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The control of gene expression is a highly complex process that is vital to an organism’s
adaptation to fluctuating environments. The majority of a cell’s energy is directed towards protein
synthesis, necessitating a tight regulation of the translation process. Past research has predominantly
focused on the translational control of initiation, but there has been a growing appreciation for the
complex interplay between both initiation and elongation rates. In this dissertation | use the budding-yeast
Saccharomyces cerevisiae as a model organism to study the translational regulation of elongation. |
attempt to determine the role of elongation during adaptative stress response and seek to quantify
elongation rates across distinct conditions. In Chapter 2 we explore the regulation of translation during the
stress response to glucose starvation. We use ribosomal profiling and in vivo luciferase reporter assays to
demonstrate a slowdown of elongation rates during glucose starvation. Chapter 3 includes a discussion of
the development of a luciferase reporter for quantification of elongation rates during translation. We
guantify the impact of synonymous codon substitutions on the elongation rate of yeast-optimized yellow
fluorescent protein (YFP) and provide further insight into the surveillance of translation and the roles of
the proposed translation sensors Hel2 and Dhh1 in mediating ribosome pausing events. Chapter 4
investigates the effects of Dhh1 on the translational repression observed during glucose starvation. We
identify a correlation between the shift in ribosome polarity we observe during glucose starvation and
Dhh1 enrichment during glucose starvation previously published CLIP-seq dataset by (Cary et al., 2015)
and detail the results of polysome profiling and luciferase reporter assays performed in a conditional

Dhh1 knockdown.
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Chapter 1: Introduction

The central dogma of biology encompasses the flow of information encoded in the genome.
Information is stored by DNA and transcribed to mRNA. In turn, mRNA is translated by ribosomes to
produce protein. Translation is a highly complex process tightly controlled by the cell, but the process
can be summarized in three primary phases: initiation, elongation, and termination. In eukaryotes, the
initiation stage commences once the preinitiation complex, composed of the 40S ribosomal subunit and
several additional initiation factors, recognizes the AUG start codon of the mRNA. The 60S ribosomal
subunit and the initiator methionine tRNA assemble with the 40S subunit to form the 80S ribosome
(Jackson et al., 2010; Kozak, 1999).

Following initiation, the ribosome translocates along the mMRNA sequence and proceeds through
a series of conformational changes with the assistance of several elongation factors as it incorporates
sequential amino acids onto a nascent polypeptide. Each three-nucleotide mRNA codon is selectively
recognized by amino-acyl tRNAs in complex with eukaryotic factor 1A (eEF-1A) that contain a
complementary anticodon sequence, allowing initial binding and accommaodation to the ribosomal A
site upon GFP hydrolysis and eEF-1A release (Dever et al., 2018; Dever and Green, 2012). Peptide
bond formation is catalyzed with the peptidyl-tRNA in the P site and the nascent polypeptide is
transferred to the A site. Finally, eukaryotic elongation factor 2 (eEF2) catalyzes translocation of the
tRNAs to the E and P sites and the deacylated-tRNA is released from the E site as the ribosome
continues to the next codon. Termination takes place once the ribosome reaches a stop codon at the end
of the mMRNA open reading frame. These codons are not coded for by any tRNAs and allow ribosome
release factors to bind to the empty A site and facilitate the release of the polypeptide. The ribosome can
then be released from the transcript, allowing the ribosomal components to be recycled for the next
round of translation (Dever and Green, 2012).

Initiation is the most complex stage and the primary rate limiting step of translation, allowing

for a wide variety of regulatory mechanisms to modulate translation rates in a gene-specific manner



during development and in response to environmental conditions (Costello et al., 2017; Janapala et al.,
2019; Liu and Qian, 2014; Sheikh and Fornace, 1999; Sonenberg and Hinnebusch, 2009). For example,
the phosphorylation of elF2 (eukaryotic initiation factor 2) is a conserved regulatory response to diverse
stressors in both yeast and mammalian cells (Crawford and Pavitt, 2019; Pakos-Zebrucka et al., 2016).
elF2 is an essential factor that delivers Met-tRNA through a GTP-dependent mechanism during the
formation of the preinitiation complex prior to protein synthesis. Phosphorylation of elF2a prevents the
GTP-binding required to return elF2 to its active state.

Less attention has been focused on other steps of translation although it is becoming
increasingly appreciated that cells have evolved regulatory steps to control translation apart from
initiation. Regulation of elongation rate has been identified in a diverse range of cellular processes, from
meiosis and cell-cycle control (Sabi and Tuller, 2019; Sivan et al., 2007)

For example, eEF2 has been shown to be phosphorylated in response to acute hyperosmotic and
oxidative stresses in yeasts (Sanchez et al., 2019; Teige et al., 2001; Wu et al., 2019). Phosphorylation
reduces eEF2 activity, thereby generally attenuating elongation and global protein production (Kenney
et al., 2014; Tavares et al., 2014). Mammalian systems also rely on eEF2 phosphorylation via eEF2
kinase to adapt to nutrient deprivation and ribosomal stress (Gismondi et al., 2014; Kang and Lee, 2001;
Leprivier et al., 2013). It has also become increasingly apparent that the redundancy of the genetic code,
which utilizes 61 codons to encode for only 20 amino acids, provides an additional layer of information
by which cells can modulate the translation rates of otherwise similar polypeptide sequences (D’Onofrio
and Abel, 2014). Previous research has attempted to quantify this effect with a metric called codon
optimality, a species-specific value for each codon taking into factors implicated in elongation rate,
including tRNA availability and demand, frequency of use in the genome, GC content, and interactions
with the ribosome exit tunnel (Gardin et al., 2014; Pechmann and Frydman, 2013; Presnyak et al., 2015;

Reis et al., 2004).



As the process of translation is highly conserved across eukaryotic organisms, further
exploration of how translational elongation is controlled is necessary to the understanding of how life
functions. It is critical to understand how the cell regulates protein synthesis and maintains homeostasis
during adverse conditions if we are to gain further insight into the conditions that can occur as these
processes malfunction during disease and aging (Tahmasebi et al., 2018). The breakdown in the
regulatory mechanisms of translation are particularly detrimental in neuronal cells, which rely on a
sophisticated balance of localized translation levels to respond appropriately to complex external stimuli
(Kapur and Ackerman, 2018; Tahmasebi et al., 2018). Aberrant alterations of translational elongation
rates specifically can result in the misfolding of proteins and the loss of translational fidelity (Kapur and
Ackerman, 2018).

In this dissertation | use the budding-yeast Saccharomyces cerevisiae as a model organism to
study the translational regulation of elongation. In Chapter 2 we explore the regulation of translation
during the stress response to glucose starvation. We use ribosomal profiling and in vivo luciferase
reporter assays to demonstrate a slowdown of elongation rates during glucose starvation. Chapter 3
includes a discussion of the development of a luciferase reporter for quantification of elongation rates
during translation. We quantify the impact of synonymous codon substitutions on the elongation rate of
yeast-optimized yellow fluorescent protein (YFP) and provide further insight into the surveillance of
translation and the roles of the proposed translation sensors Hel2 and Dhh1 in mediating ribosome
pausing events. Chapter 4 investigates the effects of Dhh1 on the translational repression observed
during glucose starvation. We identify a correlation between the shift in ribosome polarity we observe
during glucose starvation and Dhh1 enrichment during glucose starvation previously published CLIP-
seq dataset by (Cary et al., 2015) and detail the results of polysome profiling and luciferase reporter

assays performed in a conditional Dhh1 knockdown.



Chapter 2: Elongation slowdown during glucose starvation and stationary phase

2.1 Abstract

Protein synthesis is energetically expensive and its rate is influenced by factors including cell
type and environment. Suppression of translation is a canonical response observed during stressful
changes to the cellular environment. In particular, inhibition of the initiation step of translation has been
highlighted as the key control step in stress-induced translational suppression as mechanisms that
quickly suppress initiation are well-conserved across organisms and stressors. However, cells have also
evolved complex regulatory means to control translation beyond initiation. Here, we examine the role of
the elongation step of translation in yeast subjected to acute glucose deprivation. Use of ribosome
profiling and in vivo reporter assays demonstrated elongation rates slow progressively following glucose
removal. We observed ribosome distribution broadly shifts towards the 3’ end of transcripts after both
acute and gradual glucose deprivation but not in response to other stressors. Additionally, on assessed
MRNAS, a correlation exists between ribosome density and protein production pre-stress but is lost
after. Together, these results indicate that stress-regulated elongation causes ribosomes to slow and
build up on a considerable proportion of the transcriptome in response to glucose withdrawal. Finally,
we report ribosomes that build up along transcripts are competent to resume elongation and complete
protein synthesis upon readdition of glucose to starved cells. This suggests yeast have evolved
mechanisms to slow translation elongation in response to glucose starvation which do not preclude
continuation of protein production from those ribosomes, thereby averting a need for new initiation

events to take place to synthesize new protein.



