starvation the aminoacyl-tRNA synthetase fails to link a tRNA%! to an
appropriate amino acid, leading to a significant increase in concentration of tRNA%*! under these
conditions. In bacteria, tRN A% are binding the ribosomal A-site leading to RelA recruitment and
the RelA-mediated synthesis of (p)ppGpp, which serves as a signal for amino acid availability
(Arenz et al., 2016; Hauryliuk et al., 2015). Based on this bacterial stringent response, a similar
mechanism was proposed for yeast including Gen2 as the key player and tRNA%*! as the activation
signal, which are directly binding the HisRS-like region and the Gen2-CTD leading to its activation
(Dongetal., 2000; Qiu et al., 2001; Wek et al., 1995). Mutations in aaRS lead to human neurological
disorders and it was recently shown that depletion of the yeast glutamine aaRS gene (GLN4)
inhibited cellular growth and induce GCN4 response based on tRNA%*" accumulation and Gen2
activation (McFarland et al., 2020). Binding of tRNA to Gcn2 was shown to be crucial for Gen2
dimerization and elF2a phosphorylation (Zaborske et al., 2009). The yeast Gen2 exhibits a 9-fold
higher affinity to tRNA%*! than to acetylated tRNAs (Dong et al., 2000). Mutation of motif 2, a
region within the HisRS-like region, led to a severe decrease of phosphorylation of elF2a in vivo
and in vitro (Wek et al., 1995; Zhu et al., 1996). The mechanism of the tRNA%*¥-mediated Gen2
activation was shown to be conserved in yeast and mammals, but in contrast to yeast, mammals are
not able to synthesize 10 of the essential amino acids (Hao et al., 2005; Li et al., 2013; Zhang et al.,
2002). Interestingly, a new study revealed that under non-starvation conditions, aaRS are capable
to bind and sequester tRNA%!, and thus preventing an unwanted Gen?2 activation (McFarland et
al., 2020).

As mentioned in section 1.5, the ISR pathway in yeast was initially discovered during starvation for
amino acids, which is inevitably connected to the presence of tRNA, More recent studies report
numerous other stress conditions, which activate Gen2, including starvation for glucose, acidic,
high salinity, oxidative stress, UV irradiation, viral mRNAs, proteasome inhibition as well as
protein misfolding (Anda et al, 2017; Castilho et al, 2014; Pakos-Zebrucka et al., 2016).
Interestingly, Genl was suggested to be required for all stress rearrangements that activate Gen2
(Anda et al., 2017; Castilho et al., 2014). Since Gen2 can be activated by a wide array of stressors,
the central question is if all these stressors are connected to an increased pool of tRNA%*, Some
of the mentioned conditions were suggested to lead to an increased concentration of tRNA% e g,
acidic stress was correlated with accumulation of uncharged tRNA™", whereas high salinity was
shown to cause a transient increase in the overall tRNA" amount (Hueso et al., 2012; Zaborske
et al., 2009). Proteasome inhibition was shown to reduce the free amino acid pool leading to Gen2
activation (Suraweera et al., 2012). For UV irradiation, several suggestions were delivered and one

of them proposes a rapid consumption of Arg for the enzyme nitric oxide synthetase to produce
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nitric oxide, whereas other reports delivered different theories but no evidence for an increased
tRN A% pool (Lu et al., 2009). On the other hand, there was some clear evidence that not all of
the mentioned stress conditions lead to accumulation of tRN A%, but to the previously discussed
ribosome pausing events. Recent profiling data of mouse neurons lacking a potential ribosome
recycling factor GTPBP2 and a certain neuronal tRNA (tRNA*%;cy) showed no evidence for
tRN A% accumulation and a simultaneous presence of an increased amount of stalled translation
elongation complexes accompanied by an increased Gen2 activation and elF2a phosphorylation
(Ishimura et al., 2016). In nutrient deprived cell lines with the most severe ribosome stalling, Gen2
showed the highest Gen2 activation, and it seems that Gen2 is able to directly sense ribosome
pausing and stalled ribosomes (Darnell et al., 2018; Ishimura et al., 2016). In contrast, a recent study
shows contradictory results including decreased polysome and increased monosome formation in
GLN4 depleted cells, which lead to a high abundance of tRN A% and a subsequent Gen2 activation
(McFarland et al., 2020).

Although these results are inconclusive, so far it can be stated that there is a clear evidence for Gen2
activation events, which are clearly independent of tRNA%%, so the long-established model and

the sole involvement of tRNA%*! in Gen2 activation needs to be questioned.

1.5.2.4 Ribosomes and the ribosomal P-stalk

Recent in vitro studies showed that human 80S ribosomes have a 20-fold greater potency and 3-
fold higher maximal stimulation on the Gcn2-mediated elF2a-P (in absence of Genl) than
tRN A (Inglis et al., 2019). This activation is dependent on the HisRS-like region of Gen2, the
domain, which was reported to bind tRNA%!, Furthermore, the work showed, that the ribosomal
P-stalk alone is able to activate Gen2 more potently than tRNAd! (Inglis et al., 2019; Jimenez-
Diaz et al.,, 2013). The importance of the P-stalk for Gen2 activation was supported by another
previous in vivo study showing an inefficient eIF2a-P in cells lacking the P1/P2 genes, but notably
only during stress conditions (osmotic stress or glucose starvation) (Jimenez-Diaz et al., 2013). In
contrast, addition of purified P1/P2 proteins to an cell-free translation extract from cells lacking
P1/P2 efficiently stimulate elF2a-P (Jimenez-Diaz et al., 2013).This P1/P2 mediated activation was
furthermore shown to be specific to Gen2 and did not activate other elF2-kinases like HRI and PKR
(Jimenez-Diaz et al.,, 2013). Moreover, a recent mammalian CHO cell-based CRISPR-Cas9
mutagenesis screen revealed, that the P-stalk is essential in activating Gen2 in response to amino
acid deprivation (Harding et al., 2019).The P-stalk is part of the GTPase-associated center and plays
a key role in translational fidelity recruitment and stimulation of GTPases (e.g. eEF1A and eEF2)
during translation elongation and interaction with ribosome inactivating elements (e.g.
trichosanthin, ricin A-chain) (Bargis-Surgey et al., 1999; Choi et al., 2015; Ito et al., 2014; Wawiorka
etal., 2017). The P-stalk consists of the uL10 protein and two P1-P2 heterodimers forming a hetero-
pentameric complex (Lee et al., 2010; Lee et al., 2012). The P1 and P2 proteins possess a dynamic

nature and exist in an equilibrium state between its ribosome-bound and a free form within the
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cytoplasm, whereas uL10 remains ribosome-bound (Lee et al., 2010; Lee et al., 2012). All three P-
stalk proteins possess short, acidic and highly conserved C-terminal tails (CTTs), which serve as
recognition elements for the recruitment of GTPases and stimulation of their activity (Choi et al,,
2015; Tchorzewski, 2002). It was shown that these CCTs of the P-stalk subunits and uL10 domain

IT are essential for a complete induction of the Gen2 kinase (Inglis et al., 2019).

Hydrogen deuterium exchange mass spectrometry (HDX-MS) identified some direct interactions
between the in vitro reconstituted complex of the purified human Gen2 and the P-stalk proteins
(Inglis et al., 2019). A reduced rate of exchange was observed in regions of the YyPK domain, HisRS-
like domain and the CTD, all implicated in ribosome binding, as well as in the activation loop of
the PK domain (Inglis et al., 2019). Interestingly, a rearrangement of the yPK, PK and the HisRS-
like domain of the Gcn2 protein was observed after exposure to P-stalk proteins. The P-stalk
regions interacting with Gen2 were determined to be domain IT of uL10 as well as domain I, which
establish contacts with the 28S rRNA within the ribosome (Inglis et al., 2019).

1.5.2.5 Others

Gcen2 has many other activators and inhibitors contributing to its tight regulation and the most
prominent in the yeast Impact homologue 1 (Yih1) (IMPACT (imprinted and ancient protein) in
mammals) (Pereira et al., 2005). The 258 amino acid long Yihl is a two-domain protein consisting
of an N-terminal RWD domain (low sequence identity between Yih1-RWD and mouse Gen2-
RWD of 24% for 76 amino acids) and a C-terminal YigZ or Ancient Domain (based on its presence
in many proteins from all domains of life). Like Gir2-RWD, Yih1-RWD competes with Gen2 for
Genl interaction, thus acting as a negative regulator of Gen2 (Sattlegger et al., 2011). Using Nuclear
Magnetic Resonance (NMR) and small angle X-ray scattering (SAXS), recent structural studies of
Yihl suggested that the protein adopts a latent closed state and undergoes a large conformational
rearrangement into a primed opened state upon Genl interaction (Harjes et al., 2021). The Genl-
Yih1 interaction is mediated through Asp-102 and Glu-106 within the RWD of Yih1 and residues
2051-2428 (especially Arg-2259) of Genl (Sattlegger et al., 2011; Sattlegger et al., 2004). Since Yih1
was proposed not to be a constitutive regulator of Gen2, Yihl is normally binding monomeric G-
actin through residues 68-258 (including part of the RWD) and was proposed to be released during
certain conditions or in specific cellular compartments to modulate Gen2 activation (Sattlegger et
al., 2004). Yih1l was shown to be preferentially expressed in neurons and suggested to efficiently
inhibit Gen2 to allow a maximal translation rate (Bittencourt et al., 2008; Pereira et al., 2005). The
binding site of Yih1 to Genl and actin are overlapping and the fact that Yih1 bound to Genl fails
to bind actin in vivo, led to the suggestion that Yih1 is generally implicated in the cross-talk between
translation and the cytoskeleton (Sattlegger et al., 2011; Sattlegger et al., 2004). Indeed,
Yih1/IMPACT were shown to interact with the cyclin dependent kinase Cdc28/CDKI, respectively,
enhancing cell cycle progression and highlighting the conservation of these interactions in yeast

and mammals (Silva et al., 2015). Yihl directly binds to the ribosome (co-sediments with
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polyribosomes) in an Genl-independent manner, contacting the ribosomal protein eL39 (Waller
et al., 2012). Deletion of Yih1 in yeast was shown to have no detectable effect on Gen2 activity and
cellular phenotype, but in neuronal mouse cells it leads to an increased basal Gen2 activation
(Pereira et al., 2019; Sattlegger et al., 2004). These recent mouse studies revealed that lack of
IMPACT leads to defective thermoregulation and weight loss in mammals and thus contributes to

diet-induced obesity (Pereira et al., 2019).

Besides the function in delivery of aa-tRNA to the ribosomal A-site during elongation, the
elongation factor eEF1A was shown to play a further role in inhibiting Gen2 activation during
nutrient-rich conditions. Under non-starving conditions, eEF1A was shown to directly bind to the
C-terminus of Gen2 keeping it in its latent state, whereas under starvation conditions in presence
of tRNAY! the interaction is diminished (Visweswaraiah et al., 2011). Recent in vitro studies
identified eEF1A domain I and II encompassing residues 1-221 and 222-315 as crucial for Gen2
kinase inhibition (Ramesh and Sattlegger, 2020).

Also Heat shock proteins were implicated in Gen2 inhibition. In vitro and in vivo, the yeast
molecular chaperone Hsp90 (expressed as two Hsp82 and Hsc82 isoforms) forms a complex with
Gen2 (residues 507-1092) required for the maintenance of its inactive state (Donze and Picard,
1999). Hsp90 is constitutively expressed within cells, also under non-stress conditions and was

previously shown to also interact with the kinase HRI in rabbit reticulocyte lysate (Uma et al., 1997).

Since Gen2 was also implicated in prevention of viral infections (a function, which is performed by
the specialized kinase PKR), viral RNAs were shown to be able to directly bind the HisRS domain
of Gen2 thus leading to its activation (Berlanga et al., 2006). In vivo mutations of Gen?2 lead to an
increased susceptibility to DNA virus infections of cytomegalovirus in mice and adenovirus in
humans as well as to the mammalian RNA Sindbis virus (Berlanga et al., 2006; Won et al., 2012).
Interestingly, HIV-1 viruses are able to activate Gen2 leading to inhibited translation of viral RNAs,
but simultaneously HIV-1 protease is able to proteolytically cleave Gen2 to prevent its antiviral
effect (del Pino et al., 2012).

Besides the yeast ISR - with Gen2 as its key regulator - there is an additional pathway, which is
activated during cell stress, and namely the (mammalian or mechanistic) target of rapamycin
((m)TOR) signaling (Laplante and Sabatini, 2012). Rapamycin, the inhibitor of mTOR and a
potential anticancer therapeutic, led to the discovery of the kinase and its mTOR blocking action is
based on its simultaneous binding to the prolyl isomerase FKBP and mTOR (to its FKBP-
rapamycin binding domain FRB) leading to a formation of an FKBP:Rapamycin:FRB ternary
complex, which directly blocks substrate recruitment to the kinase domain of mTOR (Banaszynski
et al., 2005; Heitman et al., 1991; Yang et al., 2013). Deregulation of the TOR pathway in humans

is widely implicated in various health conditions reaching from the progression of cancer to
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metabolic diseases such as diabetes as well as the aging process (Saxton and Sabatini, 2017). Since
both, the ISR and TOR, determine the balance between cell survival and cell death during
environmental fluctuations, they established tight communication pathways between each other to
control their activity.

TOR kinases belong to the family of phosphatidylinositol 3-kinase related family of kinases
(Imseng et al., 2018). To fulfill its function, the mTOR effector kinase needs to be incorporated in
one of the two multiprotein complexes, the mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2), respectively, and both have different functions despite the kinase mTOR being the
same (Imseng et al., 2018). Among other functions, the mTOR/TORCI1 complex is also involved -
like the Gen complex - in sensing amino acid starvation (Kim, 2009; Proud, 2014; Sengupta et al.,
2010). The mTOR kinase is highly active during nutrient-rich conditions leading to high
translational rate through phosphorylation of two important translation regulators: the Sch9 kinase
(S6 kinase (S6K) in mammals) leading to its activation and eIF4E-binding protein 1 (4E-BP1) (only
in mammals) resulting in its inhibition (Fingar et al., 2002; Proud, 2014; Sengupta et al., 2010).
Concomitantly, Gen2 is inactivated by a mechanism leading to phosphorylation of Ser-577, a
modification, which down-regulates Gen2 activity by decreasing the affinity for tRNAda!
(Cherkasova and Hinnebusch, 2003; Kubota et al., 2003). In contrast, during nutrient deprivation
or the drug Rapamycin, TOR is inactivated, whereas Gcn2 was shown to be activated by
dephosphorylation of Gen2 Ser-557 with the help of the Type 2A phosphatase-associated protein
42 (Tap42) (Cherkasova and Hinnebusch, 2003). Furthermore, it was shown that after its activation
by nutrient deprivation, Gen?2 is able to maintain mTORCI1 inhibition by inducing expression of
Sestrin2 via ATF4 induction, which blocks the lysosomal localization of mTORCI1 (Nikonorova et
al., 2018; Ye et al., 2015). On the other hand, Gen2 seems to have a mechanism to block mTORI1
upstream of ATF4 transcription during leucine starvation (Averous et al., 2016). Confusingly, other
studies showed a simultaneous and full activation of both Gen2 and TORCI, after UV irradiation
and oxidative stress, and suggested a more complex cross-talk between the pathways dependent on
different stress conditions (Rodland et al., 2014). The tight communication between Gcn2 and
mTOR is highlighted by the fact that mTORCI1 by itself is able to control ATF4, which in turn is
required for expression of metabolic enzymes and amino acid transporters — a mechanism, which

is independent of Gen2 and elF2a phosphorylation (Park et al., 2017).
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2 Objective of these studies

If cells possess enough nutrients, the general protein synthesis can occur in a fast and efficient way.
During the translational cycle in eukaryotes, two translational GTPases (eEF2 and eEF1A) are
essential to ensure the elongation of the growing polypeptide chain. Yeast requires a third essential
factor, the ATPase eEF3, which directly binds the ribosome and plays a role in the release of the E-
site tRNA during translation elongation (Andersen et al., 2006; Triana-Alonso et al., 1995). Why
yeast cells specifically need this translation factor still remains unclear, but more recent studies have
already identified the factor in some non-fungal species of unicellular eukaryotes (Mateyak et al.,
2018). eEF3 belongs to the ABCF proteins, a protein family that has many implications in human
diseases like diabetes or cystic fibrosis (Dean et al., 2001). The yeast protein eEF3 possesses a close
homologue, namely Newl. Compared to eEF3, Newl exhibits 37% sequence homology and a
similar domain organization with an additional N-terminal prion domain, which was shown not
to be conserved (Murina et al., 2018). Since New1 co-sediments with actively translating ribosome,
it was suggested to be involved in the translation process, but because the protein was only
identified recently, its function is not investigated so far. The aim of this project was to gain the first
structural insights into the in vitro reconstituted New1-80S complex using cryo-EM analysis
(Publication 1). To gain additional knowledge about New1 s function, the study was accompanied

by collaborative yeast genetics and ribosome profiling data.

An in vitro reconstitution of the eEF3-80S complex from purified components revealed the first
structural insight into eEF3 bound to the ribosome (Andersen et al., 2006), but since the structure
was at low (9.9A) resolution it did not allow any detailed observations and thus no mechanistic
conclusions. Furthermore, the complex was reconstituted using a RNC which was lacking the E-
tRNA, therefore it is unclear which ribosomal state is recognized by eEF3 in vivo. To address these
open questions, we performed a native pull-out on a C-terminally TAP-tagged eEF3 from yeast
cells and visualized the complex(es) via Cryo-EM (Publication 2). To gain a better understanding
of eEF3’s exact mechanistic function during elongation, the study was also complemented by

collaborative in vitro translational and in vivo ribosome profiling assays.

In the event of changed environmental conditions and/or stress, such as amino acid deprivation,
cells need to adapt in a very fast and efficient way to ensure cell survival. The ISR in yeast comprises
the phosphorylation of elF2a on Ser-51 by the kinase Gcn2, leading to reprogramming of the
general gene expression profile, which enables adaptation to restriction conditions (Castilho et al.,
2014; Hinnebusch, 2005). The protein kinase Gen2 requires its effector proteins Genl and Gen20,
whereas Genl and Gen2 directly bind to the ribosome. Since the action of Gen2 causes severe
metabolic changes within the cell, the pathway needs tight monitoring, which was suggested to be
governed by the Rbg2-Gir2 complex. These proteins were shown to be able to bind directly to the

ribosome, suppress Gen2 activation and enable an efficient division of cells under certain
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conditions (Ishikawa et al., 2013; Wout et al., 2009). The ISR pathway is highly conserved from
yeast to humans and connected to various human conditions like aging, cancer, obesity, or COVID-
19 (Kim et al., 2020; Philips and Khan, 2021; Ye et al., 2010). Some first structural insights of the
Gcen-80S complex would open the possibility for mechanistic conclusions, however for decades the
structure of Gen proteins on the ribosome have remained elusive. Hence, the goal of the study was
to visualize using cryo-EM the first structure of Gen protein(s) binding to the ribosome by
performing a native pull-out on a C-terminally TAP-tagged Gcn20 and a subsequent Cryo-EM

analysis of the native sample (Publication 3).
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3 Cumulative Thesis: Summary of Publications

3.1 Publication 1 - A role for the Saccharomyces cerevisiae ABCF protein New1 in
translation termination/recycling

Villu Kasari*, Agnieszka A. Pochopien*, Ténu Margus, Victoriia Murina, Kathryn Turnbull, Yang

Zhou, Tracy Nissan, Michael Graf, Jiti Novacek, Gemma C. Atkinson, Marcus J. O. Johansson,
Daniel N. Wilson, Vasili Hauryliuk.

Nucleic Acids Research. 47, 8807-8820 (2019).

Newl is a close homologue of eEF3, an essential factor in yeast, which promotes the release of the
E-site tRNA during translation elongation. The molecular function of the non-essential Newl is
entirely unknown, but it seems to be involved in translation, since it co-sediments with actively
translating polysomes (Li et al., 2009). By using a combination of single particle cryo-EM, yeast
genetics and ribo-seq analysis, we gained insights into the New1 ribosomal binding site as well as
its basic function during the translation process. For the structural part, we in vitro reconstituted a
yeast New1-80S complex with purified (vacant) ribosomes, ATPase-deficient (EQ,) Newl protein
lacking the prion domain (PD) and ATP, and resolved this structure at 3.28 A resolution using
cryo-EM. Our results show that Newl binds a non-rotated vacant ribosome at a similar site than
eEF3, including the interactions of HEAT, ABC2 and CD with the ribosomal 40S head and the 60S
CP. Its truncated CD, missing the loop between B4 and B5, is pointing towards the ribosomal L1-
stalk, but does not interact with it. Our results indicate, that due to the “shorter” CD, the eEF3
homologue cannot efficiently perform the same function as eEF3 by interacting with the ribosomal
L1-stalk. This agrees with our yeast genetic studies, showing that although overexpression of New1
is able to rescue a strain lacking eEF3, it is not able to perform this task efficiently. Both studies
were complemented by ribo-sequencing analysis, which uncovered that loss of Newl leads to
ribosomes queuing upstream of lysine and arginine codons immediately preceding a stop codon,
and thus suggested Newl1 's function in termination and/or recycling. The study provided the first
structural insights into the unknown protein New1 and its binding to the yeast ribosome and could

associate its function with translation termination and/or recycling.

3.2 Publication 2 — Yeast translation elongation factor eEF3 promotes late stages
of tRNA translocation

Namit Ranjan*, Agnieszka A. Pochopien*, Colin Chih-Chien Wu*, Bertrand Beckert, Sandra
Blanchet, Rachel Green, Marina V. Rodnina, Daniel N. Wilson.

The EMBO Journal. 10.15252/embj.2020106449 (2021).
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The eukaryotic translation cycle requires eEF2 and eEF1A, two highly conserved translational
GTPases, for successful peptide elongation. In contrast, yeast needs a third essential factor, namely
the eukaryotic elongation factor 3 (eEF3). In vitro translational studies revealed that eEF3 is
required for the release of the tRNA from the E-site and suggested an allosteric three-site model of
the ribosome, suggesting a reciprocal link between the ribosomal A- and the E-site (Gnirke et al,,
1989; Triana-Alonso et al., 1995). Previous cryo-EM studies uncovered the first structure of eEF3
bound to the yeast ribosome at 9.9 A, comprising the 60S CP and the 40S head, however high-
resolution structural information of the interactions between eEF3 and the ribosome is unavailable
(Andersen et al., 2006). Furthermore, the eEF3-80S complex was reconstituted in vitro using RNCs
lacking the E-site tRNA and thus precluding a conclusion about the ribosomal state eEF3 is binding
in vivo. By using a combination of cryo-EM, in vitro translation experiments and ribosome
profiling, we gained insights into all these mentioned questions as well as reconsideration of the
postulated allosteric three-site model. By performing co-immunoprecipitation (co-IP) of a C-
terminally TAP-tagged eEF3 strain and a subsequent cryo-EM analysis, we were able to visualize
seven eEF3-80S complexes ranging from 3.3 A - 4.2 A with different rotation, swiveling and tRNA
occupation states. Surprisingly, eEF3 is binding nearly all ribosomal states during elongation, but
is only able to stably interact with the non-rotated ribosome. Detailed molecular interactions of
eEF3 with the ribosome showed that only in a non-rotated state eEF3's HEAT repeats can establish
extensive contacts with ES39S and eS19 of the 40S head and that this binding is diminished as soon
as the 408 is rotated or the head swiveled. Furthermore, the structures also uncovered eEF3 s direct
interaction with the ribosomal L1-stalk via its CD. The comparison of the different non-rotated
ribosomal states enabled us to trace various L1-stalk positions (e.g. “int” L1-stalk with P- and E-
tRNAs and ‘open’ L1-stalk with P-tRNA after E-tRNA release and a shift of the L1 by 44 A) and to
conclude that the CD of eEF3 is actively involved in the repositioning of the L1-stalk from a "closed’
into an ‘opened’ conformation and thus is substantially involved in the release of the E-site tRNA.
The cryo-EM study was complemented by in vitro translational analysis and ribosome profiling
data, which confirmed EF3’s function in E-tRNA release, but also determined that eEF3 promotes
late steps in tRNA-mRNA translocation. Since A-site occupation (by the TC) is not required for
the release of the E-site tRNA and in opposite case, the empty ribosomal A-site is able to be loaded
despite the E-tRNA presence (after eEF3 depletion), resulting in a trapped ribosomal species
occupied by all three tRNAs, the study challenges the long postulated allosteric three-site model of

the yeast ribosome.
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3.3 Publication 3 - Structure of Genl bound to stalled and colliding 80S
ribosomes

Agnieszka A Pochopien*, Bertrand Beckert*, Sergo Kasvandik, Otto Berninghausen, Roland
Beckmann, Tanel Tenson, Daniel N. Wilson (2021). Structure of Genl bound to stalled and

colliding 80S ribosomes.
PNAS. 10.1073/pnas.2022756118 (2021).

The integrated stress response (ISR) is a highly conserved pathway and enables cells to adapt to
numerous environmental conditions in a fast and efficient way to ensure survival. In yeast, this
pathway, also known as the general amino acid control (GAAC), is activated during stress, e.g.,
nutrient deprivation, in the presence of increased amounts of deacetylated tRNAs (tRNAd=o),
binding the ribosomal A-site (Castilho et al., 2014; Hinnebusch, 2005). The prevailing model
postulates, that under these conditions, the effector protein Genl, together with Gen2, contacts the
ribosome and transfers the tRNA% to the histidyl-tRNA synthetase (HisRS) like region of Gen2,
leading to its activation and a subsequent elF2a-P. Since Gen2 induction results in severe metabolic
changes and the reprogramming of the general gene expression profile, the pathway is tightly
monitored by numerous modulators, including the Rbg2-Gir2 complex. The complex was shown
to enable an efficient cell growth under starvation conditions in simultaneous presence of GTP
(Ishikawa et al., 2013), whereas recent studies report Rbg2’s binding to ribosomes, containing
problematic polybasic peptide motifs (Zeng et al., 2021). Although the function of the complex is
not entirely clear, Gir2 is able to efficiently repress Gen2 activation under certain conditions
(Ishikawa et al., 2013). Although several crystal structures of single domains of Gen2 presented
valuable insights into the domain architecture, the structure of the functional Gen1/2/20 proteins
binding to the ribosome as well as the one of Gen2 modulators like Rbg2-Gir2 remained elusive.
By performing a co-IP on a yeast C-terminally TAP-tagged Gcn20 strain and a subsequent 3D
reconstruction of the native complex via cryo-EM, we were able to visualize the first structure of a
Gcen1/20 bound ribosomal species at 3.9 A resolution. Interestingly, we observed, that the elongated
structure of Genl is spanning two ribosomes consisting of a leading stalled ribosome (LSR) and a
colliding ribosome (CR), rather than a monosome. Both termini of Genl are tightly interacting
with both P-stalks and 40S heads of the LSR and CR, trapping the disome in a translation impotent
state. The N-terminus of Gen20 is binding the middle portion of Genl, including its eEF3-like
HEAT region, in a manner, which induces a ‘kink’, compacting Genl and leading to its previously
suggested stabilization on the ribosome (Vazquez de Aldana et al., 1995). The LSR is in a non-
rotated state occupied by A/A- and P/P-site tRNAs, and elF5A within the E-site, whereas the CR is
in arotated state bearing hybrid A/P- and P/P-tRNAs and Mbf1 bound adjacent to the mRNA entry
channel on the 40S. The Rbg2-Gir2 complex is located near the ribosomal A-site on the LSR, where
Rbg2 directly contacts the A-tRNA and Gir2 binds the C-terminal region of Genl via its RWD
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domain, illustrating how Gir2 is able to compete with Gen2 for the essential Genl binding, as
suggested before (Wout et al., 2009). Not only do our findings reveal the first insights into Genl-
Gen20 and Rbg2-Gir2 bound ribosomal species, but they also uncover the disome as the substrate
for Genl binding in vivo and thus serve as a structural basis for Gen2 activation. Moreover, our
work is consistent with the hypothesis that Gen2 is activated by collisions and independently of the
presence of tRNA%, as proposed previously (Inglis et al., 2019; Ishimura et al., 2016; Masson,
2019), questioning the long-postulated Gen2 activation model. Since ribosome collisions induce
not only the ISR but are key signals for the ribosome-associated quality control (RQC) and the
ribotoxic stress response (Vind et al., 2020), our study has an important implication also for these

pathways.
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4 Discussion and Outlook

4.1 The S. cerevisiae eEF3-80S complex

Besides the strict GTP-dependent eukaryotic elongation factors eEF1A and eEF2, yeast and fungi
require an additional factor for elongation - the ATPase eEF3. Despite the availability of an in vitro
reconstituted eEF3-80S complex at 9.9 A resolution (Triana-Alonso et al., 1995), it remains unclear
which ribosomal state eEF3 is binding to in vivo (1) and at which stage the factor dissociates from
the ribosome (2). Also questions on how E-tRNA release is mediated by the factor (3) and the role
of ATP-hydrolysis in this process (4) remain open.

Answering the first and second question, our cryo-EM structures provide snapshots of seven eEF3-
bound ribosomal species, four in the pre-translocational (PRE) (Fig. 5 A-D in Ranjan, Pochopien
and Chih-Chien et al., 2021) and three in the post-translocational (POST) (Fig. 6 A-D) state. eEF3
is present on the ribosome throughout the entire elongation cycle, but can only stably bind the non-
rotated ribosome (PRE-1, PRE-2, POST-2, POST-3). In all these states, eEF3 does not show any
significant conformational change and the HEAT repeat region is able to establish extensive
contacts with the 40S head proteins eS19 and uS13, and rRNA ES39S. These interactions are
diminished as soon as the 40S rotates or swivels, and eEF3 is anchoring itself by the few remaining
contacts of ABC2 with the 60S CP and thus showing a disordered and flexible nature or even
dissociating (PRE-3, PRE-4, POST-1).

When stably bound to a non-rotated ribosome, eEF3 is in a closed state with both ABCs occupied
by nucleotides, however the resolution is not sufficient to discriminate between ATP, ADP or
ADPNP and thus to clarify how ATP hydrolysis is coupled to E-tRNA release. Several ABC proteins
(e.g. the OpuA-transporter) possess degenerated ABCs and require only one functional ABC for a
successful transport of the substrate (Jones and George, 2013; Nikaido and Ames, 1999; ter Beek et
al., 2014). However, for eEF3 it was shown that both ABCs are functional and indispensable for the
ribosome-activated ATP-hydrolysis and full eEF3 function (Yang et al., 1996). In order to stabilize
eEF3 on the ribosome, ADPNP was added to the sample in the very last purification step, which
might have two important implications. On the one hand, the usage of ADPNP does not allow any
conclusions about ATP hydrolysis in eEF3 function, since the non-hydrolyzable analog might
potentially replace one or two hydrolyzed ADP molecules with ADPNP trapping eEF3 in a closed
state and preventing the visualization of eEF3’s potential semi-open state. One needs to consider
that even if ADPNP influenced the states in the mentioned manner, its presence would not result
in artificial eEF3-80S complexes, but indeed be comparable to functional complexes present in the
cell, since ADP might also be replaced by ATP, which is omnipresent in vivo. On the other hand,
the application of ADPNP presumably enabled us to trap the crucial POST-2 state (eEF3-80S
complex with P/P- and E/E-tRNA), because the occupation of the non-hydrolysable analog in at
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least one of the two ABCs blocked the release of the E-site tRNA as reported previously (Triana-
Alonso et al., 1995). The observation of the POST-2 state is crucial, since it uncovered the tight
association of the eEF3 CD with the protein uL1 of the ribosomal L1-stalk. Interestingly, CDs in
general were shown to be present in HP1/Chromobox and CDH subfamilies as well as chromatin
remodelers binding methylated lysines (me-K) in histone tails (Kim et al., 2006; Nielsen et al., 2002;
Yap and Zhou, 2011). Although a methylation was identified on K46 of the uL1 protein (Webb et
al., 2011), our structure revealed that the CD-uL1 interaction is far away from the me-K46 on uL1l.
This finding suggested, that (at least in this case) the CD does not share the same mechanism in
recognition of me-K in comparison to chromatin remodelers, but the interactions rather rely on a
charge complementary to the lysine dense region within the uL1 protein interacting with the eEF3
CD. The presence of different tRNA-occupied eEF3-80S complexes enabled us to trace the position
of the L1-stalk, which showed a dramatic shift of 44 A between the state before (POST-2 with P/P-
and E/E-tRNA) and after (POST-3 with P/P-tRNA) the release of the tRNA*! from the E-site.
From this dramatic repositioning of the L1-stalk and the continuous interaction of the CD with
ul1 in all eEF3-80S complexes, we suggest that eEF3 is involved in the release of the E-site tRNA
by directly influencing the L1-stalk position in an ATP-dependent manner, since presence of ATP

is strictly required for E-tRNA release during elongation (Triana-Alonso et al., 1995).

The in vitro cell-free translation studies in presence and absence of eEF3 and in vivo ribosome
profiling experiments under eEF3 depletion conditions uncovered that the A-site is able to be
loaded before E-tRNA release and that E-tRNA release is possible without a preceding A-site
loading, and moreover, that during eEF3 deletion the yeast ribosome is trapped with all three
tRNAs. These observations challenged the long-postulated allosteric three side model, which states
that the ribosomal A-site is linked to the E-site and vice versa in the manner that occupation of one
binding site negatively influences the affinity of the other (Gnirke et al., 1989; Nierhaus, 1990). The
allosteric model is plausible, since the A- or E-site occupation of the ribosome influences the
structural state of the L1-stalk (Fei et al., 2008), which in turn potentially correlates with the global
conformational change of the entire ribosome (Fei et al., 2009; Ning et al., 2014), and thus
influences factor binding and dissociation during the entire translation process. However, the
model is highly controversial in literature (Nierhaus, 1990; Nierhaus et al., 1995; Semenkov et al,,
1996). Single-molecule studies brought new insights into the topic by examining the transition of
tRNAs through the E. coli ribosome during decoding, peptide bond formation and translocation
(Chen et al., 2011; Choi and Puglisi, 2017; Uemura et al., 2010). As soon as translocation by
eEF2/EF-G occurs, the E-site tRNA release is rapid (Uemura et al., 2010), which is consistent with
our observation that eEF3 plays a role during late stages of mRNA-tRNA translocation.
Importantly, E-site tRNA release is clearly not correlated with the arrival of the next A-site tRNA
and the E-tRNA alone is able to dissociate spontaneously in later stages of elongation (at
approximately cycle 3) (Chen et al., 2011; Uemura et al., 2010), which is in agreement with our in

vitro biochemical results in Ranjan, Pochopien and Chih-Chien et al. as well with the previous
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postulated model of the kinetically labile and "transient” E-site occupation (Lill and Wintermeyer,
1987; Semenkov et al., 1996). However, the E-tRNA needs to dissociate first before the ribosome
can be translocated to the next codon by eEF2/EF-G (Choi and Puglisi, 2017). Uemura et al. showed
that the rate of ribosomes occupied by A-, P-and E-site tRNA is very rare (1.7%) and forms under
special conditions, when E-site tRNA dissociation is slow, e.g. due to frameshifting (Sanders and
Curran, 2007), the dependency of the tRNA species or Mg** concentration (Choi and Puglisi, 2017;
Fei et al., 2009)) with a simultaneously occurring rapid A-site occupation due to high micromolar

concentrations of the TC (Uemura et al., 2010).

Since eEF3 ensures a rapid and efficient E-tRNA release, the percentage of the 80S complexes
occupied by three tRNAs from our native pull-out sample should be hardly existent, which explains
why we could not observe such a ribosomal species during processing of our cryo-EM data. Since
E-tRNA release correlates with the fast rates required for efficient elongation (Uemura et al., 2010)
and the ribosome being occupied by all three tRN As slows translation elongation (Choi and Puglisi,
2017), the existence of such a factor like eEF3 might represent an evolutionary advantage for yeast
in the processivity of translation, despite its high energetic costs. This is supported by the fact that
no structure so far is available for the yeast ribosome occupied by A-, P- and E-tRNA, in contrast
to the human variant (Behrmann et al., 2015). To summarize, the previous single-molecule (Chen
et al., 2011; Choi and Puglisi, 2017; Uemura et al., 2010), structural (Behrmann et al., 2015) as well
as our in vitro translation studies (Ranjan et al., 2021) show that the allosteric three site model is
not valid during later stages of elongation, since the A- and E-site are not allosterically linked.
However, a ribosome occupied by all three tRNAs seems to be a very rare state (Behrmann et al.,
2015; Uemura et al., 2010) and represents a kinetic hurdle due to blocked translocation and a

decrease in translation speed (Choi and Puglisi, 2017) - a process prevented by the ATPase eEF3.

Why yeast and fungi require a third soluble factor for E-tRNA release during elongation while
higher eukaryotes do not, remains an enigma until today, especially since the elongation process is
the most conserved process between all three kingdoms of life (Riis et al 1990). The elongation
factors eEF1A and eEF2 for example feature 82% and 66% sequence identity between yeast and
human species and are able to replace their counterpart in presence of rat liver or wheat germ
ribosomes (Skogerson and Engelhardt, 1977). One prominent explanation for the absence of eEF3
in higher eukaryotes was the direct incorporation of the ATPase into the mammalian ribosome
(Chakraburtty and Triana-Alonso, 1998). The presence of an ATPase as a ribosomal protein
responsible to the E-tRNA release during mammalian elongation was a long-debated and
conflictive topic (Kovalchuke and Chakraburtty, 1994; Rodnina et al., 1994), however structures of
mammalian ribosomes (Anger et al., 2013; Flis et al., 2018; Muhs et al., 2015; Svidritskiy et al., 2014)

clearly proved the absence of ATP domains within the mammalian ribosome.
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The mammalian ribosome seems to have properties, which enable the ribosome to release the E-
tRNA without an external soluble factor like eEF3, since the exchange of the yeast 40S subunit with
the wheat germ one enables the translation to be eEF3-independent (Chakraburtty and Kamath,
1988). Notably, the percentage of human ribosomes occupied by all three tRNAs derived from an
ex-vivo pull-out is significantly higher (3-8%) (Behrmann et al., 2015) than for the already
mentioned E. coli one (Uemura et al., 2010). Since mammals do not possess an eEF3 analogue, it is
tempting to speculate that the energetic barrier for the E-tRNA dissociation during mammalian
elongation is lower than in yeast, however which structural or functional property within the

mammalian ribosome is responsible for this phenomenon remains unclear.

Intriguingly and controversially, under a limited concentration of eEF1A, the yeast eEF3 shows a
small but consistent stimulatory effect on polyphenylalanine synthesis in presence of pig liver
ribosomes (Kovalchuke and Chakraburtty, 1994). Furthermore, rabbit liver ribosomes were shown
to stimulate the ATPase activity of yeast eEF3 (Rodnina et al., 1994). Comparing the eEF3 binding
site on the yeast ribosome with the similar location on the human one reveals that the residue
composition (ES39S, eS19, uS13 of the 40S head and uL5 and uL18 and 5SrRNA of the 60S CP) of
the human ribosome is similar to the yeast one (Figure 11 A and B). This suggests a potential
binding ability of yeast eEF3 to the mammalian ribosome, which might explain the effect
mentioned above, since eEF3 s ATP-binding and -hydrolysis is strongly stimulated by the previous
binding to its substrate, the ribosome ('ribosome model ") (Andersen et al., 2006) - a model, which
is in agreement with the "switch model” postulated for ABC transporters (Higgins and Linton,
2004). Notably, our latest structural study revealed a similar binding site of the yeast Genl to that
of eEF3 on the ribosome based on its eEF3-like HEAT region. Since Genl is highly conserved in
yeast and human and the binding of the human Genl to the ribosome is probably similar to the
yeast one, it is tempting to speculate that yeast eEF3 indeed is potentially able to bind the human
ribosome. In contrast, the D. melanogaster ribosome features an elongated ES9S, which forms a
"horn’ and would preclude an eEF3 binding (Figure 11 C) (Anger et al., 2013).

