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Summary

Regulation of translation directly controls gene expression levels from mRNA
to protein in the translation cycle steps. Ribosome arrest peptides (RAPs) are often
conditional modulators interacting with the ribosomal tunnel and induce transla-
tional stalling to regulate downstream gene expression in cis to fulfill real-time cel-
lular needs. The ribosomal tunnel also provides a protected environment for initial
protein folding. This dissertation’s first publication presents a 2.9 A cryo-electron
microscopy structure of a ribosome stalled during translation of the extremely com-
pacted VemP nascent chain. The nascent chain forms two a-helices connected by an
a-turn and a loop, enabling a total of 37 amino acids to be observed within the first
50-55 A of the ribosomal tunnel.

The structure reveals how a-helix formation directly within the peptidyltrans-
ferase center (PTC) of the ribosome interferes with aminoacyl-tRNA (A-tRNA) ac-
commodation, suggesting that for canonical translation, a significant role of the ri-
bosomal tunnel is to prevent excessive secondary structure formation that can in-
terfere with the peptidyltransferase activity of the ribosome. On the other hand,
secondary structure formation at the PTC could also be used by the ribosome for
specific nascent proteins like RAPs to modulate the rate of translation, which could
have significant downstream consequences for co-translational protein targeting
and folding.

Relief of VemP-mediated ribosome stalling is proposed to result from the translo-
con pulling force exerted on VemP nascent chain’s N-terminal signal sequence. For
VemP, force application would inevitably prevent the formation of the extensive
secondary structure during translation or lead to an unraveling of any secondary
structure that does form within the tunnel, thereby eventually allowing the steri-
cal transition into the induced conformation of the PTC. This work obtained novel

insights into the underlying mechanisms of RAP-mediated ribosome force sensing.



viii

A translating ribosome can also be stalled on the mRNA owing to defective
translational components such as non-stop/no-go mRNAs. To maintain ribosome
and protein homeostasis, the ribosome-associated quality control (RQC) system has
evolved to rescue the stalled ribosome and release the incomplete nascent protein
for degradation through disassembling the translation machinery in eukaryotic cells.
After dissociation of ribosomes, the stalled tRNA-bound peptide remains associ-
ated with the 60S subunit and extended by Rqc2 by adding C-terminal alanyl and
threonyl residues (CAT tails), whereas Vmsl1 catalyzes cleavage and release of the
peptidyl-tRNA before or after addition of CAT tails. In doing so, Vms1 counteracts
CAT-tailing of nuclear-encoded mitochondprial proteins that otherwise drive aggre-
gation and compromise mitochondrial and cellular homeostasis.

This dissertation’s second publication presents structural and functional insights
into the interaction of Saccharomyces cerevisiae Vms1 with 60S subunits in pre- and
post-peptidyl-tRNA cleavage states. Vms1 binds to 60S subunits with its Vms1-like
release factor 1 (VLRF1), zinc finger, and ankyrin domains. VLRF1 overlaps with
the Rqc2 A-tRNA position and interacts with the ribosomal A-site, projecting its cat-
alytic G5Q motif towards the CCA end of the tRNA, its Y285 residue dislodging the
tRNA base 73 for nucleolytic cleavage. Moreover, in the pre-state, ABCF-type AT-
Pase Arb1 was found in the ribosomal E-site, which stabilizes the delocalized base 73
of the peptidyl-tRNA and stimulates Vms1-dependent tRNA cleavage. These struc-
tural analyses provided mechanistic insights into the interplay of the RQC factors
Vmsl, Rqc2, and Arb1 and their role in protecting mitochondria from the aggrega-

tion of toxic proteins.
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Chapter 1

Introduction

Proteins are macromolecules consisting of long chains of amino acid residues. They
are involved in every biological process within organisms, including providing struc-

ture to cells, catalyzing reactions, and communicating chemical signals.

1.1 Translation and Ribosome

Translation is the process of biological protein synthesis from the genetic informa-
tion of a messenger RNA (MRNA) template. An mRNA is a sequence of nucleotide
triplets known as codons, determining when translation should start and terminate,
as well as the order of amino acids to be added to the nascent polypeptide. Ri-
bosomes are the macromolecular machines to decode mRNA information into the
polypeptide chain by catalyzing peptide bonds between amino acids.

