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Abstract

Ribosomes are evolutionarily ancient nanomachines that are composed of
ribosomal RNA (rRNA) and ribosomal proteins (r-proteins), and function to translate the
genetic code in the form of mRNA to the functional units of a gene, proteins. Carrying
out this task with speed and accuracy requires the rRNA to be folded and positioned
precisely so that it can catalyze the reactions necessary to produce proteins. Therefore,
the many complex steps involved in assembling ribosomes can be thought of as being
centered around one goal; make sure that the rRNA matures properly.

R-proteins and assembly factors are proteins that evolved to ensure that the
rRNA matures and stabilizes into functional centers, which carry out the various tasks of
translation. For example, the small (40S) subunit of the ribosome contains the decoding
center, which translates the genetic code in mMRNA, while the large (60S) subunit
contains the peptidyl transferase center (PTC), which synthesizes proteins. Answering
questions concerning how these functional centers form and mature in eukaryotic cells
has only become possible in recent years, thanks to advancements in cryo-electron
microscopy (cryo-EM), a technique that enables researchers to visualize immature
ribosomes in their native states.

My work discussed in this dissertation focuses on how the nascent polypeptide
exit tunnel (NPET), another functional center of the 60S subunit, is assembled in the
baker’'s yeast, Saccharomyces cerevisiae. This functional center acts as a passageway
for newly synthesized protein chains to thread out of the large subunit and into the
cytoplasm of the cell, where the protein then begins to fold. It is also the target of many

antibiotics, including erythromycin. Far from being a passive tunnel, the NPET actively



interacts with proteins as they are being synthesized. These interactions are crucial in
guiding early folding stages of proteins as well as situational control of gene expression.
By mutating r-protein L4 and assembly factors Nog1, Rei1, and Reh1 found
inside the NPET and studying the mutant immature ribosomes using biochemistry and
cryo-EM, my work revealed that a particular rRNA helix in the NPET (H74) must mature
properly for the large subunit to complete maturation. These studies were the first to use
cryo-EM to study how a mutation in a functional center affects ribosome assembly. The
model | have built from these data has laid a foundation for future exploration of how

functional centers are constructed during ribosome assembly.
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Chapter 1: INTRODUCTION

Entering the structural age of ribosome assembly

Ribosomes are composed of a small (40S) and large (60S) subunit which,
together, translate the genetic code to produce proteins in all organisms. In eukaryotes,
ribosome assembly starts in the nucleolus, a membrane-less compartment in the
nucleus of the cell, and ends in the cytoplasm. This process begins with transcription of
ribosomal DNA (rDNA) genes into ribosomal RNA (rRNA). Transcription of rDNA seeds
formation of the nucleolus with co-transcriptional binding of ribosomal proteins (r-
proteins) and assembly factors (AFs) to the rRNA transcript (Frottin et al., 2019; Peina et
al., 2017; Woolford and Baserga, 2013). Binding of both r-proteins and AFs to the rRNA
is necessary to fold, cut, trim, modify, and structure the rRNA, and occurs in a semi-
hierarchical order (Duss et al., 2019; Gamalinda et al., 2014; Rodgers et al., 2019).
While r-proteins remain in the ribosome as part of the mature structure and have no
enzymatic activity, AFs bind to assembling ribosomes to perform one or more functions
and are then released before maturation is complete. The crystal structure of the mature
S. cerevisiae (yeast) ribosome revealed the structure and binding location of each r-
protein along with the mature rRNA (Jenner et al., 2012), but cryo-EM structures of
immature ribosomes bound to AFs have only recently been published (Barrio-Garcia et
al., 2015; Greber et al., 2016, 2012; Kater et al., 2020, 2017; Leidig et al., 2014; Liang et
al., 2020; Ma et al., 2017; Sanghai et al., 2018; Wu et al., 2016; Zhou et al., 2018).

These cryo-EM structures have transformed the field of ribosome assembly.
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Before advances in cryo-EM technology, the field of ribosome assembly
depended heavily on biochemistry, molecular genetics, and crystal structures of the
mature ribosome. Together, these methods uncovered fundamental principles of
ribosome assembly that hold true to this day (Gamalinda and Woolford, 2014a; Strunk
and Karbstein, 2009; Wilson et al., 2011; Woolford and Baserga, 2013). However,
seeing really is believing, and cryo-EM offered the very first glimpses of what assembly
factors, rRNA, and ribosomal proteins actually look like when bound to immature
ribosomes (Kuhlbrandt, 2014). For example, with a single experiment, the first atomic
resolution cryo-EM structure of an immature 60S subunit revealed the structure of 17
never before seen AFs (Wu et al., 2016). No other experimental method offers nearly as
much insight into ribosome assembly as cryo-EM. As a result, decades of previously
gathered data were vindicated, new observations were made, and questions never
before imagined became answerable (Biedka et al., 2017; Greber, 2016; Klinge and
Woolford, 2019; Pena et al., 2017).

In just the past ~5 years, a total of 22 high-resolution wild type and 17 high-
resolution mutant structures of yeast immature 60S subunits have been published
(Barrio-Garcia et al., 2015; Greber et al., 2016; Kater et al., 2020, 2017; Ma et al., 2017;
Micic et al., 2020; Sanghai et al., 2018; Thoms et al., 2018; Wilson et al., 2020; Wu et
al., 2016; Zhou et al., 2018). Table 1 lists the tagged proteins used to purify these
particles along with their PDB code, reference, and subcellular localization. In this thesis,
I will focus on two principles that have been consistently observed across all wild-type
particles analyzed so far. These principles concern functional centers, structural features
of the ribosome that carry out specific functions during translation: 1) AFs seem to

cluster around functional centers and 2) rRNA making up functional centers does not
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adopt mature conformations until late in assembly. These simple observations drove the

major questions that led to the work presented in this thesis.
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Table 0.1 Relevant cryo-EM particles of yeast pre-60S ribosomal subunits

Particle EMD Code | PDB Code | Cellular Resolution (A) | Reference
Name Compartment
Nsa1 State 2 7324 6COF Nucleolus 3.7 Sanghai et
al. 2018
Nsa1 State 3 7445 6CB1 Nucleolus 4.6 Sanghai et
al. 2018
Rpf1 Particle 6878 573G Nucleolus 3.65 Zhou et al.
2019
Nsa1 State A 3888 6EM3 Nucleolus 3.2 Kater et al.
2017
Nsa1 State B 3889 6EM4 Nucleolus 4.1 Kater et al.
2017
Nsa1 State C 3893 6EM1 Nucleolus 3.6 Kater et al.
2017
Nsa1 State D 3890 6EM5 Nucleolus 4.3 Kater et al.
2017
Nsa1 State E 3891 6ELZ Nucleolus 3.3 Kater et al.
2017
State NE1 10841 6YLX Nucleolus 3.9 Kater et al.
2020
State NE2 10842 6YLY Nucleolus 3.8 Kater et al.
2020
Nog2 State 1 6615 3JCT Nucleolus/ 3.08 Wu et al.
Nucleoplasm 2016
Nog2 State 2 6616 n/a Nucleoplasm 6.6 Wu et al.
2016
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Rix1-Rea1 3199 6YLH Nucleoplasm 3.1 Barrio-
Particle Garcia et al.
2016 & Kater et
al. 2020
Rix1AC 3200 n/a Nucleoplasm 11.2 Barrio-
Particle Garcia et al.
2016
Rea1 3203 n/a Nucleoplasm 8.9 Barrio-
K1089A Garcia et al.
Particle 2016
Arx1 Particle 2528 4VTF Nucleoplasm 8.7 Leidig et
al. 2014
CariA 0221 n/a Nucleoplasm 12.0 Thoms et
al. 2018
CariA 0222- n/a Nucleoplasm 14.0 Thoms et
RRS1E102D 0224 al. 2018
State C1 30110 n/a Nucleoplasm 6.0 Micic et al.
2020
State C2 30111 n/a Nucleoplasm 5.9 Micic et al.
2020
State C3 30112 n/a Nucleoplasm 3.9 Micic et al.
2020
State C4 30108 6M62 Nucleoplasm 3.20 Micic et al.
2020
State E1 30113 n/a Nucleoplasm 5.9 Micic et al.
2020
State E2 30109 n/a Nucleoplasm 4.8 Micic et al.
2020
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State N1 30172 n/a Nucleoplasm 3.00 Wilson et
al. 2020
State N2 30173 n/a Nucleoplasm 4.25 Wilson et
al. 2020
State N3 30175 n/a Nucleoplasm 3.77 Wilson et
al. 2020
State N4 30176 n/a Nucleoplasm 4.21 Wilson et
al. 2020
State R1 30170 7BT6 Nucleoplasm 3.12 Wilson et
al. 2020
State R2 30174 7BTB Nucleoplasm 3.22 Wilson et
al. 2020
Late Nuclear 0369 6N8J Nucleoplasm 3.5 Zhou et al.
2019
Early 0370 6N8K Cytoplasm 3.6 Zhou et al.
Cytoplasmic 2019
Immediate
Early 0371 6N8L Cytoplasm 3.6 Zhou et al.
Cytoplasmic 2019
Late
Pre-Lsg1 0372 6N8M Cytoplasm 3.6 Zhou et al.
2019
Lsg1- 0373 6N8N Cytoplasm 3.8 Zhou et al.
Engaged 2019
Rpl10- 0374 6N8O Cytoplasm 3.5 Zhou et al.
Inserted 2019
Nmd3 9569 5H4P Cytoplasm 3.07 Ma et al.
Particle 2017
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Rei1 Particle

3152

5APN

Cytoplasm

3.91

Greber et
al. 2016
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Assembly and function of functional centers

Functional centers of the ribosome are composed mostly of rRNA and a few
select r-proteins. These centers perform dynamic or catalytic functions essential to
translation. However, it is thought that rRNA is sufficient for any catalytic activity that
functional centers perform. Here, | propose that there are 5 structural features of the
large subunit that can be treated as functional centers; the peptidyl transferase center
(PTC), nascent polypeptide exit tunnel (NPET), GTPase activating center (GAC), L1
stalk, and the 5S ribonucleoprotein particle (RNP) (Figure 1.1). In this section | will
summarize what is known about the functions of each functional center, how they
mature during ribosome assembly, and what questions might be answered by future

studies.