Further investigations are needed to determine the mechanism of ATP hydrolysis on eEF3
function. It can be clearly stated that until now no structural and functional analog was detected in
higher eukaryotes (Belfield and Tuite, 1993), however eEF3 was reported more recently to be
present in some non-fungal species of unicellular eukaryotes (Mateyak et al., 2018). The essentiality
of eEF3 in fungi and its absence in humans, makes eEF3 to an obvious target for antifungal drugs
(Sturtevant, 2002). One billion people suffer from severe fungal diseases responsible for over 1.6
million deaths over the past few years and are the main cause of patient death after organ
transplantation (Almeida et al., 2019; Brown et al., 2012; Sturtevant, 2002). Furthermore, fungal
infestations are causing massive damage to plant-based food production worldwide (Almeida et al,,
2019; Savary and Willocquet, 2020). The four clinically available drug classes are polyenes, azoles,

5’-fluorocytsine and echinocandins, all of which are targeting compounds within the fungal cell
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Figure 11. eEF3 in complex with the 80S ribosome. (A) The S. cerevisiae (Sc) eEF3-80S model
is based on the cryo-EM structure of the native eEF3-80S complex at 3.3 A (Ranjan et al., 2021). (B)
Putative eEF3-80S complex bound to the H. sapiens (Hs) (PDB ID: 6EK0) (Natchiar et al., 2017)
and (C) D. melanogaster (Dm) (PDB ID: 4V6W) (Anger et al., 2013) ribosome. Both ribosome
structures were aligned to the cryo-EM structure of the native S. cerevisiae eEF3- 80S complex
shown in (A). (D) Interaction of eEF3 with isolated parts of the Sc, (E) Hs and (F) Dm 80S

ribosome.

membrane, e.g. lipids or molecules involved in synthesis pathways (Sturtevant, 2002). Since they
feature cross-resistance and show many (partly severe) side effects for organs, targeting distinctive
fungal molecules - like eEF3 - would open doors for the design of new potential antifungal agents.
Indeed, two compounds were found to target specifically eEF3, aspirochlorine and yefafungin
(Monti et al., 1999; Roemer et al., 2011a; Roemer et al., 2011b). Aspirochlorine, a molecule isolated
from Aspergillus species and a member of epipolythiodioxopiperazines class of compounds
(Gardiner et al., 2005), was reported previously to act as a specific and potent inhibitor of fungal
translation (ICso of 10 nM) during poly(U)-directed Poly(Phe) synthesis and has a substantially
reduced lethal toxicity in mice in comparison to the polyene amphotericin B (100 mg/kg for
aspirochlorine vs. 4 mg/kg amphotericin B) (Berg et al., 1976; Monti et al., 1999). Several years ago,
Merck took the effort to screen for thousands of various natural products (Roemer et al., 2011b),
which have the potential to act as antifungal drugs, leading to the identification of yefafungin,
fellutamide C and D (26S proteasome inhibition) (Hines et al., 2008), campafungin (blocks cyclic

adenosine monophosphate homeostasis) (Roemer et al., 2011b) and dretamycin (disturbs Fe/S
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cluster protein Dre2p) (Wilson et al., 2014), but not even one of these and other molecules could
be applied clinically so far (Balibar and Roemer, 2016). A structure of aspirochlorine or yefafungin
on the ribosome-bound eEF3 would reveal the compound ‘s mode of action and enable a design of
a new, even more potent molecules. Besides eEF3, other essential yeast proteins involved in
translation, like eEF2, might represent a target for drug development. Although many of them
possess high sequence homology between fungi and human, they do also feature species-specific
domains, which may be used for targeting. Furthermore, investigation of "coupling molecules’,

which enable an efficient uptake of the compound by the fungi cells, is key.

4.2 The S. cerevisiae New1-80S complex

As mentioned previously, Newl is the second closest homologue of eEF3 (Murina et al,, 2018).
Considering the domain organization, the only difference between Newl and eEF3 is its additional
N-terminal prion domain (PD), which does not seem to be conserved between different yeast
species (Murina et al., 2018). Besides the fact, that Newl co-sediments with actively translating
polysomes and shows cold-sensitivity as well as ribosome assembly defect phenotype in its absence
(Lietal., 2009), its functions remained entirely unclear. In Kasari and Pochopien et al. we combined
single molecule cryo-EM analysis with in vitro genetic and ribo-seq studies to reveal Newl’s

location on the ribosome and suggest a first potential function.

The New1-80S complex was reconstituted in vitro from purified yeast 80S and an ATP-hydrolysis
deficient EQ,-mutant version of Newl lacking the PD, and subjected to single particle cryo-EM.
The 3.28 A structure revealed a binding site of New1 to the yeast ribosome, which is similar to that
of eEF3, an observation, which is not surprising considering the high sequence homology and
nearly identical domain organization. Like for eEF3, the Newl's HEAT repeats, ABC2 and the CD
are interacting with the 40S head ES9, eS19, uS13 and the 60S CP uL5, uL18 and the 5S rRNA.
Within the New1-80S complex, the vacant ribosome adopts a non-rotated state, a conformation,
which might be stabilized after binding of the ligand, since the vacant yeast 80S was previously
shown to prefer the rotated intersubunit state (Ben-Shem et al., 2011; Spahn et al., 2004b) in
contrast to the bacterial ribosome (Munro et al., 2009). The latter observation is also in agreement
with our observed remaining ribosomal classes lacking the ligand, which all adopt a predominantly
rotated conformation. It can be speculated, that in vivo, Newl recognizes a ribosome adopting a
non-rotated state, since 40S rotation or head swivel would result in the same destabilization of the
HEAT interaction with the 40S head as it is the case for eEF3. Interestingly, Newl possesses a
shorter CD compared to eEF3, which does not interact with the L1-stalk in our in vitro structure.
The missing loop between B4 and 5 (the "tip” of the CD) was identified in Ranjan, Pochopien and
Chih-Chien et al. as the region of eEF3 establishing the majority of the contacts to the lysine dense
region on the uLl protein of the L1-stalk. Especially in PRE-1, PRE-2 and POST-3 states of the
eEF3-80S complex, the L1-stalk is in an open position still flexibly interacting with the "tip” of
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eEF3’s CD, and it is questionable that the short CD of Newl would be able to interact with the L1-
stalk in the same manner due to the distance. Indeed, it is possible, that New1 CD is able to interact
with uL1 when the L1-stalk is in a closed position, which is the case during E-site occupation by
tRNA or another factor, e.g. eIF5A. Since eIF5A occupation leads to a fully closed conformation of
the L1 stalk, similar to that observed for eEF2 (Flis et al., 2018; Spahn et al., 2004a), this L1-state
would present an even more preferential case for the ‘short” CD interaction of New1 with uL1 due
to shorter distance. The performance of a native pull-out and structural elucidation of the ex-vivo
New1-80S complex would show in detail if or how the New1-CD is interacting with the L1-stalk

and if the PD is involved to some extent in ribosome binding.

After the clarification of its binding site, the question remains, which function New1 holds during
the translation process. As an eEF3 homologue, is New1 able to fulfil the essential function of eEF3?
Yeast genetic experiments revealed that overexpression of Newl rescues a strain lacking the
essential eEF3, but considering the long incubation time of 4-5 days for the dot blots, its rescue
ability is not very efficient, suggesting another main role of the factor. Ribo-seq analysis uncovered,
that Newl is affecting translation termination or recycling, since Newl loss leads to upstream
queuing at 3 '-terminal lysine and arginine codons. Further studies need to clarify the question how
Newl is involved in termination and/or recycling and resolve if Newl is also simultaneously and

directly involved in ribosome assembly, as previously suggested (Li et al., 2009).

Since eEF3 in encoded by two paralogous genes, YEF3 (essential) and HEF3 (non-essential) (Kellis
et al., 2004; Maurice et al., 1998; Murina et al., 2018), the role of Hef3 is also of interest. Recent
studies revealed that the closest eEF3 homologue is involved in the selective production of proteins,
which defend the yeast cell against reactive oxygen species after H,O, treatment and the induction
of oxidative stress (Goscinska et al., 2020). In contrast to eEF3, Newl and Hef3 are non-essential
and identified so far only in fungi species, hence the factors probably have no further implication

for higher eukaryotes, like humans, for the development of new antifungal targets.

4.3 The S. cerevisiae Gen1-Disome complex

The ISR enables eukaryotic cells to adapt to a variety of environmental stress conditions in a fast
and efficient way. In metazoans, four specialized kinases are responsible for sensing different
stresses, whereas the yeast system comprises only one of the kinases, the highly conserved protein
Gcen2. The prevailing model of ISR activation in yeast postulates, that starvation for one or several
amino acids leads to accumulation of tRNA% within the ribosomal A-site, which in turn is the
signal for Gcn2, together with its modulators Genl and Gen20, to get activated, leading to
phosphorylation of its target elF2a, which results in a subsequent reprogramming of the global
gene expression and adaptation to stress (Castilho et al., 2014; Hinnebusch, 2005). The quantity of

emerging in vitro and in vivo studies on the Gcen system reflects its importance, since its
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deregulation results in numerous and severe human diseases (Castilho et al., 2014; Kim et al., 2020;
Lehman et al., 2015; Ma et al., 2013; Philips and Khan, 2021; Ye et al., 2010). Several crystal and
NMR structures of distinct domains of the eukaryotic Gen2 protein provided valuable insights into
its domain architecture (He et al., 2014; Hei et al., 2021; Nameki et al., 2004; Padyana et al., 2005),

however a structural basis of the functional 80S-bound Gen complex still lacks.

In our publication Pochopien and Beckert et al. we performed a native pull-out on an exponentially
growing Gcn20-TAP tagged yeast strain, and visualized the ex vivo complex by cryo-EM. The
structure revealed a remarkable composition of a disome (consisting of the first leading stalled
ribosome and a second ribosome, which collided into it) bound by Genl together with Rbg2-Gir2
and Mbfl. The leading stalled ribosome (LSR) is in a non-rotated state occupied by an A- and P-
tRNA as well as eIF5A within the E-site (PRE state), whereas the colliding ribosome (CR) is rotated,
bearing hybrid A/P- and P/E-tRNAs (HYBRID state). Genl establishes five extensive contacts with
both ribosomes within the disome: the Genl N-terminus tightly interacts with the P-stalk proteins
(1) and the 40S head (2) on the CR, and spans the LSR, where its middle portion (eEF3-like HEAT)
binds the ribosomal site similar to that of eEF3 (3) and the C-terminus reaches the 40S head (4)
and the P-stalk region (5). On its termini, Genl interacts with both ribosomal P-stalks of the LSR
and CR. In this manner the P-stalks are potentially "trapped” and cannot fulfil their function in
recruiting and stimulating canonical trGTPases (Choi et al., 2015; Tchorzewski, 2002) - an
observation, which explains why loss of P-stalk proteins impairs Gen2-dependent elF2a-P in

mammals (Harding et al., 2019).

Simultaneously, Genl also binds both 40S heads of the LSR and CR, which might prevent the
normally occurring spontaneous rotation and/or head swivel of the 40S (Agirrezabala et al., 2008;
Blanchard et al., 2004; Budkevich et al., 2011; Cornish et al., 2008; Julian et al., 2008; Moazed and
Noller, 1989), and thus results in stabilization of both ribosomal states. By interacting with both, P-
stalks and 40S heads, on the LSR and the CR, Genl potentially recognizes and "traps” the disome
in a rigid and translation impotent state, and this defined structural unit in turn acts as a distinct
signal, leading to activation of a specific downstream signaling pathway. The main question is,
under which conditions Genl recognizes the PRE-HYBRID disome, which forms a specific 40S-
40S interaction interface, including Ascl (Rackl), and if it is able to also sense other disome or
ribosome species, since a recent publication reports that activation of the ISR is favouring a
ribosome with an empty A-site (POST state) (Yan and Zaher, 2021).

Previous in vitro studies showed that overexpression of eEF3 represses Gen2 activity, and thus
suggested an overlapping binding site of Genl (eEF3-like HEAT) and eEF3 (HEAT) on the
ribosome (Visweswaraiah et al., 2012). Based on Genl 's interaction with the 40S head and the 60S
CP of the LSR, our structure reveals that this is indeed the case. The human Genl might bind the
LSR in the same manner as the yeast protein due to the high sequence conservation (Castilho et al.,

2014) (47% sequence identity of the eEF3-like HEAT region). Another point supporting this
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suggestion is the structural comparison in 4.1 (Fig. 11 B, E), which illustrates a potential binding
ability of eEF3-HEAT (or in this case: eEF3-like HEAT in Genl) to the human ribosome.
Interestingly, large scale interaction studies of the yeast proteome could not show even one of the
so far known Gcenl interaction partner (Krogan et al., 2006), suggesting its transient or weak
interactions (Castilho et al., 2014) and illustrating the "hidden” potential of Genl. Intriguingly,
Genl is able to also bind to monosomes after a full induction of the ISR, as we observe from our
sucrose density gradients of lysates from starved cells, showing a monosome peak and no disomes,
which is in line with previous results (Marton et al., 1993). The interaction of Genl with the 80S
ribosome is potentially less stable compared to its interaction with a disome, however the possibility

of a so far unknown conformational change of Genl on the monosome cannot be excluded.

The middle portion (~ 500 residues) of Genl, including eEF3-like HEAT and an additional region
in the N-terminal direction, is not involved in any ribosome binding, but potentially interacts with
the N-terminal Gen20, however the resolution of Gen20 is not sufficient for a clear confirmation.
The location of the Gen20 N-terminus is supported by previous in vitro studies, in which Gen20
was shown to neither interact with the ribosome, nor with Gen2, but its N-terminus interacts with
the Genl eEF3-like HEAT region, which was suggested to stabilize Genl “s binding to the ribosome
and lead to enhanced Gen2 activation (Vazquez de Aldana et al.,, 1995). From our structural
observation we can speculate, that the binding of the Gen20 N-terminus induces a "kink” and might
act as a ‘clamp’, compacting Genl's elongated and flexible structure and thus leading to the
previously suggested stabilization on the ribosome. Interestingly, the activity of Gen20 can be
directly modulated by Gen2 itself (phosphorylation inactivates Gen20 and disrupts its interaction
with Genl) as part of a negative feedback loop (Dokladal et al., 2021).

The noncanonical GTPase Rbg2 is located near the A-site on the LSR, directly interacting with the
408, 60S and the A-tRNA via its N-terminal helix-turn-helix (HTH), ribosomal proteins S5 domain
2-like (S5D2L) and C-terminal TGS (ThrRS, GTPase, and SpoT) domain. The simultaneous
occupation of the ribosomal E-site by the elongation factor eIF5A, which was shown to bind in
presence of problematic polypeptide stretches (Gutierrez et al., 2013; Schuller et al., 2017), leads to
the suggestion, that Rbg2 and eIF5A stabilize the A- and P-site tRNAs, respectively. In this manner
they potentially enhance peptide bond formation at the PTC to restore translation. Although we
cannot confirm the presence of problematic polypeptide motifs due to insufficient resolution of the
mRNA on the LSR, recent studies report, that Rbg2 (and Rbgl) indeed enhance translation in
presence of problematic polybasic motifs (Zeng et al., 2021). However, conditions, under which the
Genl-disome complex bound by Rbg2-Gir2 and Mbf1 is formed, need to be clarified via future

experiments.

On the other hand, the central GTPase domain (G-domain) of Rbg2 is interacting with Gir2, a
protein, which possesses a N-terminal RWD similar to Gen2 and was shown to repress Gen2

activation under certain conditions by competing for Genl binding (Ishikawa et al., 2013; Wout et
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al., 2009). Starvation and the simultaneous presence of GTP lead to increased formation of the
Rbg2-Gir2 complex binding to Genl (Ishikawa et al., 2013), so Castilho et al. speculate, that the
Rbg2-Gir2 complex adjusts the threshold levels for Gen2 activation to the energetic state of the cell
in the manner, that high cellular GTP levels signal enough available energy to continue translation

under certain starvation conditions, leading to a dampened Gen?2 activation (Castilho et al., 2014).

During ribosomal collisions, the CR exerts a pulling force on the mRNA during translocation - an
event, which leads to slippage of the mRNA and thus to frameshifting on the LSR (Simms et al.,
2019). The multiprotein bridging factor (Mbf1) is binding the 40S at the interface between the head
and body on the CR, and in this manner stabilizes a non-swivelled conformation of the 40S head,

preventing frameshifting on the LSR (Sinha et al., 2020; Wang et al., 2018).

Based on our Genl-disome structure, together with available biochemical studies, we propose a
model, in which the bound complex is responsible for resolving the collided ribosomes to resume
translation: Rbg2 together with eIF5A enhance peptide bond formation, Mbfl prevents
frameshifting and Gir2 ensures a suppression of Gen2 activation by binding to Genl via its RWD
domain. On the other hand, our structure presents some first insights into Genl binding a disome,
and thus allows a conclusion on how Gcenl potentially activates Gen2. During amino acid
starvation, the binding of tRNA%! to the ribosomal A-site leads to slower translation and hence
ribosome collisions (Darnell et al., 2018; Meydan and Guydosh, 2020). Genl (together with Gen20)
is able to sense these disomes and recruit Gen2 by placing residues ~2000-2200 near the ribosomal
A-site, which are exposed for Gen2-RWD binding and Gen2 activation - a potential structure that
presents the main, albeit challenging goal for future structural studies. Our co-IP study was
performed with cells, which were grown and harvested at the mid log phase (ODgg=2.5). Since the
rate of eIF2a-P is low during the exponential growth of yeast wild-type cells, but notably increased
in the stationary phase (Jimenez-Diaz et al., 2013), another straight-forward possibility to gain the
Gen2-bound ribosomal complex would be to perform the native pull-out under stationary phase

conditions.

Although starvation and tRNA%*! Jead to ribosomal collisions, the disome, as a Genl substrate, is
probably a very short-lived species, reflected by the fact that mono- and polysome fractions from
exponentially growing cells combine to one monosome peak in starved cells treated with 3-AT,
which we could observe in our sucrose density gradients. In the latter case, Genl substrates
(disomes) disappear as soon as the ISR is fully activated by Gen2, since the general translation shuts
down. Once the ISR is activated, there is no requirement for the Gen2 kinase to continuously
phosphorylate eIF2, because the induced transcriptional activators can be reused for every round
of transcription to reprogram the cellular gene expression profile. The challenge for the future is to
trap the Gen2-80S complex after an efficient Gen2 activation, but during early stages of the ISR
induction. This could be obtained by a very short 3-AT treatment of the cells before harvesting or

by titration of 3-AT and monitoring the ribosome profile through a sucrose density gradient to
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determine the 3-AT concentration, which efficiently activates Gen2, but simultaneously keeps as

many disomes as possible.

Another possibility to “save” disomes during starvation is the application of a Gen2 mutant version,
e.g. Ser51Ala mutation, which prevents elF2a-P and inhibits the global translation shutdown. In
this context, a further possible difficulty for trapping the Gen2-80S complex is the low abundancy
of the Gen2 protein within the cell (279 Gen2 molecules/cell) (Ghaemmaghami et al., 2003). In the
course of sample preparation, this might result in an insufficient amount of Gen2-bound ribosomal
species needed for a high-resolution 3D reconstruction of the complex, especially considering the
already challenging reconstruction of the Genl-bound disomes (7330 Genl molecules/cell), which
represented 4.9% of the total particle number (starting with ~ 1 Mio. particles). Furthermore, the
binding of the Gen?2 kinase to the disome complex might be transient. To support and potentially

increase the amount of Gen2-bound ribosomal species, overexpression of Gen?2 is reasonable.

The four specialized mammalian kinases PKR, PERK, HRI and Gcen2 exhibit an overlapping
activation (Pakos-Zebrucka et al., 2016; Staschke and Wek, 2019; Taniuchi et al., 2016). Based on
this observation, the yeast ISR response was shown to be not only activated by nutrient deprivation,
but via other stresses, e.g. UV irradiation, oxidative stress, viral mRNAs, high salinity or acidic tress
(Anda et al., 2017; Castilho et al., 2014; Pakos-Zebrucka et al., 2016). These conditions might also
represent an interesting source for stress treatment of cells for Gen2-ribosomal complex isolation.
An interesting question for the future is how the four kinases are able to overlap in their activation,

although they feature very different regulatory domains.

Since ribosome collisions are well-known to activate the RQC, one of the main questions is, how
the ISR and RQC machineries interplay with each other and define, from which point one specific
pathway is activated, since both pathways were shown to antagonize each other (Yan and Zaher,
2021). The connection between the ISR and RQC is illustrated by the fact, that double deletion of
Rbgl, Rbg2 and the helicase Slhl leads to impaired translation and cell growth (Daugeron et al,,
2011). Notably, one of the main RQC players, the E3 ubiquitin ligase Listerin (Ltn1), features a C-
terminal RWD domain (Shao et al., 2015) and its potential to compete with Gen2 for Genl binding
would be an interesting point to investigate. Recently, RQC was shown to be more sensitive to
translational changes and respond quicker to collisions with lower frequency, whereas Gcn2
responds to a high frequency of stalled ribosomes (Yan and Zaher, 2021), which again reflects how
important the timing for the "trapping” of the Gen2-80S complex is. Furthermore, the rescue
efficiency was shown to depend on collision frequency and the length of the ribosome queue
(Goldman et al., 2021). Answering that question will be challenging, since Gen2 activation and the
ISR pathway are very complex, as already described in section 1.5.2. The pathway is not only
interfering with numerous mentioned modulators, but was shown to depend on the identity of the

deficient amino acid itself (Mazor et al., 2018).
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ABSTRACT

Translation is controlled by numerous accessory
proteins and translation factors. In the yeast Saccha-
romyces cerevisiae, translation elongation requires
an essential elongation factor, the ABCF ATPase
eEF3. A closely related protein, New1, is encoded by
a non-essential gene with cold sensitivity and ribo-
some assembly defect knock-out phenotypes. Since
the exact molecular function of New1 is unknown, it
is unclear if the ribosome assembly defect is direct,
i.e. New1 is a bona fide assembly factor, or indirect,
for instance due to a defect in protein synthesis. To
investigate this, we employed yeast genetics, cryo-
electron microscopy (cryo-EM) and ribosome profil-
ing (Ribo-Seq) to interrogate the molecular function
of New1. Overexpression of New1 rescues the invia-
bility of a yeast strain lacking the otherwise strictly
essential translation factor eEF3. The structure of the
ATPase-deficient (EQ2) New1 mutant locked on the
80S ribosome reveals that New1 binds analogously
to the ribosome as eEF3. Finally, Ribo-Seq analysis
revealed that loss of New1 leads to ribosome queuing
upstream of 3'-terminal lysine and arginine codons,
including those genes encoding proteins of the cyto-
plasmic translational machinery. Our results suggest
that New1 is a translation factor that fine-tunes the

efficiency of translation termination or ribosome re-
cycling.

INTRODUCTION

The ribosome is aided and regulated by accessory factors
participating in all stages of the translational cycle: initia-
tion, elongation, termination and recycling (1-4). Transla-
tional GTPases are the key players in all these steps and as
such have been extensively studied over the past five decades
(5,6). Another class of NTPase enzymes has attracted
increasing attention in the recent years—the ribosome-
associated adenosine triphosphatases (ATPases) belonging
to the ATP-binding cassette (ABC) type F (ABCF) pro-
tein family. Eukaryotic representatives of this protein family
include initiation factor ABCF1/ABC50 (7,8), elongation
factor eEF3 (9,10) as well as Gen20—a key component of
general amino acid control pathway (11).

Elongation factor eEF3 is the most well-studied eukary-
otic ribosome-associated ABCF ATPase. While early anal-
yses of the evolutionary distribution of eEF3 concluded
that it is a fungi-specific translational factor (12) eEF3-
like homologues have more recently been found in non-
fungal species, such as oomycete Phytophthora infestans
(13), choanoflagellates and various algae (14). eEF3 is es-
sential both for viability of the yeast Saccharomyces cere-
visiae (10) and for peptide elongation in a reconstituted
yeast translational system (15,16). While biochemical ex-
periments suggest a secondary function for ¢eEF3 in ribo-
some recycling (17), ribosome profiling analysis of eEF3-
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depleted S. cerevisiae suggests that translation elongation
is the primary function of eEF3 in the cell (18). A cryo-
electron microscopy (cryo-EM) reconstruction of eEF3 on
the ribosome localizes the factor within the vicinity of the
ribosomal E-site (9), providing a structural explanation for
the biochemical observations of E-site tRNA displacement
from the ribosome in the presence of eEF3 and ATP (19).

The S. cerevisiae genome encodes 29 ABC ATPases, of
which five belong to the ABCF subfamily (20). Of these,
eEF3, Hef3/eEF3B and Newl together form a group with
a distinctive subdomain architecture relative to the other
ABCFs (14). Hef3/eEF3B is the closest homologue of
eEF3—84Y% identical on the amino acid level (21)—and is,
most likely, a second copy of eEF3 originating from whole-
genome duplication in the Saccharomyces lineage (22). The
second closest homologue is New1 (20)—encoded by a non-
essential gene with a cold sensitivity knock-out phenotype
(23) (Figure 1A). The molecular function of Newl is un-
clear. eEF3 and Newl share the same domain architecture,
with exception of an additional N-terminal Q/N rich re-
gion in Newl that drives the formation of the [NU"] prion
when fused to the C-terminal domains of translation termi-
nation factor eRF3 (24,25) (Figure 1A). However, priono-
genesis cannot be the sole function of New1 since the very
presence of the Q/N motif in Newl is not universal and is
limited to Hemiascomycota species (26), and is lacking, for
instance, in Schizosaccharomyces pombe Newl (14) (Figure
1A). Loss of Newl results in a ribosome assembly defect in
S. cerevisiae and causes cold sensitivity, that is, a growth de-
fect at low temperatures (23). However, it is unclear whether
the effect is direct, through participation of New1 in ribo-
some assembly, or indirect, as perturbation of translation
can cause ribosome assembly defects (27). The latter possi-
bility is supported by the detection of Newl in polysomal
fractions (23), motivating our current investigation.

Using a combination of ribosome profiling, yeast genet-
ics, molecular biology and cryo-EM, we show that S. cere-
visiae Newl is a yeast translational factor involved in trans-
lation termination/recycling and its loss leads to ribosome
queuing at C-terminal lysine and arginine residues that pre-
cede stop codons.

MATERIALS AND METHODS
Yeast genetics

Yeast strains and plasmids used in this study are listed in
Table 1. Oligonucleotides and synthetic DNA sequences are
listed in Supplementary Table S1 and construction of plas-
mids is described in the Supplementary information. Yeast
media was prepared as described (28), with the difference
that the composition of the drop-out mix was as per Jo-
hansson (29). Difco Yeast Nitrogen Base w/o Amino Acids
was purchased from Becton Dickinson (291 940), amino
acids and other supplements from Sigma-Aldrich. YEPD
medium supplemented with 200 pwg/ml Geneticin™ (Gibco
11811-023) was used to select for transformants contain-
ing the kanM X6 marker (30). Strains deleted for NEWI
were derived from a diploid formed between BY4741 and
BY4742, which was transformed with either a HIS3MX6
or kanM X6 DNA fragment with the appropriate homolo-
gies to the NEWI locus. The DNA fragments were ampli-

fied from pFA6a-HIS3MX6 and pFA6a-kanM X6 (30) us-
ing primers oMJ489 and oMJ490. The two generated het-
erozygous strains were allowed to sporulate and the newl A
strains (MJY 944, MJY945 and MJY1091) were obtained
from tetrads. The newl A::kanMX6 strain (MJY1091) was
crossed to BY4709 and strains MJY 1171 and MJY1173
were obtained from a tetrad. The Pyprrs-YEF3 newl A
strain (MJY951) was derived from a cross between VKY8
and MJY944. A strain expressing the synthetic LexA-ER-
haB112 transcription factor (VHY61) was constructed by
integrating the FRP880 plasmid (31) into the his3 Al locus
of BY4741. To target the plasmid to the his3 A1 locus, the
plasmid was linearized with Pacl before transformation.

Polysome profile analyses

Polysome profile analyses and fractionation was performed
as described earlier (18). To probe the ribosomal as-
sociation of Newl, the VHY61 strain carrying the -
estradiol-inducible NEWI1-TAP (VHp262) or NEWI-EQ>-
TAP (VHp265) plasmid was grown overnight at 30°C in
SC-ura and diluted to ODggy &~ 0.05 in the same medium.
Cultures were grown until ODgyy ~ 0.3 at which point B-
estradiol was added to a final concentration of 1 pM. Cells
were harvested after 3 h of induction and lysates prepared
as previously described (18). The lysis buffer and sucrose
gradient were supplemented where appropriate with ATP or
AMP-PNP to a final concentration of 1 mM. RNase I treat-
ment was performed for 20 min at room temperature before
loading on a 7-45% sucrose gradient in of HEPES:Polymix
buffer (20 mM HEPES:KOH pH 7.5, 2 mM dithiothreitol
(DTT), 10 mM Mg(OAc),, 95 mM KCI, 5 mM NH,yCl, 0.5
mM CacCl,, 8 mM putrescine, | mM spermidine (32)) and
resolving the samples by centrifugation at 35 000 rpm for 3
h at4°C. Since 1| mM ATP masks the ribosomal absorbance
signal at 260 nm, the gradients were analysed with continu-
ous Argy measurements. 0.5 ml fractions were collected and
stored at —20°C for further analysis.

Immunodetection

The TAP tag was detected using Peroxidase-anti-peroxidase
1:5000 (Sigma, Lot #103M4822), Pgk1 was detected using
mouse anti-Pgk1 1:7500 (459250, Invitrogen). Anti-mouse
IgG_HRP (AS11 1772, Agrisera) was used as secondary
antibody. For western blotting of fractions from polysome
profiles, 200 pl of Polysome Gradient Buffer without su-
crose (20 mM Tris—=HCI pH 7.5, 50 mM KCI, 10 mM
MgCl,) was added to 200 pl of each fraction and the sam-
ples precipitated by addition of 1.2 ml of 99.5% EtOH and
overnight incubation at —20°C. The samples were pelleted
by centrifugation at 20 000 x g for 30 min at 4°C, air dried
for 10 min at 50°C and dissolved in 24 pl of 3x Sample
Loading Buffer (125 mM Tris—HCI pH6.8, 50% glycerol,
1.43M B-mercaptoethanol (BME), 4% sodium dodecyl sul-
phate (SDS), 0.025% Bromophenol Blue). A total of 5 w1 of
each sample was resolved by 8% SDS-polyacrylamide gel
electrophoresis. Since the detection of the TAP-tag is highly
specific (see uncut western blots presented on Supplemen-
tary Figure S1), we increased throughput by slot blotting.
Slot blotting of fractions from polysome profiles was per-
formed using a Minifold II Slot-Blot Manifold (Schleicher
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Figure 1. The essential translational factor eEF3 is dispensable upon overexpression of Newl. (A) The domain structure of Saccharomyces cerevisiae and
Schizosaccharomyces pombe New1 as well as S. cerevisiae eEF3. The location of the catalytic glutamate residues essential for ATPase function is indicated.
(B) Loss of NEW1I increases the growth defect caused by depletion of eEF3. The wild-type (VKY?9), Pysrr2s- YEF3 (VKY8), newl A (MJIY945) and Pye725-
YEF3 newl A (MJY951) strains were grown overnight in liquid SC-met-cys medium, 10-fold serially diluted, spotted on SC-met-cys (0 mM met) and SC-cys
(0.5 mM met) plates. The plates were scored after three days incubation at 30°C. (C) Increased dosage of NEW1I counteracts the growth defect caused
by reduced eEF3 levels. The Pysrr25- YEF3 strain carrying the indicated low-copy (l.c.) or high-copy (h.c.) URA3 plasmids was grown overnight in liquid
SC-ura-met-cys medium, 10-fold serially diluted, spotted on SC-ura-met-cys (0 mM met) and SC-ura-cys (2 mM met) plates, and incubated at 30°C for
3 days. (D) Increased expression of NEWI counteracts the inviability of cells lacking eEF3. The yef3A strain harbouring the l.c. URA3 plasmid pRS316-
YEF3 (VKY20) was transformed with the indicated l.c. or h.c. LEU2 plasmids. The transformants were grown over-night in liquid SC-leu medium, 10-fold
serially diluted, spotted onto SC-leu and SC-leu+5-FOA plates, and incubated at 30°C for three (SC-leu) or 5 (SC-leu+5-FOA) days. On 5-FOA containing
plates only those cells that have lost the URA3 plasmid are able to grow (74). (E) Increased dosage of the YEF3 gene does not suppress the growth defect
of newl A cells. The cells harbouring the indicated plasmids were grown overnight in liquid SC-ura medium, 10-fold serially diluted, spotted on SC-ura

S. cerevisiae NP_013350.1 eEF3 (also eEF3B

0.5 mM met

B 0 mM met 2 mM met

newiA

yef3A pYEF3

plates and incubated at 30°C for 2 or at 20°C for 4 days.

& Schuell) at 30 mbar vacuum. The slots were washed with
150 pl of Polysome Gradient Buffer, loaded with 150 wl
of the same buffer followed by addition of 10 ul of each
fraction in separate slots. After two washes with 150 .l of
Polysome Gradient Buffer, the membrane was transferred
to a hybridization bottle and blocked, using 5% skimmed
milk in PBS-T, for 2 h in a hybridization oven set at room
temperature. Following antibody incubation (TAP-tag de-
tection), washing and chemiluminescent detection was per-
formed as for western blot (18).

Purification of 80S ribosomes

The S. cerevisiae strain PY 116 was used for preparation of
ribosomes (33). The overnight culture was grown in a fer-
menter (SP Processum, Doms;jo) in 25 L glycerol-lactate
medium to ODg of & 5, followed by the addition of 25 L of
YPD. After 5 h the culture reached the ODgy of ~ 5, and it
was cooled down to 4°C for several hours, the cells were pel-
leted by centrifugation, flash-frozen and stored in —80°C.
Twenty grams of cell mass was disrupted using a freezer-mill
(Spex Freezer Mill, 8 cycles at 14 fps frequency interspersed
with 2 min work-rest intervals) and resuspended in 80 ml of
ice-cold cell opening buffer (10 mM KCl, 5 mM Mg(OAc),,
0.1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM
BME, 1 mM PMSF, 0.8 mg/ml heparin, 20 mM Tris:HCI
pH 7.5) on ice with stirring. Lysate was clarified by centrifu-
gation for 30 min at 16 000 rpm (Ti 45 rotor, Beckman), the
supernatant was loaded onto sucrose cushions (1.1 M su-

crose, 50 mM KCI, 10 mM Mg(OAc),, 0.1 mM EDTA, 5
mM BME, 20 mM Tris:HCI, pH 7.5) and centrifuged for
16-18 h at 35 000 rpm. Ribosomal pellets were dissolved in
high salt buffer (500 mM NH,4Cl, 250 mM sucrose, 10 mM
Mg(OAc);, 0.1 mM EDTA, 5 mM BME, 20 mM Tris:HCI
pH 7.5 supplemented with 1 mM puromycin), incubated for
1 h at 4°C with gentle mixing and pelleted again (8 h at 35
000 rpm) through 40 ml sucrose cushions. Resultant ribo-
somal pellets were combined in 15 ml of overlay buffer (50
mM KCI, 5 mM Mg(OAc),, 0.1 mM EDTA, 3 mM BME,
10 mM Tris:HCI pH 7.5) and resolved on a 10-40% sucrose
gradient in overlay buffer in a zonal rotor (Ti 15, Beck-
man, 15 h at 21 000 rpm). The peak containing 80S ribo-
somes was pelleted by centrifugation (19 h at 40 000 rpm)
and ribosomes were dissolved in 1 ml of HEPES:Polymix
buffer (20 mM HEPES:KOH pH 7.5, 2 mM DTT, 5 mM
Mg(OAc);, 95 mM KCI, 5 mM NH4Cl, 0.5 mM CacCl,, 8
mM putrescine, | mM spermidine (32)). The 80S concen-
tration was measured spectrophotometrically (1 Azsp = 20
nM of 80S). Ribosomes were aliquoted by 50-100 p.l, flash-
frozen in liquid nitrogen and stored at —80°C.

Protein expression and purification

The ATPase-deficient New1 construct (VHp123, Table 1)
lacks the aggregation-prone prion domain (New1q,n), but
contains an N-terminal Hisg-tag, and the catalytic glu-
tamic acid residues in the two ATPase active sites are re-
placed with glutamines (E713Q, E1058Q; New1-EQ»). The
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Table 1. Strains and plasmids used in this study

Name Description Reference
Strains
BY4741 MATa his3 A1 leu2 AO metl15 A0 ura3 AO (75)
BY4742 MATa his3 Al leu2 AO lys2 AO ura3 A0 (75)
BY4709 MATa ura3 A0 (75)
MIY944 MATa his3 Al leu2 AO ura3 A0 newl A:: HIS3 M X6 This study
MIY945 MATa his3 Al leu2 AO ura3 A0 newl A:: HIS3 M X6 This study
MJIY1091 MATa his3 A1 leu2 AO ura3 AOQ newl A::kan M X6 This study
MIY1171 MATa ura3 A0 This study
MIY1173 MATa ura3 AQ newl A::kan M X6 This study
MJY951 MATa his3 leu2 AO ura3 AO newl A:: HISSM X6 Pygrs.::kanMX6-P yeros This study
PYl1l6 ura3-52 trpl A his3-11,15 pep4-4 prb1-1122 prc1-407 leu2-3,112 nucl:: LEU2 (33)
VHY61 MATa leu2 AO met15A0 ura3 A0 his3Al::FRP880 This study
VKY8 MATa his3 leu2 AO ura3 AO Pyggz::kan M X6-Pygros (18)
VKY9 MATa his3 leu2 AO ura3 A0 (18)
VKY20 MATa his3 leu2 A0 lys2 A0 ura3 A0 yef3A::kanM X6 /pRS316-YEF3 (18)
YSC1178-202233783 MATa his3 Al leu2 AO met15A0 ura3A0 NEW1::TAP-HIS3 M X6 (76)
Plasmids
FRP880 PACTI(-1-520)-LexA-ER-haB112-TCYCI (31)
FRP1642 PTEF-HygM X-T TEF-insul-(lexA-box)4-PminCYC/ 31
pDB722 Ppgxi-Renilla-CAAC ysseie-Firefly-Teycz, URA3, 2 ori (66)
pDB723 PPGKI-Renilla-UAACcasseue-Fireﬂy-TCYCz, URA3, Zp. ori (66)
pBS1539 CBP-ProtA KI-URA3 AmpR (77)
pFA6a-kan M X6 kanM X6 AmpR (30)
pFA6a-HIS3MX6 HIS3MX6 AmpR (30)
pRS315 YCp CEN6/ARS4 LEU2 AmpR (78)
pRS316 YCp CEN6/ARS4 URA3 AmpR (78)
pRS425 YEp 2w ori LEU2 AmpR (79)
pRS426 YEp 2 ori URA3 AmpR (79)
pRS315-NEWI NEWI in pRS315 This study
pRS315-YEF3 YEF3 in pRS315 (18)
pRS316-NEWI NEWI in pRS316 This study
pRS316-YEF3 YEF3 in pRS316 (18)
pRS425-NEWI NEWI in pRS425 This study
pRS426-YEF3 YEF3 in pRS426 This study
pRS426-NEW1 NEWI in pRS426 This study
VHpl23 O6His-NEW1 aq/N-EQ2 (AP2-P140 E713Q E1058Q, codon optimised to E. This study
coli expression) in pET19b
VHp257 insul-(lexA-box)4-Pmin CYCI-NEW1g713q-TAP-Tsynms in pRS316 This study
VHp258 insul-(lexA-box)4-Pmin CYCI-NEW1g1053qQ-TAP-Tgynmg in pRS316 This study
VHp262 insul-(lexA-box)4-Pmin CYCI-NEWI-TAP-Tynng in pRS316 This study
VHp265 insul-(lexA-box)4-Pmin CYCI-NEWI-EQ>-TAP-Tgynmg in pRS316 This study
VHp327 Prpuz-NEWI in pRS425 This study
VHp603 Ppgri-Renilla-YDRO9IW(TAA )cassette-Firefly-T cycr, URA3, 2. ori This study
VHp605 Ppgii-Renilla-YNL247W(TAG)cassette-Firefly-T ey, URA3, 2. ori This study
VHp606 Ppgxi-Renilla-YDRO9IW(CAA )cassette-Firefly-T ey, URA3, 2 ori This study
VHp607 Ppgri-Renilla-YNL247W(CAG )cassette-Firefly-T cyc2, URA3, 2w ori This study

protein was overexpressed in BL21 Escherichia coli cells
grown at 37°C from an overnight culture in LB medium
starting at ODgyy of 0.06. Cells were grown until ODyg
of 0.2 and the temperature shifted to 22°C. At ODgy =
0.4, the culture was induced with 1 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG). After 1.5 h of expression,
the cells were harvested at 8000 x g for 10 min at 4°C.
All subsequent steps were performed on ice or at 4°C. The
pellet was resuspended in 30 ml of lysis buffer (50 mM
Tris—Cl [pH 7.5], 1 mM MgCl,, 20 mM NaCl, 10 mM
Imidazole, protease inhibitor cocktail (cOmplete ULTRA
EDTA free, Roche) and lysed using a microfluidizer (Mi-
crofluidics M-110L) by passing cells three times at 18 000
p.s.i. The cell debris was removed upon centrifugation in
a SS34 rotor at 4°C (27 000 x g for 15 min) and the pro-
teins were purified from the supernatant by His-tag affinity
chromatography using Ni-NTA agarose beads (Clontech).
The bound proteins were washed with lysis buffer contain-

ing 25 mM imidazole and then eluted with lysis buffer con-
taining 500 mM imidazole. The final eluate was purified by
size-exclusion chromatography using HiLoad 16/600 Su-
perdex 75 (GE Healthcare) in gel filtration buffer (50 mM
Tris-HCI [pH 7.5], 700mM NacCl, 10mM MgCl,, 2 mM
DTT). The aliquots were pooled, snap-frozen in liquid ni-
trogen and stored at —80°C.