2.2 Introduction

The ability to adapt to rapidly fluctuating environmental conditions is a vital aspect for an
organism’s long-term survival. The budding-yeast Saccharomyces cerevisiae, a unicellular and rapidly
growing eukaryote, is particularly sensitive and responsive to such stressors. Rapid growth requires a
massive investment of cellular energy into new protein synthesis (Kafri et al., 2016); however
organisms including yeast face a dynamic environment that necessitates rapid adaptation to fluctuations
in conditions such as nutrient availability, temperature, osmotic balance, and oxidation state. Such
adaptations require alterations of gene expression that take place at both the transcriptional and
translational level in a coordinated stress response (Advani and lvanov, 2019; Crawford and Pavitt,
2019). An important component of response to acute, sudden stress is regulation and reduction of
protein synthesis from pre-existing cytoplasmic mMRNAs (Liu and Qian, 2014). Logically, reduced
translation tends to follow stress induction as the existing transcriptome is no longer programmed for
survival under current, newly stressful conditions. In addition, reducing translation from mRNAS
encoding proteins that facilitate growth is prudent at the onset of severe stress as it circumvents the time
required for nuclear changes in transcription to impact gene expression. Lowering translation also
reduces energy consumption and is therefore considered a general hallmark of post-transcriptional gene
regulation as rapidly growing cells respond to acute stress.

Decades of research have parsed mechanisms that limit protein synthesis in response to acute
stresses (Sheikh and Fornace, 1999). The focus of previous research has largely focused on regulation at
the step of initiation, as it is the rate limiting step of translation during growth conditions (Costello et al.,
2017; Janapala et al., 2019; Liu and Qian, 2014). For example, the phosphorylation of elF2 (eukaryotic
initiation factor 2) is a conserved regulatory response to diverse stressors in both yeast and mammalian
cells (Crawford and Pavitt, 2019; Pakos-Zebrucka et al., 2016). elF2 is an essential factor that delivers

Met-tRNA through a GTP-dependent mechanism during the formation of the preinitiation complex prior



to protein synthesis. Phosphorylation of elF2a prevents the GTP-binding required to return elF2 to its
active state.

Less attention has been focused on other steps of translation although it is becoming
increasingly appreciated that cells have evolved regulatory steps to control translation in response to
stress apart from initiation. For example, eEF2 (eukaryotic elongation factor 2), the protein that
catalyzes GTP-dependent ribosome translocation during the elongation step of protein synthesis, has
been shown to be phosphorylated in response to acute hyperosmotic and oxidative stresses in yeasts
(Sanchez et al., 2019; Teige et al., 2001; Wu et al., 2019). Phosphorylation reduces eEF2 activity,
thereby generally attenuating elongation and global protein production (Kenney et al., 2014; Tavares et
al., 2014). Mammalian systems also rely on eEF2 phosphorylation via eEF2 kinase to adapt to nutrient
deprivation and ribosomal stress (Gismondi et al., 2014; Kang and Lee, 2001; Leprivier et al., 2013). In
response to heat shock, researchers have shown that mammalian and yeast cells globally accumulate
ribosomes close to their start codons, approximately 60-100 nucleotides downstream of the AUG, which
indicates those ribosomes successfully initiated and were slowed early in elongation (Muhlhofer et al.,
2019; Shalgi et al., 2013).

Abrupt glucose deprivation is a particularly arduous stress for log phase yeast to face because
glucose is their preferred carbon source and a key substrate in fermentative growth (Ashe et al., 2000;
Kim et al., 2013). Relatedly, understanding how simpler eukaryotic organisms have evolved to confront
glucose starvation is relevant to understanding complex human diseases such as diabetes and cancer
(Diaz-Ruiz et al., 2011; Jochem et al., 2019; Pineau and Ferreira, 2010). During glucose starvation in
yeast, a rapid collapse in global translation is observed within the first minute (Ashe et al., 2000). Rapid
inhibition of RNA-binding by initiation factors such as elF4A results in a global drop in translation
initiation as the loss of 40S ribosome scanning factors prevents translation initiation downstream of the

formation of the 43S preinitiation complex (Bresson et al., 2020; Castelli et al., 2011). Exact



mechanisms that regulate this rapid shutdown are unknown and do not appear to be the result of
previously characterized pathways of translational control (Ashe et al., 2000; Bresson et al., 2020).

While it has been reported that, after 10 minutes of glucose starvation, there is extensive
cessation of S methionine incorporation, researchers have also observed that housekeeping mMRNAs
remain engaged in polysomes at both a relative and an absolute level (Arribere et al., 2011; Zid and
O’Shea, 2014). For example, ribosomes remain bound to the coding sequence (CDS) of the essential
glycolytic gene PGK1 after 10 and 15 minutes of glucose starvation (Brengues et al., 2005; Zid and
O’Shea, 2014). As glucose starvation leads to an extensive reduction in initiation (Ashe et al., 2000;
Janapala et al., 2019), this result strongly suggests that elongation does not take place at pre-stress rates.
If elongation did not slow, we would expect to see ribosomes run off the 1,251bp PGK1 CDS after
approximately three minutes as the basal elongation rate of log phase yeast is reported to range between
3-10 amino acids per second (Karpinets et al., 2006; Riba et al., 2019). This result seems at odds with a
common narrative that ribosomes run off mRNASs in response to severe stress. Runoff is highlighted as a
crucial early step in a process that sequesters abundant, pro-growth, and pre-existing mRNAs into phase
separated granules (Khong and Parker, 2018; Lee and Seydoux, 2019; Moon et al., 2019). Importantly,
this narrative is well-founded and ribosome runoff does occur as evidenced by a large collapse in the
polysome repeatedly shown to take place on the timescale of minutes in glucose-starved yeast (Arribere
et al., 2011; Ashe et al., 2000; Brengues et al., 2005; Holmes et al., 2004). PGK1’s high occupancy
observed simultaneously with polysome collapse indicate ribosome runoff is heterogeneous. Therefore,
a gene expression program dependent on differential translation elongation may play a key role in
regulating protein synthesis following glucose starvation and explain, at least in part, why some
ribosomes run off transcripts and some remain bound to them.

Intrigued by this observation of heterogeneous ribosome behavior, we sought to better
understand how yeast regulate protein synthesis and alter ribosome-mRNA interactions in the initial

minutes following glucose starvation. In this study, we focused not only on general levels of



engagement but where along mRNAs ribosomes bind. We found that glucose starvation causes
ribosomes to accumulate downstream on the 3’ ends of many mRNAs. This coincides with a
progressively slower rate of elongation, a result we validated with in vivo approaches. We also explored
protein synthesis in log phase and glucose starvation conditions to further support our measurements of
slowed elongation and observed that the extent of ribosome engagement on a transcript is not sufficient
to predict differences in protein synthesis between pre- and post-stress conditions. Additionally, we
propose ribosomes that build up on transcripts can resume elongation following glucose readdition.
Furthermore, successful protein synthesis can be observed from these ribosomes independent of newly

initiated ones.



2.3 Results

Ribosome profiling is a sequencing technique that isolates fragments of mMRNAs bound by
ribosomes which are turned into sequencing libraries. It is common for researchers to prepare ribosome
profiling and traditional RNA-seq libraries from the same sample to calculate ribosome occupancy (RO)
on a gene-by-gene basis and compare changes between samples. Such changes are traditionally ascribed
as alterations in translational efficiency (TE) for a given gene (Gerashchenko et al., 2012; Ingolia et al.,
2009; Li et al., 2017; Pop et al., 2014; Sen et al., 2015; Wang et al., 2019). However, analysis of the
distribution and movements of ribosomes along transcripts at nucleotide resolution can provide deeper
insight into translational regulation compared to simply considering RO changes. Using ribosome
profiling, we first examined the distribution of reads, known as ribosome-protected fragments (RPFs),
along mRNAs that have important roles in glycolysis and growth of a similar or longer length to the
1,251bp PGK1 transcript (Figure 2.1A). Ribosomes remain bound to the entire length of these MRNAS
in log phase and after 15 minutes of glucose starvation. This indicates elongation is regulated in a way
where ribosome runoff is not ubiquitous. If runoff were ubiquitous because of unaltered transit rates, we
would expect preexisting transcripts of this length to be largely or completely devoid of ribosomes
given that new initiation and aggregate protein synthesis are markedly reduced genome-wide (Ashe et
al., 2000; Janapala et al., 2019).

We were struck by the shift in the pattern of RPF reads along these genes from the upstream 5’
end in log phase towards the downstream 3’ end during stress. Plotting the distribution of read density
along thousands of yeast transcripts revealed a general shift away from the start codon when compared
to log phase. This indicates strong repression in translation initiation (Figure 2.1B; top and middle
panels). This more general increase in downstream read distribution further supports the notion that
ribosome runoff is heterogeneous, given that polysome collapse also occurs in glucose starvation
conditions. Importantly, a group of stress-induced genes known to be upregulated transcriptionally and

translationally mirror the distribution pattern observed during log phase (Figure 2.1B; bottom panel).