1.1.1 Function and assembly of the peptidyl transferase center

In eukaryotes, the peptidyl transferase center (PTC) is composed almost entirely
of rRNA and r-proteins, L10 (uL16) and L3 (uL3). However, rRNA is thought to be
sufficient for the catalytic activity of the PTC, likely making it one of the most ancient
ribozymes (enzymatic RNA molecules) in the natural world. The PTC catalyzes two
reactions in protein synthesis, peptide bond formation and peptide release (Polacek and
Mankin, 2005). The protein synthesis reaction happens when an aminoacyl-tRNA
anticodon enters the A-site and is matched to its codon in the decoding center of the
small subunit. The ester bond linking the 3’ hydroxyl of the 3’ terminal ribose of the P-site

tRNA undergoes aminolysis through a series of short-lived intermediates (Polacek and

18



Mankin, 2005). In bacteria, this series of reactions take place at an unimaginable speed
of about 15-50 peptide bonds per second (Katunin et al., 2002). The peptide release
reaction is driven by a nucleophilic attack from the oxygen in a water molecule. This
reaction is less favorable than protein synthesis and requires precise coordination of the
water molecule by the rRNA of the ribosomal PTC. The catalytic rate constant of peptide
release has been measured in in-vitro assays occurring as fast as 0.5-1.5 per second for
bacterial ribosomes (Zavialov et al., 2002). Nucleic acid base A2602 (A2971 in yeast) of
the 23S rRNA in Escherichia coli large ribosomal subunits is thought to be especially
important in coordination of these reactions (Polacek and Mankin, 2005). These facts
highlight the precise positioning of rRNA required to carry out these reactions with such
extreme efficiency and fidelity. This precise positioning of rRNA in the large subunit is
guided during assembly by AFs and r-proteins.

The rRNA that makes up the PTC includes bases from helices 89, 90, and 93
and the linkers between them (Figure 1.2). In cryo-EM structure of assembling pre-60S
subunits, these rRNAs only begin to become visible when the AF and GTPase Nog1
binds to Nsa1 state C particles (Table 1). At this point, rRNA helices 89 and 90 are
visible and the N-terminal 4-helix bundle splits rRNA helix 89 in half (Figure 1.2a) (Wu et
al., 2016). This splitting of rRNA helix 89 by the 4-helix bundle prevents maturation of
this part of the PTC until Nog1 is released from pre-60S subunits during cytoplasmic
stages of assembly by the AAA-ATPase Drg1 (Kappel et al., 2008; Lo et al., 2010).
Once Nog1 is released, it is replaced by the AF Nmd3 and pre-60S subunits are
exported into the cytoplasm. Nmd3 interacts with helix 89 via a histidine thumb motif and

causes helix 89 to undergo several subtle rearrangements before being released by the
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GTPase Lsg1 in one of the last steps of 60S subunit assembly (Hedges et al., 2005;
Zhou et al., 2018).

More of the rRNA making up the PTC (helix 93) becomes visible in Nsa1 states
D and E (Figure 1.2a), coinciding with the entry of AFs Noc3, Spb1, Nop2, and Nip7
(Kater et al., 2017). The binding of these AFs is likely responsible for stabilizing helix 93,
which adopts a near mature conformation at this stage in assembly (Kater et al., 2017).
The presence of assembly factors such as Nop2 and Nip7 prevents further maturation of
the PTC rRNA. Nop2 and Nip7 must be released in order for the large junction of rRNA
helices connected to H73 and 74 to undergo a dramatic rearrangement, which places
helices 73 and 74 in near mature conformations. Once helices 73 and 74 have moved
out of the way, the PTC is freed to bind downstream essential assembly factors.

In Nog2 state 1, all rRNA helices belonging to the PTC have become visible,
including the linker between helix 89 and 90 (Wu et al., 2016). During these
nucleolar/nucleoplasmic stages of large ribosomal subunit assembly, the immature PTC
is bound by at 3 different GTPases, Nog1, Nog2, and Nug1, and the AF Nsa2 (Figure
1.2a). The presence of these AFs in the PTC prevents it from performing any reactions
before the large subunit reaches maturity and likely are necessary to guide the rRNA to
its proper conformation while avoiding non-productive kinetic traps from forming.
Consistent with this interpretation, homologs of these GTPase AFs appear to be the last
factors removed from the bacterial large subunit (Feng et al., 2014; Li et al., 2013; Zhang
et al., 2014). Enzymatic functions of Nog2 and the AAA-ATPase Rea1 are thought to
drive release of these AFs around the PTC just prior to export from the nucleus (Manikas
et al., 2016; Matsuo et al., 2014). Once these AFs are released, the PTC is bound again

by Nmd3, an AF essential for export of the pre-60S subunit from the nucleus to the
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cytoplasm (Lo et al., 2010). In the cytoplasm, RP L10 (uL16) is loaded into the cleft
between the 5S RNP and the P-stalk and extends an internal loop into the P-site
(Patchett et al., 2017; Zhou et al., 2018). In fact, several RP internal loops seem to reach
toward the PTC prior to loading of L10, including L3 (uL3), L16 (uL10), and L23 (uL23)
(Figure 1.2b) This addition of L10 completes the PTC, but the PTC cannot function until
all AFs bound to it have been released. This task is accomplished by the GTPase, Lsg1,
which facilitates release of Nmd3 from pre-60S subunits (Hedges et al., 2005; Malyutin
et al., 2017).

Certain residues in the PTC are also modified by methyltransferase AFs, such as
Spb1 and Nop2, during assembly (Lapeyre and Purushothaman, 2004). However, the
significance of these modifications during assembly is not well understood, so they are
not discussed in detail here.

Overall, assembly of the PTC requires AFs to guide the stabilization, folding, and
positioning of rRNA. Once the proper conformations are achieved, L10 is loaded onto
pre-60S subunits and the final AFs are released. This reflects what has been found in
bacterial ribosomes, where the PTC is heavily bound by AFs throughout ribosome
assembly and is not licensed for function until the final stages of maturation (Jomaa et
al., 2014). These structural observations have laid the groundwork for investigation into
how exactly these proteins facilitate formation of the PTC. While mutations in L10 are

known to be associated with T-cell leukemia (Patchett et al., 2017), no precise mutations
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have yielded any insight into the detailed functions of PTC-binding AFs. Future structural

studies of such mutants will hopefully offer answers to these questions.
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Figure 0.2 Assembly of the peptidyl transferase center.

(a) Ordered stages of assembly of the rRNA corresponding to the peptidyl transferase
center (PTC) (blue), showing its interactions with assembly factors. (b) The same rRNA
shown in a, depicting its interactions with ribosomal proteins as assembly proceeds. For
the sake of displaying relevant portions of the proteins, the angles may not be identical

across all panels.
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1.1.2 Function and assembly of the nascent polypeptide exit

tunnel

Nascent polypeptide chains synthesized in the PTC must be threaded out of the
large subunit and into the cytoplasm where they can fold into a tertiary structure. The
nascent polypeptide exit tunnel (NPET) provides a path from the PTC to the cytoplasm.
The dimensions of the tunnel across all domains of life are, on average, 88.8 (+/- 6.0)
angstroms long with a radius of 5.4 (+/- 0.4) angstroms (Dao Duc et al., 2019). The
shape of the NPET roughly resembles that of a wine glass from bottom to top. The
region closest to the PTC is rather narrow, with a radius on the order of ~2-4 angstroms,
while the end that the nascent chain emerges from is wider, with a radius on the order of
~4-8 angstroms (Dao Duc et al., 2019).

Many biologists may think of the NPET as a passive conduit that hardly qualifies
as a functional center. However, it has become increasingly clear over the past ~20
years that the NPET can actively interact with the growing nascent chain and function as
a sensor of both specific polypeptide sequences and small molecular effectors, such as
antibiotics, to modulate activity of the PTC and regulate the synthesis of particular
proteins (Mankin, 2006; Vazquez-Laslop and Mankin, 2018). Examples of this can be
found in both prokaryotes and eukaryotes (Mankin, 2011; Seefeldt et al., 2016; Su et al.,
2017; Wilson et al., 2011; Wilson and Beckmann, 2011; Wu et al., 2012). It has also
become clear that the dimensions of the NPET can influence protein folding as
translation is occurring (Liutkute et al., 2020). Important for these functions are the
constriction sites in the NPET (one for prokaryotes and two for eukaryotes) formed by
the internal loops of RPs L4 (uL4) and L17 (uL22) (Dao Duc et al., 2019). The

constriction sites are characterized by a narrowing of the NPET such that the internal
26



loops of L4 and L17 can interact with the nascent chain in order to coordinate ribosome
stalling events (Davis et al., 2014; Seefeldt et al., 2015; Su et al., 2017; Wilson et al.,
2011). In addition to L4 and L17, RP L39 (eL39), which is only found in eukaryotic
ribosomes, also sits towards the wide end of the NPET (Jenner et al., 2012). The rest of
the NPET, and thus the majority, is made up of rRNA from five of the six domains of 25S
rRNA (Figure 1.3b). The rRNA nucleotides making up the NPET are more evolutionarily
conserved on the side closer to the PTC and less conserved toward the tunnel exit (Dao
Duc et al., 2019). Misassembling the NPET and its various dimensions can have severe
negative consequences for gene expression, protein folding, and health (Liutkute et al.,
2020).

Cryo-EM of pre-60S particles has offered a step-by-step manual for constructing
the NPET (Figure 1.3a). The earliest precursor to a mature NPET can be seen in cryo-
EM structures of Nsa1-associated particles, purified from early nucleolar stages of 60S
subunit assembly. Nsa1 state 2 reveals an incomplete tunnel, consisting of rRNA mostly
from domains | and Il. At this stage, the tunnel domains (TDs) of L4 and L17, which form
the constriction sites, are not visible and the AF Rrp14 can be seen in close proximity to
the NPET, presumably preventing further maturation (Sanghai et al., 2018). In Nsa1
state C, the TD of L4, but not L17, becomes visible (more stable) and the N-terminus of
AF Rpf1 can be seen occupying the lower portion of the NPET (Kater et al., 2017).
Currently, there is no known function for the N-terminus of Rpf1. Next, in Nsa1 state E,
most of the rRNA from domains I, Ill, and V that will compose the mature NPET are
visible but are not yet in their mature positions. The TD of L17 also becomes more stable
at this point, Rpf1 has been removed, and the C-terminus of Spb1 hooks into the upper

portions of the NPET to interact with the TD of L4 and come into close proximity with the
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TD of L17. Although not stated in the original publication, further examination of Nsa1
state E density maps reveal a strong argument for the loading of the eukaryotic-specific
RP L39 during this time in assembly (Figure 1.3a). This suggests that removal of Rpf1
form the pre-60S ribosomal subunit may be a trigger for L39 to enter the NPET.
Following state E are states NE1 and NE2 (Kater et al., 2020). In state NE1, L39 can
more clearly be seen loaded into the lower, wider portion of the tunnel where it binds to
rRNA helix 49a, which also becomes visible at this step. The C-terminus of Spb1 is still
present in state NE1, but it has shifted in its position. In state NE2, Spb1 has exited the
pre-60S subunit, coinciding with slight shifts in tunnel rRNA. All rRNA domains are
mostly visible and in near mature positions at this point, except for domain V.