Sample and grid preparation

All following steps were performed in buffer composed of
20mM HEPES [pH 7.5], 2 mM DTT, 100 mM KOAc and
20 mM Mg(OAc),. The purified components and the nu-
cleotide (80S:Newlaq/N-EQ2:ATP) were mixed at a ratio
1:2:2000 and incubated 20 min at 30°C. DDM was added
to the sample to a final concentration of 0.01% (v/v). For
grid preparation, 5 wl (5 Ayg/ml) of the freshly prepared
ribosomal complex was applied to 2 nm precoated Quan-



tifoil R3/3 holey carbon supported grids and vitrified using
a Vitrobot Mark IV (FEI, Netherlands).

Cryo-electron microscopy and single-particle reconstruction

Data collection was performed on an FEI Titan Krios
transmission electron microscope equipped with a Falcon
IT direct electron detector (FEI) at 300 kV at a pixel size
of 1.063 A. A total of 3519 Micrographs were collected us-
ing an under defocus range from —0.5 to —2.5 wm. Each
micrograph was collected as series of 16 frames (2.7 ¢~ /A2
pre-exposure; 2.7 e~ /A2 dose per frame). All frames (accu-
mulated dose of 45.9 ¢~ /A?) were aligned using the Unblur
software (34). Power-spectra, defocus values, astigmatism
and resolution estimates for each micrograph were deter-
mined using Getf version 1.06 (35). After manual inspec-
tion and application of a resolution cut-off which preserved
micrographs showing Thon rings beyond 3.5 A, 1919 mi-
crographs were subjected to the next processing steps. Au-
tomated particle picking was performed using Gautomatch
version 0.56 (http://www.mrc-Imb.cam.ac.uk/kzhang/) re-
sulting in 171 106 particles, which were first processed us-
ing RELION-2.1 (36). Manual inspection of 6xbinned 2D
particle classes after 2D classification resulted in 144 8§76
particles that were further used for 3D-refinement using an
empty S. cerevisiae 80S ribosome (density map was cre-
ated using the PDB ID: 3j78 with the tRNAs removed)
as a reference structure. Subsequently, a 3D classification
was performed sorting the particles into five classes (Sup-
plementary Figure S2). The class containing the Newl-
80S complex (57 226 particles) was subjected to focused-
sorting, using a mask encompassing the Newl ligand. The
Newl-containing population (48 757 particles) was than
refined using undecimated particles and additionally fo-
cused refined with a spherical mask encompassing the New1
ligand as well as the 40S head (Supplementary Figure
S2). Subsequently, the overall refined structure was sub-
jected to contrast-transfer function (CTF) refinement us-
ing RELION-3.0(37). The CTF refined particles were again
3D refined and subsequently multibody refinement was per-
formed. For the multibody refinement, three masks were
used: the first one encompassed the first portion of Newl
(HEAT and 4HB, residue range 141-549) as well as the SSU
Head, the second mask included the remain part of Newl
(ABC1-ABC2-CD, residue range 570-1112) and the LSU,
and the third mask covered the SSU Body (Supplemen-
tary Figures S2 and 3E). The final reconstructions were cor-
rected for the modulation transfer function of the Falcon 2
detector and sharpened by applying a negative B-factor esti-
mated by RELION-3.0 (37). For the sharpening, a mask for
the whole New1-80S complex (for the overall refinement)
and Newl (for the local refinement) was used, respectively,
resulting in a final average reconstruction of 3.28 A for the
New1-80S complex and 3.63 A for the Newl (Supplemen-
tary Figures S2 and 3A). The same was done for each part of
the multibody refined volumes, which provided an average
resolution of 3.26 A for the SSU Head-New1 (HEAT, 4HB),
3.06 A for the LSU-New! (ABC1, ABC2, CD) and 3.14 A
for the SSU Body. The single multibodies were merged us-
ing phenix 1.15 via the phenix.combine_focused_maps com-
mand (38). The resolution of the 3.28 A volume was es-
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timated using the ‘gold standard’ criterion (FSC = 0.143)
(39). Local-resolution estimation and local filtering of the
final volumes was done using Relion-2.1 (Supplementary
Figure S3F-N).

Molecular modelling

A homology model of Newl was created using the de-
posited structure of the eEF3 protein model (PDB ID:
21X8) (9) as a template for SWISS-MODELLER (40).
The homology model was fitted into density with UCSF
Chimera 1.12.1 (41) using the command ‘fit in map”
Single domains were manually adjusted with Coot ver-
sion 0.8.9.2 (42). The chromo domain was built de novo
based on the secondary structure elements of the chromo
domain of HP1 complexed with the histone H3 tail of
Drosophila melanogaster (PDB 1D: 1KNE). The ATP
molecules within the ABCs were obtained from the PDB
ID: 6HAS8 (43). The model of the S. cerevisiae 80S ribo-
some was derived from PDB ID: 4U4R. The proteins of
the SSU and LSU were fitted separately into locally fil-
tered electron density maps using UCSF Chimera (41).
The rRNA was fitted domain-wise in Coot (42). After-
wards manual adjustments were applied to all fitted molec-
ular models using Coot. The combined molecular model
(proteins+rRNA) was then refined into the merged multi-
body maps using the phenix.real_space_refine command of
phenix version 1.14, with restraints that were obtained via
the phenix.secondary_structure_restraints command (38).
Cross-validation against overfitting was performed as de-
scribed elsewhere (44) (Supplementary Figure S3B). Statis-
tics for the model were obtained using MolProbity (45) and
are represented in Supplementary Table S2.

Figure preparation

Figures showing atomic models and electron densities were
generated using either UCSF Chimera (41) or Chimera X
(46) and assembled with Inkscape.

Preparation of Ribo-Seq and RNA-Seq libraries and data
analysis

Cultures of wild type (MJY1171) and newlA (MJY1173)
strains were grown overnight at 20°C (or, alternatively, at
30°C), diluted to ODgyp =~ 0.05 in 750 ml of SC medium
and incubated in a water bath shaker at 20°C (or 30°C) un-
til ODggo ~ 0.6. Cells were harvested by rapid vacuum fil-
tration onto a 0.45 pm nitrocellulose membrane, scraped
off, and frozen in liquid nitrogen. Cells were lysed by cryo-
genic milling and RNA-Seq and Ribo-Seq libraries pre-
pared from the cell extracts. RNA-Seq libraries were pre-
pared using Scriptseq Complete Gold Yeast Kit (Epicen-
tre). Ribo-Seq libraries were prepared essentially as per In-
golia and colleagues (18) with updated enzymes, modifica-
tions of rRNA removal and sample purification procedures.
Detailed protocols can be found in our GitHub repository
https://github.com/GCA-VH-lab/Lab_protocols.

NGS and data analysis

Multiplexed Ribo-Seq and RNA-Seq libraries were se-
quenced for 51 cycles (single read) on an Illumina
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HiSeq2500 platform. The quality of Illumina reads was
controlled using FastQC (47) (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc), and low quality reads
(Phred score below 20) were discarded. The adaptor se-
quence (S-NNNNCTGTAGGCACCATCAAT-3) was re-
moved using Cutadapt (48). After removing reads map-
ping to non-coding RNA, reads were mapped to the S.
cerevisiae reference genome R64-1-1.85 using HISAT?2 (49).
In the case of Ribo-Seq, out of 36-47 million unpro-
cessed reads after removal of non-coding RNA (rRNA
and tRNA) and reads that mapped more than twice 3-8
million reads remained. Pooling resulted in 7.8 (20°C)/9.3
(30°C) million reads total for wild-type and 12.7 (20°C)/5.5
(30°C) million reads for newl A. RNA-Seq reads were pro-
cessed similarly, omitting the Cutadapt step; out of 16—
32 million unprocessed reads, 12.5-20 million remained
after removing non-coding RNA and reads that mapped
more than two times. The analysis pipeline was imple-
mented in Python 3 and is available at GitHub repository
(https://github.com/GCA-VH-1ab/2019-NAR). Reads that
mapped once to the genome were used for final P-site as-
signment using read length-specific offsets, as provided in
the file readlength_offsets_expert.txt on GitHub. Mapped
reads were normalised as reads per million (RPM). The
ribosome queuing metric was computed using the Python
script compute_queuing.py. Gene coverage was calculated
using HTSeq-count (50) and differential gene expression
(DE) analyses were performed using the DESeq2 package
(51). All four replicates (two at 30°C and two at 20°C) of
wild type and newl A datasets were used in the analyses. Dif-
ferentially expressed genes were identified based on an ad-
justed P-value cut-off of 0.05 as well as at least 2-fold differ-
ence in expression level (Supplementary Table S4). Only the
genes that with >10 Ribo-Seq or RNA-Seq were used for
analysis. GO enrichment analysis was performed using the
Gene Ontology (GO) knowledgebase (http://geneontology.
org/) (52) implemented in PANTHER (53). The R script
used for analyses, as well as both input and output files are
available at GitHub repository (https://github.com/GCA-
VH-1ab/2019-NAR/tree/master/Differential_Expression).

RESULTS
Newl1 has a function that partially overlaps with that of eEF3

Newl’s closest homologue in S. cerevisiae—the translation
factor eEF3 encoded by the YEF3 gene—is an essential
player in translation elongation (15,16) with a putative sec-
ondary function in ribosome recycling (17). While deletion
of the NEWI gene alone causes a pronounced growth de-
fect (40% reduction) at 20°C (23), the growth defect at 30°C
is relatively minor (10%) (Supplementary Table S3). To in-
vestigate a potential overlap in the functions of Newl and
eEF3, we introduced a newl A allele into cells in which
YEF3 is under the control of the methionine repressible
MET25 promoter (Pygrs) (54). We have previously char-
acterized the Pyg7os- YEF3 strain and demonstrated that
addition of increasing methionine concentrations specifi-
cally leads to a decrease in the eEF3 levels, resulting in
a gradual slow-down of growth (18) (Supplementary Fig-
ure S4A). The methionine-induced growth inhibition of
Pygros- YEF3 cells was more pronounced in the absence of

NEWI, at both 20°C and 30°C (Figure 1B and Supplemen-
tary Figure S4BC). While these results are consistent with
overlapping functions of Newl and eEF3 in protein syn-
thesis, the additive negative effects on fitness could also be
due to the two proteins acting on two sequential steps in
gene expression, for example, ribosome assembly (Newl)
and translation (eEF3). Therefore, we investigated whether
Newl can functionally substitute for eEF3’s cellular func-
tion. To do this, we first tested whether full-length Newl
can supress the growth defect caused by eEF3 depletion. We
found that increased NEW1I gene dosage did, indeed, coun-
teract the growth retardation caused by eEF3 depletion in
Prrers- YEF3 cells (Figure 1C and Supplementary Figure
S4D). Second, we investigated whether an increased level of
Newl could overcome the essentiality of eEF3. To do so, we
constructed a yef3 A strain that was rescued by a wild-type
YEF3 gene on a URA3 plasmid. Increased dosage of the
NEWI gene, either under its own or the strong TDH3 pro-
moter (P7pys), counteracted the requirement of the YEF3
plasmid for viability (Figure 1D).

Taken together, our findings demonstrate that New1 can,
although with low efficiency, perform the essential molecu-
lar function of eEF3 in protein synthesis. On the other hand,
increased YEF3 gene dosage does not suppress the cold sen-
sitivity phenotype of a newl A strain, suggesting that New1
has a specific molecular function that cannot be performed
by eEF3 (Figure 1E).

The ATPase-deficient New1-EQ, mutant is locked on trans-
lating ribosomes

To characterise the association of New1 with ribosomes, we
used ATPase-deficient mutants in which the catalytic glu-
tamic acid residues (E713 and E1058) in the two ATPase
active sites (Figure 1A) are replaced by glutamines (Q) (so-
called EQ; mutants). Locked in the ATP-bound conforma-
tion, the EQ, mutants of E. coli ABCF EttA (55), Bacillus
subtilis VmIR (43) and human ABCF ABCF1/ABC50 (7)
were previously used to trap these ABCF ATPases on ri-
bosomes. We used a tightly controlled B-estradiol-inducible
LexA-ER-B112 expression system (31) to drive expres-
sion of C-terminally TAP-tagged (56) versions of Newl
or Newl-EQ,. While induction of Newl-TAP has no ef-
fect on growth, the induction of New1-EQ,-TAP leads to
growth inhibition ~3 h after the addition of the inducer
B-estradiol (Figure 2A and Supplementary Figure SSAB).
At this time point, the level of Newl-EQ, is about 3-fold
higher than those observed in a strain that expresses a C-
terminally TAP-tagged Newl from its normal chromoso-
mal location (Supplementary Figure S1). One likely reason
for the growth inhibition is the non-productive association
of New1-EQ; with its ribosomal target, be it ribosome as-
sembly intermediates or mature 80S ribosomes. We directly
tested this hypothesis by performing polysome fractiona-
tion and immunoblotting. In ATP-supplemented lysates,
the bulk of New1-EQ,—but not wild type Newl—localizes
to the polysomal fractions, suggesting that translating ri-
bosomes are indeed the cellular target of the factor (Fig-
ure 2B and Supplementary Figure S5C). Omitting ATP
from the lysis buffer and sucrose gradients leads to loss of
New1-EQ> from polysomal fractions, suggesting that ATP
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Figure 2. ATPase-deficient New1-EQ» inhibits cell growth and stably co-sediments with polysomal fractions. (A) Expression of New1-EQ,-TAP, but not
wild-type New1-TAP causes growth inhibition. The strains were grown in SC-ura medium at 30°C and expression of New1-TAP or New1-EQ>-TAP was
induced by addition of B-estradiol to final concentration of 1 wM as indicated by the green arrow. ODgnp measurements are presented as geometric means of
three independent transformants, and standard error of the mean is indicated with shading. (B) Polysome profile and immunoblot analyses of yeast strains
expressing New1-TAP or New1-EQ,-TAP. The cells were grown at 30°C and at ODgp = 0.3 protein expression was induced by 1 wM B-estradiol. The cells
were collected after 3 h, clarified lysates resolved on sucrose gradients (either in the absence of nucleotides or supplemented by 1 mM ATP/AMP-PNP),
and TAP-tag detected by slot-blotting using rabbit Peroxidase-anti-peroxidase. Full-size Western blots of wild-type and EQ, New-TAP are presented on

Supplementary Figure S5C.

binding drives the factor’s affinity to the ribosome (Fig-
ure 2B and Supplementary Figure S5D). The interaction
with ribosomes is specific, since collapsing polysomes ei-
ther by RNase I treatment or preparing yeast lysates un-
der run-off conditions (that is, in the absence of cyclohex-
imide), leads to loss of Newl-EQ, from the high-sucrose
fractions and redistribution into the 80S fraction (Supple-
mentary Figure SSF-G). Unlike native ATP, a commonly
used non-hydrolysable analogue AMP-PNP fails to stabi-
lize wild-type New1 binding to polysomes (Supplementary
Figure SSH), suggesting that AMP-PNP is a poor substrate
for Newl (Figure 2B). Therefore, for solving the structure of
Newl locked on the 80S ribosome, we used the EQ, mutant
and ATP instead of using the wild-type protein and AMP-
PNP.

Structure of the Newl g/~ -EQ; on the 80S ribosome

To determine the binding site of New1 on the ribosome, we
incubated S. cerevisiae 80S ribosomes with New1,q,n-EQ>
variant in the presence of ATP, and subjected the assem-
bled New1.oq/n-EQ2-80S complex (hereafter referred to as
the New1-80S complex) to single particle cryo-EM (Figure
3A). After 2D classification, a total of 144 876 ribosomal
particles were sorted into five distinct ribosomal subpopu-
lations (Supplementary Figure S2). One major population
(class 1 containing 57 226 particles, 39.5%) was obtained
that contained additional density spanning the head of the
40S subunit and central protuberance of the large 50S sub-
unit, whereas this density was either fragmented (class 2) or
absent (class 3-5) in the remaining subpopulations (Supple-
mentary Figure S2). Further local 3D classification of class
1 and the subsequent refinement of the defined New1-80S
particles (class 2 containing 48 757 particles) yielded a final
reconstruction of the New1-80S complex (Figure 3A), with
an average resolution of 3.28 A (Supplementary Figures S2
and 3). Local resolution calculations reveal that while the
core of the ribosomal subunits was well resolved and ex-

tended to 3.0 A, the peripherally bound New1 ligand was
less well-resolved, with local resolution ranging between 4—
7 A (Supplementary Figure S3C-F). To improve the overall
resolution of the New1 density, further focussed and multi-
body refinement were performed (see ‘Materials and Meth-
ods’ section). The resulting maps showed significant im-
provements in the local resolution for New1, particularly at
the interaction interface between Newl and 80S ribosome
where the resolution approached 3 A (Supplementary Fig-
ure S3G-N) and sidechains were clearly visible, whereas the
periphery was less well-resolved (4-7 A) and only large and
bulky sidechains could be visualized (Supplementary Fig-
ure S6A and B). Together with the high sequence homology
to eEF3, this enabled us to generate homology models for
each domain of Newl using the crystal structure of eEF3
(9) as a template, which could then be unambiguously fitted
and refined into the cryo-EM map of the New1-80S com-
plex (Figure 3B and C; Supplementary Figure S6C). Extra
density was also observed for two molecules of ATP bound
within each of the active sites of the ABC1 and ABC2 do-
mains of Newl (Supplementary Figure S6D and E). This is
consistent with the ability of New1-EQ; variant to bind, but
not hydrolyse, ATP. The ABC1 and ABC2 nucleotide bind-
ing domains (NBDs) were observed in a closed conforma-
tion, analogous to the closed conformations adopted in the
70S-bound ABCF protein VmIR from B. subtilis (43) and
archaeal 40S-ABCE1 complex (57), and distinct from the
open conformation observed for the free state of ABCE1
(58) (Supplementary Figure S7TA-C). Modelling of an open
conformation of Newl on the ribosome suggests that it is
incompatible with stable binding, leading to either a clash
of the ABC2-CD with the central protuberance of the large
60S subunit (LSU) or dissociation of the ABCI-HEAT-
4HB domain from the small 40S subunit (SSU) (Supple-
mentary Figure S7D-G). These observations support the
idea that Newl binds to the ribosome in the ‘closed” ATP-
bound conformation and that ribosome-stimulated hydrol-
ysis of ATP to ADP would promote Newl dissociation.
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Figure 3. The Newl interaction with the 80S Ribosome in Saccharomyces cerevisiae. (A and B) Cryo-EM reconstruction of the New1-80S complex with
(A) segmented densities for Newl (red), SSU (yellow) and LSU (cyan) and (B) transparent multibody refined cryo-EM map with fitted molecular models
for Newl (red), SSU (yellow) and LSU (cyan). CP, central protuberance. (C) Isolated cryo-EM map density (transparent grey) for Newl from (B) with
New! model colored according to its domain architecture, HEAT (blue), 4HB (yellow), ABCI (red), ABC2 (green) and CD (magenta). (D) Top view of the
Newl (coloured by domain as in (C)) bound to the ribosome with LSU (cyan) and SSU (yellow). (E) Outline of Newl binding site on the 80S ribosome
(grey) with ribosomal components that interact with New1 colored. (F) Interaction environment of New! (coloured by domain as in (C)) on the ribosome,

with ribosomal components colored as in (E).

Interaction of New1 with the 80S ribosome

To ascertain the contacts between Newl and the 80S ri-
bosome, the crystal structure of the S. cerevisiae SSU and
LSU was also fitted and refined together with New! (Fig-
ure 3B). Overall, the binding site is globally similar to that
observed previously for eEF3; however, with the improved
resolution it is now possible to better ascertain which re-
gions of Newl interact with which ribosomal components
(Figure 3D-F). The majority of the contacts with the SSU
are established between the N-terminal HEAT domain and
components of the SSU head, specifically, with the tip of
expansion segment 9 (ES9) of the 18S rRNA and riboso-
mal proteins uS13 and uS19 (Figure 3D-F). The 4HB and
ABCI1 domains of Newl do not interact with any ribosomal
components, whereas ABC2 and CD form extensive inter-
action with the LSU, mainly with the 5S rRNA and ribo-
somal protein uL5. Additionally, bridging interactions are
formed by ABC2 that contacts uL5 on the LSU and uS13
on the SSU (Figure 3D-F). A more in-depth description of
these interactions is found in the Supplementary Results sec-
tion, with an accompanying Supplementary Figure S§. By
contrast, the tip of the CD makes no contacts with the ribo-
some, but rather extends into the vacant E-site in the direc-
tion of the L1 stalk (Figure 4A), as observed previously for
the eEF3-80S structure (Figure 4B) (9). The CD of ¢EF3

has been proposed to influence the conformation of the L1
stalk and thereby facilitate release of the E-site tRNA (9).
However, compared to eEF3, the CD of Newl is truncated
and lacks the B4—B5-hairpin (Figure 4C-D) and therefore
the extent by which the CD of Newl reaches towards the
L1 stalk is reduced (Figure 4A). We speculate that the B4
B5-hairpin plays an important role in eEF3 function to pro-
mote the open conformation of the L1 stalk necessary for
E-tRNA release and that the absence of this motif in New1
may explain why New1 overexpression cannot fully rescue
the growth defect caused by depletion or loss of eEF3. This
raises the question as to whether Newl has acquired an-
other function on the ribosome that is distinct from eEF3.

Newl depletion leads to ribosome queuing upstream of 3'-
terminal lysine and arginine codons

To assess the global effects of Newl loss on translation in
yeast we used ribosome profiling (Ribo-Seq) (59) of wild-
type and newl A strains both at 20°C and 30°C, with two
biological replicates for each condition. We also carried
out RNA-seq to enable normalization of translation level
for the transcription level effects on expression. We per-
formed differential expression analysis of both RNA-Seq
(38 genes with increased coverage and 48 genes with de-
creased coverage) and Ribo-Seq (26 genes with increased



A New1
. HEAT

ABC1-ABC2

Nucleic Acids Research, 2019, Vol. 47, No. 16 8815

C at B1 2
AR =

920 930 340 950
Newl RKISEDEKEMMTKEIDIDDGRGKRAIEAIVGR

eEF3 RQINENDAEAMNKIFKIEGT--PRRIAGIHSR
780 790 800

B3 a2
- E— n
Newl QKLKKSFQYEVEW============= KYWKPK

eEF3 RKFKNTYEYECSEﬁLGENIGMKSERW‘-\/‘PMMSV

810 820 830

B4 3 a4
A \\\%\\\\ ARLARRLALE AR RRRARANYY
970 980 290 1000

Newl YNSWVPKDVLVEHGFEKLVQKFDDHEASREGL
eEF3  DNAWIPRGELVESHSK-MVAEVDMKEALASG-
840 850 860

New1-CD

Figure 4. Comparison of the chromodomain region of Newl and eEF3. (A) Cryo-EM reconstructions of the New1-80S and (B) the eEF3-80S (9.9 A,
EMD ID: 1233) complexes as well as zoom showing comparison of the New1-CD (red with grey cryo-EM density) with that of the eEF3 model (grey, PDB
ID: 2ix8) (9). (C) Sequence alignment of the CD of Newl and EF3, highlighting truncated region in New1 (red dashes). (D) Comparison of structures of
New!-CD (red) with eEF3-CD (grey, PDB ID: 2iw3) (9). The green dashed circle highlights the eEF3 residues, which are missing in the New1p sequence

in (C).

coverage and 47 genes with decreased coverage) (Supple-
mentary Table S4, see ‘Materials and Methods’ section for
details). Next, we applied Gene Ontology (GO) analysis
(52) to identify the biological processes, molecular func-
tions and cellular components enriched in the differen-
tially expressed genes (Supplementary Table S4). Increased
RNA-Seq coverage is associated with mitochondrial func-
tion and cell energetics, such as ubiquinol to cytochrome
¢ (GO:0006122), ATP synthesis coupled proton transport
(GO:0015986), ATP hydrolysis coupled cation transmem-
brane transport (G0O:0099132) and mitochondrion orga-
nization (G0O:0007005); analysis of the genes with differ-
entially increased Ribo-Seq coverage reveals no GO en-
richment. Decreased RNA-Seq coverage is associated with
urea cycle (GO:0000050), ethanol biosynthetic process in-
volved in glucose fermentation to ethanol (GO:0043458),
arginine biosynthetic process (GO:0006526), NADH oxi-
dation (GO:0006116) and amino acid catabolic process to
alcohol via Ehrlich pathway (GO:0000947). The genes with
decreased Ribo-Seq coverage are associated with an over-
lapping set of GO terms, suggesting the effects are predom-
inantly at the mRNA level.

The Ribo-Seq procedure generates two distinct classes
of RPFs: ‘short’ (20-22 nucleotides) and ‘long’ (28-30 nu-
cleotides), which originate from ribosomes with vacant or
occupied A-sites, respectively (60). The translation elonga-
tion inhibitor cycloheximide has previously been a common
component in Ribo-Seq library preparation; however, this
antibiotic has recently been found to drive near-excusive

formation of long RPFs (60,61). Therefore, to be able to use
the RPF size distribution as an additional insight into the
nature of translational perturbation upon the loss of Newl,
we omitted cycloheximide during cell collection and lysis.
At 30°C the RPF length distributions of wild-type and
newl A are very similar (Supplementary Figure SOA). How-
ever, at 20°C, i.e. when New1 absence leads to a significant
growth defect (Supplementary Table S2), short RPFs are
moderately depleted in the newl A dataset (Supplementary
Figure S9B). While depletion of short RPFs signals a lower
abundance of ribosomes with a vacant A-site, the causality
is unclear: the lower fraction of the 80S with an empty A-
site could reflect a perturbation of translation in the absence
of Newl or be a mere consequence of the slower growth
rate. Strikingly, the lack of Newl leads to the appearance
of periodic (=30 nt) ‘waves’ of ribosomal density preced-
ing the stop codon (Figure 5A and Supplementary Figure
S9C-F). The period of the ‘waves’ corresponds to the size
of mRNA fragment protected by a ribosome, suggesting ri-
bosome queuing upstream of the stop codon due to a de-
fect in translation termination or/and ribosome recycling.
The effect is more pronounced at 20°C, correlating with the
severity of the growth defect (compare Supplementary Fig-
ure SOC-F). We compared our Ribo-Seq analysis of the
newl A strain with other yeast strains defective in transla-
tion termination, namely, S. cerevisiae depleted for eIF5A
(62) or R1i1/ABCE (63) (Figure 5B), as well as active eRF3
through formation of Sup35 [PSI+] prion (64) (Supplemen-
tary Figure S10). The extent of ribosomal queuing in the
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pronounced peak at the stop codon both in the case of wild-type and new! A datasets. (B) Metagene analysis of Rlil-depleted and the corresponding wild-
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metric’ for short) computed for individual ORFs. (D) Sequence conservation analysis for ORFs displaying high degree of ribosomal queuing at the C-
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20°C and 30°C datasets are presented on Supplementary Figure SOC-F.

newl A strain is much more dramatic and no queuing is
detectable in the [PSI+] Ribo-Seq dataset. Our metagene
plots lack the pronounced peak at the stop codon, both in
the case of wild type and newl A datasets. This is not unex-
pected as ribosomal post-termination complexes are more
sensitive to ionic strength than elongating ribosomes (62)
and require stabilisation by cycloheximide that was specifi-
cally omitted in our Ribo-Seq protocol (65).

We next set out to determine whether only a subset of
translated mRNAs is affected by Newl loss—and if this
is the case, which ORF features correlate with aberrant
mRNA translation in the newl A strain. We defined the ‘C-
terminal ribosome queuing metric’ (or just ‘queuing metric’
for short) as a ratio between the sum of the maximal Ribo-
Seq counts within the three peaks preceding the stop codon
(highlighted with grey shading on Figure SA) and the aver-
age Ribo-Seq density between the peaks. We plotted distri-
butions of the queuing metric values for individual datasets
(Figure 5C) as well as for individual ORFs in new! A against
wild-type (Supplementary Figures S11A). While the effect
of Newl loss on the mean queuing metric is moderate (5.6
wt versus 9.6 newl A), the distribution in the newl A dataset
has a clear ‘heavy tail’. While the high queuing metric in
newl A is associated with relatively higher ribosome den-
sity after the stop codon (3’ UTR) (Supplementary Figure

S12A-F), the 3’ UTR density in genes displays no codon pe-
riodicity suggesting that newl A does not lead to increased
readthrough (Supplementary Figure S12C and F). Consis-
tent with this notion, analyses of readthrough using a dual-
luciferase readthrough reporter system (66) detected no ap-
parent difference between the new/ A and wild-type strains
(Supplementary Figure S17C).

We selected the ORFs with high queuing metric values
using a Z-score cut-off of 1 and applied pLogo (67) to anal-
yse the sequence conservation pattern in the C-terminal re-
gion encompassing five codons preceding the stop codon.
Strikingly, in the case of new! A the selected ORF's display a
clear conservation signal localized at the C-terminal amino
acid, dominated by positively charged lysine (K) and argi-
nine (R) residues (Figure 5D). In the wild-type dataset there
is no signal passing the significance cut-off; and no spe-
cific C-terminal amino acid signal is detectable in eI[F5A
(62) or RIil/ABCE (63) datasets (Supplementary Figure
S13), which could be attributed to the relative weakness of
the queuing signal in these datasets. Therefore, we tested if
the nature of the C-terminal amino acid corelates with the
increase in the ribosomal density at the stop codon upon
elF5A and RIil/ABCE depletion and in [PST+] (Supple-
mentary Figure S14). Our analysis detects no specific in-
crease of the Ribo-Seq density at the stop codons preceded



by C-terminal arginine and lysine residues, further reinforc-
ing the specificity of the effect we observed in the newlA
strain. Finally, we tested if the nature of the stop codon is
associated with ribosomal queuing, but detected no signal
(Supplementary Figure S15). At the same time, stop codon
context analysis readily picks up an over-representation of
C-terminal codons encoding lysine (AAA) and arginine
(AGA and CGN), consistent with an effect on the amino
acid level.

After establishing that the nature of the C-terminal
amino acid is the key predictor of ribosomal queuing at the
C-terminus, we plotted the mean queuing metric for ORFs
grouped by the nature of the different C-terminal amino
acid (Figure SE; note the difference in scale of the X and
Y axis). Importantly, in this case we have not pre-selected a
subset of ORFs but rather analysed all of the 876 ORFs
with sufficient coverage of 3'-terminal 120-nucleotide re-
gion (=10 rpm) in all the four conditions (wt and newl A,
20°C and 30°C). The analysis readily picks up lysine and
arginine as outliers in the newl A background, and detects
a weaker signal for asparagine (N). We plotted queuing met-
ric distributions for individual ORFs grouped by the nature
of the C-terminal amino acid (Lysine: Figure 5F; distribu-
tions for ORFs ending with other amino acids are presented
on Supplementary Figure S16). In the case of wild-type, dis-
tribution of the queuing metric for ORFs terminating with
lysine is similar to that of ORFs in general (compare Fig-
ure 5C and F). Conversely, new/ A ORFs terminating with
lysine display a broad distribution that is strongly shifted to
higher values, consistent with significantly higher ribosomal
queuing on mRNAs encoding C-terminal lysine residues
(Figure SE).

After establishing that effect of the Newl1 loss is clearly
mRNA-specific and is not solely determined by the C-
terminal residue alone, we re-assessed the stop codon
readthrough in newl A using a modified dual-luciferase re-
porter system. We chose two ORFs—YDRO099W / BMH?2
(C-terminal lysine, UAA stop codon) and YNL247 (C-
terminal lysine, UAG stop codon)—which in newl A strain
are characterized by possessing high queuing score and in-
creased RiboSeq density in 3’ UTR. Additionally, these
mRNAs show sufficient RiboSeq coverage as per visual
inspection (Supplementary Figure S17A and B). We con-
structed readthrough reporters containing the four codons
immediately preceding and the two codons after the native
stop codon present in YDR099W and YNL247. Despite
containing C-terminal lysine residues, neither of the two re-
porters display an increased readthrough level in the newl A
background (Supplementary Figure S17C).

DISCUSSION

Our results show a novel role for Newl in fine-tuning the
efficiency of translation termination and/or ribosome re-
cycling in S. cerevisiae. Two molecular functions have pre-
viously been documented for Newl. The first is its neces-
sity for efficient ribosome assembly, which is phenotypically
manifested in a pronounced cold-sensitivity of the newlA
strain (23). While Newl loss compromises ribosomal as-
sembly, this phenotype does not necessitate that the di-
rect role of Newl in the process is as a bona fide assem-
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bly factor. A homologue of Newl and the bacterial ABCF
translation factor EttA (55)—Uup—presents an analogous
case: while overexpression of Uup supresses both cold sen-
sitivity and ribosome assembly in E. coli caused by knock-
out of the translational GTPase BipA (14), it is unclear if
Uup is an assembly factor or translation factor. The as-
sociation of Newl with polysomal fractions (see Figure
2B and (23)) indicate that the effect on ribosome assem-
bly is indirect and is caused by the perturbation of trans-
lation in the newlA strain. Our yeast genetics, cryo-EM
and Ribo-Seq results collectively argue that Newl1, indeed,
acts on mature ribosomes, and its loss affects translation
termination/recycling, leading to ribosomal pile up in front
of stop codons preceded by a lysine or arginine codon. The
genes involved in protein biosynthesis display only a mild
enrichment in C-terminal arginines and lysines compared
to ORFs in general (23 versus 21%, Supplementary Fig-
ure S11B). However, the metagene of translation-associated
genes displays a clear ribosome stalling pattern (Supple-
mentary Figure S11C). We conclude that the ribosome as-
sembly defect in the newlA strain could be a knock-on
effect of the protein synthesis defect, although it is also
possible that Newl is a dual-function factor that is in-
volved both in protein synthesis and ribosome assembly,
similarly to Rlil/ABCEI (68,69), eIF5B/Funl2 (70,71) and
elF6/TI1F6 (72). A dedicated follow-up study is necessary to
test this hypothesis. The second proposed molecular func-
tion of Newl is mediated by its prion-like propensity to
aggregate in S. cerevisiae (24). When overexpressed, New|
influences formation of the prion state of translation ter-
mination factor eEF3/Sup35—[PSI+]—and the effect is
strictly dependent on New1’s N-terminal Q/N rich region
(25,73). Importantly, since the Q/N region is not universal
for New1—the distribution of this region is limited to Hemi-
ascomycota species (26)—prionogenesis is not a general fea-
ture of Newl.

Here we demonstrate that New1 binds to ribosomes and
plays a role in facilitating translation termination and/or
ribosome recycling at stop codons preceded by a codon for
the positively charged amino acids lysine or arginine. How-
ever, the mechanism by which New| facilitates this process
remains to be elucidated. At present, we can only speculate
that binding of Newl to the ribosome in a position analo-
gous to eEF3, exert its influence via the E-site, possibly by
affecting the stability of the E-site tRNA and/or the con-
formation of the L1 stalk, however we also cannot rule out
that Newl is involved in recruitment or dissociation of other
auxiliary factors from the ribosome that directly influence
the termination/recycling process. A systematic follow-up
investigation is necessary to establish the connection be-
tween the termination / recycling defect caused by Newl
loss.

DATA AVAILABILITY

Ribo-Seq and RNA-Seq sequencing data have been de-
posited in the ArrayExpress database at EMBL-EBI (www.
ebi.ac.uk/arrayexpress) under accession number E-MTAB-
7763. The cryo-EM maps of the New1-80S complex (in-
cluding all individual multibody maps) and the associated
molecular model have been deposited in the Protein Data
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Bank and Electron Microscopy Data Bank with the acces-
sion codes 6S47 and EMD-10098, respectively.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Supplementary methods

Plasmid construction
Low and high copy plasmids harbouring the YEF3 gene (pRS315-YEF3 and pRS426-YEF3) were
constructed by cloning a Sacl/BamHI YEF3 DNA fragment from pRS316-YEF3 (1) into the
corresponding sites of pRS315 and pRS426, respectively (2,3). To construct low and high copy URA3
plasmids carrying the NEW1 gene (pRS316-NEW1 and pRS426-NEW1), we cloned an EcoRI/Xhol
NEW1 DNA fragment, PCR-amplified from BY4741 using oMJ485 and oMJ486, into the corresponding
sites of pRS316 and pRS426 (2,3). Low and high copy LEU2 plasmids harbouring the NEW1 gene
(pPRS315-NEW1 and pRS425-NEW1) were constructed by cloning a Sacl/Xhol NEW1 DNA fragment
from pRS426-NEW1 into the Sacl/Sall (pRS315) or Sacl/Xhol (pRS425) sites of the respective vector.

The construction of a plasmid in which NEW1 is under control of the TDH3 promoter (Prows3)
involved assembly of three DNA fragments. A NEW1 DNA fragment that lacks the sequence for the
promoter and 5 -UTR was PCR amplified from pRS426-NEW1 using primers V47 and V45. A PrpH3
DNA fragment was PCR amplified from genomic BY4741 DNA using primers V42 and V46, and the
pRS425 backbone was amplified using primers V40 and V41. The three PCR fragments were
assembled into VHp327 (pRS425-PrpH3-NEWT) using NEBuilder® HiFi DNA Assembly Master Mix (New
England Biolabs).

Construction of NEW1aan expression plasmid for protein purification from E. coli. Codons 141-
1197 of the yeast NEW1 coding sequence (NCBI Gene ID: 855875) were optimised for E. coli K12
expression using IDT Codon optimisation tool https://eu.idtdna.com/CodonOpt. The optimised DNA
sequence (Ecol-New1aan) was ordered as two synthetic gene blocks (gBlocks) from Integrated DNA
Technologies. The pET19b vector was linearised by Ncol and BamHI double digestion. The linear vector
and the two gBlocks were assembled using NEBuilder® HiFi DNA Assembly Master Mix (New England
Biolabs). The sequence for the catalytic glutamic acid (E) codons in both ABC ATPase domains of
NEW1 (E713 and E1058) was changed to glutamine (Q) codons to generate the VHp123 construct.

The B-estradiol-inducible NEW1-TAP construct used for the LexA-ER-B112 expression system
was assembled from four different DNA fragments. First, the backbone of pRS316 (2) was PCR
amplified using primers V62 and V63. Second, the insulator-(lexA-box)4-PminCYC1 DNA fragment was
PCR amplified from FRP 1642 (4) using primers V64 and V65. Third, the NEW1 ORF was PCR amplified
from genomic DNA of BY4741 using primers V67 and V70. Fourth, the sequence for the TAP-tag was
PCR amplified from pBS1539 (5) using primers V72 and V73 of which the latter primer introduces the
sequence for the Tsynths transcriptional terminator (6). Finally, the plasmid (VHp262) was assembled from
the four DNA fragments using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs). The
sequence for the catalytic glutamic acid (E) codon in one or both of the ABC ATPase domains of NEW1
was subsequently mutated in VHp262 to a glutamine (Q) codon by the Protein Expertise Platform (Umea
University), generating plasmids VHp257, VHp258 and VHp265.

Dual luciferase reporter plasmids used to assay termination readthrough of biologically
significant genes, displaying increased waviness metrics and 3’ UTR occupancy in a new1A background

were based upon pDB722 (7). Initially, site directed mutagenesis was used to mutate out the BamHI



site upstream of the Renilla luciferase gene in pDB722 using primer KT80. This then allowed for
replacement of the original pDB722 reporter cassette with cassettes of interest via insertion into the Sall
and BamHI cloning sites flanking the cassette. Staggered, complimentary primer pairs KT18/19,
KT22/23, KT24/25 and KT28/29 were annealed to yield dsDNA fragments YDRO99W(TAA),
YNL247W(TAG), YDR0O99W(CAA) and YNL247W(CAG), respectively, that each possessed Sall and
BamHI sticky ends. Fragments were then cloned into the modified pDB722 vector resulting in VHp603,
VHp604, VHp605 and VHp606 respectively. Each readthrough cassette was designed to contain the
four codons immediately upstream and the two successive codon downstream of the native stop codon,
or, to include the equivalent non-stop codon (TAA-CAA or TAG-CAG).