These stress-responsive genes, mostly heat shock proteins, display a decreasing or negative ramp of
distribution reported to be characteristic of well-translated genes (Shah et al., 2013). These stress-
induced genes evade the general halt in initiation that occurs during glucose starvation and demonstrate
cells were undergoing stress response.

We next assessed whether this small group of stress-responsive genes, which are uniquely
upregulated in response to stress, have greater RO values after 15 minutes of glucose starvation
compared to the rest of the transcriptome. If genes that are well-translated in log phase underwent
massive runoff during stress, we would expect lower occupancy on those transcripts and higher
occupancy on upregulated genes. Surprisingly, while transcriptional induction of stress-responsive
MRNAS is very high compared to the entire genome, the magnitude of their RO at 15 minutes starvation
did not vary from other genes, including the 150 genes that were most highly engaged with ribosomes
during log phase (Figure 2.1C). We also calculated the proportion of preexisting versus stress-induced
mRNAs in our samples (Figure 2.1D). Stress-induced transcripts made up a relatively small proportion
of libraries after 15 minutes of starvation. Moreover, the 150 most abundant mRNAs during log phase
maintain high RPF and mRNA read counts after 15 minutes of stress compared to both stress-induced
genes and the rest of transcriptome, further highlighting their sustained engagement with ribosomes.

Because ribosome profiling and RNA-seq quantify relative changes in RPF and mRNA
abundances, we used polysome profiling to assess absolute changes in ribosome engagement to more
rigorously test our hypothesis that high ribosome occupancy on pre-stress mMRNAS continues during
stress. Polysome profiling was performed on log phase and glucose starved samples, followed by RNA
quantification of select genes with normalization to an exogenous spike-in RNA using gRT-PCR.
Fractions were pooled and five total groups were analyzed: a total RNA pool, a free RNA pool, a
monosome pool, and two polysome fractions made of a combined disome plus trisome pool and, finally,
a dense polysome pool (Figure 2.2). The polysomes from glucose starved cultures yielded

concentrations for several pro-growth, abundant log phase mRNAs that were roughly 2-fold lower than
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polysomes from glucose replete, log phase cultures. We also assessed the movement of 18S rRNA,
stress-induced heat shock genes, and genes that are extremely long, each greater than 6,000bp, given
that the median yeast gene length is 1,280bp. This more targeted approach corroborated our global
ribosome profiling data by further showing there is an incomplete ribosome runoff during glucose
starvation. Some transcripts do undergo runoff and leave the polysome. In addition, the polysome
collapses but neither process is universal nor complete. If ribosome runoff was a straightforward,
universal explanation for how translation is regulated in response to glucose starvation, we would
expect the magnitude of the shift of abundant growth genes out of heavier polysomes to be much
greater. We would also expect the shift of these growth genes to be several fold higher than the shift
observed for extremely long genes, which we wouldn’t expect to be able to undergo as much runoff
during 15 minutes of starvation, given their length and ribosome transit rates. Our data also agrees with
previous polysome profiling experiments that showed the continued presence of PGK1 mRNAs in
polysomes during acute glucose starvation (Arribere et al., 2011; Brengues et al., 2005). Together, our
ribosome profiling and polysome profiling experiments highlight that ribosomes remain engaged with
preexisting mRNAs during glucose starvation.

As ribosomal runoff on many growth-related mMRNAs appears incomplete, we next sought to
measure protein expression for select MRNAs. As PGK1 is highly expressed pre-stress and continues to
maintain some association with polysomes, we were curious if the efficiency of protein expression
would be reduced when compared to an upregulated stress-response gene such as HSP30. To test this,
we added TAP tags to both and performed immunoprecipitations from log phase and glucose starvation
cultures supplemented with S* methionine (Figure 2.3). Quantification of protein production revealed
that, during log phase when HSP30 has very few ribosome counts, we were unable to detect protein
production above background while ribosomes bound to PGK1 showed robust protein production.
Therefore, a consistent relationship exists between RPF reads and protein production in the absence of

stress. However, during glucose starvation, despite PGK1 having about 25-fold higher RPF counts along
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its transcripts, there was not a significant difference in S* incorporation into Pgk1 and Hsp30 proteins.
Together, this indicates that differential elongation during glucose starvation results in divergent levels
of protein production in a gene-dependent manner. Importantly, this highlights that careful consideration
must be made prior to assuming high levels of ribosome-mRNA interactions on a given transcript
necessitate robust translation of that mRNA.

In order to further assess protein production in vivo, we adopted a yeast-optimized
NanoL.uciferase (nLuc) previously described (Masser et al., 2016). With the addition of a C-terminal
PEST degradation sequence, the half-life of nLuc can be reduced from ~45 minutes to ~5 minutes or
less. This dramatic reduction of background protein levels allows for closer to real-time measurement of
active translation. Addition of cycloheximide to samples, a translation elongation inhibitor, can be used
as a proxy for determining background luminescence of previously synthesized proteins. By monitoring
the luminescence of cycloheximide-inhibited cells unable to synthesize new protein, any increases in
luminescence from cell cultures without cycloheximide is indicative of newly synthesized nLuc. This is
particularly relevant in glucose starvation conditions due to the low level of translation for most genes.
First, it was necessary to recapitulate the S protein synthesis data. We first assessed two nLUcPEST
reporters, one expressed downstream of the Pabl promoter and 5’UTR and one downstream of the
Hsp30 promoter and 5°UTR. During log phase growth, the Pab1prUTR reporter was robustly translated
while the Hsp30prUTR reporter was not expressed (Figure 2.4A). During 15 minutes of glucose
starvation, the expression was reversed, in which the PablprUTR reporter was translated at low levels
versus Hsp30prUTR driven nLUcPEST. These results replicated our S-35 pulldown data, in which Pabl
is translationally repressed during glucose starvation while Hsp30 is upregulated and readily expressed.
To distinguish the role of the 5’UTR sequence from that of the promoter, we assessed a reporter with
the Pab1 promoter but the 5’UTR of Hsp30 under the same conditions (Figure 2.4B). Expression during
glucose starvation increases relative to the PablprUTR reporter but is still dramatically reduced relative

to expression during log phase as well as Hsp30prUTR expression during glucose starvation. This
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demonstrates that the difference in expression is not dependent on the 5°UTR sequence. We then tagged
several endogenous genes with nLUCPEST and sought to replicate our S* findings for Pgk1 and Hsp30.
nLUcPEST was tagged downstream of a self-cleaving E2A viral peptide in order to avoid alterations to
the endogenous protein half-lives (Souza-Moreira et al., 2018). Pabl and Pgk1 expression are highly
reduced during glucose starvation, while Hsp30 is induced (Figure 2.5). As we observed in Figure 2.3,
Pgk1 and Hsp30 protein expression during glucose starvation are surprisingly similar despite the stark
contrast we have observed in mRNA levels and ribosome occupancy.

We next sought to test the hypothesis that, in response to glucose-limited conditions, ribosomes
slow down and build up on the downstream ends of CDSs because of decreased elongation by directly
measuring elongation rate. To do this, we created a doxycycline-inducible reporter driving the
expression of nLuc and a second reporter driving the expression of LacZ C-terminally tagged with
nLuc. As LacZ has a long open reading frame (3072 bp), there will be a delay in luciferase signal versus
nLuc alone. An analysis technique known as Schleif plotting factors in both initial time of reporter
induction and the amount of time that elapses between expression of the nLuc and LacZ-nLuc reporters
to calculate the average elongation rate necessary to translate through LacZ (Dai et al., 2016; Schleif et
al., 1973).

During log phase growth, we calculated an elongation rate of ~4-5 amino acids per second,
within the range of 3-10 amino acids per second observed in previous studies (Karpinets et al., 2006;
Riba et al., 2019) (Figure 2.6). Glucose starvation resulted in a slower elongation rate of ~2-3 amino
acids per second. We hypothesize that this rate is representative of more the preferentially translated
proteins such as the heat shock genes. Since our dox-inducible reporter is transcribed after glucose
starvation, we expect it will have a faster elongation rate than the pre-existing pro-growth mRNAs for
which we observe very poor translational efficiencies. It is not possible to assess the elongation rate
slowdown of ribosomes initiated prior to glucose starvation, which we hypothesize are responsible for

the high ribosomal occupancy and poor translational efficiency of pro-growth mRNAs.
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Since glucose starvation is a particularly acute stress, we also investigated the elongation rate
change as yeast cultures approach the diauxic shift. As yeast divide rapidly during log phase, glucose is
consumed in anaerobic respiration and converted into ethanol. Continued growth eventually depletes the
remaining glucose and necessitates a metabolic shift towards aerobic respiration and the use of ethanol
as the primary carbon source. This switch in metabolism is a more gradual adaptive process that yeast
cells often face in their natural environment after rapid growth, rather than the abrupt removal of
glucose from log phase cultures. We found that the elongation rate slows significantly to roughly 2
AA/sec in cells after the diauxic shift, representing a slowdown in elongation rate comparable to that
during glucose starvation (Figure 2.6). Thus, the slowdown in elongation is a more general phenomenon
not restricted to acute glucose starvation.