The transition from state NE2 to Nog2 state 1 involves drastic changes to the
deeper portion of the NPET, in close proximity to the PTC (Wu et al., 2016). For the first
time, domain V tunnel rRNA becomes visible and the long C-terminal extension of Nog1
is inserted into the NPET, interacting with L39 and the TD’s of L4 and L17 at the
constriction sites, and reaches almost to the PTC. Interestingly, rRNA helices 73 and 74
become visible only when the Nog1 C-terminus enters the NPET (Figure 1.3a) (Kater et
al., 2020). The entry of the Nog1 C-terminus into the NPET also coincides with the
appearance of AFs Arx1 and Alb1 at the binding platform outside of the NPET (Wu et al.,
2016). The C-terminus of Nog1 remains inserted in the NPET during major remodeling
events including cleavage and removal of the ITS2 spacer rRNA, rotation of the 5S RNP,
and export from the nucleoplasm to the cytoplasm (Barrio-Garcia et al., 2015; Biedka et
al., 2018; Zhou et al., 2018). Once the pre-60S subunit reaches the cytoplasm, the C-
terminus of Nog1 is removed from the NPET by the AAA-ATPase Drg1 while the N-

terminus is likely released later by its GTPase activity, although the latter is not

28



confirmed (Klingauf-Nerurkar et al., 2020; Zhou et al., 2018). Once Nog1 is released
from the pre-60S subunit, the globular domain of Rei1 binds outside of the NPET and
inserts its C-terminus into the NPET, essentially replacing the C-terminus of Nog1. This
swap coincides with slight movements in domain V rRNA in the deepest regions of the
NPET (Figure 1.3b). The biological significance of these subtle movements remains
unclear. Once Rei1 is released, along with Arx1, by the ATPases Ssa1 and Jjj1, the
NPET is again probed by the C-terminus of Reh1 (Ma et al., 2017). While the C-termini
of Nog1 and Rei1 are conserved from yeast to humans, Reh1 is unique to only a few
yeast species (Liang et al., 2020; Parnell and Bass, 2009). The mechanism of Reh1
release from the pre-60S subunit remains unknown, but its removal marks completion of
the NPET. The biological significance of these events is discussed in much greater detail

in Chapter 2, with a focus on the C-terminus of Nog1 and the tunnel domain of L4.
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Figure 0.3. Ordered stages of nascent polypeptide exit tunnel assembly.
(a) The rRNA of the nascent polypeptide exit tunnel (NPET) and its interactions with
relevant proteins as assembly proceeds. (b) The changing rRNA of the NPET color
coded to each of the five rRNA domains contained within it. The assembly factors and
ribosomal proteins have been removed from this figure in order to appreciate the

rearrangements that the rRNA undergoes at each step.
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1.1.3 Function and assembly of the GTPase-associated center

During translation, GTPases must be recruited and activated in order to provide
energy for mechanical movement required for protein synthesis. Sometimes called the
P-stalk, GTPase-activating region, or in this case the GTPase-associated center (GAC),
this mobile element of the ribosome performs the aforementioned function and consists
of the ribosomal proteins PO and P1/P2, and a region of rRNA referred to as the sarcin-
ricin loop (SRL) (Grela et al., 2019). The GAC is required to activate the GTPases that
power the mechanical movements behind tRNA translocation. The GAC accomplishes
this by inserting rRNA in the binding pocket of translational GTPases, which helps to
position an amino acid (usually a histidine) in a conformation that activates GTP
hydrolysis by holding a water molecule in close proximity to the gamma phosphate
(Maracci and Rodnina, 2016; Voorhees and Ramakrishnan, 2013).

Assembly of GAC involves relatively few assembly factors and begins in Nsa1
state B, where the SRL in domain VI is visible by cryo-EM and the assembly factor Tif6
can be seen apparently stabilizing it. Next, in Nsa1 state B, the N-terminal, GTPase
containing region of Nog1 is visible and the SRL can be seen pointing directly at the
GTPase core of Nog1. Although this makes it tempting to speculate that the SRL
facilitates GTP hydrolysis of Nog1, there is no further structural evidence to support this
idea, despite extensive study by cryo-EM (Zhou et al., 2018). Additionally, rRNA from
domain Il making up the landing platform (P-stalk region) of the GAC can be seen at this
stage, along with L9 (uL6) which can be seen bridging this region of domain Il with the
SRL in domain VI. Once Nog1 and this domain Il rRNA become visible, Mrt4, an AF and

paralog of the PO protein, also binds to the P-stalk. The SRL, Nog1, and Mrt4 do not
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undergo any rearrangements until pre-60S subunits reach the cytoplasm. The precise
order of the following three steps remains unclear. Once in the cytoplasm, the AAA-
ATPase Drg1 removes the AF RIp24 and the Nog1 C-terminus from the NPET, a step
that partially releases Nog1 from pre-60S subunits (Klingauf-Nerurkar et al., 2020).
Around this time, the N-terminal domain of Nog1 is released from the PTC, presumably
because of GTP hydrolysis, although evidence to support this idea or what activates the
Nog1 GTPase activity remains frustratingly elusive (Zhou et al., 2018). These two
events, release of the N-terminus and C-terminus of Nog1, appear to be independent of
each other (Klingauf-Nerurkar et al., 2020; Zhou et al., 2018). Coinciding with these
events, Mrt4 is released from the P-stalk and replaced with Yvh1 (Lo et al., 2010; Zhou
et al., 2018). At this time, RP L40 (eL40) has bound between the P-stalk and L9. These
events ultimately are completed by the transition from early cytoplasmic-late to pre-Lsg1
particles. Yvh1 remains on pre-60S particles until it is replaced by PO and P1/P2,
completing the GAC (Kemmler et al., 2009; Zhou et al., 2018). This process is visualized
in Figure 1.4.

Although a thorough structural analysis of these steps in assembly has been
done, additional biochemical experiments informed by these new structures have not yet
been published. For now, these structures reaffirm previously published data showing
that Mrt4 is a placeholder for Yvh1, which is a placeholder for PO. Future studies may
help to solve unanswered questions, for example whether or not the orientation of the

SRL in relation to the GTPase core of Nog1 holds any biological significance.
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Figure 0.4. Assembly of the GTPase activating center.

The ordered stages of the GTPase activating center (GAC), which includes the P-stalk
and sarcin-ricin Loop. Only the relevant ribosomal proteins and assembly factors are
shown. Colors of the GAC rRNA do not necessarily correspond to the color schemes

assigned to rRNA domains in previous figures.
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1.1.4 Assembly and function of the L1 stalk

The L1 stalk is a mobile element of the 60S subunit, composed of rRNA helix 76
and ribosomal protein L1. It is attached to a 3-way junction of H75, 76, and 79, with the
helix 75 arm extending into the NPET and PTC via helices 73 and 74. During translation,
the L1 stalk swings back and forth, transitioning between an open and a closed state, in
order grab and release tRNA molecules from the E site to exit from translating
ribosomes (Réblova et al., 2012; Voorhees and Ramakrishnan, 2013). Although this
structure is not widely considered to be a functional center of the large subunit, its
function during translation provides a strong argument in favor of it being a functional
center. Additionally, assembly of the L1 stalk has become a focus of recent work.

During 60S subunit assembly, the L1 stalk undergoes a dramatic rearrangement
in the transition from state NE1 to state NE2 (Kater et al., 2020). In state NE1, H74 is
held in an immature conformation by Spb1, Nop2, and Nip7. As a result, the entire 3-way
junction of rRNA helices 75, 76, and 79, which includes the L1 stalk, is in a flexible state
that is difficult to visualize with cryo-EM (Figure 1.5). Once Spb1, Nop2, and Nip7 are
removed (by an unclear mechanism, but possibly the enzymatic activity of Nop2), the
base (helix 74) of this 3-way junction swings a full 45° towards the ITS2 structure and is
locked down by ribosomal proteins L2 and L43. After docking into its mature position, the
L1 stalk can be seen in an open conformation. During 5S RNP rotation, the next major
remodeling event in 60S subunit assembly, multiple assembly factors are recruited to
power structural rearrangements (Barrio-Garcia et al., 2015). When Sda1, one of these
remodeling factors, binds to pre-60S subunits, the L1 stalk adopts a closed conformation

(Barrio-Garcia et al., 2015; Wu et al., 2016). It is not known whether or not these two
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events are dependent on each other or even if the closing of the L1 stalk is biologically
significant during this particular step. Nevertheless, once Sda1 is released from the pre-
60S subunit, the L1 stalk again adopts an open conformation (Wu et al., 2016). This
cycle of opening and closing is repeated during cytoplasmic stages with the binding and
release of the assembly factor Nmd3 (Malyutin et al., 2017). This movement of the L1
stalk may play essential roles in assembly while also serving as a test drive of functions
to be performed during translation. Biochemical studies have only barely begun to

address this question (Musalgaonkar et al., 2019).
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Figure 0.5. Ordered stages of L1 stalk maturation.
The L1 stalk is shown attached to the 3-way junction of rRNA helices 75, 76, and 79 with
relevant assembly factors and ribosomal proteins also shown. Ribosomal protein L1 is

not resolved in each state, but it is present in each state.
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1.1.5 Assembly and function of the 5S ribonucleoprotein particle

The 58S ribonucleoprotein particle (5S RNP), also referred to as the central
protuberance, is composed of the 5S rRNA, which is transcribed separately from the
other rDNA genes by RNA polymerase lll, and RPs L5 and L11 (Woolford and Baserga,
2013). The 5S RNP is the only part of the large subunit that is assembled separately
before being loaded onto pre-ribosomes between the GAC and the L1 stalk, and right
above the PTC (Jenner et al., 2012). This unique position raises the possibility that the
5S RNP can coordinate communication between all functional centers in the large
subunit (Dontsova and Dinman, 2005). Indeed, mutagenesis experiments have
supported the idea that 5S rRNA can allosterically receive and react to signals from
other functional centers of the large and small subunits (Smith et al., 2001). Additionally,
the 5S RNP needs to be autonomous from the ribosome in order to maintain optimal
ribosome function, implying that it performs an important role in during translation
(Huang et al., 2020). It should be stated that this interpretation of the 5S RNP as a
functional center is not universal and some observations go against it, including the fact
that mitochondrial ribosomes incorporate a tRNA and only L5 in place of a full,
conventional 5S RNP (Kitakawa and Isono, 1991; Koripella et al., 2020). Although the
questions of how the 5S RNP functions and whether or not it can be considered a
functional center have not yet been clearly answered, this thesis will consider it a
functional center based on all of the information discussed in this section.