Growth assays

To assess the effects of New1-TAP, New1e713o-TAP, New1e10s8a-TAP and New1eq2-TAP expression on
cell growth, the VHY®61 strain carrying either pRS316, VHp262, VHp257, VHp258, or VHp265 was grown
overnight at 30°C in SC-ura medium, diluted to ODeoo = 0.05 in the same medium and grown for three
hours at 30°C. A 15 mL aliquot of each culture was transferred to a pre-warmed flask and B-estradiol
was added to a final concentration of 1 yM. The growth of the both uninduced and induced cultures was

monitored by hourly ODesoo measurements.

Estimation of the relative 3’ UTR coverage and dual-luciferase assays

The logz ratio of Ribo-Seq footprint densities in the 3' UTR to that in the respective ORFs was used to
estimate the relative 3’ UTR coverage. The 3’ UTR coverage was calculated for the 30 nucleotides (nt)
following the stop codon, and the ORF coverage was calculated by excluding 60 nt from both 3’ and 5’
ends and using only genes 150 nt long or longer. Only reads that aligned once were used and genes
with multiexon structure were excluded.

Readthrough assays were performed using the dual-luciferase reporter assay system (E1910,
Promega) and a GloMax 20/20 luminometer (Promega). The wild type (VKY9) and new1A (MJY945)
strains carrying either pDB722 (CAA C) or pDB723 (UAA C) (7) were grown overnight in SC-ura medium
at 20°C or 30°C, diluted to ODeoo ~ 0.05 in the same medium and grown until ODeoo ~ 0.5 at the
respective temperature. 5 uL aliquots (in technical triplicates) from the cultures were assayed as
previously described (8). The experiment was repeated three times at each temperature using

independent transformants for each experiment.



Supplementary results

Interaction of New1 with the 80S ribosome

The HEAT domain of New1 contains eight HEAT repeats composed of 16 a-helices (a1-a16) linked by
8 short loops (loops 1-8). Although the N-terminal region of the HEAT domain consisting of the first two
HEAT repeats (a1-a4) of New1 is not well-resolved (Supplementary Figure S3D-N), the mode of
interaction is likely to utilize positively charged residues, such as Lys195 (loop 2) or Lys239 (loop 3),
which come into close proximity to the tip of ES9 (Supplementary Figure S8A). By contrast, the
remaining HEAT repeats are nicely resolved, revealing a network of interactions between the loop
residues and components of the SSU. Briefly, within loop 4, Lys280 interacts with the backbone of
nucleotides 1359-1363 of ES9 (Supplementary Figure S8A) and the backbone carbonyl of Ala279 of
New1 is within hydrogen-bonding distance of Arg134 of eS19 (Supplementary Figure S8B). In loop 5,
T-shaped stacking interaction is observed from the sidechain of Phe321 of New1 with Phe21 of eS19,
and the backbone carbonyl of Thr319 of New1 is within hydrogen bonding distance of Arg24 of eS19
(Supplementary Figure S8B). Residues (GIn357-Pro359) within loop 6 also approach eS19 with
vicinity of Arg24, whereas HEAT repeat loops 7 and 8 of New1 are oriented towards with uS13, where
hydrogen bond interactions are possible between GIn401 (loop 7) with the backbone carbonyl of Lys49
of uS13 and in loop 8 between Ser443 and Arg448 with Lys49 and His78, respectively, of uS13
(Supplementary Figure S8B-C).

The ABC2 domain of New1 bridges the intersubunit space by forming protein-protein
interactions with uS13 on the SSU and uL5 on the LSU. Interactions with the SSU are possible between
the sidechains of GIn63 and Glu67 in uS13 which are in hydrogen bond distance with the backbone
carbonyls of Leu1006 and Pro1008, respectively (Supplementary Figure S8D). Contacts between
ABC2 and uL5 are more extensive and involve multiple sidechains located within a-helix (residues 984-
1003) of ABC2, including Arg998, GIlu999, Tyr1003 and Arg1004, as well as interaction between Lys115
of uL5 with the backbone of Arg1004 of ABC2 (Supplementary Figure S8D). In addition, ABC2
interacts with backbone of nucleotides 31-33 of the 5S rRNA, including a potential hydrogen bond
between Arg809 and phosphate-oxygen of U33 (Supplementary Figure S8D). Arg809 can also form
hydrogen bonds with the sidechain of Asp214 of uL18 and backbone interactions are possible between
amine of Ala810 and the carbonyl of Asp214 (Supplementary Figure S8D).

Interactions are also observed at the base of the CD of New1 with the 5S rRNA and uL5. The
loop between B2- and B3-strands of the CD contains three Lys residues (Lys 952, Lys954 and Lys955),
which are well-resolved and interact with major groove of the stem-loop created by nucleotides 34-40 of
the 5S rRNA (Supplementary Figure S8E). In addition, potential hydrogen bonding is possible from
GIn951 of the CD of New1 with Glu38 and Thr44 of uL5.



Supplementary Table S1. Oligonucleotides and synthetic dsDNA blocks used in this study.

Name Sequence 5’-3’

Oligonucleotides

V40 CTGAACTGCCTCGAGGTTAACTGTGGGAATACTCAGGTATCGTAAG

v41 TCTTTGAAATGGCAGACGGTTATCCACAGAATCAGGG

V42 TCTGTGGATAACCGTCTGCCATTTCAAAGAATACGTAAATAATTAATAGTAGTGATTTT

V43 CAAAAATTGAGAGATCATTTTTGTTTGTTTATGTGTGTTTATTCGAAACTAAGTTCT

V44 CATAAACAAACAAAAATGATCTCTCAATTTTTGTCAAAGATACCTGAATGT

V45 ATTCCCACAGTTAACCTCGAGGCAGTTCAGGAG

V46 CTTCTTTGGAGGCATTTTTGTTTGTTTATGTGTGTTTATTCGAAACTAAGTTCT

v47 CATAAACAAACAAAAATGCCTCCAAAGAAGTTTAAGGATCTAAAC

V62 ATGTAGGAATAAAGAGTATCATCTTTCAAAACGGTTATCCACAGAATCAG

V63 CAGGTTTATATATTATTGCGGCCGCACTACCGCAGGGTAATAACTGAT

V64 TAGTGCGGCCGCAATAATA

V65 AGAAGTATAGTAATTTATGCTGCAAAGG

V67 GACCTTTGCAGCATAAATTACTATACTTCTAAAAATGCCTCCAAAGAAGTTTAAGG

V70 GAAATTCTTTTTCCATCTTCTCTTTTCCATATCTTCTTCATCGTCAGTATCAAC

V72 ATGGAAAAGAGAAGATGGAAAAAGAATTTCATAGCCG

V73 TTTGAAAGATGATACTCTTTATTCCTACATAAGTAAATGAGTTTATATATCAGGTTGACT
TCCCCGCG

oMJ485 TTTTGAATTCACGCCAAATTTCGCTTTCTC

oMJ486 TTTTCTCGAGGCAGTTCAGGAGTTATTTTTGGT

oMJ489 ACTGTAAATACAACGACAATCAGTGCTAATTCAACTCAGGCGGATCCCCGGGTTAATT
AA

oMJ490 AAACGAAGTTAGCGAAGATAAAACACTAGCCAGTAGGCTTGAATTCGAGCTCGTTTAA
AC

KT18 TCGACGGAACCAACCAAATAAGAGCGCG

KT19 GATCCGCGCTCTTATTTGGTTGGTTCCG

KT22 TCGACGGGTGAAGACAAATAGAATACTG

KT23 GATCCAGTATTCTATTTGTCTTCACCCG

KT24 TCGACGGAACCAACCAAACAAGAGCGCG

KT25 GATCCGCGCTCTTGTTTGGTTGGTTCCG

KT28 TCGACGGGTGAAGACAAACAGAATACTG

KT29 GATCCAGTATTCTGTTTGTCTTCACCCG

KT80 CAAATATACCTCGAGCAAGGAACCATGACTTCGAAAGTTT

Synthetic dsDNA blocks (gBlocks®)
NEW1 gBlock1
AAGAAGGAGATATACCATGGGCCACCATCACCATCATCACGGTTCTGGTATCAGCCAG
TTTTTGAGTAAAATCCCGGAGTGCCAATCCATCACAGACTGCAAAAACCAAATCAAATT



GATTATCGAGGAGTTCGGCAAGGAAGGGAACTCGACCGGGGAAAAAATTGAAGAATG
GAAGATTGTAGATGTGCTTTCAAAGTTTATCAAGCCTAAAAATCCTTCCTTAGTACGTG
AATCAGCGATGTTAATCATCTCAAACATTGCACAGTTCTTTAGTGGTAAACCTCCTCAA
GAGGCCTATCTTTTACCGTTCTTTAACGTTGCCCTTGATTGCATTAGCGACAAGGAGAA
TACGGTCAAACGTGCCGCTCAGCATGCCATTGATTCTCTGCTGAACTGTTTTCCTATG
GAAGCTTTGACATGTTTCGTCCTGCCAACGATCTTGGACTACCTTTCGTCGGGCGCAA
AATGGCAAGCAAAGATGGCCGCTCTTTCCGTAGTGGACCGCATCCGCGAGGACAGTG
CAAATGACCTTTTGGAGCTTACTTTCAAAGATGCTGTACCAGTCCTTACTGATGTTGCT
ACAGATTTTAAGCCGGAGCTGGCAAAACAAGGCTATAAAACTTTGCTTGACTACGTTT
CTATCTTAGACAATTTGGACCTGAGTCCTCGTTATAAGTTAATCGTCGATACTCTTCAA
GACCCATCAAAAGTCCCGGAATCAGTGAAGAGTCTGTCTTCGGTCACCTTTGTCGCCG
AAGTGACTGAGCCGTCTTTGTCGCTTTTGGTGCCAATTCTTAACCGCAGCTTAAACCT
GTCTAGTAGTTCTCAAGAGCAATTACGTCAAACAGTGATTGTGGTCGAGAACCTGACC
CGTCTGGTCAACAATCGCAACGAAATTGAGTCTTTTATCCCTTTGTTGTTGCCAGGTAT
CCAGAAAGTGGTCGATACAGCTTCACTGCCTGAGGTGCGTGAATTGGCTGAAAAAGC
ATTGAACGTCTTAAAGGAGGATGACGAGGCAGACAAAGAGAACAAATTCTCGGGGCG
TCTGACCCTGGAAGAAGGGCGCGACTTTTTGCTTGACCATCTGAAAGATATCAAGGCT
GATGACTCTTGTTTTGTAAAGCCGTACATGAATGATGAAACAGTTATTAAATATATGTC
GAAGATCCTGACAGTTGACTCTAACGTGAATGATTGGAAACGCTTGGAAGATTTTCTG
ACGGCAGTCTTTGGGGGGTCAGACTCCCAACGTGAGTTCGTTAAACAGGATTTCATCC
ACAACCTGCGCGCTTTGTTCTATCAGGAGAAAGAACGTGCGGATGAGGACGAGGGTA
TTGAAATCGTGAATACCGATTTTTCACTGGCGTATGGCAGTCGCATGTTGCTGAACAA
GACAAACTTGCGCCTTCTTAAGGGGCACCGCTATGGGCTGTGCGGCCGTAATGGTGC
GGGTAAGTCGACCCTGATGCGTGCT
NEW1 gBlock2

GGTGCGGGTAAGTCGACCCTGATGCGTGCTATCGCCAACGGACAACTGGATGGTTTT
CCAGACAAAGATACTTTGCGTACCTGTTTCGTGGAACATAAGCTGCAGGGCGAAGAA
GGAGACTTAGACCTGGTATCCTTTATTGCACTTGACGAAGAGTTGCAGTCCACAAGCC
GCGAAGAAATCGCAGCTGCACTTGAATCTGTGGGCTTCGACGAAGAGCGTCGCGCGC
AGACGGTCGGCTCATTGTCTGGCGGCTGGAAGATGAAATTGGAGCTTGCGCGCGCTA
TGCTTCAAAAGGCAGACATTTTACTGTTGGACGAACCGACAAATCACCTTGACGTATC
CAACGTAAAGTGGCTTGAGGAATACTTGTTGGAACACACGGACATCACGTCATTGATT
GTCAGCCATGACAGTGGCTTTTTGGACACGGTATGCACAGATATTATTCACTATGAAA
ATAAAAAATTGGCTTATTACAAAGGGAATTTAGCAGCGTTTGTAGAACAAAAACCTGAA
GCCAAGTCCTACTATACTTTGACCGACAGCAACGCGCAGATGCGTTTCCCTCCTCCGG
GTATCCTGACGGGCGTTAAGTCTAATACCCGCGCCGTGGCCAAAATGACCGATGTCA
CGTTTTCTTACCCTGGAGCCCAGAAGCCGTCTCTTAGCCATGTGTCCTGCTCATTGTC
CTTGTCGTCCCGTGTAGCATGTCTTGGACCGAATGGTGCAGGAAAATCCACTTTAATC
AAGTTGCTGACGGGGGAGCTGGTGCCGAACGAAGGCAAAGTCGAAAAACATCCGAAT
TTGCGTATTGGTTACATCGCGCAGCATGCCTTACAGCATGTCAATGAGCATAAAGAGA




AAACAGCTAATCAATACCTGCAATGGCGTTATCAATTCGGGGACGACCGCGAAGTGTT
GTTGAAGGAATCCCGTAAGATCTCGGAAGATGAGAAAGAGATGATGACAAAGGAAATT
GACATTGACGATGGGCGTGGAAAGCGCGCCATCGAGGCCATTGTAGGCCGCCAGAA
ACTTAAAAAGAGCTTTCAGTACGAAGTAAAGTGGAAATATTGGAAGCCAAAATACAACA
GTTGGGTACCGAAGGACGTCCTTGTTGAGCACGGCTTCGAAAAGCTGGTTCAAAAATT
CGATGATCACGAGGCTAGTCGCGAGGGATTGGGATACCGCGAGCTTATTCCGAGCGT
TATTACAAAACACTTTGAAGATGTAGGATTGGATAGTGAGATCGCGAACCACACCCCT
CTGGGGTCACTTTCAGGGGGTCAACTTGTAAAGGTCGTGATTGCCGGGGCAATGTGG
AATAACCCACACCTTCTTGTTCTTGACGAGCCGACTAACTATTTGGATCGCGACTCCCT
TGGGGCTTTAGCCGTGGCTATTCGTGATTGGTCCGGAGGCGTGGTTATGATTTCGCA
CAATAATGAGTTCGTGGGGGCGTTATGCCCTGAACAGTGGATCGTGGAGAATGGGAA
AATGGTACAAAAGGGAAGCGCTCAAGTCGATCAATCTAAGTTTGAAGACGGGGGGAA
CGCCGATGCTGTCGGATTGAAAGCCTCCAATCTTGCCAAGCCGAGCGTTGACGATGA
TGATAGTCCTGCCAATATTAAGGTCAAGCAACGTAAGAAACGTCTTACTCGTAATGAAA
AAAAATTGCAAGCTGAGCGTCGTCGTCTTCGTTACATCGAGTGGTTGTCATCCCCGAA
AGGAACACCGAAACCTGTGGACACTGACGACGAAGAAGACTGATAAGGATCCGGCTG
CTAACAAAGCCCGAAAG



Supplementary Table S2. Cryo-EM data collection, refinement and validation statistics of the New1-
80S complex (EMDB ID: XXXX, PDB ID: XXXX)

Data collection

Microscope FEI Titan Krios
Camera Falcon Il
Magnification 131,703
Voltage (kV) 300

Electron dose (e7/A2) 45.9

Defocus range (um) -0.5t0-2.5
Pixel size (A) 1.063

Initial particles (no.) 171,106

Final particles (no.) 48,757

Model composition

Protein residues 12,065
RNA bases 5,105
Refinement
Resolution range (A) 3.28
Map CC (around atoms) 0.81
Map CC (whole unit cell) 0.80
Map sharpening B factor (Az) -83.92
R.m.s. deviations
Bond lengths (A) 0.0079
Bond angles (°) 0.83
Validation
MolProbity score 1.88
Clashscore 4.95
Poor rotamers (%) 1.32

Ramachandran plot

Favored (%) 90.79
Allowed (%) 8.53
Disallowed (%) 0.68




Supplementary Table S3. Generation times of indicated wild-type and new1A strains.

Generation time (h) 2
Strain

20°C 30°C
wt (VKY9) 3.15+0.20 1.57 £ 0.01
new1A::HIS3MX6 (MJY945) 4.62 +0.41 1.72+0.11
wt (MJY1171) 3.10+£0.10 1.55 + 0.01
new1A::kanMX6 (MJY1173) 4.40 + 0.07 1.72 £ 0.01

@ Growth rates were determined in SC medium. The values represent the mean from three
independent experiments and their standard deviations.
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Supplementary Figure S1. Comparison of New1-TAP levels in strains used in this study by anti-
TAP Western blotting. The VHY61 strain transformed with either empty vector (pRS316), as well as
inducible New1-TAP (VHp262), or New1-EQ2-TAP (VHp265) plasmids, were grown or SC-ura medium
at 30°C until ODsoo = 0.3, at which point B-estradiol was added to a final concentration of 1 yM. Cells
were harvested either immediately prior to addition of B-estradiol (0 h) or 3 hours after (3 h). The
NEW1::TAP control strain (YSC1178-202233783) was grown in SC medium at 30°C. Approximately 5

Mg of total protein was loaded per lane, followed by serial 3-fold dilutions.
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Refinement
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Supplementary Figure S2. 3D classification of the S. cerevisiae New1-80S complex. Following 2D
classification, 144,876 particles were initially aligned against a vacant S. cerevisiae 80S ribosome and
subjected to 3D classification with 3x binned images, sorting the particles into five classes. Class 1
contained a highly resolved New1-80S complex, whereas Class 2 was poorly resolved with partial ligand
occupation. Furthermore, 80S particles with E-site tRNA (Class 3) could be identified as well as highly
resolved 80S (Class 4, Class 5), which differ in the dynamic of the SSU. Focused sorting of 57,226

particles of class1 was implemented using a mask for the ligand only. The particles containing the well-
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resolved ligand (class2, 48,757 particles) were further 3D refined yielding a final reconstruction with an
average resolution of 3.28 A. This particles were also locally refined using a (transparent green depicted)
mask, which included the whole New1 and the head of the 40S subunit resulting in an improved overall
ligand resolution of 3.63 A. Based on the 3.28 A resolved map, a CTF refinement was performed. The
CTF refined particles were than 3D refined and subjected to multibody refinement using three distinct
masks (SSU-New1(HEAT, 4HB), transparent orange; LSU-New1(ABC1, ABC2, CD), transparent blue;
SSU Body, transparent yellow). The resulting average resolution for the SSU-New1 part obtained 3.26
A, the LSU-New1 3.06 A and the SSU Body 3.14 A.
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Supplementary Figure S3. Overview of the final refined cryo-EM reconstruction of the New1-80S
complex. (A) Fourier shell correlation (FSC) curve of the final refined cryo-EM map of the New1-80S
complex, indicating the average resolution of 3.28 A, according to the gold-standard criterion
(FSC=0.143). (B) Fit of models to maps. FSC curves calculated between the refined model and the final
map (blue), with the self- and cross-validated correlations in red and green, respectively. The red dashed
line shows the resolution limit that was used for the model refinement. (C) Cryo-EM map of the New1-
80S complex, segmented and colored according to the small (SSU, yellow) and large (LSU, cyan)
ribosomal subunit, as well as for New1 (red). (D) Mask used for the local refinement encompassing
New1 and the head of the 40S subunit (transparent green). (E) Masks used for the multibody refinement.
SSU-New1(HEAT, 4HB), transparent orange; LSU-New1(ABC1, ABC2, CD), transparent blue; SSU
Body, transparent yellow. (F) Same view as in (C) but colored according to local resolution. (G) Cryo-
EM map after local refinement colored according to local resolution showing the improvement in the
resolution for the ligand and the 40S head region. (H) Merged cryo-EM maps after multibody refinement
colored according to local resolution showing the improvement in the resolution for the whole 80S and
the interaction interface between 80S and New1. (I-K) Transverse section of (F), (G) and (H),
respectively. (L-N) View of the isolated density for New1 (L) from (F) before local refinement, (M) from
(G) after local refinement and (N) from (H) after multibody refinement. The scale bar is valid for all

showed resolution panels.
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Supplementary Figure S4. The growth defect of eEF3-depleted cells is influenced by the

presence or absence of NEW1. (A) Tunable repression of eEF3 expression leads to a gradual
decrease in growth rate. The Puer2s-YEF3 (VKY8) strain was grown at 30°C in liquid synthetic complete
medium lacking methionine and cysteine (SC-met-cys) supplemented with methionine at different
concentrations (see insert). The growth rate (u2) was calculated as the slope of the linear regression of
logz-transformed ODesoo measurements. The addition of increasing concentrations of methionine
represses the expression of eEF3 driven by Puer2s promoter without affecting the levels of elongation
factor 2, eEF2, or 3-phosphoglycerate kinase, Pgk1. (B and C) Growth of the wild-type (VKY9), Puer2s-
YEF3 (VKY8), newl1A (MJY945) and Puer2s-YEF3 new1A (MJY951) strains on medium containing
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different concentrations of methionine. The strains were grown overnight in liquid SC-met-cys medium,
10-fold serially diluted and spotted on SC-met-cys plates supplemented with the indicated
concentrations of methionine. The plates were incubated at 30°C (B) for three or at 20°C (C) for four
days. (D) Growth of the Pumerz2s-YEF3 (VKY8) strain harboring the indicated low-copy (l.c.; pRS316,
pRS316-YEF3, or pRS316-NEWT) or high-copy (h.c.; pRS426 or pRS425-NEW1) plasmids. Cells were
grown overnight in liquid SC-ura-met-cys medium, 10-fold serially diluted and spotted on SC-ura-met-
cys plates supplemented with the indicated concentrations of methionine. The plates were incubated at
30°C for three days.
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Supplementary Figure S5. New1-EQ: cosediments with actively translating ribosomes in the

presence of ATP. (A and B) Expression of New1-EQ: inhibits cell growth. The VHY61 strain
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transformed with the indicated inducible expression plasmids were pre-grown overnight in SC-ura
medium at 30°C, diluted to ODsoo = 0.05 in the same medium and grown for three hours. An aliquot from
each culture was then transferred to a prewarmed flask and (B-estradiol was added to a concentration
of 1 uM. The growth of uninduced (A) and induced (B) cultures was monitored by hourly ODeoo
measurements. The data are presented as geometric means of three independent transformants and
standard errors of the mean are indicated by shading. (C-G) Polysome profile and immunoblot analyses
of yeast cells (VHY61) carrying the inducible New1-TAP (VHp262, black lines and boxes) or New1-EQ2-
TAP (VHp265, red lines and boxes) plasmids. Cells were grown at 30°C until ODeoo = 0.3, supplemented
with 1 yM B-estradiol and harvested after 3h. Lysates and sucrose gradients were either left
unsupplemented (D) or supplemented with ATP (A, E-G) or AMP-PNP (H). The ATP-supplemented
samples were, where indicated, treated with RNase | (E), or derived from cultures not pre-treated with
cycloheximide (runoff conditions) (F). Fractions from the gradients were analyzed by western (C) or slot
blotting (D-H). The blots were probed for TAP-tag. “ and * symbols denote positions of the full-size
proteins.
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Supplementary Figure S6. Model for S. cerevisiae New1 with bound ATP molecules. (A-B)
Selected examples illustrating the quality of fit of the molecular model (A) within ABC2 and (B) the HEAT
repeats to the unsegmented cryo-EM map (grey mesh). (C) Model of the 80S-bound New1 based on
the multibody refined map and colored by domain, HEAT (blue), 4HB (yellow), ABC1 (red), ABC2
(green) and CD (magenta). (D, E) Views of the two closed nucleotide-binding sites created by ABC1
and ABC2. For the bound ATP molecules cryo-EM map densities of the multibody refined map (dark
grey mesh) are illustrated. The Walker A and Walker B motifs with the mutated Q1058 (D) and Q713
(E) residues of the signature motif, as well as the ‘switch’ histidine (H1087 (D) and H743 (E)), are shown

as sticks and labelled.

19



New1 ABCE1
(closed) (closed)

Supplementary Figure S7. The closed conformation of the New1. (A) The ABC1 (red) and ABC2
(green) domain of New1 in the New1-80S complex adopts a closed conformation. (B-C) Conformation
of the New1 NBDs with respect to other ABC proteins. Alignment (based on ABC1) of the New1-ABCs
with (B) the closed conformation of the NBDs of S. cerevisiae ABCE1 (orange, PDB: 5LL6) (9) and (C)
the E. coli ABCE1 protein observed in the open conformation (blue, PDB ID: 30zZX) (10). (D-G)
Incompatibility of New1 to the 80S Ribosome in an open conformation. (D) The New1 model in a closed
conformation colored due to the different domain organization. (E) The potential opened New1 aligned
to ABC2 or (F) ABC1 of the ABCE1 protein in an opened conformation (PDB ID: 30ZX) (10). (G) Overlay
of the closed New1 model (dark red) with the potential opened state models aligned to ABC1 (dark

yellow) and ABC2 (violet), respectively.
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New1-CD

Supplementary Figure S8. Interactions of New1 with the 80S Ribosome. (A-C) Interactions of the
New1-HEAT repeat region (blue) with (A) ES9 of the 18S rRNA (light yellow), (B) eS19 (pale green),
and (C) uS13 (light orange) of the SSU. (D) New1-ABC2 (green) bridges the intersubunit space by
interacting with the SSU protein uS13 and the LSU proteins uL5 (pastel light green) and uL18 (light pink)
as well as by forming protein-RNA intercations with the 5S rRNA (light blue). (E) Intercation of the lysine
dense region of New1-CD (magenta) with the 5S rRNA as well as uL5. Residues with a clear density

within the cryo-EM map are shown as sticks whereas the rest is depicted as dots and labeled.

21



A 55 30C B 60 20%C
—— newiA —— newiA
—e— wild type 5.5 4 —e— wild type
5.0 —
o o 50—
5 5
§ 4.5 @ 4.5 —
2 S 4.0 4
8 40 g 40
3.5 +
35 | T T T T T T T T 30 T T T T T T T T
18 20 22 24 26 28 30 32 18 20 22 24 26 28 30 32
read length read length
60 - o -
C 20 °C D 20 °C
50 T wild type (S5) 7| new1A (S6)
40 -
)
s 7 5 ]
S 20 § -
g 101 g
g 0 - T T T T l 8 T T T T T T
60 - o -
S 20°C £ 20
__8 50 1 wild type (S7) § 1 newilA (S8)
g 40 S
g 30 A 2 A
& 20 1 % .
10 T A
0 T T T T T T T T T T T T
-120 -90 -60 -30 0 30 -120 -90 -60 -30 0 30
Relative position from stop Relative position from stop
€0 7 30°C F 730°C
E 50 wild type (S1) -1 new1A (S2)
40 o
2 80 e
c ®©
g 20 - s
S o
§ 10 8 A
o O T T T T T % T T T T T T
§ 60 730°C 2 30 °C
S 50 wild type (S3) 2 - newtA (S4)
=40 1 2 A
2 30 - g
© [0)
© 20 o -
o
0 T T T T T T T T T T T T
-120 -90 -60 -30 0 30 -120 -90 -60 -30 0 30

Relative position from stop Relative position from stop

Supplementary Figure S9. RPF read length distributions and metagene analysis of Ribo-Seq
data. RPF read length distributions in wild type (wt) and new1A Ribo-Seq libraries at 30 °C (A) and 20°C
(B). Data are presented as the geometric mean of two biological replicates and the error bars represent
the standard error of the mean. Metagene plots of ribosome density around start and stop codons, wild

type (C and D) and new1A (E and F) strain. Reads are aligned in respect to the P-site.
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Supplementary Figure S10. Metagene plots around the stop codon grouped by RPF read length.

Ribo-Seq metagene profiles are shown for the following strains: [PS/+] (B) and [psi-] (A) (11), Rli1-

depleted (D) and the corresponding wild type (C) (12) and elF5A-depleted (F) and the corresponding

wild type (F) (13). Ribosome densities corresponding to 27-28 nucleotide-long (dominant RPF lengths
within the ORF body) and 29-31 nucleotide-long (dominant RPF lengths at the stop codon) RPF reads

are plotted respectively as green and black traces. Reads are aligned with respect to the P-site. The

frequency of individual RPF read lengths within the ORF body (filled circles; computed for metagene

positions -180 to -90) and at the stop codon (empty circles) are shown as inset graphs. The relative

increase of the ribosome density at the stop codon over the average density within the ORF body is

indicated over the stop codon peak within a grey oval and is computed for pooled Ribo-Seq data (27-31

nucleotide-long RPFs).
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Supplementary Figure S11. C-terminal amino acid composition and ribosome queuing at
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Abstract

In addition to the conserved translation elongation factors eEF1A
and eEF2, fungi require a third essential elongation factor, eEF3.
While eEF3 has been implicated in tRNA binding and release at the
ribosomal A and E sites, its exact mechanism of action is unclear.
Here, we show that eEF3 acts at the mRNA—tRNA translocation
step by promoting the dissociation of the tRNA from the E site, but
independent of aminoacyl-tRNA recruitment to the A site. Deple-
tion of eEF3 in vivo leads to a general slowdown in translation
elongation due to accumulation of ribosomes with an occupied A
site. Cryo-EM analysis of native eEF3-ribosome complexes shows
that eEF3 facilitates late steps of translocation by favoring non-
rotated ribosomal states, as well as by opening the L1 stalk to
release the E-site tRNA. Additionally, our analysis provides struc-
tural insights into novel translation elongation states, enabling
presentation of a revised yeast translation elongation cycle.
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Introduction

Protein synthesis is an evolutionary conserved process. Translation
elongation entails the same repetitive steps of decoding, peptide bond
formation, and translocation in all living organisms, catalyzed by
highly homologous translation elongation factors eEF1A/EF-Tu and
eEF2/EF-G in eukaryotes and bacteria, respectively, assisted by
eEF1B/EF-Ts and eIFSA/EF-P (Dever & Green, 2012; Rodnina, 2018).
It is therefore particularly surprising that some fungi, such as

. Marina V Rodnina®™™"

& Daniel N Wilson?>™"

Saccharomyces cerevisiae, Candida albicans, and Pneumocystis carinii
have an additional essential, abundant elongation factor, eEF3
(Skogerson & Wakatama, 1976; Uritani & Miyazaki, 1988; Kamath &
Chakraburtty, 1989; Colthurst et al, 1991). Moreover, recent bioinfor-
matic analyses indicate that eEF3-like proteins exist more broadly in
unicellular eukaryotes, not just in fungi (Mateyak et al, 2018). Some
organisms, e.g., S. cerevisiae, also contains an eEF3 homologue,
termed Newlp, which when overexpressed can rescue strains
depleted for eEF3 (Kasari et al, 2019b). In exponentially growing
S. cerevisiae cells, eEF3, eEF1A, eEF2, and eRF1 exert the strongest
control over the rate of translation (Firczuk et al, 2013). In yeast, the
amount of eEF3 per cell is comparable to that of ribosomes, eEF2, and
eEF1B, 10 times lower than that of eEF1A, and 5-10 times higher than
of the termination factors and the majority of initiation factors (Fir-
czuk et al, 2013). These data suggest that there is sufficient eEF3 to
participate in every round of translation elongation.

eEF3 is a cytoplasmic protein that belongs to the superfamily of
ATP-binding cassette (ABC) proteins, specifically, of the F subtype
(Murina et al, 2018). In S. cerevisiae, eEF3 consists of a single
polypeptide chain of 1,044 amino acids comprising several domains:
a HEAT repeat domain, a four-helix bundle domain (4HB domain),
two ATP-binding domains, ABC1 and ABC2, with a chromodomain
(CD) insertion within ABC2, as well as eEF3-specific C-terminal
domain (Kambampati et al, 2000; Murina et al, 2018). A low-resolu-
tion (9.9 A) cryo-electron microscopy (cryo-EM) structure of the
ribosome—eEF3 complex revealed that eEF3 binds to the ribosome,
spanning across the boundary between the head of the 40S subunit
and the central protuberance of the 60S subunit, where it contacts
ribosomal RNA (rRNA) and proteins, but should not interfere with
the binding of eEF1A or eEF2 (Andersen et al, 2006). Despite these
structural clues, the function of eEF3 remains poorly understood.
Early studies reported that eEF3 facilitates binding of the ternary
complex eEF1A-GTP-aminoacyl-tRNA to the decoding site (A site)
of the ribosome, thus increasing the fidelity of translation (Uritani &
Miyazaki, 1988); genetic and physical interactions between eEF1A
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and eEF3 appear to support this hypothesis (Anand et al, 2003;
Anand et al, 2006). An in vitro study of tRNA binding to the ribo-
some argued that eEF3 accelerates dissociation of tRNA from the
exit site (E site) independent of translocation and is required for
aminoacyl-tRNA binding to the A site when the E site is occupied
(Triana-Alonso et al, 1995); thus, according to this model, eEF3
regulates decoding. By contrast, another study proposed that eEF3
facilitates the release of tRNA from the P site during the disassembly
of post-termination complexes at the ribosome recycling step of
translation (Kurata et al, 2013).

eEF3 has also been implicated in translational control in
response to environmental stress. Expression of eEF3 is altered
during morphogenesis in Aspergillus fumigatus and upon starvation
in S. cerevisiae (Grousl et al, 2013; Kubitschek-Barreira et al, 2013).
Interaction of eEF3 with the ribosome in S. cerevisiae is affected by
Stm1, a protein that binds to the mRNA entry tunnel of the ribo-
some (Ben-Shem et al, 2011), inhibits translation at the onset of the
elongation cycle, and promotes decapping of a subclass of mRNAs
(Van Dyke et al, 2009; Balagopal & Parker, 2011). In yeast lacking
Stm1, eEF3 binding to ribosomes is enhanced and overexpression
of eEF3 impairs growth (Van Dyke et al, 2009). On the other hand,
eEF3 affects the function of Genl, thereby modulating the kinase
activity of Gen2 (Sattlegger & Hinnebusch, 2005). In addition to
these functional interactions, the Saccharomyces genome and the
STRING databases suggest that eEF3 interacts with a number of
proteins that may affect the efficiency of translation (Cherry et al,
2012; Szklarczyk et al, 2019), including eEF2, heat shock proteins,
or She2 and She3, the adaptor proteins that facilitate targeted trans-
port of distinct mRNAs (Heym & Niessing, 2012). Together these
data raise the possibility that eEF3 may act as a hub for transla-
tional control, but insight into the role that eEF3 plays within these
regulatory networks is hampered by the lack of understanding of its
basic function.

Here, we address the function of eEF3 using a combination of
rapid kinetics in a fully reconstituted yeast in vitro translation
system, ribosome profiling, and cryo-EM. First, we show using
biochemical and kinetic approaches that eEF3 helps eEF2 to
complete tRNA-mRNA translocation by accelerating the late stages
of the process. While eEF3 facilitates E-site tRNA release, this activ-
ity is not dependent on the binding of ternary complex to the A site,
as previously reported (Triana-Alonso et al, 1995). Ribosome profil-
ing of strains conditionally depleted of eEF3 reveals global changes
in ribosome state in the cell wherein ribosomes accumulate with an
occupied A site (typical of ribosomes in a pre-translocation state).
These data are consistent with the presence of a new rate-limiting
step in elongation where ribosomes cannot undergo translocation
due to the presence of deacylated tRNA in the E site. Cryo-EM of
native eEF3-ribosome complexes provides a structural basis for the
mechanism of action of eEF3 to promote late steps of translocation
as well as facilitate E-site tRNA release.

Results
eEF3 promotes late steps of tRNA-mRNA translocation

To understand the function of eEF3, we used a fully reconstituted
translation system from yeast components (Appendix Fig S1A). We
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assembled an 80S initiation complex (80S IC) using purified 40S and
60S subunits, mRNA, and initiator tRNA ([*H]Met-tRNA;M®") in the
presence of initiation factors elF1, elF1A, elF2, elF3, elF5, and elF5B
(Appendix Fig S1B). Addition of [*4C]Phe-tRNA™ in the ternary
complex with eEF1A and GTP (TC-Phe), and eIF5A resulted in
decoding of the next codon UUU and formation of the dipeptide
MetPhe (Fig 1A). Using a fully reconstituted translation system
allows us to study each step of translation in a codon-resolved
manner and to identify the reactions that are promoted by eEF3. To
test whether eEF3 affects the first round of translation elongation,
we monitored the dipeptide formation in real time. As the reaction
is rapid, we carried out experiments in a quench-flow apparatus.
We separated dipeptides from unreacted amino acids by HPLC and
quantified the extent of dipeptide formation by radioactivity count-
ing. The rate of MetPhe formation (0.15 s~1) was not affected by the
addition of eEF3 (Fig 1B), and only slightly at very high eEF3
concentration (Fig EV1A). Similarly, formation of the MetVal
peptide measured on an mRNA with Val (GUU) codon was not
affected by the presence of eEF3 (Fig EV1B). These results indicate
that eEF3 is not essential for the first round of decoding or peptide
bond formation. Next, we tested whether the second round of elon-
gation is affected. We prepared an 80S complex carrying a dipep-
tidyltRNA (MetPhe-tRNA™™) in the A site and a deacylated
tRNAM® in the P site (denoted as 80S 2C for dipeptide complex),
added a TC with Val-tRNAYY reading the GUU codon (TC-Val) and
then monitored tripeptide formation (Fig 1A). In this case, the
tripeptide MetPheVal was formed only when both eEF2 and eEF3
were added together with TC-Val (Fig 1C). The effect was less
dramatic when Phe and Val codons were reverted, as some
MetValPhe was also formed in the absence of eEF3, but the addition
of eEF3 increased the rate of tripeptide formation by 10-fold, from
0.03/s to 0.3/s (Fig EV1C). Thus, eEF3 is required for the second—
and presumably the following—rounds of translation elongation.

To form tripeptide, the ribosome has to move along the mRNA in
a step referred to as translocation and then bind the next aminoacyl-
tRNA (Fig 1A). In bacteria and higher eukaryotes, the factor that
promotes translation, EF-G/eEF2, alone drives the reaction to
completion. We then asked the question whether yeast eEF2 or
eEF3 alone can promote translocation with longer incubation times.
To test this, we incubated 80S 2C with eEF2 or eEF3 alone, or with
both factors together, for 15 min and then added TC-Val (Fig 1D).
The rate of tripeptide formation was very similar and high with
eEF2, or eEF2 and eEF3, about 0.4/s, indicating that eEF2 alone can
complete the translocation process given enough time, but to func-
tion within physiological timeframes, the reaction requires eEF3.
This also indicates that eEF3 is not required for the decoding of the
Val codon or peptide bond formation per se. Interestingly, eEF3
alone facilitated translocation, albeit only on a fraction of ribo-
somes, as seen by the endpoint defect (Fig 1D). We speculate
that eEF3 on its own promoted tRNA translocation, albeit not to the
full extent.

We next specifically studied the role of eEF3 in translocation.
Translocation is a dynamic process that entails several steps. Analo-
gous to the well-studied bacterial translocation process (Zhou et al,
2014; Belardinelli et al, 2016), translocation in yeast likely encom-
passes the following major steps. (1) Prior to eEF2 binding, the
tRNAs move into hybrid states upon peptidyl transfer, with
concomitant rotation of the ribosomal subunits. (2) eEF2 binds and

© 2021 The Authors
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Figure 1. eEF3 is essential for tri- and polypeptide formation.

A Schematic of the translation elongation cycle as studied here.

B Met-Phe formation monitored upon rapidly mixing initiation complexes (80S IC) with ternary complexes eEF1A-GTP—[**C]Phe-tRNA""® in the absence (orange,
0.13 £ 0.02/s) or presence (cyan, 0.15 4 0.02/s) of eEF3 (2 uM) in a quench-flow apparatus, and the extent of peptide formation was analyzed by HPLC and
radioactivity counting. Data are normalized to Met-Phe formation in the absence of eEF3 with the maximum value in the dataset set to 1. Data are presented as
mean + SEM of n = 3 biological replicates.