Finally, we sought to establish whether the ribosomes that slow or stall along CDSs during
glucose starvation are competent to resume translation upon reintroduction of glucose to the
environment. To do this, we again utilized both ribosome profiling and in vivo reporter assays. After
acute glucose starvation, glucose was reintroduced and samples were collected for ribosome profiling,
RNA-seq, and polysome profiling after one minute and five minutes. We were particularly interested in
long genes which we expected to be poorly translated during glucose starvation but were earlier shown
to remain associated with the polysome as assessed by qPCR (Figure 2.2).

Upon glucose readdition a ‘wave’ of increased RPF read density, suggestive of new initiation
events, was detected near the start codon within the first minute (Figure 2.7A). By five minutes, this
wave of newly initiated ribosomes was observed spanning the first approximately 2,200bp of mMRNAs.
To assess ribosome movement in response to glucose readdition in a gene-specific manner, we looked at
the distribution of reads on two yeast genes that are particularly long, each over 6,000bp in log phase,
starvation, and readdition conditions (Figure 2.7B). We wondered whether it would be possible to parse
the engagements and movement of ribosomes that slowed on these mMRNAs during starvation from those

that were newly initiated. Intriguingly, the profile of ribosomes engaged during glucose starvation
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appears to move down the transcript at the same time as new initiation events occur, resulting in a
bimodal distribution of RPF reads at the 5’ and 3” ends of these genes after 5 minutes of readdition. We
hypothesized that there could be two populations of ribosomes on the CDSs: one population of
ribosomes that underwent initiation during log phase, built up downstream during glucose starvation,
and then resumed elongation and a second population that were newly initiated upon glucose readdition.
This led us to wonder if we could directly test whether the former were actively elongating ribosomes
and, furthermore, whether these ribosomes could finish translation and produce functional protein.

To test the potential for these ribosomes to resume translation upon relief of starvation, we
tagged the long, endogenous FAS1 and URA2 genes with an E2A self-cleaving peptide followed by
nLUcPEST and monitored reporter expression in log phase, during glucose starvation, and following
glucose readdition (Souza-Moreira et al., 2018) (Figure 2.7C). We estimated these MRNAs were long
enough that any new translation events would take longer than five minutes to complete as the ‘wave’ of
ribosome density we saw in Figure 2.7A would correspond to translation of proteins less than 1,000
amino acids. Additionally, once initiated, a ribosome would need to elongate at 7-8 amino acids per
second to translate through these reporters within five minutes. This rate is faster than the elongation
rates we observe even in log phase conditions (Figure 2.6) and faster than the rate we would predict
from our ribosome profiling data. Even still, to separate translation events that arise due to new
initiation after glucose readdition from translation events due to ribosomes that completed initiation
prior to readdition, we developed an experimental approach that directly decoupled these two
possibilities.

Specifically, we glucose starved cells expressing these reporters for 30 minutes, added glucose
back, and then measured luciferase production in the presence (treated) and absence (untreated) of two
different drugs: either CHX; a translation elongation inhibitor, or lactimidomycin (LTM), a translation
inhibitor that preferentially inhibits initiation at the concentration used (Eisenberg et al., 2020;

Schneider-Poetsch et al., 2010) (Figure 2.7D). Since CHX addition prevents ribosomes from completing
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elongation and producing any functional luciferase, the difference in luciferase signal between the
CHX-treated versus untreated samples represents all luciferase produced during signal measurement. In
all conditions tested, there was a significant difference in luciferase signal with CHX treatment
compared to untreated cultures, indicating expression was taking place in all conditions. As expected,
expression was greatly reduced in glucose starvation conditions compared to log phase for both
reporters.

Intriguingly, after five minutes of glucose readdition, there was no difference in protein
expression due to LTM treatment compared to the untreated samples. This suggests the nLuc expression
that took place did not depend on new initiation events. If it had, using an initiation inhibitor would have
reduced luciferase production compared to the untreated sample. On the other hand, we found that upon
15 minutes of glucose readdition, significantly less protein was produced from both CHX and LTM
treatments. This suggests new initiation events were contributing to expression after 15 minutes, unlike
after five minutes. Taken together, we interpret these results to demonstrate that there is indeed a
population of ribosomes bound to the CDSs of our reporters that underwent initiation prior to glucose
readdition, resumed elongation upon readdition, and produced functional protein.

Our lab has demonstrated previously that the promoter directs both a mRNAs transcription and
its subsequent subcellular localization in the cytoplasm during glucose starvation (Zid and O’Shea,
2014). During glucose starvation, there are two distinct sets of transcriptionally upregulated genes.
Transcriptionally upregulated and well-translated MRNAS, such as those coding for heat shock proteins,
remain diffusely localized in the cytoplasm and have high levels of ribosome occupancy. Another class
of mMRNAs is transcriptionally upregulated but poorly translated, instead localizing to stress granules.
Intriguingly, these mMRNAs appear to have a high concentration of ribosome occupancy on the start
codon but are otherwise poorly associated with ribosomes. We were curious if these mMRNASs were

primed for translation upon the relief of starvation conditions. To assess this possibility, we
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endogenously tagged two of these genes, Gsyl and Hxk1, with our E2A-nLucPEST reporter and
monitored their expression during glucose readdition (Figure 2.8).

Indeed, glucose readdition results in robust translation of these transcriptionally upregulated
mRNAs. In addition, these mMRNAs are more strongly induced when a quantity of glucose 1/10" that of
normal growth media of is added to cultures, below the concentration at which severe inhibition of
translation and subsequent polysome collapse can be observed (Castelli et al., 2011). As time passes and
cells recover from starvation, protein expression returns towards the low baseline expression measured

during log phase growth.
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Figure 2.1: Glucose starvation alters ribosome engagement with mRNAs
(A) RPF reads per million (rpm) by nucleotide position for the indicated genes during log phase (purple;
left) and after 15 minutes of glucose starvation (orange; right). (B) Normalized read density plots for
indicated gene categories in log phase (purple; top) and after 15 minutes of glucose starvation (orange;
middle and bottom; red, respectively). To generate read density plots the aggregate number of reads per
single nucleotide position across all genes >1000bp with > 25 reads per gene per library were included
and normalized to enable inter-library comparison. (C) Plot of log2 RO calculated as RPF reads divided
by mRNA reads per gene in glucose starvation conditions against log2 mRNA induction after 15
minutes of glucose starvation. Abundant log phase genes (purple markers) were the 150 transcripts with
the highest mean TPM scores in two replicate ribosome profiling libraries. TPM = transcripts per
million. For both B and C, genes with mMRNA log2 fold change > 2.5 and RO log2 fold change > 0.09
were classified as upregulated in response to glucose starvation. (D) Percentage of all reads in the
indicated libraries by category. 149 genes had >4-fold increase in mRNA reads after 15 minutes of
glucose starvation compared to log phase (green). Abundant log phase mRNAs (blue) were the 150
mRNASs with the highest mean TPM scores in two replicate RNA-seq libraries. There is substantial
overlap between the top 150 RFP TPM genes in C (purple markers) and the top 150 mRNA TPM genes
in D (green) with 123 total shared.
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Figure 2.2: Pre-existing mRNAs display incomplete runoff during glucose starvation
Traces of polysome fractionation gradients showing what fractions were combined (top). Pooled
fractions underwent RNA extraction and RT-gPCR to quantify the changes in transcript abundance in
the indicated fraction after 15 minutes of glucose starvation compared to log phase (bottom). An
exogenous, spike-in RNA was used for standardization to quantify abundance in each pool and the fold
change in RNA abundance as assessed by AACt analysis is indicated in the heatmap for mRNAs
grouped into the indicated categories.
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Figure 2.3: Ribosomal occupancy on pre-existing mRNAs does not correlate with protein production
(A) Representative image of autoradiography exposure used to calculate radiolabeled S** methionine
incorporation in B. For each lane, immunoprecipitation was performed on the indicated TAP-tagged
proteins from cell lysates grown to log phase and, for the right lane, glucose starved for 30 minutes. The
volume of lysate loaded for the log phase sample (left lane) was 1/10" the volume loaded of the glucose
starved lysate. (B) S* intensity from four biological replicates performed as described in C. (C) The
TPM of ribosome protected fragment (RPF) reads from replicate log phase and glucose starvation
ribosome profiling libraries plotted as mean + sem. TPM = transcripts per million. a.u. = arbitrary units.
For A and B values are plotted as mean + sem from a minimum of four biological replicates. Statistical
significance was assessed by unpaired Student’s t-Test (***p<0.001; **p<0.01, * p<0.05, ns = not
significant).
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Figure 2.4: Differential expression of nLUcPEST during glucose starvation
(A) Expression of nLUcPEST reporters during early log phase and after 15 minutes of glucose
starvation. (B) Expression of the nLUCPEST reporter when downstream of the Pabl promoter sequence
and the Hsp30 5’UTR. Each bar represents the mean difference + sem in luciferase signal detected
during measurement between aliquots of untreated culture and the same culture treated with CHX.
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Figure 2.5: nLucPEST tagged genes recapitulate the S* data
Expression of nLUCPEST reporters C-terminally tagged to the endogenous genes investigated in Figure
2.3. Cultures were measured during early log phase and after 15 minutes of glucose starvation. Each bar
represents the mean difference + sem in luciferase signal detected during measurement between aliquots
of untreated culture and the same culture treated with CHX.
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Figure 2.6: Elongation rates drop during glucose starvation and the diauxic shift
The elongation rate in amino acids per second (AA/sec) through LacZ calculated following reporter
induction in the indicated growth and media conditions.
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Figure 2.7: Glucose readdition following starvation results in new initiation and continued elongation
(A) Normalized read density plots for glucose starved cultures after one minute (green; left) and five
minutes (yellow; right) of glucose readdition. To generate read density plots the aggregate number of
reads per nucleotide position across all genes >3000bp with > 25 reads per gene were included and
normalized to enable inter-library comparison. (B) RPF reads per million by position for the indicated
genes in log phase (purple), glucose starvation (orange), after one minute readdition (green), and five
minutes readdition (yellow). (C) Schematic of reporters used to determine luciferase production in D.
(D) Each bar represents the mean difference £ sem in luciferase signal detected during measurement
between aliquots of untreated culture and the same culture treated with the indicated translation inhibitor
from a minimum of six biological replicates. For log phase and 30 min -Glu conditions the signal was
recorded after 5 minutes of treatment and the difference was calculated and plotted on the y-axis. For
readdition, the signal difference was taken at the indicated time points and plotted. Statistical
significance was assessed by paired Student’s t-Tests for differences in luciferase production between
cultures that underwent either LTM or CHX treatment, respectively, paired against luciferase production
from the same culture without treatment (***p<0.001; **p<0.01, * p<0.05, ns = not significant).
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Figure 2.8: A transient surge in protein expression occurs after glucose readdition for mRNAs
transcribed during glucose starvation