In order to initially become tethered to the large subunit, the 5S RNP must form a
complex with two assembly factors, Rpf2 and Rrs1 (Zhang et al., 2007). This tethering to

the pre-ribosome happens relatively early in assembly of the large subunit, but exactly
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when it occurs remains unclear, partly because this subcomplex is flexible and thus
invisible to cryo-EM during early stages of assembly (Kater et al., 2020, 2017; Sanghai
et al., 2018). The mechanisms that free the 3-way junction containing the L1 stalk to
swivel into a more mature position are the same mechanisms that open up the steric
space required for the 5S RNP to anchor onto the large subunit (Kater et al., 2020). This
includes the release of Nop2, Nip7, Brx1, Ebp2, and Noc3, which is presumably initiated
by the release of Erb1 and Ytm1 by the AAA-ATPase Rea1 (Kater et al., 2020; Konikkat
et al., 2017). Once the 5S RNP is anchored, still in complex with Rpf2 and Rrs1, it is put
onto pre-60S subunits backwards relative to its mature position (Leidig et al., 2014).
Therefore, the 5S RNP must be rotated ~180° before maturation is complete (Figure
1.6). Specifically, it seems that this must occur before export from the nucleoplasm to
the cytoplasm (Micic et al., 2020; Thoms et al., 2018). The mechanism of rotation is not
entirely clear in the literature, but here it will be described the way | think is best
supported by the structural data.

The first thing that must happen to allow rotation is the release of Rpf2 and Rrs1.
These assembly factors hold the 5S RNP in a pre-rotated state (Barrio-Garcia et al.,
2015; Wu et al., 2016). How this happens is perhaps the most unclear part of the
rotation process, but recent structural data have offered clues. Initially, our lab thought
that the assembly factor Sda1 competes with Rpf2 for binding sites on the pre-60S
subunit. Consistent with this, depletion of Sda1 completely blocks 5S RNP rotation from
occurring (Micic et al., 2020). Furthermore, truncation of the C-terminal domain of Rpf2
results in a failure to stabilize rRNA helix 69, which serves as a binding site for Sda1
(Micic et al., 2020). Mutant pre-60S particles lacking the C-terminal domain of Rpf2 also

fail to release Rpf2 and Rrs1 and rotate the 5S RNP. The assembly factor Cgr1 has also
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been found to help weaken the association of Rpf2 and Rrs1 to pre-60S subunits and
facilitate initiation of 5S RNP rotation (Thoms et al., 2018). There is also evidence that
the Rix1 complex, which is recruited by Sda1, plays a role in the release of Rpf2 and
Rrs1. The N-terminal domain of Ipi1 (a component of the multimeric Rix1 complex)
replaces the C-terminal domain of Rpf2 in pre-60S particles that have successfully
undergone 5S RNP rotation (Kater et al., 2020). This suggests that the N-terminal
domain of Ipi1 helps to dissociate Rpf2 from pre-60S particles after being recruited by
Sda1. Possibly making the situation murky, however, is a mutant pre-60S particle
containing a C-terminally truncated Rix1. The C-terminal domain of Rix1 is thought to
help anchor the Rix1 subcomplex onto pre-60S particles. Cryo-EM has revealed that C-
terminal truncation of Rix1 results in pre-60S particles that cannot undergo 5S RNP
rotation and have not bound Sda1 (Barrio-Garcia et al., 2015). This inability to rotate
may be explained by the fact that the Rix1 complex may not be able to anchor onto pre-
60S particles and allow the N-terminal domain of Ipi1 to displace the Rpf2 C-terminus,
but the lack of Sda1 is more difficult to explain. However, cryo-EM structures of these
particles are low resolution and deserve revisiting.

Once Rpf2 and Rrs1 are released and Sda1 and the Rix1 complex have been
bound by the pre-60S subunit, rRNA helix 38 also repositions itself after serving as a
placeholder for the 5S rRNA. Last, the AAA-ATPase Rea1 is bound by the pre-60S
subunit and Rsa4 repositions its N-terminal domain to face the body of Rea1 (Barrio-
Garcia et al., 2015; Wu et al., 2016). These events mark the formation of the Nog2 state
2/Rix1 particle (Barrio-Garcia et al., 2015; Wu et al., 2016). Rea1 and Nog2 assist each
other in their nucleotide hydrolysis and release from the pre-60S subunit (Matsuo et al.,

2014). This results in the release of Rsa4, Sda1, the Rix1 complex, and Cgr1 from the
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pre-60S subunit as well, enabling formation of the Nog2 state 3 particle and completion
of the 5S RNP rotation process (Wu et al., 2016). Rotation of the 5S RNP also appears
to be coupled to the construction of other functional centers (Micic et al., 2020).

One outstanding question remaining in this model concerns the role that RP L21
(eL21) plays in rotation of the 5S RNP. Depletion of L21 and mutagenesis of its interface
with L5 have been shown to block rotation of the 5S RNP (unpublished, see Beril
Tutuncuoglu’s Thesis). These data have yet to be followed up and could potentially yield

more insight into what stabilizes the 5S RNP in a mature, rotated state.
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Figure 0.6. Maturation of the 5S RNP throughout assembly.
The 5S rRNA is shown in relation to relevant ribosomal proteins and assembly factors.

The 180° rotation of the 5S RNP occurs between Nog2 state 1 and the Rix1-Rea1

particle.
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How will the field of ribosome assembly move forward?

Just over the past five years, there has clearly been incredible progress in the
field of ribosome assembly, thanks in large part to the cryo-EM structures of pre-
ribosomal subunits. This progress has made it possible to ask and answer entirely new
questions. However, a new challenge has arisen in this structural age. Cryo-EM offers
snapshots of assembling ribosomal subunits and most structures have been of wild-type
particles. While these wild-type structures are incredibly valuable, they leave wide open
critical questions regarding the biological significance of apparently important
interactions. For example, hundreds of protein-protein, protein-RNA, or RNA-RNA
interactions are visible in each pre-60S whose structure is solved by cryo-EM, yet we
have no way of knowing whether or not any particular interaction or combination of
interactions play any significant roles in the assembly pathway without accompanying
biological assays.

Therefore, the future of ribosome assembly will be a combination of old and new
methods. A combination of biochemical, molecular genetic, and structural approaches is
sorely needed to test the hypotheses inspired by cryo-EM structures and gain a true
understanding of the mechanisms governing ribosome assembly. Using all of these
methods to study ribosome assembly mutants will be the state of the art of the ribosome
assembly field until the next technological advance shifts the field forward. This advance
will likely take the form of a cryo-EM method that enables videos, rather than snapshots,
to be obtained from purified pre-ribosomes in high resolution. Currently, such an
achievement seems hard to imagine. However, high resolution cryo-EM of pre-ribosomal

particles carried the same connotation just a decade ago. The next decade is sure to
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bring many exciting discoveries and technologies that will continue to revolutionize

ribosome biology and beyond.
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Chapter 2: STRUCTURAL INSIGHTS INTO
ASSEMBLY OF THE RIBOSOMAL NASCENT
POLYPEPTIDE EXIT TUNNEL

The following publication includes some of the results discussed in this chapter.

Wilson, D. M., Y. Li, A. LaPeruta, M. Gamalinda, N. Gao, and J.L. Woolford. Structural
insights into assembly of the ribosomal nascent polypeptide exit tunnel. Nat.
Commun. 11, 1-15 (2020).

With the exceptions listed below, | performed all biochemical, genetic, and fluorescence
microscopy experiments described in this paper, including growth and purification of the
rpl4A63-87 protein samples for cryo-EM.

Yu Li performed all electron microscopy and grew and purified pre-ribosomes from the
triple tail mutant for cryo-EM, after difficulties shipping samples to Beijing arose on our
end.

Amber LaPeruta constructed the triple tail mutant.

Michael Gamalinda performed the northern blot experiments for the rp/4A63-87 mutant.
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Introduction

The nascent polypeptide exit tunnel (NPET) is a major functional center of the
large ribosomal subunit (see Chapter 1). Work done by Daniel N. Wilson and Alexander
Mankin has demonstrated that molecules (such as antibiotics) binding in the NPET can
allosterically exert structural changes in the ribosomal RNA (rRNA) of the peptidyl
transferase center (PTC), suggesting that the two functional centers can communicate
with each other (Gupta et al., 2016; Khaitovich et al., 1999; Su et al., 2017; Vazquez-
Laslop and Mankin, 2018; Wilson et al., 2011). These observations, decades ago, could
have supported the idea that this communication between the NPET and the PTC could
take place during assembly of the large ribosomal subunit. However, as far as | am
aware, this idea was not spoken commonly about until 2016, when the C-terminal
domain (CTD) of the GTPase assembly factor Nog1 was observed to occupy the NPET,
stretching almost to the PTC and interacting with the tunnel domain (TD) of L4 (Figure
1.3a) (Wu et al., 2016).

At the time of this observation, very little was known about Nog1. Depletion of
Nog1 was known to cause an accumulation of the 27SB pre-rRNA precursor, and nog1
mutations were shown to exhibit genetic interactions with rip24 and tif6 mutations
(Talkish et al., 2012). Earlier experiments to truncate the C-terminus were also shown to
have no effect on cell viability (Fuentes et al., 2007). However, this newer cryo-EM
observation of the Nog1 C-terminus in the NPET called these results into question and
opened up a whole new set of questions. Among these questions was one concerning
the significance of the interaction of the Nog1 C-terminal extension with the NPET,

especially the contacts made between the Nog1 CTD and the tunnel domain (TD) of L4.

49



Previously, L4 had received more attention than most ribosomal proteins. L4 has
3 main domains, a globular domain that rests on the outside of the large subunit, a
remarkably long C-terminal tail that snakes around on the surface of the large subunit,
and an internal loop that burrows into the large subunit to line the NPET (Figure 1.3a).
Depletion of L4 revealed an accumulation of 27SA; pre-rRNA, indicating an early block
in 60S assembly (Gamalinda and Woolford, 2014b). Truncation of the long C-terminal
domain of L4 phenocopied a depletion. It was later figured out that the chaperone Acl4
binds the C-terminal domain of L4 to help recruit and load L4 onto the pre-60S subunit
(Pillet et al., 2015; Stelter et al., 2015). Interestingly, a second molecule of Acl4 also
binds the internal loop of L4 (Pillet et al., 2015). Most importantly, deletion of the TD of
L4 did not phenocopy a depletion phenotype and instead appeared to cause a later
block in 60S assembly (Gamalinda and Woolford, 2014b; Stelter et al., 2015). However,
this later block was never studied in detail.