C Met-Phe-Val formation monitored upon rapidly mixing 80S complexes carrying MetPhe-tRNAPM® (80S 2C) with ternary complexes eEFlA—GTP—[“C]VaI—tRNAva' in the
presence of eEF2 and eEF3 (green, 0.15 £ 0.01/s), eEF2 (red), or eEF3 (blue). Data presented as mean + SEM of n = 3 biological replicates.

D Met-Phe-Val formation monitored with 80S 2C incubated with eEF2 and eEF3 (green, 0.4 + 0.14/s), eEF2 (red, 1.0 + 0.5/s), or eEF3 (blue), or in the absence of eEF2

and eEF3 (brown) for 15 min before adding with ternary complexes eEF1A-GTP—[“C]Val-tRNAY?' and monitoring the kinetics of Val incorporation. Data presented as

mean + SEM of n = 3.

Data information: Datasets in (C) and (D) are normalized to Met-Phe-Val formation in presence of eEF2 and eEF3 with the maximum value set to 1.

Source data are available online for this figure.

catalyzes movement of tRNAs into the so-called chimeric states,
with displacement of the mRNA together with tRNA anticodons on
the small subunit and accommodation of the CCA-3’ end of the
peptidyl-tRNA in the P site (Fig 2A). (3) mRNA and the two tRNAs
move to the E and P sites of the small subunit, the small subunit
rotates backward relative to the large subunit, and eEF2 and the E-
site tRNA dissociate from the ribosome (Fig 2A). One diagnostic test
for the completion of step (2) is the reaction of peptidyl-tRNA with
the antibiotic puromycin (Pmn). In the absence of translocation (the
80S 2C complex), peptidyl-tRNA does not react with Pmn, even with
very long incubation times (Fig 2B, brown triangles). Upon addition
of eEF2 and eEF3, or eEF2 alone, peptidyl-tRNA reacts with Pmn.
The rate of reaction with puromycin is indistinguishable from that
observed for the post-translocation complex prepared by prolonged
pre-incubation with the factors (Fig EVID-F), indicating that eEF2
alone is sufficient to facilitate the early stages of translocation
through step (2). We note that in the presence of eEF3 and eEF2,
the reaction with Pmn was faster than with eEF2 alone, and the
endpoint of the reaction was somewhat lower, suggesting that bind-
ing of eEF3 to the ribosome stabilizes a ribosome conformation that
influences the efficiency of Pmn reaction, possibly by affecting Pmn
binding or by stabilizing peptidyl-tRNA in the exit tunnel (see cryo-
EM data below). Also, consistent with the results of the tripeptide
synthesis (Fig 1D), eEF3 alone appears to catalyze translocation,
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but not to the same extent as in the presence of eEF2 (Fig 2B),
which is not increased further with the pre-incubation time
(not shown).

E-site tRNA release by eEF3 does not require ternary
complex binding

The final step (3) of translocation involves dissociation of deacy-
lated tRNA from the E site (Fig 2A) (Belardinelli et al, 2016). To
monitor this step in real time, we used a rapid kinetics assay that
follows a fluorescence change of tRNA™¢t Jabeled by fluorescein,
tRNAMEY(Flu), upon dissociation from the ribosome (Belardinelli
et al, 2016). The tRNA is functionally active in the yeast translation
system to the same extent as a non-modified tRNAM®', as validated
by the tripeptide formation assay (Fig EV1G). When we initiate
translation by rapidly mixing 80S 2C containing tRNA™®'(Flu) and
MetPhe-tRNAP in the P and A sites, respectively, with eEF2, eEF3,
and TC-Val in the stopped-flow apparatus, fluorescence decreases
(Fig 2C, green trace). In the process of reaction, addition of eEF2
and eEF3 together with TC-Val leads to a first translocation, Val-
tRNA"¥ binding, next peptide bond formation, followed by a second
translocation and the dissociation of tRNAM®' from the E site. At the
starting point of the experiment, tRNA™®!(Flu) resides in the P/P or
P/E state. The fluorescence change over the time course with eEF2,
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B mRNA-tRNA translocation monitored in a time-resolved Pmn assay upon mixing 80S 2C with Pmn in the absence (brown triangles) or presence of eEF2 and eEF3
(green, 0.13 4+ 0.01/min), eEF2 (red, 0.030 4= 0.005/min), or eEF3 (blue, 0.10 4 0.01/min). Data are normalized to Met-Phe-Pmn formation in presence of eEF2 with

the maximum value set to 1. Data presented as mean + SEM of n = 3.

C Dissociation of deacylated tRNA from the E site by the fluorescence change of tRNA™E(Flu) upon rapidly mixing of 80S 2C with buffer (gray), or with ternary
complexes eEF1A-GTP—[**C]Val-tRNA"?' in the presence of eEF2 and eEF3 (green), eEF2 (red), eEF3 (blue), or eEF2 and eEF3 without the ternary complex (magenta) in
a stopped-flow apparatus. Each trace is an average of 5-7 individual time courses and normalized at 1 for the fluorescence at the start of the reaction.

D tRNA™EY(Flu) co-eluting with 80S 2C incubated without factors (orange), with eEF2 (red), with eEF2 and eEF3 (magenta), or with eEF2, eEF3, and TC-Val (green) for
15 min before loading on a BioSuite 450 size-exclusion column to separate ribosome-bound and ribosome-unbound tRNA. Data are normalized to tRNAfMe‘(FIu)
bound to 80S 2C in the absence of eEF2/eEF3 with the maximum value set to 100%. Data presented as mean + SEM of n = 3.

E Dissociation of tRNA™ME(Flu) from 80S 2C deacylated tRNA incubated with eEF2 and eEF3 (green) or eEF2 (red) for 15 min before adding with ternary complexes. Each
trace is an average of 5-7 individual time courses and normalized at 1 for the fluorescence at the start of the reaction.

Source data are available online for this figure.

eEF3, and TC-Val gives the maximum signal difference anticipated
upon E-site tRNA dissociation (Fig 2C, green trace). When a similar
experiment is carried out in the absence of TC-Val, only the first
translocation can occur; we observe that in this case, the fluores-
cence of tRNA™® decreases considerably, but not to the same extent
as when TC-Val is included (Fig 2C, magenta trace). This can reflect
movement of tRNA™®(Flu) to the E site, where it has a somewhat
lower fluorescence than in the P site, or a movement to the E site
followed by partial dissociation of the tRNA from the ribosome.
Addition of eEF3 or eEF2 alone resulted in only a very small fluores-
cence change (Fig 2C, blue and red traces). These results suggest
that eEF2 and eEF3 together facilitate the movement of the E-site
tRNA and its ultimate dissociation from the E site. By contrast, eEF2
alone can catalyze partial tRNA displacement (that promotes Pmn
reactivity, Fig 2B), but is incapable of promoting dissociation of the
E-site tRNA during the short (physiologically relevant) time
window.

We further tested whether eEF2 is capable of releasing deacy-
lated tRNA over a long incubation time, as in the tripeptide forma-
tion experiment. We incubated 80S 2C (with tRNAfMe‘(Flu) and
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MetPhe-tRNAT™®) with eEF2 and eEF3 or with eEF2 alone for an
extended period (15 min) and monitored how much tRNA™MeY(Flu)
is retained by the ribosome by following the fluorescence co-eluting
with the ribosomes during gel filtration (Fig 2D). Upon 15-min incu-
bation with eEF2 alone, very little tRNA is released (Fig 2D, orange
and red bars). Upon incubation with eEF2 and eEF3, a significant
fraction of tRNA™®'(Flu) is released during gel filtration, suggesting
labile binding of the E-site tRNA (magenta). Addition of eEF2, eEF3,
and TC-Val, which results in two rounds of translocation and should
remove the E-site tRNA from all active ribosomes, results in about
70% tRNA™®{(Flu) dissociation (Fig 2D, green bar). To further test
the E-site dissociation in a time-resolved way, we also monitored
tRNA™EY(Flu) dissociation in a stopped-flow experiment (Fig 2E).
No fluorescence change is observed when TC-Val is added to 80S 2C
incubated with eEF2 alone (Fig 2E, red trace), although from the
kinetics of tripeptide formation we observe that under these condi-
tions, eEF2 alone promotes partial tRNA translocation (Fig 1D, red
triangles). These experiments clearly establish that binding of the
cognate TC into the A site following eEF-2 catalyzed translocation is
not sufficient to promote dissociation of the E-site tRNA, in contrast
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to previous suggestions (Triana-Alonso et al, 1995). Thus, eEF2
promotes partial translocation by facilitating movement of peptidyl-
tRNA from the A to P site, which also implies that the deacylated
tRNA has to move toward the E site, but does not allow the release
of the deacylated tRNA from the ribosome. The role of eEF3 is to
facilitate the late stages of translocation by promoting the dissocia-
tion of the deacylated tRNA from the E site, but has little effect on
A-site binding (Figs 1D and 2D).

Ribosome profiling of eEF3-depleted yeast cells

Having shown in vitro that eEF3 is essential for late steps of translo-
cation, we corroborated our findings in vivo using polysome and
ribosome profiling. Because eEF3 is an essential gene in budding
yeast, to observe its function in vivo we developed a system to
conditionally deplete eEF3 using transcriptional shutoff and an
auxin degron tag (mAID) as described previously (Nishimura et al,
2009; Schuller et al, 2017). In the eEF3 depletion strain (dubbed
eEF3d), expression of eEF3 is controlled by a GAL1 promoter that is
turned off in the presence of glucose. Following a switch to glucose
in the media and the addition of auxin, eEF3 was not detectable by
immunoblotting after 8 h (Fig EV2A). As anticipated based on its
essential nature, depletion of eEF3 reduces cell growth compared to
wild-type (WT) cells (Fig EV2B). Furthermore, we performed poly-
some run-off experiments (i.e., without elongation inhibitors
included during lysis) and observed slightly increased polysome-to-
monosome ratios, indicative of defective translation elongation in
the absence of eEF3 (Fig EV2C).

We next prepared libraries of ribosome footprints from WT and
eEF3d strains after 8 h of conditional growth. Our recent study
showed that using combinations of elongation inhibitors for library
preparations allows us to distinguish three distinct ribosome func-
tional states—pre-accommodation (PreAcc), pre-peptide bond
formation (PrePT), and pre-translocation (PreTrans)—from different
sized ribosome-protected footprints (RPFs) (Wu et al, 2019b)
(Fig 3A). In a first set of experiments, we prepared libraries with a
combination of cycloheximide (CHX) and tigecycline (TIG) added to
cellular lysates to prevent interconversion between ribosome elonga-
tion states; CHX blocks translocation whereas TIG blocks aa-tRNA
accommodation in the A site as indicated (Schneider-Poetsch et al,
2010; Jenner et al, 2013) (Fig 3A). In these libraries, 21 nt RPFs
correspond solely to ribosomes with an empty A site on the small
subunit, e.g., in a PreAcc state, whereas 28 nt RPFs predominantly
correspond to ribosomes trapped in a PreTrans state (Fig 3A). In WT
cells, we observe a distribution of 21 and 28 nt RPFs genome-wide,
suggesting that no single step of translation elongation is rate-limit-
ing under normal circumstances, but that instead ribosomes are
found in a relatively even distribution of functional states (Fig 3B,
black line). By contrast, in eEF3d cells, we observed a drastic reduc-
tion in 21 nt RPFs (and a concomitant increase in 28 nt RPFs) when
compared to WT cells (Fig 3B), indicating an accumulation of ribo-
somes in either a PrePT or PreTrans state. This observation estab-
lishes a role for eEF3 in translation elongation, as its depletion
causes a genome-wide change in the distribution of ribosome func-
tional states. More specifically, the reduction in 21 nt RPFs in eEF3d
cells is indicative of an increase in ribosomes with A sites occupied
by aa-tRNAs. These data suggest that either peptide bond formation
or translocation becomes rate-limiting in vivo in the absence of eEF3.
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To determine the in vivo rate-limiting step (i.e., peptide bond
formation or translocation) in the absence of eEF3, we next
prepared libraries using a combination of CHX and anisomycin
(ANS). Because ANS blocks peptidyl transfer (Grollman, 1967), 28
nt RPFs in these libraries report solely on ribosomes in a PreTrans
state, whereas 21 nt RPFs correspond to ribosomes either in a
PreAcc or PrePT state due to dissociation of the unreacted aa-tRNA
from the A site (Fig 3C). As anticipated, libraries prepared from WT
cells revealed a distribution of 21 and 28 nt RPFs, but with a slightly
greater number of 21 nt RPFs than libraries prepared with
CHX + TIG (Wu et al, 2019b). We further found that the footprints
from eEF3d cells are almost devoid of 21 nt RPFs when compared to
the WT samples prepared with CHX + ANS (Fig 3D). These data
indicate that neither tRNA selection nor peptide bond formation is
rate limiting in the absence of eEF3 but rather a step specific to
translocation. In addition, we found that the modest association
between eEF1A or eEF2 and the elongating ribosomes was not influ-
enced by eEF3 depletion as monitored by polysome profiles and
immunoblotting (Fig EV2D). Taken together, our experiments argue
that eEF3 promotes the translocation step of elongation, consistent
with our in vitro data (Fig 2B).

Codon level analysis of ribosome functional states in the
eEF3d strain

In addition to global changes in the distribution of ribosome
functional states, we asked whether ribosomes are disproportion-
ally stalled at specific sites. By calculating A-site ribosome occu-
pancies (i.e., pause scores) of 21 nt RPFs (from samples
prepared with CHX + TIG) at all 61 sense codons, we observed a
distribution of pause scores in WT cells, and a drastic reduction
in this distribution in eEF3d cells; as a result, we see a nearly
horizontal line comparing these different distributions with a
slope of 0.18 (Fig 3E). Different ribosome occupancies on codons,
i.e., “codon optimality”, is thought to be determined by several
factors including codon usage, cellular tRNA concentrations, and
the efficiency of wobble pairing (Percudani et al, 1997; dos Reis
et al, 2004). For example, pause scores at rare codons (such as
CGA) are substantially higher than those at common codons
(such as AGG) in WT cell (Fig 3E and F), as shown in earlier
studies (Weinberg et al, 2016; Wu et al, 2019b); these differences
are however substantially smaller in eEF3d cells (Fig 3F, quanti-
fied by variance). Importantly, because the calculation of ribo-
some occupancies (pause scores) at codons from ribosome
profiling experiments relies on internal normalization (i.e., an
increase in ribosome occupancy at one codon necessarily reduces
those at other codon(s)), we do not interpret the absolute values
of these numbers in any manner. Given that 21 nt RPFs from
samples prepared with CHX + TIG represent ribosomes poised for
decoding (Fig 3A), these observations suggest that in the absence
of eEF3, a step preceding decoding has become rate limiting,
thereby reducing the decoding rate in the A site in a global
manner such that codon-specific differences are lost (Fig 3F, e.g.,
AGG versus CGA).

We similarly characterized 28 nt RPFs in libraries prepared with
CHX + ANS (Fig 3D), focusing on whether there are any sequence
motifs that tend to be enriched in the PreTrans state (Fig 3C); in
these libraries, 28 nt RPFs represent ribosomes trapped in a
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Figure 3. eEF3 depletion perturbs translation elongation transcriptome-wide.
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A Schematic representation of the eukaryotic elongation cycle with ribosome footprint sizes to illustrate the functional states isolated by CHX + TIG. PreAcc, pre-

accommodation; PrePT, pre-peptide bond formation; PreTrans, pre-translocation.

B Size distributions of ribosome footprints for WT (black and gray) and eEF3d (purple and blue) cells from libraries prepared with CHX + TIG. Two biological replicates

are shown.
C Similar to (A), with footprint sizes isolated by CHX + ANS.
D Similar to (B), from libraries prepared with CHX + ANS.

E Scatter plot of codon-specific ribosome occupancies for 21 nt RPFs comparing eEF3d to WT cells from libraries prepared with CHX + TIG. Trend line (blue) and its
slope are shown. The diagonal line indicates the distribution expected for no change.
F  Codon-specific ribosome occupancies for 21 nt RPFs from WT and eEF3d cells (two biological replicates). CGA and AGG codons are shown in red and purple,

respectively. Variance for each dataset is indicated.

G Scatter plot of codon-specific occupancies for 28 nt RPFs comparing eEF3d to WT cells from libraries prepared with CHX + ANS. Trend line (blue) and its slope are
shown. Codons that encode proline and glycine are colored in purple and green, respectively.
H 28 nt RPF-ribosome occupancies of 5,771 tripeptide motifs are plotted for WT and eEF3d cells, for motifs more than 100 occurrences in yeast transcriptome. Motif

sequences enriched upon elF5A depletion are labeled.

PreTrans state. First, in the WT cells, we found a distribution of
codon-specific occupancies that differ by as much as threefold;
among the most enriched codons are those that correspond to those
encoding proline (P, purple) and glycine (G, green) (Fig 3G).
Second, as for our analysis of the 21 nt RPFs (Fig 3E), we observed
a loss of codon-specific differences in ribosome occupancy when
eEF3 is depleted, as evidenced by a flattening of the correlation plot
(slope 0.25). Further analysis of peptide motifs revealed that among
8,000 tripeptides, the most enriched sequences were those encoding
collections of P, G, and D amino acids (Figs 3H and EV2E). These
observations are reminiscent of sequences that depend on eIF5A for
peptide bond formation (Pelechano & Alepuz, 2017), (Schuller et al,
2017), though here we are seeing that these same sequences are
slowing the translocation step of protein synthesis. Consistent with
the results of in vitro biochemistry, we conclude that eEF3 contri-
butes to the translocation step of protein synthesis, and in its
absence, an early step in the process becomes rate limiting.
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A native structure of eEF3 on the yeast 80S ribosome

To investigate a physiologically relevant structure of eEF3 on the
yeast 80S ribosome at different phases of the elongation cycle, we
opted to obtain eEF3-80S complexes by employing a native pull-
down approach using C-terminally TAP-tagged eEF3. The distant
location of the C terminus with respect to the ribosome
(Appendix Fig S2A and B), and the lack of effect of the C-terminal
TAP-tag has on growth compared to the wild-type strain
(Appendix Fig S2C-E), suggests that it has little if any effect on eEF3
function and therefore would be appropriate for obtained native
eEF3-80S complexes. Thus, to isolate native eEF3-80S complexes, a
S. cerevisae BY4741 strain expressing C-terminally TAP-tagged eEF3
was grown to log phase and eEF3-80S complexes were isolated
using IgG-coupled magnetic beads (Fig 4A). The complex was
eluted by TEV protease cleavage of the TAP-tag in the presence or
absence of non-hydrolyzable ADPNP, and, in both cases SDS-PAGE
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analysis indicated the presence of ribosomal proteins in addition to
eEF3 (Appendix Fig S2F). By contrast, no ribosomal proteins were
observed in a control purification performed using an untagged
wild-type strain, suggesting that the ribosomal complexes observed
in the TAP-tagged strains co-purified with the eEF3 (Appendix Fig
S2F). The eluate containing the native eEF3-80S complexes, in the
presence of ADPNP, was cross-linked with glutaraldehyde and
directly applied to cryo-grids. It is important to note that in the
absence of cross-linker, reconstructions yielded 80S ribosomes, but
without additional density for eEF3, suggesting that eEF3 dissoci-
ated from the ribosomes during grid application. The native eEF3-
80S complex was then analyzed using single-particle cryo-EM. After
2D classification, 211,727 ribosomal particles were initially sorted
into eight classes, two of which had strong density for eEF3 (I: class
1 and 2), one had density for eEF2 and a weak density for eEF3 (II:
class 3), two had weak density for eEF3 (III: class 4 and 5), and the
remaining three classes (IV: class 6-8) were poorly defined and had
low resolution (Appendix Fig S3). The two classes (I: class 1 and 2)
with strong density for eEF3 were combined and a local mask was
applied around eEF3 and a second round of focused sorting and
refinement was undertaken, eventually yielding a cryo-EM recon-
struction of the eEF3-80S complex (Fig 4B and Movie EV1) with an
average resolution of 3.3 A (Appendix Fig S4A). Local resolution
calculations reveal that while the majority of the ribosome is well
resolved (Appendix Fig S4B and C), the resolution of eEF3 varies,
with ribosome-interacting regions being better resolved (3-4 A)
than the peripheral regions (4-6 A) (Appendix Fig S4D). As
observed in the previous eEF3-80S structure (Andersen et al, 2006),
density for eEF3 spans between the head of the 40S subunit and the
central protuberance of the 60S subunit (Fig 4B). We therefore also
employed multi-body refinement (Appendix Fig S3), which led to
slight improvements in the local resolution for the region of eEF3
that interacts with the head of the 40S subunit (Appendix Fig S4E—
H). The resolution allowed an accurate domain-by-domain fit of the
previous 2.4 A X-ray structure of yeast eEF3 (Andersen et al, 2006)
into the cryo-EM density map of the eEF3-80S complex
(Appendix Fig S4A, SS5A-C and Movie EV1). Electron density for
many side chains could be observed, especially bulky and aromatic
amino acids (Appendix Fig S5A-C), enabling us to generate an
initial model for the N-terminal HEAT domain, as well as C-terminal
ABC1/2 and CD. By contrast, the more peripheral 4HB domain was
poorly resolved and was modeled only at the secondary structure
level, and the final 68 residues of the C terminus including the TAP-
tag had no density and were therefore not included in the model.
We note that electron density consistent with ATP (or ADPNP) was
observed in the active sites of the ABC1 and ABC2 nucleotide-bind-
ing domains (NBDs) (Appendix Fig S5D-K). This is consistent with
the closed conformation we observed for ABC1 and ABC2 NBDs,
which is similar to the closed conformations adopted in the 70S-
bound ABCF protein VmIR from B. subtilis (Crowe-McAuliffe et al,
2018) and archaeal ABCE1-30S post-splitting complex (Nurenberg-
Goloub et al, 2020), but distinct from the open conformation
observed for the free state of ABCE1 (Barthelme et al, 2011) (Fig
EV3A-D). Indeed, modeling of an open conformation of eEF3 on the
ribosome suggests that it is incompatible with stable binding, lead-
ing to either a clash of the HEAT repeat region and the ABC2-CD
with the 40S head and the central protuberance of the 60S subunit,
respectively, or dissociation of the ABC1-HEAT-4HB domain from
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the 40S subunit (Fig EV3E-J). These observations support the idea
that eEF3 binds to the ribosome in the “closed” ATP-bound confor-
mation and that ribosome-stimulated hydrolysis of ATP to ADP,
with the associated conformational change into the open conforma-
tion, would destabilize eEF3 binding and promote dissociation
(Chakraburtty, 1999).

Interaction of eEF3 on the yeast 80S ribosome

The overall geometry of eEF3 on the 80S ribosome is similar to that
reported previously for eEF3 (Andersen et al, 2006), as well as its
homologue in yeast Newlp (Kasari et al, 2019b), namely oriented
such that the N-terminal HEAT interacts with the 40S subunit,
whereas the C-terminal CD contacts exclusively the 60S subunit
(Fig 4C-E). With the improved resolution compared to the previous
eEF3-80S structure (Andersen et al, 2006), details of the interactions
of eEF3 with the ribosomal components can now be more accurately
described. As with Newlp (Kasari et al, 2019b), the majority of the
contacts with the 40S subunit are established by the HEAT domain
of eEF3 with components of 40S head including the tip of ES39S of
the 18S rRNA as well as r-proteins uS13 and uS19 (Figs 4D and E,
and EV4A-D). The majority of the interactions involve positively
charged residues located within the loops linking the HEAT repeat
a-helices, such as Lys101 (loop a3-04), Lys141l (loop o5-a6), and
Lys182 (loop a7-a8) that are in close proximity to the nucleotides
A1360 and U1361 of ES39S (Fig EV4C). Interactions are also
observed between the HEAT domain loops (GIn143, Aspl80,
Glul184) with charged residues (GIn25, Argl30, Aspl27, and
Argl34) of eS19 (Fig EV4C). The distal end of the HEAT domain
(conserved residues 302-307, Glu304, Arg306, Glu307) also estab-
lishes interactions with uS13 in the vicinity of His78 and Arg80
(Fig EV4D). The 4HB and ABC1 domains of eEF3 do not interact
with any ribosomal components, whereas ABC2 bridges the inter-
subunit space by forming protein—protein interactions with uS13 on
the 40S involving Arg871 and Arg872 (Fig EV4D) and uL5 and uL18
on the 60S subunit (Fig EV4E and F). In addition, the loop between
the B2 and B3 strands of the CD contains positively charged residues
(Arg802, Arg803, Lys804, Lys806, and Asn807) that appear to inter-
act with nucleotides U32-G41 of the 55 rRNA (Fig EV4F).

eEF3 facilitates E-site tRNA release by opening the L1 stalk

To address which functional states of the ribosome are stably bound
by eEF3, we implemented additional rounds of 3D classification of
the classes with strong density for eEF3 (group I: classes 1 and 2),
but with a focus on the L1-stalk and tRNAs (Appendix Fig S3). This
yielded four subclasses (Ia-Id) that all exhibited strong density for
eEF3, but differed with respect to their functional state. Of these four
classes, two pre-translocation (PRE) states were observed that could
be refined to 3.5 and 4.0 A, respectively (Fig SA and B). PRE-1
contained classical A- and P-site tRNAs, whereas PRE-2 contained a
classical A-site tRNA and a hybrid P/E-site tRNA. In both PRE-1 and
PRE-2, density for the nascent polypeptide chain could be observed
extending from the A-site tRNA and entering into the ribosomal exit
tunnel (Fig 5A and B). Since eEF3 has been suggested to play a role
in the dissociation of E-site tRNA from the ribosome, the observa-
tion of eEF3 bound to various PRE-state ribosomes was surprising
and the implication of this with respect to dissociation of eEF3 from
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Figure 4. eEF3 in complex with the Saccharomyces cerevisiae 80S ribosome.
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eEF3-CD
L1-stalk
interaction

A SDS gel and Western blot of the native pull-out from S. cerevisiae TAP-tagged eEF3. eEF3* labels the TEV cleavage product of eEF3-TAP, which still carries the
calmodulin binding peptide of the TAP-tag and which is recognized by the antibody. RP, ribosomal proteins.

B Cryo-EM reconstruction of the native eEF3-80S complex with segmented densities for the 60S (gray), the 40S (tan), and eEF3 (pastel green).

C Fitted eEF3 molecular model colored according to its domain architecture, HEAT (blue), 4HB (yellow), ABC1 (red), ABC2 (green), and CD (magenta).

D, E (D) Overview on the eEF3-80S molecular model and (E) zoom illustrating eEF3 and its ribosomal interaction partners. ES39S (dark gray), eS19 (pale yellow), uS13

(pastel violet), uL5 (coral), uL18 (light blue), 55 rRNA (light gray).

the ribosome will be discussed later where we focus on the identifi-
cation of PRE-3, PRE-4, and POST-1 states that lack clear density for
eEF3. In addition to the PRE-state complexes, two post-translocation
(POST) state ribosomes were obtained, POST-2 and POST-3, which
could be refined to 3.9 and 3.8 A, respectively (Fig 5C and D).
POST-2 contained classical P- and E-site tRNAs, whereas POST-3
contained a P-site tRNA, but lacked an E-site tRNA (Fig 5C and D).
In both the POST-2 and POST-3 states, density for the nascent
polypeptide chain could also be visualized attached to the P-site
tRNA (Fig 5C and D). The presence and absence of E-site tRNA
in the POST-2 and POST-3, respectively, suggested that these
complexes could represent the states before and after eEF3-mediated
E-site tRNA release, respectively. Consistent with this hypothesis,
the L1 stalk is observed in a closed conformation in POST-2 that
would prohibit release of the E-site tRNA from the ribosome. We
term this closed conformation L1-“int” for intermediate since it is
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not as closed as the L1-“in” conformation observed in the classical
POST-1 state (Fig EV5A-D). By contrast, in POST-3 the L1 stalk has
moved into an open or L1-“out” conformation that would enable E-
site tRNA dissociation (Fig SE and F). In POST-2, we observe no
direct interaction between eEF3 and the E-site tRNA, but rather
between the CD of eEF3 and the L1 stalk (Fig 5G and H). Specifi-
cally, the contact between eEF3 and the L1 stalk is from the tip of
the CD with domain II of the uLl protein (Fig SH). Unfortunately,
the L1 region is poorly ordered due to high flexibility, nevertheless,
it appears that the interactions are dominated by charge comple-
mentarity between the conserved glutamates (Glu790, Glu819 and
Glu826) in the CD that are in close proximity to a highly conserved
lysine-rich region (Lys91-92, Lys95, Lys97-98, Lys101-102, Lys105-
106) present in domain II of uLl (Fig 5H). The large number of
lysine residues in this region of uLl is intriguing since CD are best
known from chromatin remodeling proteins where they bind to
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methylated lysines (me-K) present in histone tails (Nielsen et al,
2002; Taylor et al, 2007; Yap & Zhou, 2011). Methylation of few
non-histone proteins has been reported, one of which is the uLl
protein that is methylated on a single lysine (me-K46) (Webb et al,
2011); however, K46 is located in domain I of uLl, far from the CD
interaction site (Fig EVSE and F). Moreover, the hydrophobic pocket
that is generally formed by three aromatic residues to interact with
the me-K, does not appear to be present in eEF3 (Fig EV5G-I).
Collectively, our findings imply that eEF3 is likely to facilitate E-site
tRNA release (as we observe biochemically, Fig 2D) indirectly by
promoting the transition of the L1 stalk from the “in” to the “out”
conformation (Fig S5E and F), rather than from directly using the CD
to dislodge the E-site tRNA from its binding site.

eEF3 binds stably to non-rotated ribosomal states

We noted that although eEF3 bound stably to a mixture of different
PRE and POST states (Fig SA-D), these ribosomal states neverthe-
less had a common feature in that they are all non-rotated, i.e., they
have a non-rotated 40S with respect to the 60S subunit. This non-

E-tRNA
P-tRNA

Figure 5. eEF3 bound to a non-rotated 80S ribosome.

The EMBO Journal

rotated state is critical for eEF3 to establish simultaneous interac-
tions with the ES39S, uS13 and eS19 on the head of the 40S as well
as the 5S rRNA, uL5 and uL18 on the 60S subunit, as described for
the high-resolution eEF3-80S complex (Figs 4D and E, and EV4),
thereby providing an explanation for the strong density observed for
eEF3 in the non-rotated PRE-1/-2 and POST-2/-3 state. To explore
this idea further, we also analyzed the classes where the density for
eEF3 was poorly resolved (Appendix Fig S3, group II and III).
Refinement of group II (class 3) to an average resolution of 4.1 A
yielded an eEF2-bound ribosome with chimeric ap/P- and pe/E-
tRNAs (POST-1) and poorly defined density for eEF3 (Fig 6A). In
addition to intersubunit rotation by 8.5°, we also observed a coun-
ter-clockwise (toward the E site) head swivel of 20° (Fig 6B). As
expected, the rotation and head swivel movements have a large
impact on the eEF3-binding site, namely moving the 40S interaction
partners, such as ES39S, eS19, and uS13, by 16 A for the TRNA,
17 A for eS19 up to 27 A for uS13 relative to the 60S and their posi-
tion in the non-rotated ribosome (e.g., POST-3) (Appendix Fig S6A
and B). Closer inspection of the density for eEF3 in POST-1 indeed
revealed that the majority of the density remains associated with the

PE
POST-3 (3.8 A)

K92 K91

ST, Kes
(. ko7 KO5.% 7
,/

A-D Cryo-EM maps of eEF3 bound to non-rotated ribosomal species with isolated densities for the 60S, 40S and eEF3 (colored as in Fig 1), as well as the A- (pale
yellow), P- (red), and E-tRNA (blue). The eEF3 ligand is binding the ribosome in the pre-translocational (PRE) state termed as (A) PRE-1 (A/A-, P/P-tRNA) and (B)
PRE-2 (A/A-, P/E-tRNA) as well as to the post-translocational (POST) version named (C) POST-2 (P/P-, E/E-tRNA) and (D) POST-3 (P/P-tRNA).

E, F (E) Overview of the POST-2 eEF3-80S molecular model highlighting the L1 protein (yellow) and ES30L (orange) and its (F) zoom depicting the magnitude of the L1-
stalk movement from the POST-2 state (L1-stalk’ int’) to the POST-3 state (L1-stalk'out’). L1-POST3 (light gray), ES30L-POST3 (dark gray).

G Different view of the model shown in (E) highlighting eEF3, L1, ES30L as well as the P/P- and E/E-tRNA.

H Zoom of (G) showing the contact of the eEF3-CD and the L1 protein as well as the distance of both to the E-tRNA. The residues are displayed as circles and labeled.
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60S and that both rotation and swiveling causes a loss of connectiv-
ity between eEF3 and the head of the 40S (Appendix Fig S6C). Since
there is defined density for eEF3 in the non-rotated POST-2 and
POST-3, but eEF3 is disordered in the eEF2-bound rotated POST-1
state, this indicates that stable binding of eEF3 occurs during or
subsequent to eEF2 dissociation from the ribosome when the 40S
resets and the ribosome returns to a non-rotated and non-swiveled
conformation. We suggest that eEF3 facilitates late stages of translo-
cation by stabilizing the non-rotated state after eEF2 has promoted
the movement of the tRNA-mRNA complex (Fig 1D).

Intersubunit rotation leads to unstable eEF3 binding on
the ribosome

Further sorting and refinement of group III (Appendix Fig S3, classes
4 and 5) yielded two distinct PRE states, namely PRE-3 containing a
classical A-site tRNA and a hybrid P/E-site tRNA, and PRE-4

ap/P pe/E
POST-1 (4.1 A)

B E

8.5° Body "

Namit Ranjan et al

containing hybrid A/P- and P/E-site tRNAs (Fig 6C and D), which
could be refined to average resolutions of 4.2 and 3.3 A, respec-
tively. Analogous to PRE-1 and PRE-2, both PRE-3 and PRE-4 states
also had density for the nascent polypeptide chain extending from
the A-site tRNA into the ribosomal exit tunnel (Fig 6C and D).
However, unlike PRE-1 and PRE-2, the 40S in PRE-3 and PRE-4 was
rotated by 9.6° and 11° relative to the 60S subunit (Fig 6E and F). In
the PRE-3 state, little to no density for eEF3 was observed (Fig 6C),
suggesting that the factor had dissociated from the ribosome during
sample and/or grid preparation. While significant density was
observed for eEF3 in PRE-4, the density was poorly resolved
(Fig 6D). Analogous to POST-1, the rotation observed in PRE-3 and
PRE-4 appears to also disrupt the interactions with the 40S subunit
such that the majority of the eEF3 density is connected to the 60S
subunit (Appendix Fig S6D-I). Collectively, this supports the
suggestion that stable binding of eEF3 to the ribosome requires a
non-rotated state and that intersubunit rotation leads to

‘Body Body

Figure 6. Rotated Saccharomyces cerevisiae ribosome partially bound by disordered eEF3 ligand.

A Cryo-EM reconstruction of the eEF2 bound 80S ribosome adopting a rotated POST-1 state bearing chimeric ap/P- and pe/E-tRNA as well as a disordered eEF3.

B Subunit rotation and head swivel observed in the S. cerevisiae eEF3-80S complex derived from the selected class from the 3D classification shown in (A). 185 rRNA
structures illustrating the degree of rotation of the small subunit relative to the large subunit based alignments of the large subunit from a non-rotated structure
reference (PDB ID: 6SNT) (Matsuo et al, 2020). The degree of head swiveling (right side) is illustrated based on alignments of the 18S rRNA body from a non-headed

swivel reference structure (PDB ID: 6SNT) (Matsuo et al, 2020).

C, D80S ribosome in rotated (C) PRE-3 state containing an A/A- and P/E-tRNA and (D) PRE-4 state bearing the hybrid A/P- and P/E-tRNA and bound by the disordered

eEF3 ligand.

E, F Representation of the rotation of the subunit and the 40S-head swivel shown for volumes depicted in (C) and (D), respectively.
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destabilization of eEF3 binding (Fig 6C and Appendix Fig S6F).
eEF3 remains stably bound to the ribosome subsequent to E-site
tRNA release and is still stably bound when the next aminoacyl-
tRNA has accommodated into the A site and undergone peptide
bond formation. Rather it appears that the critical step that leads to
conformational rearrangements in eEF3 is the transition from non-
rotated to rotated states. In this respect, it is interesting to note that
PRE-3 has the same tRNA arrangement as PRE-2, namely both
containing a classical A-site tRNA with nascent chain and a deacy-
lated hybrid P/E-site tRNA, yet adopt completely different rotational
states (Figs 5B and 6C). This is somewhat surprising since forma-
tion of hybrid states in higher eukaryotes is generally assumed to be
concomitant with intersubunit rotation (Budkevich et al, 2011;
Svidritskiy et al, 2014; Behrmann et al, 2015); however, we note
that subunit rotation and tRNA movement is only loosely coupled
on bacterial ribosomes (Fischer et al, 2010). Since rotation of PRE-2
would result in a state similar to PRE-3, we suggest that subunit
rotation is what triggers the low affinity form of eEF3, effectively
leading to unstable ribosome binding.

Discussion

Collectively, our findings suggest a model for the role of eEF3
during the translocation elongation cycle (Fig 7A-G and Movie
EV2). The ability to capture four different PRE and three different
POST states of the ribosome by co-immunoprecipitation of tagged
eEF3 suggests that eEF3 is omnipresent during translation elonga-
tion in yeast, which is consistent with the similar copy number
between eEF3 and ribosomes (Firczuk et al, 2013). Our biochemi-
cal data show that the main function of eEF3 is to accelerate the
E-site tRNA release from the ribosome during late stages of
mRNA-tRNA translocation (Figs 1 and 2). These in vitro findings
are in strong agreement with the in vivo ribosome profiling exper-
iments. Similar to previous studies where eEF3 was depleted in
the cell (Kasari et al, 2019a), we observe general defects in trans-
lation elongation. However, our application of high-resolution
ribosome profiling, using combinations of elongation inhibitors
for library preparation, allowed us to follow ribosomes trapped in
distinct functional states and thereby identify the specific elonga-
tion defect (Fig 3). In particular, we find that eEF3 depletion
enriched ribosomes trapped in a pre-translocation state (28 nt
RPFs), fully consistent with the observation that eEF3 promotes a
late step in translocation that depends on E-site tRNA release. A
strong prediction of the biochemical and ribosome profiling
results is that the ribosomes that accumulate in cells on eEF3
depletion would contain three separate tRNAs.

Cryo-EM structures suggest two mechanisms by which eEF3 can
facilitate translocation, namely by favoring the transition toward the
non-rotated conformation of the ribosome and by influencing the
conformation of the L1 stalk. As in all kingdoms of life, yeast eEF2
stabilizes the rotated state of the ribosome and accelerates the
movement of the peptidyl-tRNA from the A to the P site (Fig 7D and
E). In bacteria, the eEF2 homolog EF-G promotes the small subunit
head swiveling, which allows the mRNA-tRNAs to move relative to
the large subunit (Zhou et al, 2014; Belardinelli et al, 2016; Wasser-
man et al, 2016). Resetting the swiveled conformation triggers the
release of EF-G and the E-site tRNA, which occurs rapidly on a
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millisecond time scale (Belardinelli et al, 2016), and does not
require auxiliary factors. The present structures suggest which
features of the mechanism are conserved in yeast. Similar to EF-G,
eEF2 catalyzes head swiveling and mRNA—tRNA translocation
(Fig 7E), whereas dissociation of the factor and back-swivel occur
in a later step (Fig 7E and F). The cryo-EM observation of discrete
POST-1 and POST-2 states suggests that this transition is relatively
slow in yeast cells, even in the presence of eEF3. Stabilization by
eEF3 of the non-rotated state may accelerate the reaction and contri-
bute to the directionality of translocation. Since we do not observe
any difference in the association of eEF2 with ribosomes upon eEF3
depletion (Fig EV2D), we do not think that eEF3 plays an important
role for eEF2 dissociation. Similarly, small differences in the rates of
peptide bond formation (Figs 1D and 2B) can be attributed to the
effect of eEF3 on the ribosome dynamics, but do not have a major
effect in vivo (Fig 3D, G and H). By contrast, we observe dramatic
differences in the rates of E-site tRNA release in the presence and
absence of eEF3 (Fig 2C-E).