(A) Strains expressing Gsy1-E2A-nLucPEST were subjected to glucose starvation for 30 minutes.
Glucose was returned to cultures at final concentrations of either 2% or 0.2% (w/v). Protein expression
was quantified relative to cultures concurrently treated with CHX. Assay measurements were taken at
the corresponding timepoints following glucose readdition. (B) Glucose readdition of a strain expressing
Hxk1-E2A-nLUcPEST.
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2.4 Discussion:

Here, we explored the distribution of ribosomes across yeast mMRNAs during acute glucose
starvation to better understand how yeast regulate protein synthesis during stress. Notably, we found
that many pro-growth mRNAs retain relatively robust ribosome occupancy, but the distribution of these
ribosomes skew towards the 3’ end and they have positive polarity scores. These results contrast with
those for well-translated stress-induced genes like HSP30. We hypothesize this altered ribosome
distribution is driven by cessation of initiation followed by an elongation slowdown. Examining this
observation concordantly with reports of polysome collapse during glucose starvation leads us to posit a
nuanced interpretation of ribosome runoff in response to glucose starvation. Specifically, in the initial
seconds following glucose removal, elongation continues at a rate comparable to pre-stress, log phase
elongation. This rapid ribosome transit causes ribosomes to finish translating shorter genes, which we
show are more likely to display a decrease in RO, as their short CDSs inherently require less time for
runoff to take place. Then, as the duration of acute stress continues and seconds turn to minutes,
ribosome transit slows more and more. This leads to an accumulation of downstream ribosome
engagement on mRNAs of sufficient length such as PGK1. Meanwhile, shorter genes are more devoid
of ribosomes. As the shortest yeast MRNASs tend to code for ribosomal proteins and ribosomal
biogenesis genes, we conclude one way yeast responds to acute glucose starvation and downregulates
bulk protein synthesis quickly is by reducing expression from these short transcripts. Conversely,
comparatively longer, glycolytic genes like PGK1 remain in the polysome to a larger degree, perhaps to
retain their ability to quickly produce protein if glucose is reintroduced to the environment for
subsequent, rapid metabolism.

In addition to ribosome profiling, we explored how glucose starvation impacts protein
production in living cells. In vivo measurements of elongation rate using nLuc reporters showed
elongation is slower during acute glucose starvation compared to log phase. Similar effects took place

during the postdiauxic shift, a less acute manner of glucose starvation. While there has been a growing
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appreciation in recent years for the importance of translation regulation at the step of elongation, much
of this work has focused predominantly on codon-specific effects as it has been well-established that
certain motifs cause ribosome elongation to stall and activate ribosome quality control pathways (Park
and Subramaniam, 2019; Presnyak et al., 2015; Weinberg et al., 2016). Our findings are indicative of a
more general phenomenon as elongation rates differ on the same LacZ-nLuc reporter in a condition-
dependent manner. This is also apparent in the results of our promoter driven nLuc reporters. nLuc
expressed from the Pab1 promoter is not readily translated during glucose starvation but is upregulated
when driven by the Hsp30 promoter.

Our results also indicate that slowed and paused ribosomes are primed to resume elongation and
finish translation if environmental conditions continue to fluctuate, but in a favorable way. Specifically,
we show that long mMRNAs can undergo translation from ribosomes bound before glucose readdition.
Greater protein production was measured upon glucose readdition than would otherwise be expected
from new initiation alone as samples treated with the initiation inhibitor LTM show no significant
difference in protein expression during the first five minutes of glucose readdition. This indicates the
expression detected comes from pre-existing ribosomes. We speculate that such pausing may allow for a
population of mMRNAs to remain bound to ribosomes for rapid continuation of growth once stress has
been relieved, provided the duration of the stress is not too long. Additionally, the shift in ribosome
distribution towards positive polarity which takes place upon the postdiauxic shift and acute glucose
withdrawal suggests the general slowdown in elongation we identify during glucose starvation may play
an important role in fine tuning translation during metabolic transitions to alternative carbon sources and
metabolic pathways more generally, though this remains to be tested.

It would also be interesting to determine how this would relate at the individual cell level, as it
has been demonstrated by single-cell microfluidics that subpopulations of cells exist prior to and during
starvation, following a bimodal bet-hedging strategy (Bagamery et al., 2020). One population favors a

rapid-growth state poorly prepared for adverse conditions, while others favor a more conservative
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quiescent one more adaptive to stress but a reduced fitness in a glucose rich environment. Single-cell
sequencing approaches are still in their infancy, but very recent advancements in ribosome profiling
have also begun to probe the single-cell level. A recent study by (Vanlnsberghe et al., 2021) reported
patterns of codon-specific translational pausing correlated to distinct stages of the cell-cycle. As the
field develops, approaches at the single-cell level should provide further insight into the mechanistic
responses to stress that are averaged together at our global point of view.

Additionally, we demonstrate that glucose readdition also results in the transient surge of
mMRNAs transcriptionally upregulated during glucose starvation but poorly translated. This surge is more
pronounced when low levels of 0.2% (w/v) glucose are added, a concentration below the threshold of
0.6% (w/v) by which severe inhibition of translation occurs (Castelli et al., 2011). These findings agree
with the gene ontology of these MRNAS, as this class of mMRNAs is dominated by alternative glucose
metabolism genes (Zid and O’Shea, 2014). During glucose starvation there is no available carbon
source, which may lead the cell to prioritize the translation of more immediate stress response genes
such as the heat shock proteins. Glucose limitation is more akin to the gradual depletion of glucose
leading into the diauxic shift when these genes are expressed in the transition to respiratory growth.
Intriguingly, ribosome profiling of these mMRNAs during glucose starvation appears to show increased
ribosome occupancy around the AUG start codon but not in the downstream open reading frame.
Glucose readdition assays with LTM to inhibit initiation as performed previously are difficult, as the
low ribosome count near the start codon would leave little signal above background. However, the
mechanisms that lead to the differential localization and repressed translation of these stress-induced
MRNASs remain interesting topics for future investigation.