Ribosomes are comprised of ribosomal RNA (rRNA) and ribosomal proteins (r-
proteins), and each ribosome consists of a small and a large subunit. The small sub-
unit contains the mRNA tunnel and the decoding center to assign codon matching
transfer RNAs (tRNAs) charged with particular amino acids. The large subunit pos-
sesses the peptidyl-transferase center (PTC) that forms peptide bonds, and harbors
the ribosomal tunnel elongating from PTC to the solvent side of the subunit for the
nascent polypeptide chain to pass through. The space between the small and large
subunits comprises three tRNA binding sites, namely aminoacyl, peptidyl, and exit

sites (A-, P-, and E-sites).
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The core features and functions of ribosomes are conserved through kingdoms
of lives. However, through evolution, ribosomes layered more rRNA and r-proteins
upon the core architecture and therefore became larger. The molecular weight of an
Escherichia coliE. col) ribosome is 2.3 MDa, while it is 3.3 MDa for yeast. Based on
the sedimentation coef cient in Svedberg units (S), bacterial cells contain 70S formed
by the small subunit 30S and the large subunit 50S, whereas eukaryotic cells have
80S formed by the small subunit 40S and large subunit 60S (Wilson and Cate, 2012;
Melnikov et al., 2012). Eukaryotic ribosomes contain extra rRNAs expanding like
"tentacles,” known as expansion segments (ES). In particular, ES27 inSaccharomyces
cerevisiadas been shown to adopt in two distinct conformations and can interact
with factors binding to the exit of the ribosomal tunnel (Beckmann et al., 2001; Knorr

etal., 2019).

1.2 Translation cycle

Translation of mMRNA to polypeptides by the ribosome is a highly coordinated cy-
cle, which can be divided into four steps: initiation, elongation, termination, and

recycling.

1.2.1 Initiation

Despite broad conservation of the core mechanisms for translational machinery through
kingdoms of lives, translation initiation is distinct in prokaryotes and eukaryotes

due to the distinct cell partition. In prokaryotes, as no nucleus to segregate the tran-
scription and translation, ribosomes can initiate co-transcriptionally, i.e., as long as
the start sites in an mRNA are available (Gualerzi and Pon, 2015; Buskirk and Green,
2017). By contrast, eukaryotic ribosomes only engage with completed mRNAs pos-
sessing a cap and a poly-A tail. In bacteria, three initiation factors (IFs), IF1, IF2, and
IF3, together with the Shine Dalgarno (SD) sequence locating upstream of the start

codon (Shine and Dalgarno, 1974), establish base-pair interactions with the anti-SD
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sequence on the 16S rRNA to accommodate the start codon in the P-site (Kaminishi
etal., 2007; Korostelev et al., 2007). On the other hand, eukaryotes form a 43S preini-
tiation complex to bind the cap feature at the 5'-end of eukaryotic mMRNA and scan
from 5' to 3' until reaching the start codon. The preinitiation complex consists of
at least twelve IFs, the small subunit, and the initiator tRNA (Met-tRNAI) (Jackson,
Hellen, and Pestova, 2010). When the start codon is in place, the large subunit joins,

and elongation starts upon release of IFs (Jackson, Hellen, and Pestova, 2010).

1.2.2 Elongation

During elongation, the ribosome translates the mRNA continuously from 5' to 3'
with elongation factors (EFs). EF-Tu in bacteria or its homolog, eukaryotic EF1
(eEF1), delivers aminoacyl-tRNAs (aa-tRNA) to the A-site (Noble and Song, 2008;
Agirrezabala and Frank, 2009; Dever and Green, 2012). When a cognate tRNA is
bound to the mRNA codon at the A-site, EF-Tu/eEF1 hydrolyses guanosine triphos-
phate (GTP) to dissociate from the aa-tRNA, allowing the tRNA to accommodate at
the A-site. Next, the ribosome transfers the nascent chain to the aa-tRNA by form-
ing a peptide bond at the PTC. Subsequently, EF-G in bacteria or eEF2 in eukaryotes
binds to the ribosome and translocates the mRNA by one codon, causing the current
P-site deacylated tRNA to move to the E-site and the A-site peptidyl-tRNA to the P-
site (Dever and Green, 2012). This translocation is a dynamic process (Blanchard et
al., 2004): a. the tRNAs move with respect to the large subunit resulting in A/P and
P/E hybrid states (the rst letter indicates the respective position of the tRNA on the
small subunit and the latter indicates the large subunit); b. this hybrid states is cou-
pled to the rotation of the ribosome subunits relative to one another, and EF-G/eEF2
preferentially binds to the rotated ribosome (Frank and Agrawal, 2000; Dever and
Green, 2012). After EF-G/eEF2 hydrolyses GTP and leaves the ribosome, the A-site
Is vacant again for the next aa-tRNA to bind (Noller et al., 2002). This elongation