In contrast to bacterial ribosomes, which release the E-site tRNA
quickly (Uemura et al, 2010; Belardinelli et al, 2016), dissociation of
deacylated tRNA from yeast ribosome in the absence of eEF3 is very
slow, occurring in the seconds range (this paper and (Garreau de
Loubresse et al, 2014)). Even in the presence of eEF3, E-site tRNA
release is observed as a separate step from POST-2 to POST-3 state
(Fig 7F and G). In our POST-2 state, the CD of eEF3 is seen to directly
contact the L1 stalk, but not the E-site tRNA, suggesting that dissoci-
ation of the E-site tRNA by eEF3 is facilitated by shifting the L1 stalk
from an “int” to an “out” conformation (Fig 7F and G), as was
hypothesized previously (Triana-Alonso et al, 1995; Andersen et al,
2006). We note, however, that we do not observe release of the E-site
tRNA to be dependent on binding of the ternary complex to the A site
(Fig 2C), as proposed previously (Triana-Alonso et al, 1995). We
also do not observe the presence of eEF1A in any of our cryo-EM
states, and depletion of eEF3 does not lead to accumulation of eEF1A
(or eEF2) on the ribosome (Fig EV2D). Rather, our in vivo eEF3-
depletion studies suggest that the ribosomes become blocked with
all three tRNA binding sites being occupied (Fig 7H). As biochemical
experiments show that peptidyl transfer can occur in the absence of
eEF3 (Fig 1D), we envisage that ribosomes are trapped in the POST-
2 state with deacylated tRNAs in the E and P sites and a peptidyl-
tRNA in the A site. Importantly, the subsequent translocation step
would not be possible, probably because the presence of deacylated
tRNA at the E site inhibits the ribosome rotation and tRNA move-
ment. Such a state with three tRNAs on the ribosome would be
consistent with the loss of 21 nt RPFs in the ribosome profiling
experiments observed when eEF3 is depleted from the cells (Figs 3B
and D). While it has been shown by smFRET that bacterial ribo-
somes with three tRNAs assume a partially rotated state due to slow
kinetics of E-site tRNA release which hinders translocation (Choi &
Puglisi, 2017), it is tempting to speculate that fungi may have
evolved to utilize eEF3 to overcome this kinetic hurdle, promoting
rapid translation.

eEF3 has a marked binding preference for the non-rotated states
of the ribosome, e.g., PRE-1 and PRE-2, as well as POST-2 and
POST-3 states, and becomes destabilized in the rotated PRE-3 and
PRE-4 that arise when the A- and/or P-site tRNAs move into hybrid
sites (Fig 7C and D). Similarly, eEF3 does not stably interact with
the eEF2-bound POST-1 state bearing chimeric ap/P- and pe/E-
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Figure 7. Functional role of eEF3 in the framework of the elongation cycle.
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eEF3 binds to (A) non-rotated 80S in a pre-translocation (PRE) state bearing classical A/A- and P/P-tRNA (PRE-1) as well as to (B) non-rotated state occupied by A/
A- and a hybrid P/E-tRNA (PRE-2).

(C) Rotation of the ribosomal subunits leads to unstable binding of eEF3 to a ribosome with A/A- and P/E-tRNA (PRE-3) as well as to (D) a fully rotated ribosomal
species bearing hybrid A/P- and P/E-tRNAs (PRE-4).

Binding of eEF2-GTP facilitates 40S-head swiveling and translocation of the hybrid A/P- and P/E-tRNA into the chimeric ap/P and pe/E-tRNA positions (POST-1).
After dissociation of eEF2-GDP and the resulting back-swivel and back-rotation of the ribosome, eEF3 binds stably to the non-rotated ribosome with a classical P/
P- and E/E-tRNA (POST-2) with L1-stalk in the “int” position.

The eEF3-CD directly interacts with L1 stabilizing an “out” conformation that facilitates release of the E-site tRNA. eEF3 remains bound to the non-rotated
ribosome bearing a P/P-tRNA (POST-3). Transition from states E to F and F to G are accelerated by eEF3. Binding of eEF1a-ATP-tRNA ternary complex and
subsequent peptide bond formation results in formation of PRE-1, as seen in (A).

In the absence of eEF3, we suggest that POST-2 ribosomes formed after eEF2 dissociation can bind an A-tRNA, but cannot translocate further because of the
presence of three tRNAs on the ribosome.

Data information: Volumes (A-G) are representing the cryo-EM reconstructions from the eEF3-TAP pull-out, whereas volume (H) shows a potential scenario based of the
results of the eEF3-depletion studies. All maps are filtered to 6 A. The outline shown in (C=E) assigns the disordered eEF3 ligand present in these volumes.

tRNAs (Fig 7E, Appendix Fig S6C). Comparison of rotated and non- providing a rationale for the destabilization (Appendix Fig S6). By
rotated ribosome conformations reveals that subunit rotation contrast, the back-rotation and back-swivel of the head that accom-
disturbs the interactions between eEF3 and the 40S subunit, panies eEF2 dissociation yields a classical non-rotated POST-2 state
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with P- and E-site tRNAs that is an optimal substrate for stable bind-
ing of eEF3 (Fig 7F). In this state, we observe that eEF3 adopts a
closed conformation, presumably with two molecules of ATP (or
ADPNP) bound within the ABC1 and ABC2 NBDs (Appendix Fig
S5D-K). The presence of ADPNP prevents eEF3-mediated E-site
tRNA release, suggesting that ATP hydrolysis in at least one of the
NBD of eEF3 is necessary for this process (Triana-Alonso et al,
1995). Although eEF3 appears to adopt a closed conformation in the
POST-3 state following E-site tRNA release (Fig 7G), we cannot rule
out that in the cell eEF3 adopts a partially open hybrid ATP/ADP
state and that during the last purification step performed in the pres-
ence of ADPNP, the ADP is displaced by ADPNP, thereby reverting
eEF3 from the partially closed into a fully closed conformation. If
this were the case, one could speculate that hydrolysis of one ATP
to ADP occurs concomitant with E-tRNA release when transitioning
from POST-2 to POST-3 (Fig 7F and G) and hydrolysis of the second
ATP to ADP may be stimulated by subunit rotation, explaining the
destabilizing of eEF3 on the ribosome (Fig 7B and C). In the latter
case, even if the ADPs are replaced with ADPNP leading to a closed
conformation, the rotated state precludes stable binding of eEF3,
although we cannot rule out that PRE-3, PRE-4, and POST-1
(Fig 7C-E) is stably bound by eEF3 in a partially closed state.
Finally, the presence of eEF3 on the ribosome during decoding, e.g.,
at the transition from POST-3 to PRE-1 state may affect the relative
rates of decoding reactions, which may explain the effect of eEF3 on
translation fidelity (Uritani & Miyazaki, 1988) and account for the
observed genetic interactions between eEF1A and eEF3 (Anand
et al, 2003; Anand et al, 2006).

In addition to providing insight into the function of eEF3, our
study fills the gap for various missing structures of the yeast transla-
tion elongation cycle (Fig 7 and Movie EV2). While yeast PRE-1
(Fig 7A) and PRE-4 (Fig 7D) states have been reported recently in
yeast (Ikeuchi et al, 2019; Buschauer et al, 2020; Matsuo et al,
2020), those structures did not contain eEF3. We also observe the
novel non-rotated PRE-2 (Fig 7B) as well as canonical rotated PRE-3
states (Fig 7C). PRE-1, PRE-3, and PRE-4 are similar to classical and
rotated states observed in mammalian systems (Budkevich et al,
2011; Behrmann et al, 2015). While there have been multiple struc-
tures of yeast eEF2 on the ribosome (Gomez-Lorenzo et al, 2000;
Spahn et al, 2004; Taylor et al, 2007; Sengupta et al, 2008; Pelle-
grino et al, 2018), none contained the physiological configuration of
two tRNAs being translocated by eEF2, as observed in our POST-1
state (Fig 7E). We note however that similar functional states to
POST-1 have been observed in rabbit and human systems (Behr-
mann et al, 2015; Flis et al, 2018). Finally, although an in vitro
reconstituted POST-3 state with eEF3 (Fig 7G) has been reported at
9.9 A resolution (Andersen et al, 2006), here we present a native
POST-3 at 3.8 A as well as additionally capturing POST-2 state with
eEF3 and E-site tRNA (Fig 7F).

Collectively, our biochemical, genetic, and structural analysis
sheds light into the critical function of eEF3 during translation in
yeast. Ultimately, rapid translation in yeast requires fast movement
of the tRNAs through the ribosome and their release from the E site.
Here, we show that eEF3 fulfills both roles by facilitating late steps
in tRNA translocation and by inducing the L1 stalk to adopt an out
conformation allowing E-site tRNA release. Some questions for the
future are to understand the role of ATP hydrolysis in eEF3 function
and whether it is linked to E-site tRNA release and/or the stability
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of eEF3 binding, as well as why a factor such as eEF3 that is essen-
tial for translation yeast does not appear to have a homolog in
higher eukaryotes, such as humans.

Materials and Methods
E. coli-competent cells and growth conditions

elF1 was cloned into a pET22b plasmid without affinity tag. elF1A,
elF5, elFSA, and elF5B-397C (lacking 396 amino acids from the C-
termini) were cloned into a pGEX-6P1 plasmid with a GST tag.
Recombinant proteins were expressed in E. coli BL21(DE3) cells
from IPTG-inducible plasmids at 37°C for elF1, elF5A, and eIF5B-
397C. elF1A and elF5 were expressed from IPTG-inducible plasmids
at 16°C.

Saccharomyces cerevisiae strain and growth conditions

The S. cerevisiae cells for ribosomal subunits, elF2, eEF1A, eEF2,
and eEF3, were grown in a 250 | bioreactor in 1xYPD (20 g/1
peptone, 10 g/1 yeast extract, 20 g/l glucose) at 30°C. The S. cere-
visiae cells for elF3 were grown in a 250 1 bioreactor in CSM-LEU-
URA media at 30°C. The S. cerevisiae eEF3-TAP strain (GE Health-
care/Dharmacon, Strain: BY4741, GenelD: 850951) was grown to
ODggo = 0.8 in an InnovaX large-capacity incubator shaker in 1XYPD
at 30°C.

For ribosome profiling, WT (BY4741) and yCW35 (MATa his341
leu2A0 met1540 ura340 hef3::KanMX HO::adhlp-osTIRI-Ura3
SkHIS3-GAL1p-yef3-3mAID::NatMX) strains were grown in YPGR
(20 g/1 peptone, 10 g/l yeast extract, 20 g/l galactose + 20 g/1 raffi-
nose) overnight at 30°C, collected by centrifugation, washed, and
resuspended in YPD at OD 0.003 and 0.02, respectively. After 8 h,
cells were harvested at OD 0.55 and 0.45, respectively. Cells were
harvested by fast filtration and flash frozen in liquid nitrogen.

Buffers

The following buffers were used for purification of translation
components:

® Buffer 1. 20 mM HEPES/KOH pH 7.5, 100 mM KOAc, 2.5 mM Mg
(OAc),, 1 mg/ml heparin sodium salt, 2 mM DTT.

® Buffer 2. 20 mM HEPES/KOH pH 7.5, 100 mM KOAc, 400 mM
KCl, 2.5 mM Mg(OAc),, 1 M sucrose, 2 mM DTT.

® Buffer 3. 20 mM HEPES/KOH pH 7.5, 100 mM KOAc, 400 mM
KCl, 2.5 mM Mg(OAc),, 1 mg/ml heparin sodium salt, 2 mM
DTT.

e Buffer 4. 50 mM HEPES-KOH pH 7.5, 500 mM KCl, 2 mM MgCl,,
2 mM DTT.

e Buffer 5. 50 mM HEPES-KOH pH 7.5, 500 mM KCl, 5 mM MgCl,,
2 mM DTT, 0.1 mM EDTA, 5% sucrose.

e Buffer 6. 50 mM HEPES-KOH pH 7.5, 500 mM KCI, 5 mM MgCl,,
2 mM DTT, 0.1 mM EDTA, 30% sucrose.

e Buffer 7. 50 mM HEPES-KOH, 100 mM KCI, 250 mM sucrose,
2.5 mM MgCl,, 2 mM DTT.

e Buffer 8. 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 5% glyc-
erol, 4 mM B-mercaptoethanol (B-me).
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e Buffer 9. Same as buffer 8 with 1 M NaCl.

e Buffer 10. Same as buffer 8 without NaCl and glycerol.

e Buffer 11. 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 2 mM DTT.

e Buffer 12. 20 mM HEPES-NaOH pH 7.5, 500 mM NaCl, 5% glyc-
erol, 4 mM B-me.

Buffer 13. 50 mM HEPES-NaOH pH 7.5, 400 mM NaCl, 5% glyc-
erol, 4 mM B-me.

Buffer 14. 20 mM HEPES-KOH pH 7.5, 500 mM KCl, 10% glyc-
erol, 3 mM B-me.

Buffer 15. 20 mM 3-(N-morpholino)propane sulfonic acid
(MOPS)-KOH pH 6.7, 500 mM KCl, 10% glycerol, 3 mM B-me.
Buffer 16. 20 mM HEPES-NaOH pH 7.5, 500 mM NacCl, 30 mM L-
glutathione reduced, 5% glycerol, 4 mM fB-me.

Buffer 17. 20 mM HEPES-KOH pH 7.5, 100 mM KCI, 2 mM DTT.
Buffer 18. 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 2 mM DTT.
Buffer 19. 20 mM HEPES-KOH pH 7.5, 100 mM KCl, 5% glycerol,
2 mM DTT.

Buffer 20. 20 mM HEPES-KOH pH 7.5, 100 mM KCl, 5% glycerol,
2 mM DTT.

Buffer 21. 20 mM HEPES-NaOH pH 7.5, 1 M NaCl, 5% glycerol,
4 mM B-me.

Buffer 22. 50 mM Tris—HCI pH 7.5, 5 mM MgCl,, 50 mM NH,CI,
0.2 mM PMSF, 10% glycerol, 0.1 mM EDTA pH 8.0, 1 mM DTT.
Buffer 23. 20 mM Tris—HCI pH 7.5, 50 mM KCl, 0.1 mM EDTA pH
8.0, 0.2 mM PMSF, 25% glycerol, 1 mM DTT.

Buffer 24. 20 mM Tris—HCI pH 7.5, 500 mM KCI, 0.1 mM EDTA
pH 8.0, 0.2 mM PMSF, 25% glycerol, 1 mM DTT.

Buffer 25. 20 mM Tris-HCl pH 7.5, 0.1 mM EDTA pH 8.0,
200 mM KCl, 25% glycerol, 1mM DTT.

Buffer 26. 20 mM HEPES-KOH pH 7.5, 500 mM KCI, 20 mM
imidazole, 10% glycerol, 2 mM B-me.

Buffer 27. 20 mM HEPES- KOH pH 7.5, 100 mM KCI, 250 mM
imidazole, 10% glycerol, 2 mM B-me.

Buffer 28. 20 mM HEPES- KOH pH 7.5, 100 mM KCl, 10% glyc-
erol, 2 mM DTT.

Buffer 29. 40 mM Tris-HCl pH 7.5, 15 mM MgCl,, 2 mM sper-
midine, 10 mM NacCl.

Buffer 30. 20 mM HEPES-KOH (pH 7.4).
10 mM Mg(OAc),, 1 mM DTT.

100 mM KOAc,

Preparation of ribosomal subunits, initiation, and
elongation factors

80S ribosomal subunits, eIF2, elF3, eEF2, and eEF3, were prepared
from S. cerevisiae as described previously (Pavitt et al, 1998; Phan
et al, 2001; Algire et al, 2002; Jorgensen et al, 2002; Acker et al,
2007; Sasikumar & Kinzy, 2014).

For 80S ribosomal subunits purification, cells were harvested
in mid-log phase and resuspended in 1 ml/g of cells in lysis
buffer 1. Cell pellets frozen in liquid nitrogen were ground using
an ultra-centrifugal mill according to the CryoMill protocol
(Retsch®). The lysate was thawed at 4°C, 100 pl DNase, and one
EDTA-free protease inhibitor tablet was added and incubated at
4°C for 30 min. The thawed lysate was clarified by centrifugation
at 13,000 rpm at 4°C for 30 min. The salt concentration of the
supernatant was increased to 500 mM KCl and was then filtered
using 1 pm glass fiber filters. Ribosomes in the supernatant were
collected in buffer 2 at 45,000 rpm at 4°C for 2 h in a Ti45 rotor.
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Ribosomal pellets were resuspended in resuspension buffer 3 and
were incubated on ice for 15 min. Ribosomes were collected once
more through buffer 2 at 100,000 rpm at 4°C for 30 min in a
MLA 130 rotor. The pellets were resuspended in buffer 4, incu-
bated on ice for 15 min with 1 mM puromycin and then 10 min
at 37°C. The sample was loaded on a 5-30% sucrose gradient
(buffer 5 & 6) and centrifuged at 25,000 rpm at 4°C for 16 h in a
Ti32 rotor. The 40S and 60S subunits were collected from gradi-
ent fractionation, were exchanged separately into buffer 7,
concentrated, and stored at —80°C after being flash frozen in
liquid nitrogen.

elF1 cell pellets was resuspended in buffer 8, lysed in the pres-
ence of DNase and protease inhibitor tablet, and purified by HiTrap
SP cation exchange chromatography with a linear gradient from 0 to
100% buffer 9 over 60 ml after equilibrating the column and loading
elF1 with buffer 8. The fractions containing elF1 were pooled and
diluted to decrease the salt concentration to 150 mM with buffer 10.
Next, elF1 was purified by HiTrap Heparin chromatography with a
linear gradient from 0 to 100% buffer 9 over 60 ml after equilibrat-
ing the column and loading elF1 with buffer 8. The fractions
containing elF1 were pooled and concentrated and further purifica-
tion was attained by size-exclusion chromatography on a HiLoad
26/600 Superdex 75 pg column with buffer 11. The purified elF1
protein was concentrated and stored in buffer 5 at —80°C.

elF1A, elFS, elF5A, and eIF5B-397C cell pellets were resuspended
in buffer 12, 13, 14, and 15, respectively, and lysed in the presence
of DNase and protease inhibitor tablet. All GST-tagged proteins were
purified by GSTrap column with 100% buffer 16. After cleavage of
the fusion protein with PreScission protease (1 uM final), further
purification was attained by size-exclusion chromatography on a
HiLoad 26/600 Superdex 75 pg (elF1A with buffer 17, elF5 with
buffer 18, elF5A with buffer 19) and HiLoad 26/600 Superdex
200 pg (eIF5B-397C with buffer 20) column. For elF1A, before size-
exclusion chromatography, an additional step of a Resource Q anion
exchange chromatography was included after protease cleavage and
protein was eluted with 0-100% buffer 21 over 60 ml. The purified
proteins were concentrated and stored at —80°C.

eEF1A was purified from S. cerevisiae. eEF1A cell pellets was
resuspended in buffer 22, lysed using an ultra-centrifugal mill,
and the lysate was loaded on a tandom HiTrap Q anion
exchange and Hi Trap SP cation exchange column pre-equili-
brated in buffer 23. eEF1A was eluted from HiTrap SP with 0-
100% buffer 24 over 30 ml. Further purification was attained by
size-exclusion chromatography on a HilLoad 26/600 Superdex
200 pg with buffer 25. The purified eEF1A protein was concen-
trated and stored at —80°C.

In vitro hypusination of elF5A

elFSA hypusination enzymes deoxyhypusine synthase (Dysl) and
deoxyhypusine hydroxylase (Lial) were co-expressed in Escherichia
coli BL21(DE3) cells from IPTG-inducible pQLinkH plasmid with a
His6 tag at 37°C. Cell pellet was resuspended in buffer 26, lysed in
the presence of DNase and protease inhibitor tablet. The protein
was purified by Protino Ni-IDA 2000 affinity chromatography with
buffer 27, after equilibrating the column and loading the protein
with buffer 26. The eluted protein was dialyzed in buffer 28,
concentrated, and stored at —80°C. The in vitro hypusination of

© 2021 The Authors



Namit Ranjan et al

elFSA was performed as described previously (Park et al, 2011;
Wolff et al, 2011).

Preparation of tRNAs and mRNAs

Initiator tRNA (tRNAM®Y) was prepared by in vitro transcription
using T7 polymerase from a plasmid containing a 92 nucleotides-
long DNA with the T7 promoter (underlined) and the initiator tRNA
sequence purchased from Eurofins.

S'TAATACGACTCACTATAAGCGCCGTGGCGCAGTGGAAGCGCG
CAGGGCTCATAACCCTGATGTCCTCGGATCGAAACCGAGCGGCGC
TACCA3

The DNA was amplified using forward and reverse primers, and
the amplified product was in vitro transcribed in buffer 29 with
10 mM DTT, 3 mM NTP mix, 0.005 U/pl inorganic Pyrophosphate
(PPase), 0.1 U/ul RNase inhibitor, and 0.05 U/ul T7 RNA-
polymerase for 4 h at 37°C. Aminoacylation and purification of [*H]
Met-tRNAM® and [PH]Met-tRNAM®t (Flu) were performed as
described previously (Rodnina et al, 1994; Milon et al, 2007).

The elongator tRNAs ['*C]Val-tRNAY?, [**C]Phe-tRNA™™, and
Phe-tRNA™ were prepared as described in (Rodnina et al, 1994).
The unstructured 5 UTR mRNA Met-Phe-Val and mRNA Met-
Val-Phe were purchased from IBA (mRNA Met-Phe-Val: 5’GGUC
UCUCUCUCUCUCUCUAUGUUUGUUUCUCUCUCUCUC3’" and mRNA
Met-Val-Phe: 5’GGUCUCUCUCUCUCUCUCU%CUUUUUUCUCUC
UCuCuc3’).

Preparation of initiation and ternary complexes

80S initiation complexes were prepared by incubating 8 uM of elF2
with 1 mM GTP and 4 pM [PH]Met-tRNAM® or [*H]Met-tRNAM®
(Flu) in YT buffer (30 mM HEPES-KOH pH 7.5, 100 mM KOAc, 3 mM
MgCl,) at 26°C for 15 min to form the ternary complex. 2 uM 408S,
10 pM mRNA (uncapped mRNA with unstructured 5" UTR that allevi-
ates the requirement of elF4 (Acker et al, 2007)), 10 uM elF-mix (mix-
ture of initiation factors elF1, elF1A, elF3, elF5), 2 mM DTT, 0.25 mM
spermidine, and 1 mM GTP were incubated for 5 min at 26°C before
adding 3 pM 60S subunits and 6 pM elF5B. After incubation, ternary
complex was added to the ribosome mixture and the MgCl, was
adjusted to a final concentration of 9 mM before layering on sucrose
cushion. ICs were purified by ultracentrifugation through a 1.1 M
sucrose cushion in YT9 buffer (30 mM Hepes-KOH pH 7.5, 100 mM
KoAc, 9 mM MgCl,), and pellets were dissolved in YT9 buffer.
Ternary complexes eEF1A-GTP—[!“C]Phe-tRNA™ and eEF1A-
GTP-['*C]Val-tRNA"? were prepared by incubating 1 uM eEF1A,
0.1 uM eEF1Ba, 3 mM PEP, 1% PK, 1 mM DTT, 0.5 mM GTP in YT
buffer for 15 min at 26°C. 0.2 pM ['*C]Phe-tRNA™ or ['*C]Val-
tRNAY? (5 eEF1A:1 aa-tRNA) was added and incubated for addi-
tional 5 min at 26°C, followed by addition of 2 pM modified eIF5A.

Rapid kinetics

Peptide bond formation assay was performed by rapidly mixing
initiation complexes (1 uM, 0.25 uM active in tripeptide formation)
with the respective ternary complexes as indicated (0.2 uM), elF5A
(2 uM) and eEF3 (4 uM) mixed with 40 uM ATP in a quench-flow
apparatus at 26°C. After the desired incubation times, the reactions
were quenched by adding KOH to a final concentration of 0.5 M.
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Peptides were released by alkaline hydrolysis for 45 min at 37°C.
After neutralization with acetic acid, the products were analyzed by
HPLC (LiChrospher 100 RP-8 HPLC column, Merck). To form tripep-
tides, MetPhe-tRNAP™® pre-translocation complexes (0.35 pM) were
rapidly mix with the respective ternary complex (0.7 uM) contain-
ing eEF2 (1 pM) and eEF3 (4 uM) with ATP (40 pM).

The amount of deacylated tRNA™€'(Flu) bound to 80S after translo-
cation was monitored on a BioSuite 450 (Waters) size-exclusion chro-
matography. 80S 2C (0.35 uM) was incubated without eEF2/ eEF3, or
with eEF2 (1 uM) alone, eEF2 (1 uM), and eEF3 (4 uM) together or
with eEF2, eEF3, and TC-Val (0.7 pM) for 15 min before applying on a
BioSuite 450 gel filtration column. Ribosome complexes and tRNA
were eluted using YT buffer (30 mM HEPES-KOH pH 7.5, 100 mM
KOAc, 3 mM MgCl,). Fluorescence of tRNA™ME(Flu) co-eluting with
80S was monitored using a flow-through fluorescence detector after
excitation at 463 nm and emission at 500 nm. Deacylated tRNA
release from the E site were performed by rapidly mixing initiation
complexes prepared using [*H]Met-tRNAM®" (Flu) with the respective
ternary complexes as indicated (0.2 uM) and eEF1A (1 pM) in a
stopped-flow apparatus (Applied Photophysics) at 26°C. Fluorescein
fluorophore was excited at 463 nm, and emission was measured after
passing through KV500 long-pass filters (Schott). Experiments were
performed by rapidly mixing equal volumes of reactants and monitor-
ing the time courses of fluorescence changes. Time courses depicted in
the figures were obtained by averaging 5-7 individual traces.

Time-resolved Pmn assay

The time-resolved Pmn assay to monitor translocation for the
MetPhe-tRNA™™ PRE complex was performed as described previ-
ously (Ranjan & Rodnina, 2017). Briefly, PRE complex (0.35 uM)
was rapidly mixed with Pmn (2 mM), and/or eEF2 (0.8 uM) and/or
eEF3 (2 uM) with ATP (20 uM) in YT buffer at 26°C. Control experi-
ments were carried out with POST complexes prepared by incubat-
ing PRE complexes with eEF2 (0.8 uM) and/or eEF3 (2 pM) with
ATP (20 uM). POST complexes with MetPhe-tRNAT™® (0.35 uM) in
the P site were rapidly mixed with Pmn (2 mM) in a quench-flow
apparatus. The reaction was quenched with KOH (0.5 M) and the
peptides were released by alkaline hydrolysis for 45 min at 37°C,
analyzed by reversed-phase HPLC (LiChrospher 100 RP-8, Merck),
and quantified by double-label [*H]Met-[**C]Phe radioactivity
counting (Wohlgemuth et al, 2008).

Preparation of libraries for yeast ribosome footprints

Preparation of libraries for yeast ribosome footprints was performed
as described previously (Wu et al, 2019a). Cell pellets were ground
with 1 ml yeast footprint lysis buffer [20 mM Tris-Cl (pH 8.0),
140 mM KCl, 1.5 mM MgCl,, 1% Triton X-100 with specified elon-
gation inhibitors] in a Spex 6870 freezer mill. Elongation inhibitors
(CHX, ANS, and TIG) were used at 0.1 g/1. Lysed cell pellets were
diluted to ~23 ml in yeast footprint lysis buffer containing specified
antibiotics and clarified by centrifugation. The resultant supernatant
was layered on a sucrose cushion [20 mM Tris—Cl (pH 8.0),
150 mM KCl, 5 mM MgCl,, 0.5 mM DTT, 1M sucrose] to pellet
polysomes in a Type 70Ti rotor (Beckman Coulter) (60,000 rpm for
106 min). Ribosome pellets were gently resuspended in 1 ml foot-
print lysis buffer (without elongation inhibitors). 400 pg of isolated
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polysomes in 350 pl of footprint lysis buffer (without elongation
inhibitors) were treated with 500 units of RNasel (Ambion) for 1 h
at 25°C. Monosomes were isolated by sucrose gradients (10-50%).
The extracted RNA was size-selected from 15% denaturing PAGE
gels, cutting between 15 and 34 nt. An oligonucleotide adapter was
ligated to the 3’ end of isolated fragments. After ribosomal RNA
depletion using RiboZero (Illumina), reverse transcription using
SuperScript III reverse transcriptase (Thermo Fisher Scientific),
circularization using CircLigase I (Lugicen), and PCR amplification.
Libraries were sequenced on a HiSeq2500 machine at facilities at
the Johns Hopkins Institute of Genetic Medicine.

Polysome profiles

One litre of yeast cultures of indicated strains were harvested by fast fil-
tration and ground with 1 ml footprint lysis buffer [20 mM Tris—Cl (pH
8.0), 140 mM KCl, 1.5 mM MgCl,, 1% Triton X-100, 0.1 mg/ml CHX]
in a Spex 6870 freezer mill. CHX was omitted for run-off polysome pro-
files. Cellular lysates were first clarified by centrifugation (at 15,000 rpm
for 10 min). Lysates containing 200 pg of total RNA was spun through
10-50% sucrose gradients using a Beckman Coulter SW41 rotor at
40,000 rpm at 4°C for 2 h. Gradients were fractionated on a Biocomp
piston gradient fractionator and the absorbance at 254 nm was
recorded. Fractions were methanol precipitated and analyzed by
immunoblotting using antibodies against eEF1 (Kerafast, ED7001), eEF2
(Kerafast, ED7002), and RPL4 (ProteinTech, 11302-1-AP).

Tandem affinity purification of the eEF3-80S complex

The eEF3 in vivo pull-out was performed using DynabeadsROM-270
Epoxy (Invitrogen) with yeast strain expressing a C-terminally TAP-
tagged eEF3 (Strain: BY4741, Genotype: MATa his341 leu2A40
met1540 ura340) obtained from Horizon Discovery. The purifica-
tion was essentially performed as described previously (Schmidt
et al, 2016). Briefly, cultures were harvested at log phase, lysed by
glass bead disruption, and incubated with IgG-coupled magnetic
beads with slow tilt rotation for 1 h at 4°C in buffer 30 (20 mM
HEPES (pH 7.4). 100 mM KOAc, 10 mM Mg(OAc),, 1 mM DTT).
The beads were harvested and washed three times using detergent
containing buffer 30 (+0.05% Triton X) followed by a fourth wash-
ing step using buffer 30. The elution of the complex was done by
addition of AcTEV Protease (Invitrogen) for 3 h at 17°C in buffer 30
containing 1 mM ADPNP (Sigma) final concentration.

Sample and grid preparation

The final complex was cross-linked with 0.02% glutaraldehyde for
20 min on ice, and the reaction was subsequently quenched with
25 mM Tris-HCl pH 7.5. DDM (Sigma) was added to the sample to
a final concentration of 0.01% (v/v). For grid preparation, 5 pl (8
A,s0/ml) of the freshly prepared cross-linked complex was applied
to 2 nm precoated Quantifoil R3/3 holey carbon supported grids
and vitrified using a Vitrobot Mark IV (FEI, Netherlands).

Cryo-electron microscopy and single-particle reconstruction

Data collection was performed on a FEI Titan Krios transmission
electron microscope (TEM) (Thermo Fisher) equipped with a Falcon

16 of 20 The EMBO Journal ~ 40: €106449 | 2021

Namit Ranjan et al

II direct electron detector (FEI). Data were collected at 300 kV with
a total dose of 25 e /A? fractionated over 10 frames with a pixel size
of 1.084 A/pixel and a target defocus range of —1.3 to —2.8 um
using the EPU software (Thermo Fisher). The raw movie frames
were summed and corrected for drift and beam-induced motion at
the micrograph level using MotionCor2 (Zheng et al, 2017). The
resolution range of each micrograph and the contrast transfer func-
tion (CTF) were estimated with Gctf (Zhang, 2016). A total of
22,856 micrographs were collected. After manual inspection, 18,016
micrographs were used for automated particle picking with Gauto-
match  (http://www.mrc-lmb.cam.ac.uk/kzhang/) resulting in
530,517 initial particles, of which 211,727 were selected for further
processing upon 2D classification in RELION-2.1 (Kimanius et al,
2016). After initial alignment with a vacant 80S reference, the
211,727 particles (defined as 100%) were 3D classified into 8 classes
(Appendix Fig S3). Classes 1 and 2 (joined to group I) contained
70,780 particles (~33%) and displayed density for the eEF3-80S
complex but had mixed tRNAs with varying occupancy as well as a
dynamic Ll-stalk. Class 3 (group II) showed a density for eEF2,
whereas classes 4 and 5 (group III) revealed rotated ribosomal
species with hybrid tRNAs. Both groups (group I and II) showed
weak density for eEF3. Classes 6, 7 and 8 (group IV) (~31%) had
low-resolution ribosomal species with biased orientation; however,
all of them showed an extra density for eEF3 (not shown). To
increase the resolution of the eEF3 ligand and separate it from low-
resolution eEF3 species, group I was subjected to focused sorting
using a mask encompassing the eEF3 ligand (Appendix Fig S3). The
resulting class 3 containing 45,032 particles (~21%) was 3D and
CTF refined using RELION-3.0 (Zivanov et al, 2018). The final
refined volume was furthermore subjected to multi-body (MB)
refinement, for which three masks were used: the first one encom-
passed one portion of eEF3 (ABC1, ABC2, and CD; residue range
420-976, MB-1) and the 60S, the second mask covered the 40S body
(MB-2), and the third mask included the remaining part of eEF3
(HEAT and 4HB; residue range 1-419, MB3-3) as well as the 40S
head (Appendix Figs S3 and S4F). The final reconstructions were
corrected for the modulation transfer function of the Falcon 2 detec-
tor and sharpened by applying a negative B-factor estimated by
RELION-3.0 (Zivanov et al, 2018). For the sharpening, a mask for
the whole eEF3-80S complex was applied resulting in a final recon-
struction of 3.3 A (Appendix Figs S3 and S4A). The same was done
for each part of the multi-body refined volumes, which provided a
resolution of 3.2 A for the 60S-eEF3 (ABC1/2, CD), 3.3 A for the
40S body, and 3.5 A for the 40S head-eEF3 (HEAT, 4HB)
(Appendix Fig S4E). To obtain a stoichiometric tRNA occupancy as
well as defined position of the L1-stalk interacting with the EF3-CD,
group I was also subjected to further sorting into four classes using
a flat cylinder mask encompassing the relevant regions (tRNAs, L1-
stalk, and the eEF3-CD) (Appendix Fig S3). Each class was subse-
quently subjected to 3D and CTF refinement and a final postprocess-
ing step. All the resulting classes were in an unrotated state bearing
an A/A-, P/P- (Ia, 3.7 A), P/P- (Ib, 3.8 A), A/A-, P/E- (Ic, 4.0 A),
and a P/P- and E/E-site (Id, 3.9 A) tRNAs. Particles of group II were
extracted and subjected to CTF and 3D refinement resulting in a
final cryo-EM reconstruction at 4.1 A. For distinct tRNA occupancy
of each 80S ribosome, group III (66,551 particles) was further 3D
classified into two classes and each class was subsequently 3D and
CTF refined. Both resulted in a ribosomal species with a disordered
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eEF3 (Illa, IlIb), which was visible after low pass filtering of the
map. Illa showed a rotated-1 state containing A/A- and P/E-site
tRNAs with a final resolution of 4.2 A. IIIb presented a classical
fully rotated state (rotated-2) bearing a hybrid A/P- and P/E-site
tRNA at 3.8 A resolution. The resolutions for all volumes were esti-
mated using the “gold standard” criterion (FSC = 0.143) (Scheres,
2012). Local resolution estimation and local filtering of the final
volumes were done using Relion-3.0 (Appendix Fig S4B and C, F
and G).

Molecular modeling

The eEF3 model was based on the crystal structure of eEF3 in
complex with ADP (PDB: 2IW3) with a 2.4 A resolution (Andersen
et al, 2006). The existing ribosome-bound eEF3 model (PDB: 21X3)
was used as a help for the rough fitting of the separate eEF3
domains (HEAT, 4 HB, ABC1, ABC2, and CD) of the crystal struc-
ture into the density (Andersen et al, 2006). The single domains
were fitted with UCSF Chimera 1.12.1 (Pettersen et al, 2004) via the
command “fit in map” and manually adjusted with Coot version
0.8.9.2 (Emsley & Cowtan, 2004). For the manual adjustment, the
multi-body refined maps were used for the corresponding parts of
the eEF3 model (MB-1 for ABC1, ABC2 and the CD; MB-3 for HEAT
and 4HB). The model of the S. cerevisiae 80S ribosome was derived
from PDB ID 6S47 (Kasari et al, 2019b) and the model for the L1
protein from the PDB ID 2NOQ (Schuler et al, 2006). The proteins of
the 40S and 60S were fitted separately into locally filtered electron
density maps using UCSF Chimera (Pettersen et al, 2004). The rRNA
was fitted domain-wise in Coot (Emsley & Cowtan, 2004). After-
ward, manual adjustments were applied to all fitted molecular
models using Coot. The combined molecular model (pro-
teins + TRNA) was refined using the phenix.real_space_refine
command of phenix version 1.14 with restraints that were obtained
via the phenix.secondary_structure_restraints command (Adams
et al, 2010). Statistics for the model were obtained using MolProbity
(Chen et al, 2010) and are represented in Appendix Table S1.

Calculation of rotation angles and vectors

Rotation angles were calculated using UCSF Chimera with the
command “match show matrix”. The global rotation of the 18S
rRNA was calculated relatively to the 23S rRNA by aligning all the
models to the 23S rRNA of a non-rotated reference structure (PDB
6SNT) (Matsuo et al, 2020). The head swivel rotation degree was
calculated relatively to the 18S rRNA body/platform by aligning all
the model relative to the body of 18S rRNA from the reference struc-
ture (PDB 6SNT) (Matsuo et al, 2020). Vector calculation represent-
ing a shift between the phosphate atoms of the rRNA from the
model compared with the reference structure was performed using
PyMol Molecular Graphics System as previously described in (Beck-
ert et al, 2018).

Figure preparation
Figures showing biochemical experiments are fitted and plotted with
GraphPad Prism 8.0.

Figures showing ribosome profiling data are created using R
3.3.1.
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Figures showing atomic models and electron densities were
generated using either UCSF Chimera (Pettersen et al, 2004) or
Chimera X (Goddard et al, 2018) and assembled with Inkscape.

Analysis of ribosome profiling data

Analysis of ribosome profiling data was performed as described
previously (Wu et al, 2019a). The R64-1-1 S288C reference genome
assembly (SacCer3) from the Saccharomyces Genome Database
Project was used for yeast genome alignment. CelO reference
genome assembly from UCSC was used for C. elegans genome align-
ment. Hgl9 reference genome assembly from UCSC was used for
human genome alignment. A human transcriptome file was gener-
ated to include canonical transcripts of known genes from UCSC
genome browser. WT replicate 1 (CHX + TIG) and both WT repli-
cates (CHX + ANS) are identical to that published previously (Wu
et al, 2019b). Libraries were trimmed to remove ligated 3’ adapter
(NNNNNNCACTCGGGCACCAAGGA), and 4 random nucleotides
included in RT primer (RNNNAGATCGGAAGAGCGTCGTGTAGG
GAAAGAGTGTAGATCTCGGT. GGTCGC/iSP18/TTCAGACGTGTGCT
CTTCCGATCTGTCCTTGGTGCCCGAGTG) were removed from the
5’ end of reads. Trimmed reads longer than 15 nt were aligned to
yeast ribosomal and non-coding RNA sequences using STAR (Dobin
et al, 2013) with “--outFilterMismatchNoverLmax 0.3”. Unmapped
reads were then mapped to genome using the following options
“--outFilterIntronMotifs RemoveNoncanonicalUnannotated --outFil-
terMultimapNmax 1 --outFilterMismatchNoverLmax 0.1”. All other
analyses were performed using software custom written in Python
2.7and R 3.3.1.

For each dataset, the offset of the A site from the 5 end of reads
was calibrated using start codons of CDS (Schuller et al, 2017). Rela-
tive ribosome occupancies (pause scores) for codons or peptide
motifs (Fig 3E-H) were computed by taking the ratio of the ribo-
some density in a 3-nt window at the codon or motif of interest over
the overall density in the coding sequence (excluding the first and
the last 15 nt to remove start and stop codons). Peptide motif logos
(Appendix Fig S3E) were generated with WebLogo (Crooks et al,
2004) by using motifs with a pause score greater than 4.

Cryo-EM data analysis

Bayesian selection using RELION software package was used to
choose the cryo-EM data package (Scheres, 2012). Resolutions were
calculated according to gold standard, and the estimation of varia-
tion within each group of data was performed using Bayesian calcu-
lation within RELION (Scheres, 2012).