It is important to note that, though we compared elongation rates along identical MRNA
sequences, we did not simultaneously test how fast elongation takes place on populations of mMRNAs
transcribed prior to glucose starvation compared to mRNASs transcribed during glucose starvation. This

is due to experimental limitations imposed by inducible reporters, an approach necessary to ensure that
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elongation rate calculations were not muddled by detecting protein expression from pre-stress reporter
transcription events while only intending to measure protein production that takes place during stress.
Given the necessity of inducing reporter expression after stress to measure elongation rates during
stress, we conjecture that our calculated elongation rate, though slower than it is during log phase, still
overestimates the elongation rate that would be observed for ribosomes moving along mRNAs that were
transcribed during log phase prior to the onset of stress. This is based on our observation that ribosome
engagement with pre-existing mMRNAS remains abundant, even during glucose starvation, though protein
synthesis from them is greatly reduced. As such, we think the elongation rate of approximately two
amino acids per second we calculated for LacZ in glucose starvation is more comparable to the
elongation rate along a stress-responsive gene such as HSP30, which is both transcribed and translated
in response to stress and is not pre-existing. The elongation rate on PGKZ1, a pre-existing transcript
poorly translated during stress but with high ribosome occupancy, would be even slower. Future
experimental approaches to parse the difference in elongation rate during stress on mRNAs transcribed
pre-stress compared to mRNAS transcribed during stress would provide more insight into this nuance.
Finally, while our previous results indicate there is a strong dependence on the promoter
sequence with respect to localization and competency for translation during stress (Zid and O’Shea,
2014), we cannot rule out that the timing of transcription itself is another key determinant in
cytoplasmic RNA fate more generally. For example, it is possible that a copy of PGK1 mRNA
transcribed before stress would be somehow differentially marked or associated with proteins compared
to a copy transcribed during stress. Those mRNAs, though coding the same gene, could be regulated in
contrasting ways. Future work in this vein would further elucidate the importance of transcription
timing with regards to acute stress and parse how important timing is for localization to either P-bodies
or stress granules independent of mMRNA sequence motifs. Additionally, further investigation is
necessary to determine the mechanism or mechanisms that mediate the general slowdown in elongation

we characterized in response to acute glucose starvation in yeast. Such a mechanism would have to
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allow for discrimination between pre-existing and stress-induced genes. Indeed, mechanisms that
facilitate the expression of stress-induced genes like heat shock proteins during severe stress have been
a topic of extensive and detailed study for decades and understanding how they work in concert with
repressive mechanisms will be crucial to fully understanding how organisms adapt gene expression in

response to acute stress.
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2.5 Materials and Methods
2.5.1 Yeast strain information

Yeast strains used are listed in Table 2.1. Strains with either TAP-tagged Hsp30 or Pgk1 were
from the Yeast-TAP Tagged ORF library collection (Ghaemmaghami et al., 2003). For luciferase
measurements during glucose readdition, the E2A-nLUcPEST sequence was inserted into a pKT vector
(Sheff and Thorn, 2004) containing a hygromycin selection marker. Endogenous genes were tagged
with E2A-nLucPEST through the integration of PCR products including 40 bp overhangs homologous
to the sequence immediately upstream and downstream of the 3°-end of the target gene. Preo7-LacZ-
NLUCPEST and Preo7-NLUCPEST were assembled into a pRS305 integration vector with homology for
the LEUZ locus. Polysome profiling was performed with strain ZY185. Plasmid pST1760 (Tanaka et al.,
2015) was integrated in strain EY0690. Endogenous Dhh1 was C-terminally tagged by PCR
amplification of a 3xmini auxin inducible degron from plasmid pST1932 (Tanaka et al., 2015) with
homology for the 3’-end of Dhh1. Yeast transformations were performed using lithium acetate/PEG as
previously described (lIto et al., 1983).
2.5.2 Polysome profiling

800mL cultures of strain ZY 185 were inoculated in SC media and grown overnight to early log
phase (0.4-0.6 ODsoo). 400mL were rapidly filtered, washed, and resuspended in SC -G media to begin
glucose starvation. The remaining half of the glucose replete culture was rapidly filtered, and the cell
paste was scraped into liquid nitrogen for flash freezing. 1.2mL of polysome gradient lysis buffer
(20mM Tris-Cl (pH 7.5), 140mM KCI, 2 mM MgCls, 100 pg/mL CHX, 20 U/mL SUPERasesIn™
(Invitrogen), 1% Triton X-100) was flash frozen dropwise with the cell paste. After 15 minutes of
glucose starvation, SC -G cultures were filtered down and the cell paste was flash frozen with 1.2mL of
lysis buffer. Cell pastes were stored at -80°C. Cell lysis was performed by cryogenic ball milling for 4x3
minute cycles and cooled with liquid nitrogen between each cycle. The resulting lysates were gently

thawed to room temperature in a water bath and treated with DNase | (12.5 U/mL). Lysates were
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centrifuged at 4°C for 5 min at 3000xg and the supernatant was centrifuged once more for 10 min at
20,000xg. Approximate concentrations were estimated by Azso measurements.

A 7-47% sucrose gradient in polysome gradient buffer without Triton X-100 was prepared with
a gradient maker. Clarified supernatants were added and centrifuged at 4°C for 3 hours at 35,000RPM in
a Beckman SW41Ti rotor. The gradient was fractionated into 1 mL aliquots using a gradient fractionator
and UA-6 detector (Isco/Brandel). Polysome traces were monitored through absorbance measurements
at 254nm. 2 ng of in vitro transcribed renilla luciferase (rLuc) RNA was added to each aliquot as a
spike-in control. Transcription reactions were performed with a mMESSAGE mMACHINE™ T7
Transcription Kit according to manufacturer’s instructions and RNA was purified with acid
phenol:cholorform extraction (Invitrogen). After adding the rLuc spike-in, 600uL of Guanidine HCI and
600uL isopropanol were added to 400uL of each fraction and incubated overnight at -20°C. Fractions
were centrifuged at 10,0009 for 25 minutes to isolate RNA pellets. Samples were washed with 70%
EtOH and resuspended in 400uL of TE buffer. Cleanup was performed by precipitation with 40 pL of
NaOAC and 2.5 volumes of 100% EtOH. Samples were centrifuged for 25 min @ 10,000xg, pellets
were washed with 70% EtOH, dried, and resuspended. Fractions corresponding to free RNA, 80S,
disome/trisome, and dense polysomes were pooled and the RNA was then treated with RQ1-DNase
(Promega) and reverse transcribed with Protoscript® Il Reverse Transcriptase (NEB), both according to
manufacturer’s instructions. PCR measurements with SYBR green were performed with the cDNA
libraries and primers designed for each respective gene. The 18S rRNA primer set was adopted from
(Cankorur-Cetinkaya et al., 2012). CT values for the rLuc spike-in were used to normalize variance in
cDNA concentration arising due to sample cleanup and RT efficiency.
2.5.3 S* methionine and autoradiography

15mLs of tap-tagged strains were grown in SC media lacking histidine (SC -His) to an ODgqgo of
0.4. Two cultures of HSP30-TAP and PGK1-TAP of equal OD were then mixed to make 30mLs.

Cultures were pelleted, resuspended, and grown in SC -His and 0.01x methionine for 30 minutes. To
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15mLs of this combined culture, 0.2 mCi of [*S] methionine-cysteine (EXPRESS[*S] protein labeling
mix; Perkin-Elmer) was added and incubated at 30°C for 30 minutes. To the remaining 15mLs, cells
were pelleted and resuspended in SC -G, -His, 0.01x Met + 0.2 mCi [**S] and incubated at 30°C for 30
min. Labeled cells were pelleted and lysed in 400uL RIPA buffer (50mM Tris pH 8, 1% NP-40, 0.1%
SDS, 0.5% Sodium Deoxycholate, 150 mM NaCl) with glass beads. Supernatants were isolated before
being applied to immunoprecipitation with 1gG-coupled beads. Dynabeads M270 Epoxy were coupled
with 1gG as described previously (https://commonfund.nih.gov/sites/default/files/Conjugation-of-
Dynabeads.pdf).
Supernatants were incubated with Dynabeads for 30 minutes at RT, then washed 3 times with RIPA
buffer. The Dynabeads were then resuspended in 25pl of 1x loading buffer (S0mM Tris, pH 7.0, 2.5%
sodium dodecyl sulfate [SDS], 0.02% bromophenol blue, 10% glycerol), and TAP-tagged proteins were
eluted from the beads with moderate heat treatment at 65°C for 10 min. Loading buffer was transferred
to a new tube, and 2-f-mercaptoethanol was added to a final concentration of 200mM. Samples were
boiled for 5 min, and 20ul was loaded and resolved on 4-20% polyacrylamide gradient gels followed by
autoradiography and quantitation with a Phosphorlmager (Molecular Dynamics). Signal intensity was
quantified using background subtraction and the ‘rectangles’ option in Quantity One software (Bio-
Rad).
2.5.4 Nanoluciferase Reporter Assays

nLuc assays were adapted from methods previously described (Masser et al., 2016). Briefly,
cells were grown in SC media and added to a 96-well plate. Promega Nano-Glo® substrate was diluted
1:100 with PBS and added 1:10 to each well immediately prior to measurement. Luminescence was
measured every 30 seconds with a Tecan Infinite® 200 PRO plate reader. For glucose starvation, cells
were sedimented by centrifugation, washed 2x with SC -G media, and resuspended in SC G- media for
30 minutes of incubation at 30°C with rotating. 20% glucose was added with the substrate to monitor

expression upon glucose readdition. For CHX-treated samples, 10 mg/mL CHX in deionized H>O was
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added to achieve a final concentration of 100 pg/mL. For LTM-treated samples, 3.5mM LTM in DMSO
was added to achieve a final concentration of 3.5uM. To measure elongation rates during the diauxic
shift log phase cultures were inoculated in YPD media at 0.1 ODeoo and incubated overnight. Assays
were performed on the cultures at the indicated timepoints afterwards using the same methods described
above.
2.5.5 Elongation Measurements