In order to investigate how NPET assembly fits into the hierarchy of 60S
ribosomal subunit assembly and to answer questions concerning the Nog1 CTD and L4
TD, | studied mutants of these two proteins, including the L4 TD deletion initially studied
by Michael Gamalinda (Gamalinda and Woolford, 2014b). The data presented in this
chapter demonstrate that the Nog1 CTD and L4 TD work together to build the NPET,
highlight the importance of rRNA rearrangements in ribosome assembly, and add
credence to the idea that functional centers communicate with each other during

ribosome assembly.
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Results

2.1.1 The L4 tunnel domain is necessary for late nucleoplasmic

stages of 60S ribosomal subunit assembly

Previously, the tunnel domain (TD) of L4 was shown to be necessary for 60S
subunit assembly (Gamalinda and Woolford, 2014b). However, its precise function
during ribosome biogenesis remains unclear. Because the bi-lobal TD of L4 (amino
acids 63-87) forms constriction sites in the NPET and more recently has been shown to
interact with a number of tunnel-probing ribosome assembly factors (Greber et al., 2016;
Kater et al., 2017; Ma et al., 2017; Sanghai et al., 2018; Wu et al., 2016), we wanted to
investigate its specific role in 60S ribosomal subunit assembly in greater detail. To this
end, | have characterized multiple strains expressing different mutations or full deletions
of the L4 TD. | focused on the effects of the rp/l4A63—87 mutation because it removes
both constriction sites from the NPET and, | reasoned, would give us the best chance at
seeing significant results in larger-scale experiments (Figures 2.1a and 2.1b). Initial
experiments involving the shorter deletion, rp/l4A63-75, showed behavior identical or
similar to the rp/l4A63-87 mutant (Figures 2.2a and 2.2b). Therefore, in hindsight, any
lethal mutation of this region of L4 may have yielded identical results. To assay effects of
the rpl4A63-87 mutation, we expressed the mutant L4 protein from a plasmid in a strain
conditional for expression of endogenous wild-type L4 (GAL-RPL4). This strain grows at
wild-type rates on galactose-medium but fails to grow on glucose-medium where only

the mutant protein is expressed.
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In order to determine which stages of the 60S subunit assembly pathway are
affected in the rpl4A63—-87 mutant, we assayed pre-rRNA processing using primer
extension and northern blotting. Compared to the wild-type strain, the rpl4A63-87
mutant accumulated both 27SB and 7S pre-rRNAs, which normally undergo processing
during late nucleolar and nucleoplasmic stages of 60S assembly (Figure 2.3a). To
confirm that these middle steps of 60S subunit assembly are affected in the rpl4A63-87
mutant, we assayed localization of pre-60S subunits using L25-eGFP (uL23), a reporter
of both mature and pre-60S subunits, and Nop1-mRFP, a nucleolar marker. Relative to
the wild-type strain, we observed accumulation of pre-60S subunits in the nucleolus and
nucleoplasm in the rp/l4A63-87 and rpl4A63-75 mutants (Figure 2.3b). These results
demonstrate that the L4 TD is necessary for late nucleolar and nucleoplasmic stages of

60S subunit assembly prior to pre-60S export from the nucleoplasm.
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Figure 0.1. Mutations made to the tunnel domain of L4 are lethal in yeast.

(a) Deletion of the L4 tunnel domain (aa 63-87) is lethal. Each strain contains GAL-
RPL4A that can be turned off by shifting cells from galactose to glucose-medium, and a
plasmid that is constitutively expressing an rp/4 mutant allele. The rpl4-1 and rpl4-2
mutations are alanine scans of residues 63—-68 and 69-74, respectively. Serial dilutions
(1:10 to 1:10,000) of cultures were pipetted onto selective medium containing either
galactose or glucose, incubated at 30°C, and imaged after 3 days. (b) Diagram of the
internal loop of L4 (cyan), including the TD (purple) that extends into the NPET to help
create the constriction sites (dotted pink line). Indicated arginine residues (orange) were

mutated to glutamate. The TD forms the constriction sites in the NPET (pink dotted line).
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Figure 0.2. The rp/4A63-75 mutant displays defects similar to those

observed in the rpl4A63-87 mutant.

(a) Nog2-TAP purification of pre-60S ribosomal subunit from the rpl4A63-75 mutant. This
profile shows changes in bands similar but not identical to those observed in the
rpl4A63-87 mutant. Notably, the Rea1 band (heaviest on the gel) does not seem to
change as dramatically. (b) Northern blot of whole cell RNA extracted from various rpl4
mutants. Probes are targeted towards 27S and 7S pre-rRNA intermediates with U2

acting as a loading control.
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Figure 0.3. Mutant rp/4A63-87 pre-60S subunits fail nuclear export.

(a) 27S and 7S pre-rRNAs accumulate in the rp/l4A63-87 mutant. Cells were shifted from
galactose to glucose media for 17 h. before extracting whole cell RNA. Steady-state
levels of pre-rRNAs from each strain were then assayed by primer extension and gel
electrophoresis. (b) Pre-60S subunits accumulate in the nucleoplasm of the rp/4A63-87
mutant, after being shifted from galactose to glucose media for 17 h. to deplete wild-
\type L4. In contrast, in the absence of the entire L4 protein (empty vector), pre-
ribosomes accumulate in the nucleolus. L25-eGFP (green) tracks pre-60S particles and

Nop1-mRFP (magenta) marks the nucleolus. Scale bar: 5um.
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2.1.2 The tunnel domain of L4 is necessary to stabilize the 3-way
rRNA junction of H75, H76, and H79

Because our assays thus far suggest a defect during late
nucleolar/nucleoplasmic stages of 60S assembly, we used the late
nucleolar/nucleoplasmic acting AF Nog2 as bait to affinity-purify particles from this stage
of assembly. We performed cryo-EM on these Nog2-associated pre-60S particles, which
enabled observation of both small and dramatic changes in rRNA and protein
conformation that would otherwise be undetectable by other methods. Previously, cryo-
EM structures of wild-type Nog2-associated particles revealed three distinct consecutive
assembly intermediates during middle stages of 60S subunit assembly: Nog2 states 1,
2, and 3. Nog2 state 1 particles contain a pre-rotated 5S RNP, Nog2 state 2 contains a
rotated 5S RNP along with AFs Sda1, the Rix1 complex, and Rea1 (Barrio-Garcia et al.,
2015), while Nog2 state 3 contains a rotated, near mature 5S RNP and has released
Sda1, the Rix1 subcomplex, Rea1, and Rsa4. Therefore, using Nog2 as bait enabled us
to assess the progress of 60S subunit assembly during late nucleolar and nucleoplasmic
stages.

Through cryo-EM 3D classification, we obtained seven states for the rp/l4A63—-87
mutant particles, which we refer to as classes R1-R7 (Figure 2.4). As expected, density
for the deleted TD of L4 could not be observed in any of these classes. Classes R3 and
R4 comprise a small fraction of the particles (10%), and represent intermediates
inhibited during early steps of 60S subunit maturation (Figure 2.5a and 2.5b). The R1

and R2 particles (27% and 12%, respectively) closely resemble Nog2 state 1 particles,
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containing a pre-rotated 5S RNP, and thus have progressed beyond the stages
represented by the R3 and R4 particles. The R7 class (10%) is R1-like but lacks
densities for nearly the entire domains Ill and IV of 25S rRNA and appears to represent
R1 particles undergoing turnover (Figure 2.5e). Class R6 particles contain a rotated 5S
RNP and resemble Nog2 state 3 (Arx1 particles) (Figure 2.5d), but also lack densities
for several rRNA helices underneath the L1 stalk. Thus, R6 particles appear to be
blocked later than class R1, after rotation of the 5S RNP. Finally, class R5 resembles R6
but, lacks densities for nearly the entire domains lll, IV, and V of 25S rRNA and
therefore may represent R6 particles undergoing turnover (Figure 2.5¢). We first
focused on the pre-ribosomes in classes R1 and R2 because they are the most
abundant and stable mutant particles. The structures of these R1 and R2 particles were
solved at a resolution of 3.2 and 3.3 A (Figure 2.4b). In classes R1 and R2, no density
could be observed for the NPET-occupying RP L39, the Nog1 CTD, or AF Arx1 that
binds to the NPET exit platform (Figure 2.6). This indicates that lack of the L4 TD
causes significant disruption in the composition of the immature NPET.

Several other protein components were also found to be missing or flexible in
both classes R1 and R2 (Figure 2.6b). We could not observe densities for Bud20, Nug1,
and Cgr1. While Cgr1 is known to be necessary for 5S RNP rotation (Thoms et al.,
2018), it is not always detected in relevant pre-60S particles, even in wild-type Nog2
particles17. This suggests that Cgr1 may be loosely bound to pre-60S subunits and may
explain why it cannot be observed in rpl4A63—-87. Alternatively, this could be a real
defect, possibly due to a slight expansion of the rRNA in the area surrounding the Cgr1

binding site (Sebastian Klinge, personal communication). However, if this were true, it
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would cast doubt on previous findings that Cgr1 is necessary for 5S RNP rotation
(Thoms et al., 2018).

We next looked at effects of the rp/4A63-87 mutation on the structure of pre-
rRNA in Nog2 particles. Although class R2 exhibits wild-type rRNA conformations,
significant shifts in rRNA helices 68—69 and 74—79 could be seen in class R1 (Figure
2.7). Further analysis of the atomic model of class R1 revealed how a misassembled
NPET could cause these rRNA conformational changes (Figure 2.8a). These aberrant
shifts begin with a loss of the interaction between the TD of L4, the Nog1 CTD, and the
linker between rRNA helices 73 and 74 (Figure 2.8b-d).

Recent cryo-EM structures further suggest the importance of this interaction
(Kater et al., 2020). H74 is displaced ~4 A relative to the wild-type conformation,
indicating that this portion the NPET is improperly assembled (Figure 2.8c). The
conformational change of H74 affects the adjacent H75, which can be seen shifted up to
~33 A from its native position in Nog2 state 1 (Figure 2.8c). In this aberrant position,
H75 clashes with H68 and displaces it up to ~62 A toward the 5S rRNA (Figure 2.8d).
H68 is the binding site for AF Sda1, which is important for rotation of the 5S RNP in
Nog2 particles, and importantly, also acts as an intersubunit bridge in mature wild-type
ribosomes. Once structured in Nog2 state 1, this helix remains stably docked throughout
middle and later stages of 60S subunit assembly (Greber et al., 2016; Jenner et al.,
2012; Ma et al., 2017; Wu et al., 2016; Zhou et al., 2018). Therefore, deviations from this
stable position of H68, as seen in class R1, likely have negative consequences as a
result of improper NPET construction during the assembly of 60S subunits.

Consistent with the displaced H74-75, the 3-way junction of rRNA helices 75, 76,

and 79 is affected in class R1. Specifically, the L1 stalk (H76 and L1) adopts an unusual,
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deflected conformation not observed in any previously characterized wild-type particles
(Figure 2.9) and H79 is unstructured. As a result, the internal loop of L15 (uL15), which
interacts with H75 in Nog2 state 1, cannot be visualized. Likewise, the N- terminus of L8
(eL8), which interacts with the 3-way junction of H75, H76, and H79 and was previously
shown to be necessary for middle stages of 60S subunit assembly (Tutuncuoglu et al.,
2016), is also flexible (Figure 2.10). These observations further characterize the

perturbance of this 3-way junction as a result of improper NPET construction.
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b 3D classification of Rpl4 A63-87
(382,748 particles and 10 classes)

Refinement Refinement
(103,319 particles) (47,025 particles)

3.12A
class R1

Figure 0.4. Cryo-EM data processing of rp/4A63-87 Nog2 particles.