Data availability

Cryo-EM maps generated during this study have been deposited in
the Electron Microscopy Data Bank (EMDB; https://wwwdev.ebi.ac.
uk/pdbe/emdb) with accession codes EMD-12081 (eEF3-80S
complex), EMD-12059 (PRE-1), EMD-12061 (PRE-2), EMD-12075
(PRE-3) and EMD-12065 (PRE-4), EMD-12074 (POST-1) and EMD-
12062 (POST-2), EMD-12064 (POST-3). The eRF3-80S complex
model generated during this study has been deposited in the Protein
Data Bank (PDB; http://www.wwpdb.org) with accession code
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7B7D. Raw data for ribosome profiling have been deposited to the
Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo)
with the accession number GSE160206.

Expanded View for this article is available online.
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Expanded View Figures
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Figure EV1. Di- and tripeptide formation.

A

Time courses of MetPhe formation at different eEF3 concentrations. Data are normalized to Met-Phe formation in the presence of 4 uM eEF3 with the maximum
value in the dataset set to 1.

Met-Val formation monitored upon rapidly mixing initiation complexes (80S IC; 1 uM) with ternary complexes eEF1A-GTP—[**C]Val-tRNAY®' (0.2 uM) in the
presence (cyan, 0.78 4 0.1/s) or absence (orange, 0.34 4 0.03/s) of eEF3 in a quench-flow apparatus, and the extent of peptide formation was analyzed by HPLC
and radioactivity counting. Data are normalized to Met-Val formation in the presence of eEF3 with the maximum value in the dataset set to 1. Data presented as
mean £ SEM of n = 3 biological replicates.

Met-Val-Phe formation upon rapid mixing of 80S complexes carrying MetVal-tRNA"?' (80S 2C) with ternary complexes eEFlA—GTP—[l“C]Phe—tRNAPhe in the
presence of eEF2 and eEF3 (green, 0.3 & 0.02/s), eEF2 (red, 0.03 + 0.006/s). Data are normalized to Met-Val-Phe formation in the presence of eEF2 and eEF3 with
the maximum value in the dataset set to 1. Data presented as mean + SEM of n = 3 biological replicates.

Comparison of time courses of 80S 2C reaction with Pmn. 80S 2C complexes with MetPhe-tRNAP"® in the presence of eEF2 and eEF3 (D), eEF2 (E) or eEF3 (F), or in
the absence of eEF2 and eEF3 (brown triangles), with Pmn in a quench-flow apparatus. As indicated, the reaction was started either by mixing all components, or
by addition of Pmn to a mixture of 80S 2C with the factors preincubated for 15 min. The extent of MetPhe-Pmn formation was analyzed by HPLC and radioactivity
counting. Data are normalized to Met-Phe-Pmn formation in the presence of eEF2 and eEF3 (D), eEF2, (E) or eEF3 (F) with the maximum value in the dataset set to
1. Data presented as mean + SEM of n = 3. For comparison, data from Fig 2B are plotted.

Met-Phe-Val formation upon rapid mixing of 80S complexes carrying either PH]Met-tRNA;M®® (green) or PH]Met-tRNA™Me(flu) (orange) MetPhe-tRNAP® (805 2C)
with ternary complexes eEF1A-GTP—[**C]Val-tRNA"? in the presence of eEF2 and eEF3. Data are normalized to Met-Phe-Val formation in the presence of non-
labeled initiator tRNA (green) with the maximum value in the dataset set to 1.

Source data are available online for this figure.
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Figure EV2. Analysis of in vivo ribosome
functional states by ribosome profiling.

A Immunoblot of eEF3 depletion over time. Same
amount of cells were harvested at indicated time
points, lysed, and subjected to immunoblotting
using antibodies against eEF3 or PGK1.

B Growth of WT and eEF3d cells on YPGR and
YPD + auxin plates. Plates were incubated at
30°C for 1 day.

C Representative run-off polysome profiles for WT
and eEF3d strains. Polysome-to-monosome ratios
(P/M) are normalized to WT ratios. Data are
presented as mean + SD, n = 2.

D Polysome profiles from WT or eEF3d cells with

CHX added during cell lysis to stop translation

(top). Fractions were analyzed by

immunoblotting using antibodies against eEF1A,

eEF2, or RPL4 (bottom).

De-enriched peptide motifs associated with

ribosome pausing at the E, P, and A sites in the

absence of eEF3. Peptide motif logos from two
biological replicates are shown.
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Figure EV3. The closed and open conformations of eEF3.
The closed and open conformations of eEF3

A The ABC1 (red) and ABC2 (green) domain of eEF3 in the eEF3-80S complex.

B-D Conformation of the eEF3 NBDs with respect to other ABC proteins. Alignment (based on ABC1) of the eEF3-ABCs with (B) the closed conformation of the NBDs of
the B. subtilis ABCF ATPase VmIR (pink, PDB: 6HA8) (Crowe-McAuliffe et al, 2018), (C) the closed conformation of the archaeal ABCE1-30S post-splitting complex
(orange, PDB: 6TMF) (Nurenberg-Goloub et al, 2020), and (D) the E. coli ABCE1 protein observed in the open conformation (violet, PDB ID: 30ZX) (Barthelme et al,
2011).

E,F The eEF3 model in a closed conformation colored due to its different domain organization.

G-J Incompatibility of eEF3 to the 80S ribosome in a potential opened conformation. The eEF3 model was aligned to (G, H) ABC1 or (|, J) ABC2 of the ABCE1 protein in
an opened conformation (PDB ID: 30ZX) (Barthelme et al, 2011).
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Figure EV4. Interactions of eEF3 with the 80S ribosome.

A, B (A) Overview of the eEF3-80S molecular model with (B) zoom on the eEF3 model (colored by domain) interacting with ribosomal components.
C Interactions of the eEF3-HEAT (blue) with ES39S of the 18S rRNA (dark gray) and eS19 (pale yellow) of the SSU.

D  The 40S protein uS13 (violet) forms bridging contacts with the HEAT (blue), ABC2 (green), and CD (magenta) domains of eEF3.

E,F The eEF3-CD and eEF3-ABC2 interact with (E) the LSU protein uL5 (coral) and (F) the 5S rRNA (light gray) and ulL18 (pale blue).
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POST-2 POST-1 POST-2 vs. POST-1

Figure EV5. The hydrophobic pocket of the eEF3 CD.

A, B (A) Overview of the POST-2 eEF3-80S molecular model (B) highlighting the position of eEF3-CD (green) relative to L1 protein (yellow) and ES30L (orange).

C,D (C) Same as (B) but for POST-1, and (D) comparison of (B) and (C) depicting the magnitude of the L1-stalk movement from the POST-2 state (L1-stalk’int’) to the
POST-1 state (L1-stalk’in’). L1-POST1 (light gray), ES30L-POST1 (dark gray).

E, F (E) eEF3-80S molecular model highlighting eEF3 (pale green) and the L1 protein (yellow) and its (F) zoom showing the magnitude of the distance between the
eEF3-CD hydrophobic pocket (based on the alignment with HP1 shown in (1)) and the K46 of the L1-dl. K46* labels the lysine, which is getting methylated by the
Seven-B-strand methyltransferase (Webb et al, 2011).

G, H (G) The eEF3-CD hydrophobic pocket based on the alignment with (H) the D. melanogaster HP1-CD.

| Overlay of the eEF3 and HP1 CD based on their sequence.

© 2021 The Authors The EMBO journal 40: 1064492021  EV5
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Appendix Figure S1 Components of the reconstituted yeast translation system, related to
Figure 1. (A) Quality control of the initiation and elongation factors and the ribosomes by PAGE.
For each component, 50 to 100 pmol were loaded on a NuPAGE 4 to 12% gradient gel. “nat”
denotes purification of native elF2 and elF3 from yeast. (B) Purification of the 80S IC by SEC
on a Biosuite 450 using HPLC. The presence of 80S IC is identified as the overlap between the
absorbance of the ribosomes at 260 nm (black) and the radioactivity from [*H]Met-tRNA;Met
(blue).
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Appendix Figure S2. Analysis of eEF3-TAP tagged strains and purifications, related to

Figure 4. (A) Overview and (B) Zoom of binding position of eEF3 on the 80S ribosome,
highlighting in (B) the position of the C-terminal TAP-tag. (C-E) Growth of WT and eEF3-TAP
tagged strain as a dilution series on agar plates incubated at (C) 20°C, (D) 30°C and (E) 37°C.
(F) Coomassie stained SDS-PAGE of eluation fractions of tandem affinity purification using
eEF3-TAP and WT strains in the absence and presence of ADPNP. M, molecular weight marker
(kDa); AcTEV indicates position of TEV protease, eEF3*, position of eEF3 and RP, ribosomal

proteins
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Appendix Figure S3. 3D classification of the S. cerevisiae eEF3-80S complex, related to
Figure 4. Following 2D classification, 211,727 particles were initially aligned against a vacant
S. cerevisiae 80S ribosome and subjected to 3D classification, sorting the particles into eight
classes. The particles in class 1 and 2 bearing a stable eEF3-80S complex were joined in group I

and subjected to two focused sortings using two different masks: the first encompassing the eEF3



ligand and the second covering the tRNAs, the L1-stalk and the eEF3-CD. The first classification
allowed the sorting for a high resolution eEF3 bound volume (class 3, 21%, 45,032 particles),
which was 3D and CTF refined resulting in a 3.3 A final reconstitution. The final map was further
multi body refined and provided a resolution of 3.2 A for the LSU-eEF3 (ABC1/2, CD) (MB-1),
3.3 A for the SSU body (MB-2) and 3.5 A for the SSU head-eEF3 (HEAT, 4HB) (MB-3). The
second sorting procedure enabled the classification of four EF3-bound non-rotated ribosomal
classes with distinct tRNA occupancies (Ia-Id) with final resolutions denoted in the scheme.
Class 3 (group II) showed a ribosomal species bearing eEF2, P/P- and E/E-tRNA and was finally
refined to 4.1 A. Class 4 and 5 (joined to group III) showed a rotated ribosome with mixed tRNA
occupancy and after low pass filtering a disordered eEF3 ligand. This class was sorted further
into two volumes (Illa, I1Ib) whereas each of them was 3D and CTF refined resulting in 4.2 A
and 3.8 A resolution for the A/A- and P/E-tRNA occupied 80S (Il1a) and the A/P and P/E-tRNA
bound ribsome (IIIb), respecively. Classes 6, 7, 8 (group IV) contained low resolution particles,

which also showed a partial density for eEF3.
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Appendix Figure S4. Overview of the final refined cryo-EM reconstruction of the eEF3-
80S complex, related to Figure 4. (A) Fourier shell correlation (FSC) curve (blue curve) of the
final refined cryo-EM map of the eEF3 ribosomal complex, indicating the average resolution of
3.3 A, according to the gold-standard criterion (FSC=0.143). Overlay is the FSC curve calculated
between the cryo-EM reconstruction and the final model (grey curve). (B) Cryo-EM map of the
3.3 A EF3-80S complex filtered and colored according to local resolution and (C) its transverse
section. (D) View of the isolated density for eEF3 from (B). (E) FSC curve of the three multibody
(MB) refined cryo-EM map of the eEF3-80S complex, indicating the average resolution of 3.2 A
for MB-60S, 3.3 A for MB-40S body and 3.5 A for MB-40S head. (F) Cryo-EM map of the MB
refined EF3-80S complex filtered and colored according to local resolution. The outlines are
depicting the three masks, which were used for the MB refinement. (G) Transverse section of the
volume shown in (F). (H) Isolated density for eéEF3 from (F). The scale bar is valid for all showed

resolution panels.
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Appendix Figure S5. Model for S. cerevisiae eEF3 with bound ATP/ADPNP molecules,
related to Figure 4. (A) Model of the 80S-bound eEF3 based on the multibody refined map
(gray mesh) and colored by domain. HEAT (blue), 4HB (yellow), ABC1 (red), ABC2 (green)
and CD (magenta). (B-C) Selected examples illustrating the quality of fit of the molecular model
within (B) the HEAT repeat region and (C) the ABC2 domain to the unsegmented cryo-EM map
(gray mesh). (D) eEF3-80S molecular model shown in (A), but in the orientation showing the



ATP-binding cassettes and (E) zoom of the two nucleotide-binding sites formed by ABC1 and
ABC2. For the bound ATP/ADPNP molecules cryo-EM map densities of the multibody refined
map (dark grey mesh) are illustrated. The residues, which show density are shown as sticks and
labelled. (F-K) Isolated electron density (transparent grey) for nucleotide binding pocket of (F-
H) ABC1 and (I-K) ABC2 modelled with (F, I) ATP in the eEF3 (green) structure, or rigid-body
fitted with the crystal structures of (G,J) E. coli HlyB-NBD with ATP/Mg>" (PDB ID: 1XEF)
(Zaitseva, Jenewein, Jumpertz, Holland, & Schmitt, 2005) or (H,K) M. jannaschii MJ0796 ABC
protein with ADP/Mg?* (PDB ID: 1F30) (Yuan et al., 2001).



A/A- and A/P-tRNA

Appendix Fig (A)
Rotated 80S molecular model corresponding to the POST-1 state (disordered density for eEF3 is
not shown). The ribosomal residues ES39S, eS19 and uS13 responsible for eEF3-HEAT binding
are depicted in pink. (B) Zoomed view of ES39S, eS19 and uS13 highlighted in (A) overlaid
with corresponding residues from the non-rotated POST-3 state. The arrows are showing the
magnitude of the movement of these residues from a non-rotated POST-3 to a rotated POST-1
state in (A). (C) Segmented density for the disordered eEF3 from the POST-1 cryo-EM map
highlighting the lack of association of the eEF3-HEAT repeat region with the moved ES39S,
eS19 and uS13 resulting from the subunit rotation. (D) 80S model in rotated PRE-3 state
depicting ES39S, eS19 and uS13 in orange and the (E) corresponding zoom of the displacement
of the mentioned residues in the rotated ribosome. (F) Isolated density for the potential disordered
ligand from the PRE-3 volume showing barely any density for eEF3. (G) PRE-4 ribosomal model
with ES39S, eS19 and uS13 colored in blue as well as (H) the corresponding enlargement of
these residues compared to the residues in the POST-3 state. (I) Segmented density of the eEF3
ligand from the rotated PRE-4 state. The isolated densities in (C), (F) and (I) were low pass
filtered to 8 A.



Appendix Table S1 Cryo-EM data collection, refinement and validation statistics

eEF3-80S complex

PDB ID 7B7D
EMDB ID EMD-12081
Data collection and

processing

Microscope Titan Krios
Magnification 129,151
Voltage (kV) 300
Electron exposure (¢ /A?) 28

Defocus range (pum) -0.8 to -2.5
Pixel size (A) 1.084
Symmetry imposed Cl

Initial particle images (no.) 530,517
Final particle images (no.) 45,032
Map resolution (A) 33

FSC threshold 0.143

Map resolution range (A) 2.9-7.5
Detector Falcon 2

Map sharpening B factor (A?)  -88,2563

Refinement
Initial model used (PDB code) 6S47
CCVolume 0.77
CCMask 0.78
CCBOX 0.75
Model composition
Non-hydrogen atoms 211,145
Protein residues 12,111
RNA bases 5,430
R.m.s. deviations
Bond lengths (A) 0.010
Bond angles (°) 1.509
Validation
MolProbity score 1.75
Clashscore 4.35
Poor rotamers (%) 0.99
Ramachandran plot
Favored (%) 90.56
Allowed (%) 9.35
Disallowed (%) 0.08
Validation RNA

Correct sugar pucker (%) 98.5
Good backbone conf. (%) 97.9
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The Gcen pathway is conserved in all eukaryotes, including mammals
such as humans, where it is a crucial part of the integrated stress
response (ISR). Gen1 serves as an essential effector protein for the
kinase Gcn2, which in turn is activated by stalled ribosomes, leading
to phosphorylation of elF2 and a subsequent global repression of
translation. The fine-tuning of this adaptive response is performed
by the Rbg2/Gir2 complex, a negative regulator of Gen2. Despite the
wealth of available biochemical data, information on structures of
Gcn proteins on the ribosome has remained elusive. Here we pre-
sent a cryo-electron microscopy structure of the yeast Gen1 protein
in complex with stalled and colliding 80S ribosomes. Gen1 interacts
with both 80S ribosomes within the disome, such that the Gcn1
HEAT repeats span from the P-stalk region on the colliding ribosome
to the P-stalk and the A-site region of the lead ribosome. The lead
ribosome is stalled in a nonrotated state with peptidyl-tRNA in the
A-site, uncharged tRNA in the P-site, elF5A in the E-site, and Rbg2/
Gir2 in the A-site factor binding region. By contrast, the colliding
ribosome adopts a rotated state with peptidyl-tRNA in a hybrid
A/P-site, uncharged-tRNA in the P/E-site, and Mbf1 bound adjacent
to the mRNA entry channel on the 40S subunit. Collectively, our
findings reveal the interaction mode of the Gcn2-activating protein
Gen1 with colliding ribosomes and provide insight into the regula-
tion of Gcn2 activation. The binding of Gen1 to a disome has impor-
tant implications not only for the Gcn2-activated ISR, but also for
the general ribosome-associated quality control pathways.

disome | Gen1 | ribosome | stress | translation

11 living cells must adapt to a variety of different environ-

mental stresses in a rapid and efficient way to survive.
Critical to this adaptation is the integrated stress response (ISR),
a central signaling network that enables cells to maintain cellular
homeostasis or enter into apoptosis. In metazoans, the ISR
comprises four different kinases that each phosphorylate serine
51 of the alpha subunit of eukaryotic initiation factor 2 (eIF2). In
yeast and mammalian cells, the ancestral Gen2 (general control
nonderepressible 2) kinase modulates the response to nutrient
deprivation (1, 2). In mammals, Gen2 is important for long-term
memory formation, feeding behavior, and immune system regula-
tion and also has been implicated in various diseases, including
neurologic disorders such as Alzheimer’s, cancers, and viral infec-
tions (1, 2). Although phosphorylation of eIF2 causes a global re-
pression of translation initiation, translations of specific mRNAs
also become up-regulated, such as the transcriptional regulator
Gen4 (yeast) or ATF4 (mammals). This in turn induces expression
of genes, such as those involved in amino acid biosynthesis, to
counteract the amino acid deficiency.

The prevailing model for Gen2 activation during nutrient depri-
vation is that Gen2 recognizes and binds ribosomes that have be-
come stalled during translation due to the accumulation of
uncharged (deacylated) transfer RNAs (tRNAs) binding to the ri-
bosomal A-site (1, 2). The activation of Gen2 strictly requires its
coactivator Genl (3), a large protein (2,672 amino acids, or 297 kDa
in yeast) conserved from yeast to humans (2). Based on secondary

PNAS 2021 Vol. 118 No. 14 2022756118

structure predictions, Genl is composed almost entirely of HEAT
repeats (Fig. 14). The N-terminal three-quarters (residues 1 to
2052) of Genl are required for tight association with ribosomes
in vivo (4) (Fig. 14), and a reduction in ribosome binding of Genl
leads to a concomitant loss in Gen?2 activation (5). The central re-
gion of Genl is highly homologous to the N-terminal HEAT repeat
region of the eukaryotic elongation factor 3 (eEF3) (3) (Fig. 14),
and overexpression of eEF3 represses Gen?2 activity, suggesting that
Genl and eEF3 have overlapping binding sites on the ribosome (6).
The eEF3-like region of Genl is also important for interaction
with the N terminus of Gen20 (7, 8) (Fig. 14), a nonessential ATP-
binding cassette (ABC) protein that enhances Gen2 activity (8).
Gcen20 itself does not interact with the ribosome or with Gen2,
suggesting that Gen20 exerts its stimulatory effect on Gen2 via
interaction and stabilization of Genl on the ribosome (8). By
contrast, a region (residues 2052 to 2428) within the C terminus of
Genl mediates direct interaction with the N-terminal RWD do-
main of Gen2 (Fig. 14) (4, 9, 10). Moreover, mutations within
these regions of either Genl (F2291L or R2259A) or Gen2
(Y74A) disrupt the Genl-Gen2 interaction, resulting in loss of
both eIF2 phosphorylation and derepression of Gen4 translation
4, 10).
( Likz, Gen2, Gir2 (Genetically interacts with ribosomal genes 2)
contains an N-terminal RWD domain and interacts with Genl (11).
Overexpression of Gir2 prevents Gen2 activation by competing with

Significance

There is growing evidence that collisions between ribosomes
represent a cellular signal for activating multiple stress path-
ways, such as ribosome-associated quality control (RQC), the
ribotoxic stress response, and the integrated stress response
(ISR). Here we illustrate how a single protein can monitor both
ribosomes within a disome, by presenting a cryo-electron mi-
croscopy structure of a native complex of the ISR protein Gen1
interacting with both the leading stalled ribosome and the
following colliding ribosome. The structure provides insight
into the regulation of Gcn2 activation in yeast and has impli-
cations for the interplay between the RQC and ISR pathways in
eukaryotic cells.
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Fig. 1. The structure of the Gen1-bound disome. (A) Schematic representation of the yeast Gen1 protein with its predicted HEAT repeats (gray boxes). Areas
of Gen1 binding to the ribosome, Gen20, and Gen2 are indicated with arrows. (B-D) Cryo-EM reconstruction of the Genl-disome complex with segmented
densities for Gen1 (orange) and Gen20 (yellow). On the leading ribosome, 40S (cyan), 60S (gray), Rbg2 (light blue), Gir2 (green), and Gir2-RWD (cyan); on the
colliding ribosome, 40S (pale yellow), 60S (gray), Mbf1 (deep blue), and the Gen1 interaction with P1/P2-stalk proteins (salmon). (E-G) Molecular models of the
Gen1-bound disome structure (E); a cut-through view of the Gen1-disome leading ribosome with Rbg2, peptidyl-tRNA (red) in the A-site, deacylated tRNA
(green) in the P-site, and elF5A (purple) in the E-site (F); and the colliding ribosome with Mbf1 (dark blue), peptidyl-tRNA (gold) in the A/P-site, and deacylated

tRNA (purple) in the P/E-site (G).

Gen2 for Genl binding (11). Gir2 forms a complex with the ribo-
some binding GTPase 2 (Rbg2) (12, 13), which has been proposed
to dampen the Gen?2 response (13). Despite the high conservation
and importance of the Gen pathway, as well as decades of research
into the Gen proteins (1, 2), a structural basis for their mechanism
of action on the ribosome has been lacking.

Results

Cryo-Electron Microscopy Structure of a Native Gen1-Disome Complex.
To investigate how Gen proteins interact with the ribosome, we set
out to determine a cryo-electron microscopy (EM) structure of a
Gen-ribosome complex. To obtain such a complex, we used af-
finity chromatography in combination with Saccharomyces cer-
evisiae cells expressing chromosomally TAP-tagged Gen20. A
C-terminal tag was favored since the N terminus of Gen20 is re-
quired for Genl interaction (7, 8), and C-terminally tagged Gen20
was previously shown to be indistinguishable from wild-type in
complementing Agen20 deletion strains (8). Genl is reported to
interact with translating ribosomes in both the presence and ab-
sence of amino acid starvation (7); therefore, purification was
performed with and without 3-amino-1,2,4-tirazole (3-AT), which
induces histidine starvation and leads to a loss of polysomes via
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phosphorylation and inactivation of eIF2 (SI Appendix, Fig.
S1 A-D). In both cases, copurification of Genl and ribosomal
proteins with Gen20-TAP was observed (SI Appendix, Fig. S1 B
and C) and validated by mass spectrometry (Dataset S1). The
Gcen20-TAP eluate underwent a mild glutaraldehyde cross-linking
treatment before being applied to cryo-grids and subjected to
multiparticle cryo-EM. Despite repeated attempts, we were not
able to visualize Genl on the ribosomes from samples treated with
3-AT, whereas a low- resolution cryo-EM reconstruction of the
untreated Gen20-TAP sample revealed that a minor (5%) sub-
population of ribosomes contained an additional tube-like density,
which we assigned to Genl (SI Appendix, Fig. S2). Interestingly,
this class also contained extra density located on the solvent side
of the small 40S subunit, which after refinement (to 21 A) using a
larger box size, revealed that Genl was associated with a disome
(two 80S ribosomes) rather than a single 80S monosome (SI Ap-
pendix, Fig. S2). These findings suggest that if Genl can interact
with monosomes, the binding appears to be more labile than that
to a disome.

To improve the resolution of the Genl-disome complex, we
collected 16,823 micrographs on a Titan Krios transmission electron
microscope with a Falcon II direct electron detector. Following
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two-dimensional classification, the remaining 616,079 ribosomal par-
ticles were subjected to three-dimensional classification and divided
into 15 different classes (SI Appendix, Fig. S3). A diverse range of
ribosome functional states that did not contain Genl were identified,
most of which are likely to have copurified with the polysomes to
which the Genl-Gen20-disome was bound. Since many of the states
have been previously reported, they will not be discussed further, with
the exception of class 5, which contained a posttranslocational (P- and
E-site tRNAs) state ribosome with eRF1 and eEF3 present (SI Ap-
pendix, Fig. S3). eEF3 has been previously reported to facilitate E-site
tRNA release during elongation (14); however, our results suggest that
eEF3 may also perform an analogous function during translation
termination. Moreover, since the eEF3-binding site overlaps with
Genl, and the previous eEF3-ribosome structure was at 9.9 A (15), we
refined the eRF1-eEF3-ribosome structure to an average resolution of
42 A. Two of the 15 classes contained density that we attributed to
Genl (1, 2) (ST Appendix, Fig. S3) based on overlap with the eEF3-
binding site on the ribosome as well as the tube-like density feature
characteristic of linear solenoid HEAT repeat proteins (16).

Gen1 Interacts with Both the Leading Stalled and Colliding Ribosomes.
Through further subsorting and local refinement (SI Appendix, Fig.
S3), we could obtain a cryo-EM structure of the complete Genl-
disome with an average resolution of 4.0 A for the leading stalled
ribosome; however, the colliding ribosome was poorly resolved (8.4
A), indicating some flexibility with respect to the leading ribosome
(SI Appendix, Fig. S4 A-C). Thus, we implemented focused re-
finement of the individual leading and colliding ribosomes, yielding
average resolutions of 3.9 A and 4.4 A, respectively (SI Appendix,
Fig. S4 D-K and Table S1). These maps were combined to gen-
erate a cryo-EM map of the complete disome, revealing how
density for Genl snakes its way along the disome and fuses at each
end with density for the P-stalk proteins of both ribosomes
(Fig. 1 B-D and Movie S1). We attributed the extra density con-
tacting Genl at the interface between the leading and colliding
ribosomes to the N-terminal domain of Gen20 (Fig. 1 B-D), since
this region of Genl is critical for interaction with the N terminus of
Gen20 (7, 8). However, the density is poorly resolved, and thus no
model could be built for this region. In addition to Genl, we ob-
served density for Rbg2/Gir2 in the A-site of the leading ribosome,
as well as multiprotein bridging factor 1 (Mbf1) on the 40S subunit
of the colliding ribosome (Fig. 1 B-D and Movie S1), the details
and implications of which are discussed below.

To improve the density for Genl, an additional focused re-
finement was performed using a mask encompassing Genl and
the 40S head of the leading ribosome (SI Appendir, Fi%S4 L-0).
The local resolution of Genl was highest (4 to 7 A) for the
central eEF3-like region of Genl and progressively decreased
toward the N- and C-terminal ends (SI Appendix, Fig. S4 L-0).
A molecular model for the central region of Genl could be
generated based on homology with eEF3 (SI Appendix, Fig.
S5 A-E), and individual HEAT repeats could be fitted into the
regions flanking the central region (Fig. 1E and SI Appendix, Fig.
S6 A and B). Analogous to eEF3, the central eEF3-like region of
Genl contacts expansion segment 39 (ES39) and ribosomal
proteins uS13 and eS19 in the head of the 40S subunit, as well as
uL5 and uL18 in the central protuberance of the 60S subunit, of
the leading ribosome (SI Appendix, Fig. S6 C and D). The
flanking region N-terminal to the eEF3-like region of Genl
spans across the disome interface and establishes interactions
with eS12 and eS31 within the beak of the 40S subunit of the
colliding ribosome (S Appendix, Fig. S6 E and F). Although we
did not observe direct interactions between Genl residues 1060
to 1777 and eS10, as suggested previously (17), we note that eS10
is adjacent to eS12 in the 40S head (SI Appendix, Fig. S6 E and
F), and thus mutations or loss of eS10 could indirectly influence
Genl binding to the ribosome. While the central region of Genl
is relatively stable, the N- and C-terminal “arms” of Genl are
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highly flexible and wind their way across the disome toward the
factor binding site and the P-stalk of the colliding and leading
ribosomes (Fig. 1 B-E). The N-terminal arm of Genl contacts
ES43L, ulL1l, and PO at the stalk base, whereas the remaining
600 N-terminal amino acids fuse with density from the other
P-stalk proteins, precluding any molecular interpretation (S/
Appendix, Fig. S6 E and F). Similarly, the C-terminal arm of
Genl also reaches toward the factor binding site, but on the
leading ribosome, where the C terminus appears to extend and
contact the P-stalk proteins, although this interaction is also
poorly resolved (S Appendix, Fig. S6 G and H). The interaction
between Genl and the P-stalk seen here provides a likely ex-
planation for the observation that mutations or loss of the P-stalk
proteins impairs Gcen2-dependent elF2 phosphorylation (18).
We note that the P-stalk proteins have been shown in vitro to
activate Gen2-dependent eIF2 phosphorylation in the absence of
Genl (19).

The conformation of the leading and colliding ribosomes
within the Genl-bound disome are distinct from one another.
The leading ribosome is in a nonrotated pretranslocational state
with a peptidyl-tRNA in the A-site, a deacylated tRNA in the
P-site, and the elongation factor eIF5A in the E-site (Fig. 1F).
The presence of elF5A in the Genl-disome suggests that
translation by the leading ribosome may have slowed, or even
stalled, due to the presence of problematic polypeptide motifs at
the peptidyl-transferase center of the large subunit (20, 21). By
contrast, the colliding ribosome adopts a rotated hybrid state
with a peptidyl tRNA in the hybrid A/P-site and a deacylated
tRNA in the P/E-site (Fig. 1G). In this case, peptide bond for-
mation has ensued, but translocation of the mRNA and tRNAs
on the small subunit has not occurred. The overall constellation
of a nonrotated leading ribosome followed by a rotated colliding
ribosome observed in our Genl-disome is reminiscent of that
observed previously for other colliding disomes, namely disomes
formed in the presence of an inactive eRF1°4% mutant (22) or
stalled on CGA-CCG- and CGA-CGA—containing mRNAs (23,
24), but differs most greatly from the poly(A)-stalled disomes
that also contained nonrotated colliding ribosomes (25) (SI
Appendix, Fig. S7).

Visualization of Rbg2-Gir2 on the Leading Ribosome of the Gcn1-Disome.
In addition to the presence of elF5A in the E-site, the leading ri-
bosome of the Genl-disome contained additional density within the
factor binding site, adjacent to the A-site, which resembled a
GTPase but not one of the canonical translational GTPases
(Fig. 2 A-C). A mass spectrometry analysis of the Genl-disome
sample instead revealed the presence of the noncanonical
ribosome-binding GTPase 2 (Rbg2), which had comparable inten-
sities to ribosomal proteins as well as some ribosome-associated
factors, such as eIFSA and Mbfl (Dataset S1). Although there is
no available structure for Rbg2, it was possible to generate a ho-
mology model based on the structure of the closely related (62%
identity) Rbgl (26), which could then be satisfactorily fitted to the
cryo-EM density (SI Appendix, Fig. S8 A-C). Like Rbgl, Rbg2
comprises four domains: an N-terminal helix-turn-helix (HTH), a
C-terminal TGS (ThrRS, GTPase, and SpoT), and a central GTPase
domain (G-domain) that is interrupted by a ribosomal protein S5
domain 2-like (SSD2L) domain (Fig. 2D). While the binding site of
Rbg2 overlaps that of other GTPases, such as eEF2 and Hbsl, the
overall architecture is distinct (SI Appendix, Fig. S§ D-F).

In the Genl-disome, the TGS domain of Rbg2 interacts with
the 40S subunit, contacting helix 5/15 (h5/15) of the 18S rRNA,
whereas the G and HTH domains establish contacts with the 60S
subunit, including the stalk base (H43/H44), sarcin-ricin loop
(SRL; H95), and H89 (Fig. 2 E and F). By contrast, the SSD2L
domain of Rbg2 makes contacts exclusively with the A-site tRNA,
such that a-helix o7 of Rbg2 approaches the minor groove of
anticodon stem in the vicinity of nucleotides 27 to 29 of the A-site
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Fig. 2. Structure of Rbg2-Gir2 on the leading stalled ribosome. (A-C) Cryo-EM reconstruction of the Gen1-disome complex (A) and interface views of the 60S
subunit (B) and 40S subunit (C) of the leading stalled ribosome. Segmented densities for Gen1 (orange), colliding ribosome (40S, cyan; 60S, gray), the leading
ribosome (40S, pale yellow; 60S, gray), P-tRNA (green), A-tRNA (red), Rbg2 (light blue), Gir2-DFRP (green), Gir2-RWD (cyan), and elF5A (purple). (D) Molecular
model for Rbg2-Gir2-DFRP with schematic representation of the Rbg2-Gir2-Gen1 interactions. Domains are colored as indicated. (E and F) Interactions of Rbg2
colored by domain as in D with 40S (pale yellow) and 60S (gray) components and A-site tRNA (red) and P-site tRNA (green).

tRNA (Fig. 2 E and F). This suggests that Rbg2 can stabilize the
accommodated A-site tRNA and thus may work together with
elF5A to facilitate peptide bond formation at problematic peptide
motifs. Rbgl and Rbg2 homologs are encoded in the majority of
eukaryotes, with the mammalian counterparts termed develop-
mentally regulated GTP-binding proteins 1 (DRG1) and DRG2,
respectively (27). The very high conservation (66% identity) be-
tween human (DRG1/2) and yeast (Rbgl/2) orthologs suggests
that the interactions observed here for Rbg?2 are likely identical for
DRG?2 on the human ribosome.

Under physiological conditions, Rbg2 is very labile but
becomes stabilized through interactions with Gir2, whereas in
contrast, Rbgl forms a complex with Tma46 (13). Both Gir2 and
Tma46 contain a C-terminal DRG family regulatory protein
(DFRP) domain that is critical for interaction with Rbg2 and
Rbgl, respectively (12, 13, 28). In the Rbgl-Tma46(DFRP)
X-ray structure, four a-helices at the C terminus of the DFRP
domain of Tma46 establish contact with the TGS and G domain
of Rbgl (26) (SI Appendix, Fig. S8G). Consistently, we observe
an analogous interaction between the DFRP domain of Gir2 and
the TGS and G domains of Rbg2 (Fig. 2D and SI Appendix, Fig.
S8H); however, unlike Tma46, where the linker region wraps
around the G domain of Rbgl, the linker region of Gir2 extends
away from Rbg2 toward Genl (Fig. 2 A-C and SI Appendix, Fig.
S8 H and I). This suggests that in the absence of the ribosome,
the intimate interaction between Tma46/Gir2 and Rbgl/Rbg2
stabilizes their respective complexes, whereas upon ribosome
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binding, the N-terminal domains are freed to find new interac-
tion partners. With respect to Rbg2-Gir2 in the Genl-disome
structure, we observe that the density for the N-terminal re-
gion of Gir2 fuses with the C-terminal region (residues 2000 to
2200) of Genl (Fig. 2 A-C).

Although the contact cannot be resolved in any detail owing to
the high flexibility within this region, support for such an inter-
action is well documented. The N-terminal RWD domain of
Gir2 is necessary and sufficient for interaction with Genl, and a
construct containing only the C-terminal residues 2048 to 2382 of
Genl retains the ability to bind Gir2 (11). Moreover, the ribo-
some association of Gir2 also has been shown to be partially
dependent on the presence of Genl (11). Thus, taken together
with the biochemical studies, our structural findings reveal that
Gir2 indeed acts as a physical link between Rbg2 and Genl and
might prevent Gen2 activation in situations where Rbg2 medi-
ates successful restoration of translation of the leading ribosome
by stimulating peptide bond formation. However, we note that a
GIR2 deletion did not alter the level of GCN4 expression, sug-
gesting that Gir2 likely does not have a general role in control-
ling Gen?2 activity (11).

Visualization of Mbf1 on the Colliding Ribosome of the Gcn1-Disome.
Within the colliding ribosome of the Genl-disome, we observed
additional density located between the head and body of the 40S
subunit that we attributed to Mbf1 (Fig. 3 4 and B and SI Appendix,
Fig. S94), a conserved archaeal/eukaryotic protein that suppresses
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+1 frameshifting at inhibitory CGA-CGA codon pairs in yeast (29).
Recent findings indicate that the mammalian Mbfl homolog,
EDF1, stabilizes GIGYF?2 at collisions to inhibit translation initia-
tion in cis (30, 31); however, in our reconstruction, we did not ob-
serve any additional density for the yeast GIGYF2 homologs
(Smy2/Syh1) or detect them in our mass spectrometry data (Dataset
S1). The assignment of Mbfl was based on the high intensity of
Mbfl peptides in the mass spectrometry analysis of the Genl-
disome sample (Dataset S1) and the excellent agreement between
the cryo-EM density and a homology model for Mbfl generated
from the NMR structure of the C-terminal HTH domain of Mbfl
from the fungus Trichoderma reesei (32) (SI Appendix, Fig. S9 B and
(). Moreover, the binding site for Mbf1 observed here on the Genl-
disome is consistent with that observed recently on stalled disomes/
trisomes (31). The C-terminal HTH domain of Mbfl connects h33
in the head with h16 and h18 within the body of the 40S subunit
(Fig. 3C), thereby stabilizing a nonswiveled conformation of the
head (SI Appendix, Fig. S9 D-F). Interaction with h33 is likely
critical for Mbf1 function, since mutations (I85T, S86P, R89G, and
R89K) within helix a3, which contacts h33, leads to loss of frame-
shift suppression (29). Binding of Mbf1 leads to a shift of h16 to-
ward the body of the 40S subunit (Fig. 3D), which is stabilized by
interactions of the C terminus and helix a6 of Mbfl with the minor
groove of h16 (Fig. 3D). In addition to the HTH domain, we were
able to model the N-terminal residues 25 to 79 of Mbf1, including
two short a-helices, al and o2, formed by residues 26 to 37 and 59
to 68 (Fig. 3B). Helix a2 of Mbfl interacts directly with helices al
and o2 of ribosomal protein uS3 (Fig. 3E). These interactions are

& Rackt/asc
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likely essential for Mbf1 function, since S104Y and G121D substi-
tutions within these two helices of uS3 result in a loss of frameshift
suppression, which can be partially restored by overexpression of
Mbf1 (29). Mutations (R61T and K64E) located in the distal region
of helix a2 of Mbfl also abolish frameshift suppression (29). Arg61
comes into hydrogen-bonding distance with Asn111 of S3 (Fig. 3E),
and Lys64 appears to interact with the backbone phosphate oxygens
of h16. Ascl (RACK1) is also critical for suppressing +1 frame-
shifting at CGA repeats (29, 33); however, our structure suggests
that this is not due to direct interaction with Mbf1, but rather be-
cause Ascl appears to be critical for disome formation by estab-
lishing multiple interface contacts between the leading and colliding
ribosomes (SI Appendix, Fig. S7).