Doxycycline was added to a final concentration of 10 mg/ml to induce transcription of the
LacZ-nLuc and nLuc reporters in liquid culture. Luciferase expression was monitored as described in
the preceding section. Data was linearized using Schleif plots to estimate the minimum reaction time
required for complete translation (Dai et al., 2016; Schleif et al., 1973).The reaction time of the nLuc
reporter was subtracted from the reaction time of LacZ-nLuc to calculate the time required for
translation of the LacZ sequence alone. An RNA transcription speed of 2000nt/min was used to
calculate the estimated time required to transcribe the LacZ sequence (Mason and Struhl, 2005).
Subtracting the transcription time from the LacZ reaction time provides the elongation rate for LacZ.
2.5.6 Yeast growth and glucose starvation for RNA-seq and ribosome profiling

Ribosome profiling experiments were performed with strain BY4741 grown in batch culture at
30°C with shaking at 250rpm to OD600 between 0.4-0.6 for all log phase samples. Synthetic complete
(SC) media with 2% (wi/v) glucose was used to grow cells for all acute starvation experiments. Glucose
starvation was performed in SC media prepared without glucose (SC -G). For each starvation sample,
half the volume of a culture was filtered for transfer to SC -G media while the other half remained
incubating in glucose replete media in log phase, non-stressed conditions. Cells were collected with a
vacuum filtration apparatus onto cellulose filter membranes. For glucose starvation, the cells were
collected, quickly rinsed in 50-100mL of pre-warmed SC -G media, re-filtered, and resuspended in
prewarmed SC -G with continued rotation at 30°C for either 1 minutes, 5 minutes, 10 minutes, 15

minutes, 20 minutes, or 30 minutes, as indicated. Log phase cells still in SC media were harvested while
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starvation samples were incubating in SC -G. For glucose readdition experiments, cultures that
underwent starvation were supplemented with a 2% (w/v) final concentration of glucose added back to
the media with continued shaking at 30°C for the indicated times prior to harvest. For the multi-day
growth experiments, yeast was grown in liquid YPD (2% peptone, 1% yeast extract, 2% dextrose).
Samples were collected at log phase (0 day), postdiauxic shift (1 day), and stationary phase (5 day)
conditions as in 60. Following vacuum filtration, all cells were flash frozen in liquid nitrogen and stored
at -80°C until library preparation.
2.5.7 RNA-seq and ribosome profiling library preparation

For CHX-pretreatment log phase, glucose readdition, and glucose starvation samples, libraries
were prepared in (Zid and O’Shea, 2014). Briefly, prior to harvesting, CHX was added to a final
concentration of 100pg/mL for 1 min with continued shaking at 30°C. Cells were pulverized under
cryogenic conditions, extracts were digested with RNase I, and RPFs were isolated from monosome
fractions via sucrose gradient sedimentation. Then, 28mer RPFs were selected, polyadenylated, and
reverse transcribed. RNA-seq libraries from these samples were prepared following or poly(A)+-
selected RNA using Oligo(dT) Dynabeads (Invitrogen), also as described in (Zid and O’Shea, 2014).

Libraries that did not undergo CHX-pretreatment, including log phase, acute glucose starvation,
postdiauxic shift, and stationary phase samples, were prepared according to previously published
methods 61 with minor modifications. Briefly, after cells were flash frozen, they were ground with yeast
footprint lysis buffer (20 mM Tris-Cl (pH8.0), 140 mM KCI, 1.5 mM MgCI2, 1% Triton X-100) via
cryogenic ball milling with boiling in liquid nitrogen between cycles. Lysates were thawed, digested
with RNase | (Epicentre), and monosomes were isolated with size exclusion chromatography 62. RPFs
were separated and size-selected via TBE-Urea PAGE. Next, footprints underwent dephosphorylation
with T4 PNK and linker ligation with T4 enzyme Rnl2(tr) K227Q (NEB). Ligation reactions were
excised following separation and size-selection on a TBE-Urea gel and pooled. Next, pools underwent

reverse transcription with Protoscript 11 (NEB), circularization with CircLigase Il (Lucigen),
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guantification with qPCR, and PCR amplification. Libraries were sequenced at the Institute for
Genomic Medicine sequencing core at UC San Diego on an lllumina HiSeq 4000.
2.5.8 Ribosome profiling bioinformatic analysis

For libraries prepared with CHX-pretreatment, read trimming and alignment took place as
described in (Zid and O’Shea, 2014). For libraries prepared without CHX-pretreatment, read trimming
and alignment took place as follows. First, unprocessed fastq files were trimmed with Cutadapt 63 to
remove the adapter sequence AGATCGGAAGAGCAC. Reads less than 17bp or without adapters were
discarded. For files that required manual demultiplexing, Cutadapt was used again to demultiplex with a
custom fasta containing the barcode sequence corresponding to a given biological sample. Next,
Cutadapt output files had their unique molecular identifiers (UMIs) removed from the read line of the
fastq and appended to the header line with a custom python script for subsequent deduplication of PCR
artifacts. Next, reads were aligned to S. cerevisiae ncRNA using bowtie 64 with the following flags: -k 1
--best -t -S -g. Reads that did not align to ncRNA were filtered to remove low quality reads based on
Phred score with fastgx_toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Those that passed this quality
control step were aligned against the S. cerevisiae genome. Index files generated via bowtie were from
genome assembly R64-1-1 (SGD). Next, files were deduplicated with custom python scripts. Read
features were counted using htseg-count 65, feature files were also obtained from SGD using genome
assembly R-64-1-1. To calculate polarity scores per gene custom python scripts were run based on
(Schuller et al., 2017). All scripts are available upon request and sequencing data has been deposited at
the NCBI GEO database with accession number ***,
2.5.9 Yeast gene length calculations

Median yeast gene length was calculated from information retrieved from the Saccharomyces
genome database (SGD) on June 21st, 2021
(https://yeastmine.yeastgenome.org/yeastmine/bagDetails.do?scope=all&bagName=Verified_ORFs).

The median length was calculated from the list of 5,195 genes categorized as verified ORFs.
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Table 2.1: Yeast strains used in this study

Strain

Genetic Background

Reference source

MATa his3A1 leu2A0 met15A0

BY4741 Euroscarf
ura3A0
EY0690 (W303) MATa trp1-1 leu2-3 ura3-1 his3-11
canl-100
BY4741, PER\/14-I’tTAZZURA3, PTetO7' .
Preto7-nLuc only reporter NIUCPEST-MS2(v4)::HIS3 This study
PTeto7-LaCZ-nLUC BY4741, PER\/14-I’tTAZZURA3, PTeto7-LaCZ- This stud
reporter NIucPEST-MS2(v4)::HIS3 y
) ) . Yeast-TAP Tagged
Pkl TAP tag S288C: (ATCC 201388: MATa his3A1 leu2A0 OREF library collection
met15A0 ura3A0) . .
(Horizon Discovery)
) ) . Yeast-TAP Tagged
Hsp30 TAP tag S288C: (ATCC 201388: MATa his3A1 leu2A0 ORF library collection
met15A0 ura3A0) . .
(Horizon Discovery)
EY0690, HIS3 OsTIR1, tTA, TetR’-SSNG, .
ZY185 Dhh1-3xmini-AlID-5xFlag-KanMX This study
Fasl-E2A-nLucPEST EY0690, Fasl::E2A-nLUcPEST::HIS3 This study
Gsy1l-E2A-nLUcPEST EY0690, Gsyl::E2A-nLucPEST::HIS3 This study
Hxk1-E2A-nLucPEST EY0690, Hxk1::E2A-nLUcPEST::HIS3 This study
Pabl-E2A-nLucPEST EY0690, Pabl::E2A-nLUcPEST::HIS3 This study
Ura2-E2A-nLucPEST EY0690, Ura2::E2A-nLUcPEST::HIS3 This study
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Table 2.2: gPCR primers used in this study

gPCR Gene
and Primer Forward Primer Reverse Primer
Set

18S rRNA AATCATCAAAGAGTCCGAAGACA | CCTTTACTACATGGTATAACTGTG
(20995/996) TTG G
Accl TTTCTGCCATTTTCTCTACTCC TGTTCAGTTCTTTCCTTGACC
(201014/1015)
Actl CTGCCGGTATTGACCAAACT CGGTGATTTCCTTTTGCATT
(2083/84)
Fasl CGCTGCATCATTCTCTCAAG TTGACGATTTCAACCAACCA
(ZO787/788)
Hsp30 TTGGACTGGTGTTCAAGCTG CAGGACAAGAACCAGGCAAT
(0S262/263)
Hsp104 CGACGCTGCTAACATCTTGA CACTTGGTTCAGCGACTTCA
(0S803/804)
Pabl TCTCTGTGTTTGGTGACATCTT TTGGCAGCACCTTCTTCTT
(Z095/96)
Pgkl GGACAAGCGTGTCTTCATCA CGTTTCTTTCACCGTTTGGT
(0S773/774)
RPS8A TCAACCAGCCAACACCAAG CAGAAGCCCAAGAAAAGTTACC
(20952/953)
Ura2 ATTCCCCGCTTACACGAAC AACACCAGAACCCAAGACC
(201018/1019)
nLuc TGGTGATCAAATGGGTCAAA CCTTCATAAGGACGACCAAA
(Z0553/554)
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Chapter 3: Quantification of elongation rate effects through synonymous codons