(a) Representative 2D class averages of rp/4A63-87 mutant Nog2 particles. (b) Flow

chart for 3D classification.
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Class R3
(Nsa1 state B-like)
Nsa1l state B

Class R4
(Nsa1 state E-like)
Nsa1 state E
Class R5
C (Nog2 state 3-like)
Arx1 pre-60S particle
Class R6
(Nog2 state 3-like)
Arx1 pre-60S particle
e

Class R7 (R1-like)
Class R1

Figure 0.5. Nog2 particles purified from the rp/4A63-87 mutant.

(a) Cryo-EM densities of class R3 (gray) fitted with the atomic model of the Nsa1 state B

particle (cyan) (PDB: 6EM4). (b) Densities of class R4 (gray) fitted with the atomic model
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of Nsa1 state E (purple) (PDB: 6ELZ). (c and d) Densities of classes R5 and R6 (gray)
fitted with the atomic model of the Arx1 particle (blue) (PDB: 4V7F). (e) Densities of

class R7 (gray) fitted with the atomic model of class R1 state (purple).
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Nog1CTD > Nog1CTD. ~
Nog2 state1 rpl4A63-87 rpl4A63-87
Class R1 Class R2

Figure 0.6. Cryo-EM of rpl4A63-87 mutant particles reveals a misassembled

NPET.

(a) Close up view of the exit of the NPET in wild-type Nog2 state 1 and rp/l4A63—-87
classes R1 and R2. Gray densities are not present in classes R1 and R2 in the spaces
where eL39 and the Nog1 CTD should be. Thus, the exposed cartoon model indicates

missing components. (b) View of rpl4A63—87 classes R1 and R2 from the subunit
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interface (left) and solvent side (right). Densities are fitted to the atomic model of wild-
type Nog2 state 1 (PDB: 3jct). Exposed cartoon models of Arx1 (blue), the Nog1 CTD
(magenta), Bud20 (red), Cgr1 (yellow), and Nug1 (cyan) represent missing densities for

each respective protein.
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a rpl4A63-87 Class R1 rpl4A63-87 Class R2
5S RNP

(pre-rotated) % 5S RNP

L1stalk (pre-rotated) .

L1 stalk
(deflected)

Figure 0.7. Pre-rRNA conformational changes observed in rp/4A63-87
mutant class R1.

(a) Two major density maps (R1 and R2 particles, shown in light gray) obtained from
Nog2-associated rp/l4A63—87 particles are overlaid with their respective atomic models.
(b) Enlarged view of the conformational changes in of rRNA helices from the two major
classes of the rp/l4A63—87 mutant. Compared with wild-type Nog2-particles (state 1),
H75-76 (magenta) and H68-69 (red) have undergone dramatic conformational changes

in class R1 but not in class R2.
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Figure 0.8. rRNA helix 74 functions to stabilize helices 68 and 75.

(a) rRNA helices from the atomic model of wild-type Nog2 state 1 particles are
compared with those in the atomic model of the rp/4A63—87 mutant class R1. Positions
of relevant rRNA helices in relation to L4 and Nog1 in the NPET in RPL4 wild-type (left)
and rpl4A63—87 mutant (right) Nog2 particles. Helices 74-75 (light blue for wild-type and
hot pink for mutant) extend into the NPET. H74 is located in close proximity to the L4 TD
(cyan) and the CTD of Nog1 (dark purple). Helices 74-75 are located below H68-69
(gray for wild-type and gold for mutant). The 5S rRNA (black) is shown to provide a
frame of reference. (b) Inset showing the interaction of the TD of L4, the Nog1 CTD, and
the rRNA linker between H73 and H74. (¢) H74-75 from rpl4A63-87 mutant particles
(hot pink) are shifted relative to those in wild-type Nog2 state 1 particles (light blue). H74

is displaced up to ~4 A while H75 is shifted up to ~33 A. (d) H75 in rpl4A63—87 mutant
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particles is shifted to an aberrant position (hot pink) that clashes with the native position
of H68 (gray). This displaces H68 in rp/l4A63-87 mutant particles (gold), causing it to

shift up to ~62 A.
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Figure 0.9. Class R1 exhibits a deflected L1 stalk.

Cryo-EM density maps of four assembly intermediates, wild-type Nog2 state1, mutant
class R1, wild-type Rix1/Rea1 state (Nog2 state 2), and the wild-type Nmd3 state are
displayed in transparent surface representation, superimposed with their own atomic

model. rRNA for the L1 stalk is shown in red.
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L8 in Nog2 state

C-terminus

L8 in rpl4A63-87
class R1

Figure 0.10. Defects in H75 are communicated to L8 and L15.

N-terminus

Internal loop

(a) RP L8 in wild-type Nog2 state 1 particles (left) shown in relation to the 3-way
junction of H75 (blue), H76 (light purple), and H79 (green). On the right, the same
components are shown in class R1 of the rpl4A63-87 mutant particles. (b) L8 from wild-
type Nog2 state 1 particles (brown) overlaid with L8 from class R1 (dark teal). In class
R1, both the N- and C- termini are flexible. (c) RP L15 (yellow) in wild-type Nog2 state 1
particles (left) shown in relation to H75 (blue). On the right, the same components are
shown in class R1 of the rp/l4A63-87 mutant particles. (d) L15 from wild-type state 1

particles (yellow) overlaid with L15 from rp/4A63-87 class R1 particles (light green). In



2.1.3 A misassembled NPET can block Sda1 binding to pre-60S

ribosomal subunits and subsequent 5S RNP rotation

To help clarify the consequences of the aberrant rRNA conformations observed
in rpl4A63-87 mutant pre-60S subunits, we utilized SDS-PAGE, western blotting, and a
semi-quantitative form of label mass spectrometry called iTRAQ to analyze the protein
composition of these particles. Importantly, levels of L4 do not change in the rp/4A63—-87
mutant pre-ribosomes compared to wild-type, indicating that the mutant L4 protein is
stable and able to efficiently assemble into pre-60S subunits. However, we did observe a
number of changes in amounts of other proteins in the mutant pre-ribosomes. Most
striking was that levels of Sda1 decreased and levels of Rpf2 and Rrs1 increased
(Figure 2.11a and b). In wild-type cells, the AFs Rpf2 and Rrs1, which are bound to the
5S RNP, are thought to exit from Nog2 particles before Sda1 binds to pre-60S subunits
(Klinge and Woolford, 2019). Thus, Sda1 fails to associate with a significant fraction of
pre-60S subunits in this mutant, and Rpf2 and Rrs1 fail to exit from pre- ribosomes.
Furthermore, amounts of downstream AFs Rea1, and the Rix1 complex (Rix1, Ipi1, and
Ipi3), which depend on Sda1 for recruitment onto pre-60S subunits and are required to
stabilize 5S RNP in its rotated state, also are decreased relative to wild-type (Figure
2.11b). Consistent with a failure of Rea1 to enter assembling pre-60S subunits, levels of
Rsa4, which is removed by Rea1, are increased.

All of these data strongly suggest that the NPET not only communicates with the
PTC, but also with the 5S RNP. Hints of this were evident in the literature for decades
(Khaitovich et al., 1999), but this is the first sign that this communication may happen

during ribosome assembly. Furthermore, this particle likely represents the primary block
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in ribosome assembly present in the rpl4A63-87. Despite the presence of particles
exhibiting a rotated 5S RNP in this dataset (Figure 2.11c), class R1 is the most
abundant stable particle. Combined with our bulk biochemical assays pointing to a block
in 60S ribosomal subunit assembly before nuclear export, these facts, in my view, make

a strong case for NPET assembly and 5S RNP rotation being coupled.
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Figure 0.11. Deviations in rRNA structure in rp/4463-87 mutant particles
result in H68 clashing with the binding site of Sda1.

(a) SDS-PAGE gels followed by silver staining or western blotting show proteins in

Nog2-associated particles purified from mutant rp/4A63—87 cells. Labeled bands were
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identified using mass spectrometry. (b) Samples prepared as in panel a were scaled up
and subjected to semi-quantitative iTRAQ mass spectrometry to assay changes in
relative amounts of pre-60S subunit proteins. Proteins were labeled with iTRAQ
reagents and compared to wild-type counterparts. Each bar represents a biological
replicate. All protein levels are normalized to the bait protein, Nog2. Ratios are
represented on a log2 scale. Error bars represent standard deviation (n = 3). (¢) The AF
Sda1 (dark green) from Rix1 particles superimposed over wild-type Nog2 state 1
particles (left) and rp/[4A63—87 mutant particles (right). H68 (gray for wild-type and gold
for mutant) in rp/l4A63—-87 mutant particles clashes with almost the full length of

observable Sda1.
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2.1.4 The C-terminal tail of Nog1 is necessary for efficient

assembly of 60S ribosomal subunits

Since the Nog1 CTD is in close contact with the TD of L4 in wild-type cells and
fails to enter the NPET in rp/l4A63-87 mutant particles, we wanted to investigate whether
deleting the Nog1 CTD results in similar or different 60S subunit assembly defects
compared to those observed in the rpl4A63—87 mutant. Furthermore, the presence of
the Nog1 CTD in the NPET suggests many possible functions. Initially, we made a
series of truncations of the Nog1 C-terminus on a NOG 7-containing pRS315 plasmid
and transformed them into a GAL-NOG1 strain, as was done for the rp/4 mutants
described before. Surprisingly, upon growing these strains on glucose where only the
nog1 mutant allele is present, no significant growth defect was detected at any growth
temperature (Figure 2.12). This was surprising, but not completely unexpected given the
previous experiments done long before the structure of Nog1 was known (Fuentes et al.,
2007).

As an orthogonal approach to deleting Nog1 sequences inserted into the tunnel,
we constructed a strain expressing Nog1 fused to GFP at its C-terminus (NOG1-GFP).
Because an immature NPET is already formed before the Nog1 CTD enters the tunnel
(Figure 1.3a), this bulky GFP tag must prevent insertion of the Nog1 CTD into the
tunnel. Grown on rich media, this GFP-tagged strain exhibited an extreme cold-sensitive
growth defect (Figure 2.13). Intrigued by this, we decided to grow our plasmid-borne
nog1 strains on rich media and observed a cold-sensitive growth defect similar to the
Nog1-GFP tagged strain (Figure 2.14). This is an example of a mutation that does not

readily manifest when the cells are grown on minimal media, and it almost mislead us
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completely. Usually, this kind of discrepancy reflects a tendency for mutant alleles
expressed on a plasmid to recombine with the wild-type allele in the genome and
undergo a reversion. However, because growth defects of these plasmid-borne mutants
were readily apparent when grown on rich media (Figure 2.14), there are two likely
explanations for this discrepancy: 1) Minimal media may slow down the usually rapid
growth of wild-type cells in a way that makes the growth of the mutants seem normal
relative to the wild-type cells 2) There could be multiple plasmids in a mutant cell, which
could change the copy number of the mutant gene and compensate for the mild defect it
may cause. No matter the case, we realized that we needed a better way to study these
nog1 mutations. Future graduate students should be aware that non-lethal mutants may
not be easy to study in a system that requires minimal media.