The N-terminal residues preceding helix o2 of Mbfl wrap
around the stem of h16, and consequently, the C terminus of
eS30e becomes disordered (Fig. 3 D and F and SI Appendix, Fig.
S9 G-I). Helix a1 of Mbf1 is located within the major groove of
h16 oriented toward the interface, suggesting that N-terminal 24
amino acids that are not observed in our structure may reach
toward the leading ribosome (Fig. 3 F and G). The shift of h16
induced by Mbfl brings the minor groove of hl6 into contact
with the mRNA, which, together with the direct interaction ob-
served between the mRNA and helix a2 of Mbfl, causes a re-
direction in the path of the 3’ end of the mRNA compared to the
CGA-CGG stalled disome structure (Fig. 3F) (23, 24). More-
over, the mRNA appears to be kinked at the interface between
the leading and colliding ribosomes, suggesting the adoption of a
relaxed state instead of the more extended and potentially
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Fig. 3. Structure of Mbf1 on the colliding ribosome. (A) Cryo-EM map of the interface (Left) and solvent (Right) view of the 40S subunit from the colliding

ribosome, with 40S proteins (white), 18S rRNA (cyan), A/P-tRNA (gold), P/E-tRNA (purple), eS30 (dark green), uS3 (light green), mRNA (red) and Mbf1 (deep
blue). (B) Schematic and cartoon representation of the Mbf1 molecular model (deep blue). (C) Mbf1 helix-turn-helix motif bound to the 40S subunit. (D)
Refolding of h16 and eS30 C terminus destabilization on Mbf1 binding. Comparison of h16 (cyan) and eS30 (dark green) in the Mbf1-bound colliding ri-
bosome to h16 (gray) and €530 (light gold) in the colliding ribosome of an Mbf1-lacking disome (Protein Data Bank [PDB] ID 6SNT) (24) (£) Close-up view of
uS3 and Mbf1 helix 2 interactions. (F) Comparison of the path of the mRNA (red) in the Mbf1-bound structure compared to the mRNA (orange) in a colliding
ribosome of an Mbf1-lacking disome (PDB ID 6170) (23). (G and H) The mRNA path between the 40S of the colliding ribosome and the 40S of the leading
ribosome within the Gen1-disome (G) and the CGA-CCG stalled disome (PDB ID 6170) (H) (23). Components interacting with the mRNA at the 40S-40S interface
are shown for each disome, respectively.
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Fig. 4. Gcn1 as a checkpoint for disome collision. (A) Amino acid starvation leads to increased binding of uncharged tRNAs within the ribosomal A-site,
leading to translation slowdown/stalling and collisions. (B) Colliding ribosomes (disomes) are recognized by Gcn1-Gen20. (C) Gen1 in turn recruits Gen2 via
direct interaction with the Gen2 N-terminal RWD domain. Activation of Gen2 results in the phosphorylation of elF2a and induction of the GAAC pathway. (D)
Translating ribosomes may also encounter specific mMRNA sequences/structures and/or nascent polypeptide motifs that induce a translational slow-down or
pausing, also leading to collisions and disome formation, which are known as substrates for the ribosome quality control but are also recognized by Gen1. (E)
Concomitant recruitment of the Rbg2-Gir2 to the leading ribosome by Gen1 allows Rbg2 to resolve the slowdown, while Gir2 prevents the recruitment and

activation of Gen2 and eventually allows translation to resume (F).

strained conformation seen in other disomes (Fig. 3G). Ribo-
some collisions have been shown to induce +1 frameshifting
because the colliding ribosome exerts a pulling force on the
mRNA during translocation that promotes slippage of the
mRNA with respect to the tRNAs in the leading ribosome (34).
Our findings suggest that Mbfl suppresses +1 frameshifting on
the leading ribosome by binding to the colliding ribosome and
locking the 40S subunit in such a manner that mRNA movement
is prevented. Specifically, Mbfl prevents the head swiveling that
is required for mRNA/tRNA translocation and stabilizes the
mRNA via direct interactions, as well as indirectly by promoting
additional interactions between the mRNA and the ribosome,
especially h16. Finally, we note that the overall arrangement of
the leading and colliding ribosomes in the Genl-disome is more
compact than those observed for the CGA-CCG disome (23, 24)
(Fig. 3 G and H and SI Appendix, Fig. S10 A-F). This results in a
shorter path that the mRNA needs to traverse between the ribo-
somes, which may also contribute to maintaining a relaxed mRNA
conformation on the leading ribosome. These findings imply that
Genl interaction with the 40S subunit of the colliding ribosome
(81 Appendix, Fig. S6 E and F), rather than Mbf1-40S interactions,
are likely critical for promoting the novel compact architecture of
the Genl-disome. Furthermore, because Mbfl makes no contacts
with Genl or Rbg2, we have no reason to believe that the latter
are instrumental in recruiting Mbfl to a disome or in supporting
the suppression of frameshifting at problematic codons by Mbfl.

Discussion

Together with the available literature, our findings lead us to
present a model for how Genl could sense stalled ribosomes
and subsequently recruit Gen2 to the stalled disome. Under
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conditions of amino acid starvation, the binding of deacylated
tRNA in the A-site of the ribosome causes translational stalling,
which in turn increases the frequency of ribosome collisions and
disome formation (35, 36) (Fig. 44). We envisage that such dis-
omes are recognized by the Genl-Gen20 complex in an analogous
manner to that observed here (Fig. 4B), and that Genl can recruit
and activate Gen?2 via direct interaction with its N-terminal RWD
domain (Fig. 4C), analogous to the interaction established between
Genl and the RWD domain of Gir2. Moreover, there is growing
evidence that Gen?2 activation also occurs in response to stimuli that
promote collisions, but in a deacylated tRNA-independent manner
(37-40) (Fig. 4D). This is consistent with our structural findings
suggesting that Genl recognizes the architecture of a disome, rather
than directly monitoring the presence or absence of an A-site
tRNA. Thus, an important prediction that we make from our
study is that recognition of colliding ribosomes or disomes enables
Genl to facilitate Gen2 activation in response to many diverse en-
vironmental stresses that act to inhibit translation.

Furthermore, the discovery of Rbg2-Gir2 bound to the leading
ribosome of the Genl-disome provides support for the previously
proposed concept that Genl acts as a scaffold to interact with other
accessory factors and thereby fine-tune the level of Gen?2 activation
(2). One such example of this is the Rbg2-Gir2 complex, which is
known to repress Gen2 activation upon overexpression (11). Re-
cent findings suggest that Rbg2 (and Rbgl) facilitate translation
through problematic polybasic (Arg/Lys-rich) stretches in proteins
(41). We observe Rbg2 interacting with the A-site tRNA on the
leading ribosome of the Genl-disome, suggesting that it may sta-
bilize the A-tRNA to promote peptide bond formation and restore
the translational activity of the stalled ribosome (Fig. 4 E and F).
Moreover, we suggest that during this “problem-solving” phase,
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Gen2 recruitment and activation are prevented owing to the
competing interaction of the RWD domain of Gir2 with Gen1 (11)
(Fig. 4E). However, as noted above, deletion of GIR2 did not alter
the level of GCN4 expression, suggesting that Gir2 likely does not
play a general role in controlling Gen2 activity (11). Wout et al.
(11) suggested that Gir2 may inhibit Gen2 activation under certain
conditions or within specific subcellular locations when or where
Gcen2 activation is unfavorable for the cell.

Finally, our finding that colliding ribosomes are the substrate
for Genl recruitment provides a rationale for the emerging link
between Gcen2 activation and the ribosome quality control
(RQC) pathway. The RQC pathway targets stalled ribosomes for
disassembly and promotes degradation of aberrant mRNAs and
nascent polypeptide chains (42-44). A central player in the RQC
pathway is Hel2/ZNF598, which recognizes colliding ribosomes
and ubiquitylates specific 40S ribosomal proteins. This in turn
recruits the helicase SIh1/ASCC to dissociate the leading ribo-
some from the mRNA, allowing the following ribosomes to
continue translating (24, 45). Deletion of Hel2 in yeast has been
recently reported to cause an increase in eIF2 phosphorylation
(36), and activation of RQC by Hel2 has been shown to suppress
that of Gen2 (46). In light of our results, a likely explanation for
this observation is that in the absence of Hel2, additional disome
substrates become available for Genl binding, leading to in-
creased Gen2 activation and elF2 phosphorylation. Like Hel2,
Slh1 is also nonessential in yeast, but loss of Slh1 is synthetic lethal
when combined with a Rbgl/Tma46/Rbg2/Gir2 quadruple knock-
out (26). This implies that for survival, eukaryotic cells must
remove the translational roadblock through either reactivation of
translation of the leading ribosome by, for example, Rbg2-Gir2
(Fig. 4 E and F), or disassembly of the stalled disome roadblock
on the mRNA via the RQC pathway. While further work is needed
to dissect out the mechanistic details and interplay between the
factors and pathways, their conservation across all eukaryotes, in-
cluding humans, implies a central and evolutionary importance.
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The TAP-Tag in vivo pull-out was performed using the GCN20 TAP-tagged
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phase at an ODgg of 2.5 and lysed via glass bead disruption. The cleared lysate
was incubated with 1gG-coated magnetic Dynabeads M-270 epoxy (Invitrogen)
for 1 h at 4 °C with slow tilt rotation. The elution was performed by addition
of ACTEV Protease (Invitrogen) for 2 h at 17 °C in elution buffer containing
20 mM Hepes (pH 7.4). 100 mM KOAc, 10 mM Mg(OAc),, 1 mM DTT, and 1 mM
ADPNP (Sigma-Aldrich). Since Gecn20 is an ABC ATPase, and ATP is known to
stabilize binding and thus enhance Gen2 activation (4, 5, 7, 8, 48), we included
the nonhydrolyzable ATP analog ADPNP in the last step of the purification.
The pull-out sample was analyzed by 4% to 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and immunoblot analysis, as well as by
mass spectrometry. Here 0.02% glutaraldehyde was added to the freshly
eluted TAP-Tag pull-out complex, followed by incubation for 20 min on ice.
The cross-linking reaction was quenched by the addition of 25 mM Tris-HCI (pH
7.5), and n-dodecyl-D-maltoside (DDM) was added to a final concentration of
0.01% (volAvol). Then 5 pL (8 Aygo/mL) of the freshly purified and cross-linked
complex was applied to 2-nm precoated Quantifoil R3/3 holey carbon sup-
ported grids and vitrified using a Vitrobot Mark IV (FEI). Low-resolution cryo-
EM was performed on a 120-kV Tecnai G2 Spirit transmission electron micro-
scope (FEl) equipped with a TemCam-F816 camera (TVIPS), whereas high-
resolution cryo-EM was performed on an FEI Titan Krios transmission elec-
tron microscope operating at 300 kV equipped with a Falcon Il direct electron
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software package (49). Molecular models were generated using SWISS-MODEL
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Supplementary Information Text

Preparation of cell extracts and sucrose gradient analysis

Yeast whole-cell extracts of the TAP-tagged GCN20 strain (SC0000; MATa; ura3-52; leu2-3,112;
YFRO09w:: TAP-KIURA3; Euroscarf) were prepared from cultures grown to ODeoo of 0.8-1.0 in
either YPD or SC medium (plus supplements as required). Starvation conditions were induced by
addition of 15 mM 3 amino-1,2,4-triazole (3-AT) (Sigma-Aldrich) to the SC culture 15 min before
harvesting. Cells were harvested by centrifugation at 4,400 x g for 10 min at 4°C in a Sorvall SLC-
6000 rotor (Marshall Scientific). The cell pellets were washed with ice cold water and lysis buffer
(20 MM HEPES (pH 7.4), 100 mM KOAc, 10 mM Mg(OAc)2, 1 mM DTT, Complete EDTA-free
Protease Inhibitor cocktail (Roche)), transferred to a 50 ml falcon, resuspended in lysis buffer and
disrupted using glass beads. Glass beads were removed by centrifugation for 5 min at 4,400 x g at
4°C in the Rotanta 460R falcon centrifuge (Hettich). The cell debris were further pelleted by
centrifugation at 17,600 x g for 15 min at 4°C in a Sorvall RC 6 SS-34 rotor. The cleared lysate was
layered onto 12 ml 10-60% sucrose gradient prepared in lysis buffer and centrifuged in an SW-
41Ti rotor (Beckman Coulter) for 5 h at 99,000 x g at 4°C. The ribosomal fractions were analysed
using a Gradient Station (Biocomp) with an Econo UV Monitor (Bio-Rad) (Fig. S1A).

Tandem affinity purification for cryo-EM analysis and Immunoblotting

The native TAP-Tag pull-out was performed using the GCN20 (and GCN1) TAP-tagged strain
essentially as described before (1). Yeast whole-cell extracts of TAP-tagged GCN20 strain
(SC0000; MATa; ura3-52; leu2-3,112; YFR009w:: TAP-KIURAS3; Euroscarf), were prepared from
cultures grown in YPD or SC media (plus supplements as required). Cells grown in YPD media
were harvested at the mid log phase at an ODsoo of 2.5. Cells cultured in the SC media were grown
until ODsoo of 0.8 and starvation was induced for 15 min by addition of 15 mM 3-AT (Sigma-Aldrich)
before harvesting. Both cell pellets were lysed via glass bead disruption and the cleared lysates
were incubated with 1IgG-coated magnetic DynabeadsR©M-270 Epoxy (Invitrogen) for 1 h at 4°C
with slow tilt rotation. The elution was performed by addition of AcTEV Protease (Invitrogen) for 2 h
at 17°C in elution buffer containing 20 mM HEPES (pH 7.4). 100 mM KOAc, 10 mM Mg(OAc)a,
1mM DTT and 1 mM ADPNP (Sigma-Aldrich). The pull-out samples were analyzed by 4-12%
NuPAGE gel (Thermofisher) and immunoblot analysis (Fig. S1B,C). For the latter one, the
membrane with the transferred protein bands was shortly washed with phosphate-buffered saline
(PBS) (pH 7.4) and blocked 3 x 15 min with 2% milk/PBS at RT. The blocked membrane was
incubated for 1 h with the first TAP-tag polyclonal antibody (CAB1001, Rabbit/IgG, Thermofisher
#CAB1001), washed 3x15 min with PBS and incubated with the second anti-rabbit HRP antibody
(Goat/lgG, Thermofisher #31460) ON at 4°C. The next day, the membrane was shortly washed
with PBS and protein bands were detected using Pierce™ ECL Western Blotting Substrate

(Thermofisher #32109) and the Amersham Imager600 (GE Healthcare). Control purifications were
2



also performed using an untagged wildtype strain, where no purification of ribosomal proteins was
observed, as reported previously (2), suggesting that the ribosomal complexes observed in the
TAP-tagged strains co-purified with the Gen20. Moreover, purifications performed using eEF3-TAP
strains did not enrich for Gen1, Rbg2, Gir2 or Mbf1 (2), as we observed here for Gen20-TAP,
suggesting that the detection of these proteins is specific for the Gen20 pull-out complex.

Detection of elF2 phosphorylation

The yeast cell extract of the GCN20-TAP strain was prepared from culture grown to log-phase
(ODeoo of 0.8-1.0) in SC medium and starvation was induced by addition of 1, 5 or 15 mM 3-AT for
15 min before harvesting. 1 ml of cells with an ODsoo of 1 was transferred into a 1.5 ml Eppendorf
tube and centrifuged in a 5417R Microcentrifuge (Eppendorf) for 5 min at 20,000 x g at 4°C. The
cell pellet was resuspended in 1 ml of ice-cold water and 150 pL of NaOH/B-Me buffer (2 M NaOH
and 1.4 M B-Mercaptoethanol) was added to the sample and incubated on ice for 15 min with
occasional vortexing. Subsequently, 150 pyL 72% (w/v) TCA was added to each sample and further
incubated on ice for 15 min and then centrifuged at 4°C, 25,000 x g for 20 min. After removal of the
supernatant, the dried pellets were resuspended in 50 uL HU buffer (200 mM PBS (pH 7.4), 8 mM
Urea, 5% (w/v) SDS, 1 mM EDTA, 100 mM freshly added DTT), denatured by heating 15 min at
65°C, separated on 10% SDS polyacrylamide gel and subjected to immunoblot analysis as
described before. Phosphorylation level of elF2a was detected using elF2a antibody (Rabbit, Cell
Signalling #3597) while PGK1, which was used as loading control, was detected using the
commercially available PGK1 antibody (Mouse, Abacam #113687) (Fig. S1D).

Proteomics sample preparation and nano-LC/MS/MS analysis

Gcn20-pullout sample was loaded onto SDS-PAGE gels and run for a short time so that the
samples entered into the gel and then the complete sample was excised from the gel as a single
band. The gel band was then destained in 1:1 acetonitrile (ACN):100 mM ammonium bicarbonate
(ABC) with vortexing, reduced with 10 mM dithiothreitol at 56°C and alkylated with 50 mM
chloroacetamide in the dark. Protein digestion was carried out overnight with 10 ng/ul of
dimethylated porcine trypsin (Sigma Aldrich) in 100 mM ABC at 37°C. Peptides were extracted from
the gel matrix using bath sonication, followed by 30 min vortexing in 2 volumes of 1:2 5% formic
acid (FA): ACN. The organic phase was evaporated in a vacuum-centrifuge, after which the
peptides were desalted on in-house made C18 (3M) solid phase extraction tips. Purified peptides
were reconstituted in 0.5% trifluoroacetic acid. Peptides were injected to an Ultimate 3000
RSLCnano system (Dionex) using a 0.3 x 5 mm trap-column (5 ym C18 particles, Dionex) and an
in-house packed (3 yum C18 particles, Dr Maisch) analytical 50 cm % 75 ym emitter-column (New
Objective). Peptides were eluted at 200 nL/min with an 8-40% (30 min) A to B gradient (buffer A:
0.1% (v/v) FA; buffer B: 80% (v/v) ACN + 0.1% (v/v) FA) to a quadrupole-orbitrap Q Exactive Plus



(Thermo Fisher Scientific) MS/MS via a nano-electrospray source (positive mode, spray voltage of
2.5kV). The MS was operated with a top-10 data-dependent acquisition strategy. Briefly, one 350-
1,400 m/z MS scan at a resolution setting of R = 70,000 was followed by higher-energy collisional
dissociation fragmentation (normalized collision energy of 26) of the 10 most intense ions (z: +2 to
+6) at R = 17,500. MS and MS/MS ion target values were 3,000,000 and 50,000 ions with 50 and
100 ms injection times, respectively. Dynamic exclusion was limited to 15 s. MS raw files were
processed with the MaxQuant software package (version 1.6.1.0) (3). Methionine oxidation, protein
N-terminal acetylation were set as potential variable modifications, while cysteine
carbamidomethylation was defined as a fixed modification. Identification was performed against the
UniProt (www.uniprot.org) Saccharomyces cerevisiae (strain ATCC 204508 / S288c) reference
proteome database using the tryptic digestion rule. Only identifications with at least 1 peptide = 7
amino acids long (with up to 2 missed cleavages) were accepted. Intensity-based absolute
quantification (iBAQ) (4) feature of MaxQuant was enabled. This normalizes protein intensities by
the number of theoretically observable peptides and enables rough intra-sample estimation of
protein abundance. Peptide-spectrum match, peptide and protein false discovery rate was kept
below 1% using a target-decoy approach (5). All other parameters were default. Data are available
via ProteomeXchange with identifier PXD021365.

Sample and grid preparation

0.02% glutaraldehyde were added to the freshly eluted TAP-Tag pull-out complex and incubated
for 20 min on ice. The crosslinking reaction was quenched by addition of 25 mM Tris-HCI (pH 7.5)
and n-dodecyl-D-maltoside (DDM) was added to a final concentration of 0.01% (v/v). 5L
(8 Aze0/mL) of the freshly purified and crosslinked complex was applied to 2 nm precoated Quantifoil

R3/3 holey carbon supported grids and vitrified using a Vitrobot Mark 1V (FEI, Netherlands).

Low resolution data collection and image processing

The TAP-Tag in vivo Gen20 pull-out sample was initially checked by generating a low resolution
cryo-EM reconstruction with a dataset consisting of 264 micrographs collected on a 120 kV Tecnai
G2 Spirit (FEI) transmission electron microscope (TEM) equipped with a TemCam-F816 camera
(TVIPS) at a pixel size of 2.55 A with a defocus range of -3.5 to —1.5 ym. Particle picking was

performed automatically using Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/) resulting in

40,012 particles (Fig. S2). An initial 3D reconstruction was obtained using a vacant S. cerevisiae
80S ribosome as a reference, followed by 3D classification into 5 classes. When compared to the
vacant 80S ribosome, class 1 (5%; 2,033 particles) displayed additional density within the A-site
factor binding site as well as a tube-like extra density spanning the head and central protuberance
of the 80S ribosome. In addition, the class 1 ribosome displayed clear density for a neighbouring

ribosome, suggesting the presence of a disome. Class 2 (14%; 5,589 particles) revealed a vacant



80S ribosome whereas class 3 (17%; 6,809 particles) had some density within the A-site region.
Finally, class 4 and 5 were attributed to “junk” classes. The particles from class 1 were selected
and re-extracted with bigger box size (increased from 420 to 700) in order to encompass the full
neighbouring ribosome and subsequently 3D refined at around 21 A resolution, revealing the
structure of disome with the extra "'worm-like” density for Gen1 spanning both ribosomes within the
disome (Fig. S2).

High resolution cryo-EM data collection and image processing

To obtain high resolution of the Gen1-disome complex, a total of 16,823 micrographs with a total
dose of 25 e/A? at a nominal pixel size of 1.084 A and with a defocus ranging from —2.8 to =1.3 ym
were collected using the EPU software (Thermo Fisher) on a FEI Titan Krios TEM (Thermo Fisher)
operating at 300 kV equipped with a Falcon Il direct electron detector. Each micrograph, consisting
of a series of 10 frames, was summed and corrected for drift and beam-induced motion using
MotionCor2 (6). The power spectra, defocus values, astigmatism and estimation of micrograph
resolution were determined using Gctf (7). Automated particle picking was then performed using
Gautomatch (http://www.mrc-Imb.cam.ac.uk/kzhang/), yielding initially 949,522 particles that were
subjected to 2D classification using the RELION-3.0 software package (8) (Fig. S3). After 2D

classification, 616,079 particles were selected and subsequently subjected to 3D refinement using

a vacant S. cerevisiae 80S ribosome as initial reference. The initially refined particles were further
3D classified into 15 classes (Fig. S83). Class 1 (8.6%, 52,933 particles) was identified as the
leading stalled ribosome containing densities for A- and P-site tRNAs, elF5A, Gen1, Rbg2 and Gir2,
whereas class 2 (6.5%, 39,575 particles) was identified as the collided ribosome with densities for
Gcen1, Mbf1, A/P- and P/E-site tRNAs. Class 3 (24.2%, 149,887 particles) and class 4 (24.4%,
151,167 particles) represent the major classes, both containing tRNAs. Class 3 had rotated
ribosomes with hybrid A/P- and P/E-site tRNAs, analogous to that observed previously (9, 10),
whereas class 4 was non-rotated with A- and P-site tRNAs. In addition, class 4 had additional
density in the A-site that would be consistent with an open conformation of eEF 1A that occurs after
tRNA release and GTP hydrolysis (11). Class 5 (10.6%, 65,173 particles) contained non-rotated
ribosomes with P- and E-site tRNAs and additional density for eRF1 in the A-site and eEF3 bound
to the head and central protuberance of the 40S and 60S, respectively. Further sub-sorting of this
class revealed subpopulations containing eEF3 and eRF1, eRF1 and elF5A, as well as eRF1,
substoichiometric eRF3 and elF5A, however, these subpopulations could not be refined to high
resolution due to the low particle number. Class 6 (7.7%, 47,171 particles) contained hibernating
80S ribosomes with the presence of eEF2 and Stm1, as reported previously (12, 13). Class 7 (1.3%,
8,169 particles) contained mature 60S particles, whereas the remaining classes (classes 8-15
totalling 16.7%, 102,004 particles) contained damaged and/or non-aligning particles are were

considered as low resolution/junk.



In order to ensure that Gen1-containing particles were not lost during the initial 3D
classification, all classes (1-15) were pooled together and sub-sorted again but using a mask to
focus sorting on Gen1. This resulting in a major class with 88,453 particles. Sub-sorting of this class
produced a high-resolution class (class 1 with 30,016 particles) as well as two low resolution or
orientation biased classes (classes 2 and 3, totally 58,437 particles). The particles from class 1
were selected and re-extracted with bigger box size (increased from 420 to 700) in order to
encompass the full neighbouring ribosome. Following 3D refinement, CTF refinement yielded a
structure of the full disome (Fig. S3) with an average resolution of 4.0 A for the leading stalled and
8.4 A for the colliding ribosome (Fig. S4A-C). Local refinement of the of the individual ribosomes
yielded average resolutions of 3.9 A (Fig. S4D-G) and 4.4 A, respectively (Fig. S4H-K). Local
refinement of aligned particles was also performed on the 40S head/Gcn1 region of the leading
stalled ribosome (Fig. $3), which improved the local resolution of Gen1 (Fig. S4L-O). Finally
sharpening of the final maps was performed by dividing the maps by the modulation transfer
function of the detector and by applying an automatically determined negative B factor to the maps
using Relion-3.0. For model building the final maps were locally filtered and the local resolution
estimated using Relion-3.0. The final resolution of each volume was determined using the “gold
standard” criterion (FSC = 0.143).

Molecular Modelling

A homology model of the Gen1 eEF 3-like HEAT repeat region (predicted residue 1330-1641) was
created using the 80S-bound eEF3 model (this study) as a template for SWISS-MODELLER (14).
Comparison of the two cryo-EM maps of the ribosome bound by eEF3 and Gcn1 revealed an
identical overall conformation and ribosomal binding site of eEF3-HEATs and Gcn1 eEF3-like
HEATSs. Based on that similarity, the created Gen1 model (8 HEAT repeats; residues 1324-1638)
was fitted (cross-correlation (CC) of 0.75 between model and map) into the appropriate 7 A low-
pass filtered cryo-EM map using the command fit in map” in UCSF Chimera 1.13.1 (15) and
manually adjusted with Coot version 0.8.9.2 (16). Beyond the Gen1 EF3-like HEAT repeat region,
three poly-alanine HEAT repeats were de novo modelled in the N-terminal direction (residues 1216-
1323; (CC of 0.63 between model and map) and eight C-terminal HEAT repeats (residues 1639-
1922; cross-correlation of 0.65 between model and map) using Coot version 0.8.9.2 (16). The
peripheral N- and C-terminal regions could not be modelled due high flexibility of these regions in
the cryo-EM map, however, the tube-like features of the density is consistent with secondary
structure predictions of additional HEAT repeats, therefore, we tentatively fitted HEAT repeats from
residues ~600-1100 (CC of 0.50 between model and map) and ~1950-2600 (CC of 0.57 between
model and map). The very N- and C-terminal regions fuse with the stalk proteins and could not be
modelled. Although Gcn20 was not well resolved, the location of the density and interaction region

with Gen1 would be consistent with the N-terminal region of Gen20 based on available literature.



The extra density at the A-site entry factor of the stalled-leading ribosome was identified
and modelled as Rbg2-Gir2. The crystal structure of the Rbg1 protein (PDB ID 4A9A) (17) was rigid
body fitted into the isolated density using Chimera and the structure of Rgbh2 was then generated
by homology modelling within Coot (16) and Isolde (18) and subsequently refined in Phenix (19).
Gir2-DFRP model was obtained using a homology model based on the Tma46 template from PDB
ID 4A9A. However, due to the lack of side chain information, Gir2-DFRP has been modelled only
as poly-Ala. Finally, to generate a full molecular model for the stalled leading Gen1-Rbg2-Gir2-80S
complex, existing models for the translating S. cerevisiae ribosome (PDB ID 6170), Phe-tRNA for
A-tRNA and P-tRNA (PDB ID 1EVV), elF5A (PDB ID 5GAK) (20) were used and combined with the
Rbg2-Gir2 and Gen1 model. The molecular model was then refined using Phenix (19).

The extra density located between the head and body of the colliding ribosome was
identified and modelled as Mbf1 protein. The NMR structure of the C-terminal part of Mbf1 protein
from the fungus Trichoderma reesei (PDB ID 2JVL) was rigid body fitted into the isolated density
using Chimera and the S. cerevisiae structure of Mbf1 C-terminal region (residues 80-140) was
then modelled by homology in Coot, while the N-terminal region (residues 24-79) was de novo
modelled using Coot and Isolde. Helix 1 of Mbf1 was placed in the extra-density located in the
major groove of h16, however, due to the lack of resolution, the model is only tentative and consists
of a polyalanine trace. To generate a full molecular model for the colliding Gen1-Mbf1-80S complex,
existing models for the translating S. cerevisiae ribosome PDB ID 6170), Phe-tRNA (PDB ID 1EVV)
were used and combined with the Mbf1 and Gen1 model. The molecular model was then refined

using Phenix.

Figure preparation
Figures showing atomic models and electron densities were generated using either UCSF Chimera
(15) or Chimera X (21) and assembled with Inkscape (https://inkscape.org/) and Adobe lllustrator.

Data Availability

The cryo-EM maps of the leading Gen1(-Gen20)-Rbg2-Gir2-80S) and the colliding ribosome (Gen1-
Mbf1-80S) have been deposited in the Electron Microscopy Data Bank with the accession codes
EMD-12534 and EMD-12535. The associated molecular models of the leading (Gcn1-Rbg2-Gir2-
80S) and the colliding (Mbf1-80S) ribosome are available in the Protein Data Bank with the
accession PDB ID 7NRC and 7NRD, respectively.
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Fig. S1 Analysis of the pull-outs of the Gen1- and Gen20 C-terminally TAP-tagged samples.
(A) GCN20-TAP whole cell extracts cultured with 15 mM (orange trace) or without (blue trace) 3-
AT were subjected to sucrose density gradient centrifugation. Gradients were fractionated while
scanning at 254 nm and the resulting absorbance profiles are shown. Positions of 40S, 60S, 80S
and polysomes are indicated. (B) 4-12% NuPAGE gel of the Gen1- and Gen20-TAP-tag purified
complexes from the cell cultures in presence or absence of 15 mM 3-AT. (C) as in (B), but analyzed
via SDS-PAGE and immunoblotting using a TAP-tag polyclonal antibody. (D) Phosphorylation level
of elF2a analyzed by Western blotting. Whole cell extracts of the GCN20-TAP strain were prepared
from exponential growing cell cultures treated with 1.5 and 15 mM 3-AT. The phosphorylation level
of elF2a was then monitored by immunoblotting, while immunoblotting against PGK1 was used as
loading control.
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Fig. S2. Processing of the low resolution Gen20-TAP dataset. After automatic acquisition of 264
micrographs, 40,012 particles were selected for the initial reconstruction with an initial alignment
using a vacant S. cerevisiae 80S ribosome. The particles were then subjected to 3D classification,
sorting the particles into 5 classes. Class 2 and 3 contain vacant ribosomes without any extra
density at the nominal resolution of 21 A. Class 1 with the extra densities was then refined using a
bigger box size and shows a disome with an extra density connecting the two ribosomes (orange)
as well as an extra density at the A-site entry.
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Fig. S3. Processing of the high resolution Gcn20-TAP dataset. After manual inspection (AMI;
before manual inspection, BMI) of 16,823 micrographs, 15,945 were selected for the initial particle
picking, resulting in 949,522 particles. Following 2D classification, 616,079 particles were initially
aligned against a vacant S. cerevisiae 80S ribosome and subjected to 3D classification, sorting the
particles into 15 initial classes as depicted. Subsequently, all classes (1-15) were re-combined and
subjected to local sorting using a mask for Gen1. Class 1 (14.3%, 88,453 particles) containing Gen1
bound particles was subsequently refined and 3D classified into three classes. High resolution
particles in Class1 (4.9%, 30,016 particles) were again 3D and CTF refined with an enlarged box
size and resulted in a final disome reconstruction at 4.0 A for the leading ribosome (LR) and 8.4 A
for the colliding ribosome (CR). The LR (blue) and CR (grey) were masked and individually local
refined resulting to 3.9 A and 4.4 A, respectively. To increase the resolution of Gen1 and Mbf1, the
LR and CR were subjected to an further local refinement with an individual mask encompassing
the important regions: the 40S head and Gen1 (yellow mask) for the LR and 40S (purple mask) for
the CR, which resulted in final reconstructions of the masked regions at a final resolution of 4.3 A
and 3.8 A, respectively.
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Fig. S4. Local resolution of cryo-EM reconstructions of the Gen1-disome. (A-C) Cryo-EM
reconstruction of the Gcn1-disome, with (A-B) Fourier shell correlation (FSC) curve of the final
reconstructions indicating an average resolution of 4.0 A for the leading and 8.4 A for the colliding
ribosome, according to the gold-standard criterion (FSC=0.143). (C) Cryo-EM map of the full
disome filtered to 8 A and colored according to local resolution. (D-G) Cryo-EM reconstruction of
the leading ribosome, with (D) FSC curve of the final reconstruction indicating an average resolution
of 3.9 A (FSC=0.143). (E,F) Cryo-EM reconstruction of the leading ribosome filtered to 8 A and
colored according to the local resolution. (G) Transverse section of the volume shown in (F). (H-K)
Cryo-EM reconstruction of the colliding ribosome, with (H) FSC curve of the final reconstruction
indicating an average resolution of 4.4 A (FSC=0.143). (1,J) Cryo-EM reconstruction of the leading
ribosome filtered to 9 A and colored according to the local resolution. (K) Transverse section of the

11



volume shown in (J). (L) Cryo-EM reconstruction of the locally refined leading ribosome colored
according to local resolution. The border represents the mask, which was used for the local
refinement of Gen1 including Gen1 and the head of the 40S subunit of the leading ribosome. (M)

Postprocessed volume shown in (L). (N-O) Local resolution of Gen1 (N) before and (O) after the
local refinement.
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Fig. S5. Comparison between the Gecn1 eEF3-like HEAT region and eEF3 HEAT repeats. (A)
Sequence alignment of the eEF3-like HEAT repeat region of Gen1 with HEAT repeats in eEF3.
Conserved residues are denoted in red and helices are marked as grey boxes. (B) Molecular model
of the Gen1-80S complex (Gen1, orange; 40S, pale yellow; 60S, cyan) with (C) zoomed view
showing the detailed amino acid composition of the Gcn1 region interacting with ES39S (pale
yellow), eS19 (pale green), uS13 (pale coral) of the 40S on the leading ribosome. (D) The eEF3
ribosomal model (eEF3, green) with (E) enlarged view of the eEF3 interface contacting the
ribosome.
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Fig. S6. Interactions of Gen1 within the disome. (A) Molecular model of the Gen1 within the
cryo-EM density (gray transparent). The eEF3-like region (dark orange) is shown enlarged in (B).
The bright orange HEAT repeats were fitted individually based on the features of the density for
helices, whereas the yellow HEAT repeats are tentative placements fitted to the map to obtain an
approximate estimation of the HEAT positions within Gen1. (C-H) Interactions of Gen1 within the
disome, specifically focused on the (C-D) central region of Gen1 interacting with ES39S, uS13 and
eS19 of the 40S head and uL5 and uL18 of the central protuberance of the leading ribosome, (E-
F) N-terminal region of Gen1 interacting with uL11, ES43L and the P-stalk proteins PO, P1 and P2
of the colliding ribosome, and (G-H) the C-terminal region of Gen1 interacting with the RWD domain
of Gir2 (cyan) as well as the P-stalk proteins PO, P1 and P2 of the leading ribosome. The border
shown in (F) and (H) reflects the density within the cryo-EM map.
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Fig. S7. 40S-40S interaction interface of the Gecn1-bound disome and its comparison to other
disomes. (A) Overview of the Gen1-disome molecular model. (B) Collided disome stalled by a
catalytically nonactive eRF1 mutant (eRF 1-AAQ) (PDB ID: 6hcm, 6hcq) (22) (purple) overlaid with
the Gen1-disome (grey) shown in (A). (C) Disome stalled on a CGA-CCG mRNA (PDB ID: 6i70)
(23) (orange) overlaid with the Gen1-disome (grey) structure shown in (A). (D) Collided disome
stalled on poly(A) mRNA (PDB ID: 6t83) (24) (dark green) overlaid with the Gen1-disome (grey)
structure shown in (A). (E, F) Close-up view on the Gen1-disome interaction interface of the 40S
subunits from the leading stalled ribosome (pale yellow) and the colliding ribosome (pale blue). (G)
Close-up view on the interaction interface from the collided disome stalled by a eRF1-AAQ mutant.
(H) Overlay of (E) and (G). (I) Close-up view on the interaction interface from the disome stalled on
a CGA-CCG mRNA. (J) Overlay of (E) and (I). (K) Close-up view on the interaction interface from
the collided disome stalled on poly(A) mRNA. (L) Overlay of (E) and (K).
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Fig. S8. Molecular model for Rbg2 and comparison of Gir2 with Tma46 and Gcn2. (A) Local
resolution map of the leading ribosome with the binding site of Rbg2 indicated. (B) Isolated density
of the Rbg2-Gir2 complex from the Gcn1-disome, coloured according to local resolution. (C)
Molecular model for Rbg2 fitted into isolated cryo-EM density for Rbg2 (transparent grey) and
colored by domain. (D-F) Comparison of (D) Rbg2 (cyan) and A-tRNA (orange) with (E) eEF2 (blue,
PDB ID 6GQV) (25) and (F) Hbs1 (pink) and Dom34 (salmon, PDB ID 5M1J) (26). (G) Structure of
Rbg1 (orange, PDB ID: 4A9A) (17) in complex with Tma46 (DFRP) domain (light yellow with
transparent surface). (H) Conformation of Rbg2 (blue) and Gir2(DFRP) domain (green with
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transparent surface) as found bound to a stalled leading ribosome in the Gcn1-disome. (1)
comparison of cryo-EM density and model for Gir2 (green) with the model for Tma46 as obtained
by aligning the Rbg1-Tma46 complex to Rbg2. (J) Schematic representation of the domain
structure of Gir2 and Tma46 with zoom on a sequence alignment of their respective DFRP
domains. (K) Schematic representation of the domain structure of Gir2 and Gcn2 with a zoom on
a sequence alignment their respective RWD domains.
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Fig. S9. Molecular model for Mbf1 on the Gen1-disome. (A) Local resolution map of the 40S
subunit of the colliding ribosome from the Gen1-disome with the binding site of Mbf1 indicated. (B)
Two views of the isolated density of the Mbf1 colored according to local resolution. (C) Schematic
representation of Mbf1 showing the Mbf1-specific N-terminus (light brown, residues 44-79) and the
C-terminal helix-turn-helix domain (blue). Isolated density (grey transparency) with fitted molecular
model for Mbf1 (colored by domain as illustrated in the scheme). (D) Mbf1 C-terminal helix-turn-
helix interacting with the 18S rRNA. (E) Head swivel 40S ribosome (yellow). (F) Similar view to (D
and E) with an overlay of head swivel 40S ribosome (yellow). (G-l) Conformation change of eS30
C-terminal region and h16 in the Mbf1 bound structure compared to a reference structure (PDB ID
6SNT, pink for eS30 and yellow for h16).
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Fig. S10. Compaction of the Gecn1-disome. (a) 40S of the leading (pale yellow) and the colliding
(cyan) ribosome of the Gen1-stalled disome containing the mRNA (red). (b) Close-up view of the
40S-40S interface shown in (a). The ribosomal proteins and rRNA interacting with the mRNA are
depicted and labelled. (c) View as in (b) including the locally isolated density for the mRNA and the
surrounding ribosomal components. (d) 40S subunits (tan) of the disome stalled on CGA-CCG
mRNA (PDB ID: 6170) (23) (mRNA in light orange) and its (e) enlarged view of the 40S-40S
interface (f) including the locally isolated density for the mRNA and the surrounding ribosomal
proteins.
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Table S1 | Cryo-EM data collection, refinement and validation statistics.

Leading stalled ribosome
EMD ID 12534
PDB ID 7NRC

Colliding ribosome
EMD ID 12535
PDB ID 7NRD

Data collection

Microscope
Camera
Magnification
Voltage (kV)
Electron dose (e7/A2)
Defocus range (um)
Pixel size (A)

Initial particles (no.)
Final particles (no.)
Map resolution (A)
Box size

Model composition

Protein residues
RNA bases

Refinement

Resolution range (A)
Map CC (around atoms)
Map sharpening B factor (AZ)

R.m.s. deviations
Bond lengths (A) (#>40)
Bond angles (°) (#>40)

Validation
MolProbity score
Clashscore

Poor rotamers (%)
Ramachandran plot
Favored (%)

Allowed (%)
Disallowed (%)

FEI Titan Krios
Falcon Il
131,703
300

25
-1.3t0-2.8
1.084
616,079
30,016

3.85
700,700,700

11829
5391

3.0-15
0.74
-84.4315

0.006
1.311

1.76
4.43
0.27

90.44
9.46
0.09

FEI Titan Krios
Falcon Il
131,703
300

25
-1.3t0-2.8
1.084
616,079
30,016

4.36
700,700,700

11163
5430

3.3-15
0.74
-120.184

0.012
1.384

2.06
9.22
1.21

89.29
10.50
0.16
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Movie S1 (separate file). Overview of Gcn1 and interactions within colliding disome
structure. Overview of the model of Gen1 (orange), then zoom out to show electron density for
disome and Gcn1 and Gcen20. Rotations to highlight factor in complex with leading ribosome
including A-tRNA (red), P-tRNA (green), Rbg2 (blue) and Gir2 (green), as well as in colliding
ribosome with Mbf1 (blue), A/P-tRNA (tan) and P/E-tRNA (pink).

Dataset S1 (separate file). Mass spectrometry analysis of Gen20 affinity purification samples.
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