cycle is repeated until a stop codon is reached to terminate the translation.
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1.2.3 Termination

When the signal of translation termination, a stop codon, reaches the A-site, it is
recognized by a class-I release factor (RF) instead of any tRNA to release the nascent
chain from the ribosome (Korostelev et al., 2008; Weixlbaumer et al., 2008; Dever and
Green, 2012; Preis et al., 2014; Brown et al., 2015; Matheisl et al., 2015). Although the
three standard stop codons, UAA, UAG, and UGA, are universal through kingdoms

of lives, bacteria and eukaryotes possess structurally unrelated class-I RFs. Bacterial
RF1 is responsible for recognizing UAA and UAG, and RF2 recognizes UAA and
UGA, whereas eukaryotic RF1 (eRF1) can recognize all three stop codons. Stud-
iles have shown that eRF1 recognizes a quadruplet codon, contributing to forming

a UNR-type U-tern for the N-terminus of eRF1 to recognize (Matheisl et al., 2015;
Brown et al., 2015). Despite the structural distinction, RF1/RF2 and eRF1 all display

a universally conserved GGQ motif that precisely positions one water molecule at
the PTC, hydrolyzing the peptidyl-tRNA ester bond by a nucleophilic attack, and
thus releasing the nascent chain from the ribosome (Song et al.,, 2000; Kisseley,
Ehrenberg, and Frolova, 2003; Korostelev, 2011). Apart from class-l1 RFs, various
class-1l RFs are also needed to assist termination. Bacterial RF3 releases RF1/RF2
from the ribosome (Zavialov et al., 2002), while eukaryotic RF2 (eRF2) delivers eRF1

to the ribosome and promotes its activity (Preis et al., 2014; Shao and Hegde, 2016).

1.2.4 Recycling

After the release of NC, the ribosome needs to be recycled into subunits for the
next round of translation. In bacteria, the ribosome recycling factor (RRF) and
EF-G split the post-termination complex, a ribosome bound to the mRNA and a
deacetylated tRNA in the P-site, into the 50S and a 30S-tRNA-mRNA complex, fol-
lowed by IF3 disassociating the tRNA and mRNA off the 30S (Zavialov et al., 2002;
Peske, Rodnina, and Wintermeyer, 2005). In eukaryotes, however, termination is

coupled with ribosome recycling through the combined action of the splitting factor
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ABCEL1 and eRF1 (Pisarev, Hellen, and Pestova, 2007; Becker et al., 2012; Franck-
enberg, Becker, and Beckmann, 2012). ABCE1 is an adenosine triphosphate (ATP)-
binding cassette sub-family E (ABCE)-type ATPase with two nucleotide-binding do-
mains (NBDs) linked by a domain containing a conserved iron-sulfur cluster (FeS)
(Karcher, Schele, and Hopfner, 2008). Upon binding to the termination complex,
ribosome bound to the mRNA, a peptidyl-tRNA in the P-site, and eRF1 in the A-
site, ABCE1 hydrolyzes ATP to close the NBDs for pushing the FeS domain into the
inter-subunit cleft, thereby splitting the 80S (Becker et al., 2012; Preis et al., 2014;
Heuer et al., 2017).