In light of these results, we generated a series of genomic mutations to
sequentially truncate the CTD of Nog1 so that these mutations could be studied with
fewer confounding factors (Figure 2.13). We also constructed the triple mutant
nog1A595-647 rei1A341-393 reh1A 380-432 (nog1AC rei1AC reh1AC) (also referred to
as triple tail mutant) lacking the NPET-occupying sequences of Nog1, Rei1, and Reh1.
This triple tail mutant was made in order to address the concern that the CTDs of Rei1 or
Reh1 may dampen or rescue a defect caused by a Nog1 truncation. These strains
exhibited the severe cold-sensitive growth defect observed before with plasmid-borne
nog1 strains grown on rich media (Figure 2.14). In contrast to these mutants, an
analogous C-terminal truncation of Rei1 has been shown to have minimal effects on cell
growth at all temperatures, while the complete absence of Reh1 has no obvious growth
defect (see Discussion and Future Directions) (Greber et al., 2016; Parnell and Bass,

2009).
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To examine whether this cold sensitivity reflects a defect in 60S subunit
assembly, we used sucrose gradient fractionation to assay amounts of free ribosomal
subunits, 80S monosomes, and polyribosomes in extracts prepared from each strain. In
each case, levels of free 60S ribosomal subunits are decreased relative to 40S subunits,
polyribosomes are decreased, and halfmer polyribosomes are present, indicating a
defect in production of 60S subunits (Figure 2.15).

To determine which interval of 60S subunit assembly is perturbed in each
mutant, we examined pre-rRNA processing. When cells were shifted to 16°C for 5 h,
27SB pre-rRNA accumulates in all mutant strains relative to the wild-type NOG1 yeast
strain (Figure 2.16). Attempts to assay levels of 7S pre-rRNA in these mutants yielded
inconsistent results, likely indicating that there is no significant change (Figure 2.16).
Together, these results indicate that the presence of the CTD of Nog1 in the NPET is

important during late nucleolar and nucleoplasmic stages of 60S subunit assembly.
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Figure 0.12. Plasmid-borne mutations of nog1.
(a) Growth assay of alanine scanning mutations of conserved motifs in the Nog1 C
terminus. The nog7-4 and nog1-5 mutations were later shown to be incorrect mutations,
so those spotting results are not shown. (b) Growth assay of truncations made to the

Nog1 C-terminus. Each alanine scan or truncation mutation was expressed from a

pRS315 plasmid.
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Figure 0.13. Growth assay of genomic nog1 truncation mutants.
Serial dilutions (1:10 to 1:10,000) of NOG1 wild-type and nog1 mutant cultures were
spotted onto solid medium containing glucose, and incubated at 30 °C or 16 °C, for 8

days. Each construct is depicted in cartoon form (right).
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Figure 0.14. Growth assay of a plasmid-borne nog7 truncation grown on rich

media.
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Figure 0.16. Pre-rRNA analysis in nog7 mutants.

Primer extension and northern blot analysis of whole-cell RNA extracted from nog1

mutants grown at 30°C or shifted to 16°C for five hours.
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2.1.5 The C-terminal domain of Nog1 acts as a scaffold for the

tunnel domain of L4

We performed cryo-EM of Nog2-containing particles affinity-purified from the
nog1AC rei1AC reh1AC mutant, shifted to 16°C for 5 h. We focused on this triple mutant
because it exhibited the most severe growth defect and, as mentioned before, we
expected that the CTD’s of Rei1 and Reh1 might partially rescue defects of a
nog1A595-647 mutant. We obtained structures of four stable intermediates at
resolutions ranging from 3.0 to 4.3 A, which we refer to as classes N1-N4 (Figure 2.17).
The most striking observation from these structures is that the interior of the NPET in all
four nog1AC rei1AC reh1AC particle classes lacks density for the TD of L4 (Figure
2.18a). In this case, the TD is present but is flexible enough for its conformation to be too
heterogeneous and thus appears to be invisible in the cryo-EM reconstructions. This
result indicates that the presence of the Nog1 CTD in the NPET is required to stabilize
the TD of L4. In contrast to the rpl4A63—87 mutant particles, L39 was present in classes
N1-N4 (Figure 2.18a). This indicates that the CTD on Nog1 is not required to recruit
L39 to pre-ribosomes.

Classes N1 and N2 closely resemble class R2 from the rp/l4A63-87 mutant,
except that the ITS2 structure is absent in class N2 (Figure 2.18b). This latter
observation is consistent with previous findings that removal of ITS2 can occur
independently from other remodeling events such as 5S RNP rotation (Biedka et al.,
2018; Sarkar et al., 2017). Therefore, in the triple tail mutant, removal of ITS2 occurs a

fraction of the time.
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Class N3 particles resemble class R1 from the rp/l4A63-87 mutant, including the
aberrant rRNA rearrangements, deflected L1 stalk, and absence of Sda1 (Figure 2.19).
However, while class R1 makes up about 27% of total particles obtained from the
rpl4A63-87 mutant, class N3 only comprises about 7% of total particles recovered from
the nog1AC rei1AC reh1AC mutant. This difference likely reflects how these mutant
strains are grown. For the rp/[4A63-87 mutant, shifting to glucose for ~17 h likely allows
more opportunity to accumulate aberrant particles. In contrast, shifting the triple tail
mutant to 16°C for 5 h is not only a much shorter shift, but it also dramatically lengthens
the doubling time of the cells. Both of these things mean that fewer new ribosomes will
be produced during the shift and far fewer aberrant pre-ribosomes will accumulate in the
cells before purification. This difference may also reflect the severity of the phenotype
corresponding to each mutant (see Discussion).

Most notable is class N4. Unlike any classes observed in the rp/l4A63—87 mutant,
class N4 represents improperly assembled Nog?2 state 2 particles; it displays weak
density for the Rix1 complex and lacks density for Rea1. Consistent with inefficient
recruitment of the Rix1 complex and Rea1, the Rea1-dependent removal of Rsa4 has
not yet occurred in class N4 (Figure 2.20).

Together, these results indicate that the nog1AC rei1AC reh1AC mutant is
distinct from the rp/4A63—-87 mutant. In this mutant, a smaller fraction of intermediates
appears to be blocked at the stage of Nog2 state 1, and the second block appears to be
at the state 2 stage, rather than the state 3 stage, of Nog2 particles. These differences
between the rp/l4A63—-87 mutant and the nog71AC rei1AC reh1AC mutant may in part
result from the absence of the TD of L4 in the former, versus its being present but in a

flexible conformation in the latter.
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To further characterize the differences between rpl4A63-87 and nog1AC rei1AC
reh1AC mutant particles, we assessed the protein composition of Nog2-associated pre-
60S subunits using SDS-PAGE, western blotting, and iTRAQ mass spectrometry.
Purifications were done using wild-type or mutant cells grown at 30°C and then shifted to
16°C for five hours. SDS-PAGE followed by silver staining or western blotting indicated
that deletion of the Nog1 CTD does not affect the stability or recruitment of Nog1 into
pre-60S subunits (Figure 2.20a). In contrast to the rp/l4A63-87 mutant, levels of Sda1,
Rpf2, and Rrs1 do not change in nog1AC rei1AC reh1AC mutant particles relative to
wild-type cells (Figure 2.20b). Despite the observation that both the exit of Rpf2 and
Rrs1 and the entry of Sda1 are unaffected in the nog1AC rei1AC reh1AC mutant, levels
of the Rix1 complex and Rea1, which are required for stabilization of the 5S RNP in its
rotated state, are consistently decreased relative to wild-type (Figure 2.20b). These
results indicate that, for reasons that are still not entirely clear, nog1AC rei1AC reh1AC
mutant pre-60S subunits are able to recruit Sda1 but cannot recruit the other machinery
necessary for 5S RNP rotation as efficiently as wild-type particles. This unusual protein
composition most closely reflects what was observed by cryo-EM of class N4 of the

nog1AC re1AC reh1AC mutant particles (Figure 2.20c).
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Figure 0.17. Cryo-EM data processing of nog71AC rei1AC reh1AC particles.

(a) Representative 2D class averages of nog71AC rei1AC reh1AC mutant Nog2 particles.

(b) Flow chart for 3D classification.
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Figure 0.18. The Nog1 CTD stabilizes the tunnel domain of L4.

(a) Density maps of the wild-type Nog2 state 1 and N1-N4 mutant particles are aligned
with the atomic model of wild-type Nog2 state 1 particles, displaying the interior of the
NPET. Densities (gray) for the L4 TD (cyan) are missing in the NPET in all four mutant
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classes (top). Densities for L39 (green) can be visualized in classes N1-N4 but no
densities for the Nog1 CTD (magenta) are visible (bottom). (b) View of nog1AC rei1AC
reh1AC classes N1-N3 from the subunit interface. Densities are fitted to the atomic
model of wild-type Nog2 state 1 (PDB: 3jct). Exposed cartoon models of Arx1 (blue), the
Nog1 CTD (magenta), Bud20 (red), Cgr1 (yellow), and Nug1 (cyan) represent missing

densities for each respective protein.
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Figure 0.19. A minority of nog1AC rei1AC reh1AC mutant pre-60S particles

display aberrant rRNA conformations.

(a) Densities of classes N1-N3 of nog1AC rei1AC reh1AC mutant particles solved at a

resolution of 3.0-6.0 A. Classes N1 and N2 are aligned with the atomic model of class

R2, while class N3 is aligned with the atomic model of class R1. (b) View of H68-69

(red) and H75-76 (magenta).
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(a) SDS-PAGE of proteins in Nog2-associated pre-ribosomes affinity purified from wild-

type and nog1AC rei1AC reh1AC mutants shifted to 16°C for 5 h. Proteins in labeled
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bands were identified by mass spectrometry. (b) Semi-quantitative iTRAQ mass
spectrometry reveals differences in relative amounts of proteins labeled with iTRAQ
reagents in Nog2-particles affinity purified from the nog1AC rei1AC reh1AC mutant
compared to those in wild-type particles. Each bar represents a biological replicate. All
protein levels are normalized to the bait protein, Nog2. Ratios are represented on a log2
scale. Error bars represent standard deviation (n = 3). ¢ Densities for class N4 are fitted
to the atomic model of the Rix1 particle (PDB: 5fl8). Density for Sda1 (green) can be
seen in the particles. The 5S RNP (purple) is in the rotated state in class N4. Weak
density can be seen for the Rix1 complex, and Rea1 (orange) is almost completely

missing. Rsa4 (yellow) is visible in the particles.
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Discussion

The year that | entered the Woolford lab was the same year that the lab had
revealed the structure of Nog1 bound to Nog2-associated particles (Wu et al., 2016). In
the following years, several more cryo-EM structures of wild-type particles would reveal
C-terminal domains of AFs Rei1 and Reh1 occupying the NPET (Greber et al., 2016;
Kater et al., 2017; Ma et al., 2017). Even after these revelations, very little of these
structural observations had been followed up with biological assays. Thus, we knew next
to nothing about how any functional center, including the NPET, was actually
constructed in the eukaryotic ribosome.