1.3 Ribosome arrest peptides (RAPS)

1.3.1 Cis-regulatory elements of translation

Regulation of translation directly controls gene expression levels from mRNA to
protein in the translation cycle steps. Increasing number of RAPs often encoded
in upstream open reading frames (UORF) or mRNA 5' leaders have been identi ed
to be modulators interfering with ribosomes to adjust their downstream gene ex-
pression in cisthroughout kingdoms of lives (Lovett and Rogers, 1996; Wilson and
Beckmann, 2011; Cruz-Vera et al., 2011; Ito and Chiba, 2013; Wethmar, 2014; Wilson,
Arenz, and Beckmann, 2016)

An elongating RAP passing through the ribosomal tunnel conditionally or natu-
rally interacts with critical components in the tunnel to induce the ribosome stalling
on the RAP mRNA. A stalling ribosome's position on the mRNA is usually precise
to the codon level, thereby accurately triggering a consequence affecting the transla-
tion of the following gene (Ito and Chiba, 2013). In bacteria, a RAP-stalled ribosome
typically upregulates the downstream gene expression. One classic approach to
achieve this is that such stalled ribosome, by its physical presence, alters the mRNA

secondary structure, thereby exposing the downstream gene's SD sequence to other
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free ribosomes (Ito and Chiba, 2013). When the stalling is relieved upon changing
conditions, the canonical translation cycle ensues, i.e., ribosomes rapidly leave the
MRNA after translating the RAP, leading to the fast refolding of the mRNA, and thus
repressing the following gene's expression due to the mostly hidden SD sequence
(Ito and Chiba, 2013).

From the perspective of the conditions to induce/release ribosome stalling, RAPS,
together with the ribosomes, can be seen to work as sensors responding to distinct
cues. According to the cue types, RAPs can be divided into:

1. small molecule sensors, such as the tryptophan sensor TnaC (Seidelt et al.,
2009; Gong and Yanofsky, 2001; Gong and Yanofsky, 2002; Bischoff, Berninghausen,
and Beckmann, 2014; Wilson, Arenz, and Beckmann, 2016) and the antibiotic sen-
sors (Ramu, Mankin, and Vazquez-Laslop, 2009), ErmBL (Shivakumar et al., 1980;
Horinouchi and Weisblum, 1980; Arenz et al., 2016) and ErmCL (Vazquez-Laslop,
Thum, and Mankin, 2008; Arenz et al., 2014; Johansson et al., 2014; Wilson, Arenz,
and Beckmann, 2016);

2. mechanical force sensors, SecM (Nakatogawa and Ito, 2001; Nakatogawa and
Ito, 2002; Gao et al., 2015), MifM (Chiba, Lamsa, and Pogliano, 2009; Chiba et al.,
2011; Sohmen et al., 2015; Wilson, Arenz, and Beckmann, 2016), and the recently
identi ed VemP (Ishii et al., 2015);

3. and no relieving non-sensors like the viral RAP hCMV (Degnin et al., 1993;
Bhushan et al., 2010; Matheisl et al., 2015; Wilson, Arenz, and Beckmann, 2016).

The force sensors SecM and VemP are both destined to be exported by Sec-
mediated protein secretion (SecA for SecM and SecDF for VemP). When the membrane-
associated Sec machinery applies a pulling force to their nascent polypeptide chain,
the translation operates canonically. However, when there is a lack of force, they
stall the ribosome to allow their downstream motor gene (SecA for SecM and SecDF2
for VemP) to be expressed (McNicholas, Salavati, and Oliver, 1997; Ishii et al., 2015)
and resume the translation upon sensing the presence of force again (Butkus, Prun-

deanu, and Oliver, 2003; Gumbart et al., 2012; Ismail et al., 2012). Similarly, MifM
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is destined to be integrated into the membrane by the membrane protein insertase
YidC1 or YidC2, and induces YidC2 expression when sensing the absence of force
(Chiba et al., 2011).

More RAP sequences are being discovered in nature may indicate that cis-regulation
of translation is commonly utilized by cells to respond to changes in the intracellu-
lar or extracellular environment. Along those lines, the ribosomal tunnel is proven
not to be a passive conduit for a nascent chain to pass through but provides a frame-
work to modulate the translation rate directly and rapidly, especially compared to
the transcriptional regulation.