My studies with Nog1 and L4 are the most in-depth studies done to date
concerning construction of any functional center in the yeast ribosome. The results
discussed in this chapter demonstrate that stabilization of rRNA helix 74 is absolutely
critical to proper construction of the NPET and assembly of the large ribosomal subunit.
We were able to identify for the first time a defined role for the C-terminal domain of
Nog1 in the NPET and clarify the function of the L4 TD. Prior to this work, there were
only two cryo-EM structures of mutant yeast pre-60S ribosomal subunits, and both
datasets were of quite low resolution (Barrio-Garcia et al., 2015; Thoms et al., 2018).
Therefore, this study, along with the Rpf2 study from our lab (Micic et al., 2020), were
the first in-depth analyses of high-resolution cryo-EM structures of pre-60S ribosomal
subunits from yeast. The following discussion includes sections from the Wilson et al.,
2020 discussion with further elaboration and speculation that could not make it into the

published document.
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2.1.6 Cryo-EM classification of rp/l4A63-87 mutant pre-60S

ribosomal particles reveals rewiring of the assembly pathway

Previous work purifying Nog2-associated pre-60S particles from wild-type cells
yielded three major stable assembly intermediates (Nog2 states 1-3) (Wu et al., 2016),
with 5S RNP rotation occurring in Nog2 state 2. Our cryo-EM analysis of Nog2-
associated pre-60S particles from the rp/4A63—87 mutant revealed seven different
particle states. It is important to note that the cryo-EM dataset for the rpf2AC mutant,
which appears to block large subunit assembly during the same interval as the rp/4A63-
87 mutant, does not include rotated particles or those resembling Nsa1 particles, which
we do observe in the rp/l4A63-87 mutant (Micic et al., 2020). However, cryo-EM analysis
of the rpf2AC mutant took place over a year prior to the nog? and rp/4 mutant analyses
and it is reasonable to suspect that such particles could have been missed during
classification. Regardless, based on our data as well as others’ data, | propose a model
to explain the chronological progression and fate of each individual rp/4A63-87 and
nog1AC rei1AC reh1AC particle class through the 60S subunit assembly pathway
(Figure 2.21).

Using the atomic model of class R1 from the rp/[4A63—-87 mutant, we were able to
visualize several rRNA conformational changes that are apparently initiated by the
instability of the rRNA linker between H73 and H74, which results in increased flexibility
of H74 (Figure 2.8). In wild-type particles, H74 is one of the last rRNA helices in the
NPET to undergo maturation (Figure 1.3b). The absence of the L4 TD results in a
flexible H74, which appears to be sufficient to cause H75 to adopt an aberrant

conformation. Consequently, H68 cannot remain stably docked on pre-60S subunits,
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and the 3-way junction of H75, H76, and H79 becomes destabilized, causing the L1 stalk
to adopt a deflected position. Notably, densities for a shifted H75 could also be observed
in classes R4 and R6 (Figure 2.22). Consistent with this observation, densities for H68
are not visible in either class (Figure 2.22), and the L1 stalk is deflected in class R4, the
same as R1, indicating that L1 stalk maturation may be affected in early stages of 60S
assembly in the rp/4A63-87 mutant. In summary, we suggest that a flexible H74, which
occurs as a consequence of an improperly formed NPET, can shift rRNA helices 75, 76,
and 68 toward aberrant conformations that can affect several stages of 60S subunit
assembly when the TD of L4 is absent.

Classes R3 and R4 resemble the early nucleolar intermediates Nsa1 state B and
E, respectively, which do not usually co-purify with Nog2 particles (Kater et al., 2017; Wu
et al., 2016). However, class R4 contains density for the bait protein Nog2 and is
therefore unlikely to be a contaminant. Nog2 may be entering pre-60S particles earlier
than in wild-type particles due to stalling of assembly, as we observed previously upon
depletion of AF Drs1 (Talkish et al., 2016). This defect in early particles resulting from
the absence of the TD of L4 is consistent with the observation that the TD of L4 is first
visible (and therefore present in a stable form) in the NPET at this stage of wild-type 60S
subunit maturation (Figure 1.3a). Class R4 lacks densities for several AFs typically
found in State E particles, including Noc3, Spb1, Brx1, and Ebp2. Rather than these
AFS failing to assemble into pre-ribosomes, we think that their absence reflects that they
have associated and dissociated from pre-60S particles, while the AFs still remaining on
particles (Erb1, Ytm1, and Has1) have not yet been released. Otherwise, failure of so
many essential AFs to initially bind early assembly intermediates would result in their

rapid turnover (Sahasranaman et al., 2011). It remains unclear what the biological
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consequences of a deflected L1 stalk in class R4 may be. Therefore, classes R3 and R4
may represent on-pathway particles that are delayed in their progression to middle
stages of assembly.

Classes R6 and R7 may result from the following: rp/4A63—87 mutant particles
that reach class R2 may subsequently become trapped in class R1, be unable to bind
Sda1, and become destined for turnover (class R7). Alternatively, they might progress
beyond the 5S RNP rotation checkpoint to class R6. Because densities for H68 are not
visible in class R6, we suspect that this flexible intersubunit bridge results in particles
destined for turnover (class R5). However, in the case of R6, this flexibility of H68 may
not arise until after 5S RNP rotation occurs (Figure 2.21). Together, our data suggest
that proper maturation of the NPET is necessary to maintain the stability of specific
rRNA helices and keep pre-60S particles on-pathway. These mutant classes blocked at
various stages may reflect the phenomenon of rerouting ribosome assembly to alternate
pathways in response to stress (Mulder et al., 2011; Sanghai et al., 2018).

| wanted to follow up on classes R5 and R6 and to help reconcile previous findings
apparently showing a cytoplasmic block in 60S ribosomal subunit assembly associated
with a rpl4A63-87 mutant (Stelter et al., 2015). These rotated particles may be able to
progress beyond nuclear export and into cytoplasmic stages of ribosome assembly. To
address this question, | TAP-tagged the late nucleoplasmic-entering AF Nmd3, which co-
purifies primarily with cytoplasmic pre-60S ribosomal subunits, in the rp/4A63-87 mutant.
If rpl4A63-87 mutant particles progress to the cytoplasm, purifying Nmd3-associated
particles should allow us to study these cytoplasmic particles more closely. As a negative
control, | purified Nmd3-associated particles form cells depleted of the AF Nog2, which

should halt ribosome assembly prior to nuclear export. Both the rp/l4A63-87 and Nog2-
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depleted strains yielded similar results in these Nmd3 purifications (Figure 2.23). These
results suggest that an insignificant fraction of rp/463-87 mutant particles recruit Nmd3
and undergo export from the nucleoplasm to the cytoplasm. However, it still does not rule
out the fact that some fraction of rp/4A63-87 mutant particles do progress to the cytoplasm.
It may be that whenever ribosome assembly is blocked, the block is not absolute. All
together, these results suggest that ribosome assembly mutants may block multiple
stages of assembly, reducing the number of functional pre-ribosomes at each with each

block reducing cell viability.
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Figure 0.21. NPET maturation in the 60S subunit assembly hierarchy.

In the wild-type 60S subunit assembly pathway (middle, tan), Nog2 state 1 progresses to
Nog2 state 2 particles, which have bound AFs Sda1 (dark green), the Rix1 complex
(orange), and Rea1 (coral). The L1 stalk has closed, and the 5S rRNA has rotated
~180°. Rsa4 (light purple) has also shifted to face Rea1. These wild-type particles

progress to Nog2 state three particles, which have released multiple AFs and are ready
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to exchange Nog2 for Nmd3 and be exported from the nucleoplasm to the cytoplasm. In
the rpl4A63-87 mutant (top, purple) classes R3 and R4 are the earliest chronological
particles to be observed. Some fraction presumably progresses to class R2. Class R2
particles are wild- type-like and likely progress to class R1 particles, which display a
shifted rRNA helix H68 (gold) that prevents binding of Sda1 and progression to Nog2
state 2. These class R2 particles are likely precursors to class R7 on a pathway to
turnover. Alternatively, some fraction of class R2 particles may progress past Nog2 state
2 to class R6, which displays aberrant conformations of multiple rRNA helices.
Consequently, class R6 particles are likely precursors to class R5 on a pathway to
turnover. In the nog1AC rei1AC reh1AC mutant, wild-type-like classes N1 and N2
(bottom, teal) progress to either N3, which resembles class R1, or class N4. Class N4
primarily displays density for the L1 stalk in an open position and Sda1 is bound, but
weak densities (transparent colors) can be seen for the Rix1 complex, Rea1, and the L1
stalk in a closed position. Some fraction of class N4 particles likely progresses to Nog2
state 3. Two curved black lines represent flexibility in protein or rRNA structure. Solid vs.

dotted arrows represent major and minor pathways, respectively.
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Figure 0.22. Classes R4 and R6 display aberrant rRNA conformations.
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Densities for class R6 from the rp/4A63-87 mutant are aligned with the atomic model of
the Arx1 particle (PDB: 5APO), which resembles Nog2 state 3 particles. Exposed atomic
models for rRNA helices 38a (orange), 68 (magenta), 74-79 (red), 81 (blue), and 89

(cyan) represent flexible helices.
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Figure 0.23. Purification of Nmd3-associated particles from the rp/4A63-87 and

GAL-NOG2 mutants.
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2.1.7 Explaining the distinct phenotypes of different NPET

mutants

Deletion of the TD of L4 consistently resulted in more extreme phenotypes than
those observed in nog7 CTD mutants (including the triple tail mutant). For example, the
rpl4A63-87 mutant is lethal at all temperatures, whereas the nog? CTD mutants
exhibited severely reduced growth only at 16°C (Figure 2.13). The different extent to
which maturation of pre-60S subunits is blocked in rp/4 compared to nog7 mutants may
reflect the difference between the absence of the L4 TD (rpl4A63-87) vs. the TD being
present but in a flexible state (nog7AC rei1AC reh1AC). This milder effect in the triple tail
mutant is also consistent with the observation that class N3, which contains the same
aberrant rRNA conformations as class R1 of rp/l4A63-87 mutant particles, makes up only
7% of the total particles obtained from the nog7AC rei1AC reh1AC while class R1 makes
up 27% of rpl4A63—87 mutant particles (Figure 2.4b). When flexible, the TD of L4 might
still stabilize H74 enough to maintain growth at 30°C in rich media. However, the
potential for this rRNA to become trapped in unproductive rRNA conformations might
increase at lowe