The ribosomal tunnel is approximately 100 Angstroms (A) in length and 10 to 20
A in diameter; starting from the PTC, it constricts around the middle region (con-
striction site) and becomes broad at the tunnel exit (vestibule). At the PTC, criti-
cal bases such as U2585 and U2506H. colinumbering) are often stabilized in the
uninduced state by RAPs upon stalling (Ito and Chiba, 2013; Wilson, Arenz, and
Beckmann, 2016). In the interior, the tunnel's surface consists mainly of rRNA, but
residues from uL4 and uL22 also contribute as key discriminators at the constric-
tion site (Ito and Chiba, 2013; Wilson, Arenz, and Beckmann, 2016). Although the
inner surface is largely hydrophilic and uncharged, RAPs can usually form critical
interactions to strengthen the stalling, mainly between the PTC and the constriction
site. Notably, MifM stalls ribosomes in Bacillus subtilis(B. subtilis) but not in E. coli
demonstrating a species-sensitive regulatory mechanism ne-tuned by one single
amino acid within uL22 (Sohmen et al., 2015). Apart from the vestibule possess-
ing space for small domains to fold, the rest of the ribosomal tunnel, especially the
constriction site, has been considered not allowing folds larger than helices to form
(Voss et al., 2006).

VemP (Vibrio export monitoring polypeptide) is one of the most recently dis-
covered force-sensing arrest peptides allowing Vibrio alginolyticus (V. alginolyticus)
to adapt to salinity changes by modulating the expression of SecDF2, the compo-

nents of the Sec machinery (Ishii et al., 2015). V. alginolyticus has two paralogs
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of SecDF (SecDF1 and SecDF2) to enhance protein export in cooperation with the

SecYEG translocon. In Na' -rich environments, V. alginolyticus utilizes the Na * -

dependent SecDF1, whereas, in N& -limiting environments, it switches to the Na * -
independent SecDF2. The VemP stalling activity facilitates this switch. In Na * -
rich environments, VemP is targeted by its signal sequence to the SecDF1-SecYEG
translocon. The force applied to VemP during translocation prevents VemP-dependent
ribosome stalling, and under such conditions, the expression of SecDF2 is repressed.
In Na* -limiting environments, however, the inactive SecDF1-SecYEG translocon
cannot translocate VemP. The absence of force on the VemP nascent chain then leads
to ribosome stalling and induces the expression of Na * -independent SecDF2 (Ishii
etal., 2015).

In comparing the identi ed amino acid residues contributing to the ribosome
stalling, VemP has the largest counts for crucial residues: 17 amino acid residues,
versus, for instance, nine for E. coli SecM, ve for Mannheimia succiniciproducens

SecM, and ten for B. subtilis MifM (Ishii et al., 2015). However, the mechanisms

of how VemP senses force and why needing the longest RAP stretch is unknown.

1.3.2 Aim of the Publication 1

In this thesis, the aim was to use cryo-electron microscopy to solve the structure of
the VemP-stalled ribosome complex at the atomic level to gain novel insights into

the underlying mechanisms of RAP-mediated ribosome force sensing.

1.4 Ribosome-associated protein quality control (RQC)

1.4.1 Saving cells from aberrant stalling of translation

A translating ribosome can be stalled on the mRNA owing to defective transla-
tional components such as non-stop/no-go MRNAs (Brandman and Hegde, 2016;

Joazeiro, 2015). To maintain ribosome and protein homeostasis, mMRNA surveillance
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and RQC systems have evolved to degrade the faulty mRNA, rescue the stalled ri-
bosome and release the incomplete nascent protein for degradation.

Recent work showed that recognizing such an aberrant stall due is initiated by
ribosome collision, which initiates quality control pathways. In yeast, stalled ribo-
somes can be dissociated into 60S and 40S subunits by Hbs1 (Hbs1lL and Gtpbp2
in mammals) and Dom34 (Pelota in mammals) in concert with the ABC-ATPase
ABCE1 (Shoemaker, Eyler, and Green, 2010; Pisareva et al., 2011; Becker et al.,
2012; Tsuboi et al., 2012). After splitting, the peptidyl-tRNA remains associated
with the 60S subunit to which the RQC components Rqcl, Ltnl, Rqc2 (Tae2), and
Cdc48 bind. Ltnl (Listerin) is an E3 ligase and ubiquitylates the faulty polypeptides
as they emerge from the ribosomal tunnel exit (Bengtson and Joazeiro, 2010). The
AAA-ATPase Cdc48 functions in extracting the stalled polypeptides from the ribo-
some and delivers them to the ubiquitin-proteasome system (UPS) for degradation
(Verma et al., 2013). Rqcl is involved in ubiquitylation and delivery to the UPS,
and Rqc2 stabilizes Ltn1 on the 60S subunit (Brandman et al., 2012; Defenouillére
et al., 2013; Lyumkis et al., 2014; Shao et al., 2015; Shen et al., 2015). The primary
function of Rgc2, however, is its ability to elongate the nascent peptide chains on the
60S subunit by the addition of alanyl and threonyl residues of the stalled polypep-
tide chains, so-called CAT tails, by an mRNA independent mechanism (Shen et al.,
2015). The role of Rqc2 is only incompletely understood, particularly the process
of elongating the peptidyl chain. One function of this elongation is to expose ly-
sine residues at the ribosomal tunnel exit to enable their ubiquitylation and thereby
facilitate UPS-mediated degradation (Kostova et al., 2017).

Notably, CAT-tails' presence can cause aggregation of the released peptides and
other proteins in the cytosol and mitochondria (Choe et al., 2016; Defenouillere et
al., 2016; Yonashiro et al., 2016; lzawa et al., 2017). In contrast to cytosolic pro-
teins, however, clearance of stalled nuclear-encoded mitochondrial proteins is con-

founded by the fact that their transport across the mitochondrial membranes can
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proceed co-translationally, which occurs preferentially when the translation is re-
tarded or stalled. Consequently, ribosomes accumulate at the mitochondrial surface,
and the stalled mitochondrial polypeptides tend to be protected from ubiquitylation
by Ltn1, thereby escaping proteasomal degradation. This favors CAT-tailing of these
proteins by Rqgc2, which, once imported, form highly toxic aggregates within the mi-
tochondria: Co-aggregation and sequestration of critical mitochondrial chaperones
results in defective assembly of respiratory chain complexes and mitochondrial dys-
function (Izawa et al., 2017).

The protein Vms1 (valosin-containing protein/Cdc48-associated mitochondrial
stress-responsive 1) was shown to have a protective role in mitochondrial homeosta-
sis. Vms1 was originally described as a cytosolic protein that interacts with Cdc48
and associates with mitochondria upon oxidative stress and the endoplasmic retic-
ulum (Heo et al., 2010; Tran, Tomsic, and Brodsky, 2011; Nielson et al., 2017). Its
deletion was observed to cause respiratory dysfunction when yeast cells reach the
stationary phase and impair cells' growth defective in exosome-mediated mRNA
degradation. More recently, Vms1 was reported to bind to 60S subunits at the mi-
tochondrial surface and antagonize Rqc2 binding to 60S ribosomes (Izawa et al.,
2017). Vms1 may reduce the ef ciency of Rqc2 activity by increasing the speed of
protein import into the mitochondria. This requires a rapid release of the stalled
polypeptide from the 60S subunit through hydrolysis of the peptidyl-tRNA.

Indeed, Vms1 was recently reported to stimulate the cleavage of peptidyl-tRNA
(Verma et al., 2018; Renddn et al., 2018; Kuroha et al., 2018). However, the molecular
mechanisms by which Vms1 antagonizes Rqc2 acts as tRNA hydrolase or nuclease

and rescues mitochondrial homeostasis are only poorly understood.
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1.4.2 Aim of the Publication 2

In this thesis, the goal was to analyze the interaction of Vms1l with 60S subunits
and study its function using combined cryo-electron microscopy, genetic, and bio-
chemical approaches with yeast as a model system. This structural study aimed at
gaining mechanistic insights into the interplay of the RQC factors and their role in

protecting mitochondria from the aggregation of toxic proteins.
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Chapter 2

Publications of this Dissertation

2.1 Publication 1 | The force-sensing peptide VemP em-
ploys extreme compaction and secondary structure

formation to induce ribosomal stalling
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