3.1 Abstract

Ribosomal pauses are a critical part of co-translational events including protein folding and
localization. However, extended ribosome pauses can lead to ribosome collisions, resulting in the
activation of ribosome rescue pathways and turnover of protein and mRNA. While this relationship has
been known, the specific threshold between permissible pausing versus activation of rescue pathways
has not been gquantified. We have taken a method used to measure elongation time and adapted it for use
in S. cerevisiae to quantify the impact of elongation stalls. We find that in transcripts containing a
strong, localized stall, a Hel2-mediated dose-dependent decrease in protein and mRNA expression and
increase in elongation delay. In transcripts containing synonymous substitutions to nonoptimal codons,
we find a decrease in protein and mRNA expression and similar increase in elongation delay but
through a non-Hel2-mediated mechanism. This indicates that different distributions of poor codons in a
transcript will activate different rescue pathways despite similar elongation stall durations. Finally, we
find that Dhh1 selectively increases protein expression, mRNA expression, and elongation rate. Taken
together, these results provide new quantitative mechanistic insight into the surveillance of translation

and the roles of Hel2 and Dhh1 in mediating ribosome pausing events.

41



3.2 Introduction

Production of cellular proteins through translation is crucial for maintaining homeostasis and
adapting to changing environmental conditions. Translation can be broken down into three sequential
steps: initiation, during which ribosomes assemble at the initiation site on an mRNA, elongation, during
which ribosomes translocate across the mRNA and build upon a nascent peptide, and termination,
during which ribosomes are removed from the mRNA, recycled, and the newly synthesized protein is
released. Cells dedicate many resources to the monitoring, regulation, and quality control of protein
synthesis as dysregulation may lead to aberrant cellular function and neurological diseases such as ALS
(Bosco, 2018; Wang et al., 2016).

Each step in the translation process is governed by various regulatory steps. Initiation has long
been known to be the primary rate-limiting step of translation and subject to intense regulation (Shah et
al., 2013; Sonenberg and Hinnebusch, 2009). Recent studies have focused on elongation as another
important regulatory step in protein synthesis. Indeed, modulation of elongation speed has been shown
to serve a functional role in both proper protein folding (Hartl et al., 2011; Pechmann and Frydman,
2013; Spencer et al., 2012; Yu et al., 2015; Zhao et al., 2021) and localization (Alamo et al., 2011,
Mason et al., 2000; Ogg and Walter, 1995; Tsuboi et al., 2020). These examples give credence to the
notion that ribosome pausing is essential for certain cellular processes. Recent reports using ribosome
profiling to analyze disome peaks have estimated that upwards of 10% of translating ribosomes are
engaged in the disome state (Arpat et al., 2020; Han et al., 2020; Zhao et al., 2021), indicating the
commonplace occurrence of ribosome collisions.

The functional and necessary nature of ribosome stalls, however, makes it challenging for
cellular machinery to distinguish between beneficial stalls and situations requiring ribosome rescue.
Ribosomes that undergo translation on an aberrant mRNA, such as on a truncated mRNA, stall in place
and are unable to be disassembled by translation termination machinery (Buskirk and Green, 2017

Joazeiro, 2017; Yip and Shao, 2021). Upon extended stalling events, translating ribosomes may collide
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with stalled ribosomes, resulting in a ribosome collision which can eventually lead to further
accumulation of collided ribosomes. Two pathways may be activated upon the detection of these
collision events: (1) ribosome quality control (RQC), which leads to the rescue and recycling of stalled
ribosomes, and (2) no-go decay (NGD), which leads to the endonucleolytic cleavage and subsequent
degradation of the aberrant transcript (Ferrin and Subramaniam, 2017; Park and Subramaniam, 2019;
Simms et al., 2017). Both pathways are triggered by the ribosome collision sensor
Hel2(yeast)/ZNF598(mammals) which detects disome formations which form as a result of prolonged
ribosome stalling (Ikeuchi et al., 2019; Juszkiewicz et al., 2018). In RQC, Hel2 ubiquitinates the small
ribosomal subunit which leads to activation of the RQC trigger (RQT) complex in yeast, ultimately
resulting in ribosome disassembly and degradation of the nascent peptide (Buskirk and Green, 2017;
Joazeiro, 2017; Yip and Shao, 2021). Concurrently, Hel2 activation also leads to the activation of the
NGD pathway which results in MRNA degradation primarily through the endonuclease Cue2 and the
exonucleases Xrnl and Ski7 (Buskirk and Green, 2017; D’Orazio et al., 2019; Navickas et al., 2020).
Hel2 and other sensors of elongation quality must maintain a balance between permitting transient and
functional stalls while at the same time engaging rescue pathways to prevent the buildup of ribosomes
on problematic mMRNA.

How elongation quality sensors can distinguish between functional stalls and those requiring
rescue pathways remains unclear. It has been proposed that the severity of ribosome collision may
determine which cellular response is activated in response to a collision event (Meydan and Guydosh,
2021). In support of this model, a recent study by Goldman and colleagues found that clearance of
stalled ribosomes was far slower than elongation and termination and proposed that slow ribosome
clearance allows cells to distinguish between transient and deleterious stalls (Goldman et al., 2021).
While this model may explain how functional stalls and detrimental stalls either resume elongation or
initiate RQC using the same surveillance pathways, respectively, the definition of “severity” in this

context remains vague. Are the distinguishing factors the time duration of the stall, the number of
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ribosome collisions (Goldman et al., 2021), the specific location and context of where the stall occurs on
a transcript, or a combination of all these factors and more? It is from this lack of understanding of how
cellular surveillance machinery can distinguish between these two opposing outcomes that necessitates
reliable, quantitative methods to describe the various aspects of ribosome stalling events.

One important factor that contributes to elongation speed is codon optimality, a metric that
describes the translational efficiency of the 61 amino acid specifying codons. The redundancy of the
genetic code, which utilizes 61 codons to encode for only 20 amino acids, provides an additional layer
of information by which cells can modulate the translation rates of otherwise similar polypeptide
sequences (D’Onofrio and Abel, 2014). Codon optimality, unique to each species, takes into account
various factors implicated in elongation rate, including tRNA availability and demand, frequency of use
in the genome, GC content, and interactions with the ribosome exit tunnel (Gardin et al., 2014;
Pechmann and Frydman, 2013; Presnyak et al., 2015; Reis et al., 2004). Furthermore, codon optimality
has been found to correlate with elongation speed and mRNA decay, with transcripts enriched in
“optimal” codons associated with faster elongation speed and lower mRNA decay rates and those
enriched in “nonoptimal” codons associated with slower elongation speed and higher mRNA decay
rates (Chu et al., 2011; Gardin et al., 2014; Hanson and Coller, 2018; Harigaya and Parker, 2016;
Hussmann et al., 2015; Ingolia, 2014; Ingolia et al., 2009; Koutmou et al., 2015; Radhakrishnan et al.,
2016; Saikia et al., 2016; Weinberg et al., 2016). While many studies, both in vivo and in vitro, have
assessed the impact of synonymous codon substitutions on protein expression, mRNA decay, and
ribosome pausing, quantification of the impact on elongation time has not been widely available.

In this study, we describe the development of an in vivo quantitative luciferase-based assay to
measure elongation time. We assessed the time delay associated with acute stalls caused by the
inclusion of repeats of the nonoptimal arginine codon CGA and find that elongation time increases in a
dose-dependent manner. Surprisingly, we find that no-go mRNA decay reaches a maximum level at a

specific stall length despite increasing translation elongation times and protein expression continuing to
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decrease. Furthermore, we assessed the effect of synonymous codon substitutions on elongation time of
a standardized ORF and identified the leucine codon CTT as a strong driver of elongation delay. CTT’s
effect on elongation time is dependent on its inclusion in the 5° end of the ORF. The development of
this assay and our findings provide steps towards a detailed understanding of the triggers of ribosome

quality control pathways.
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3.3 Results

Although many studies have investigated the effects of synonymous codons on mRNA stability
and protein expression, the quantification of the elongation rate for individual synonymous codons has
not been well characterized. To create a quantitative elongation duration reporter assay, we utilized a
tetracycline-inducible promoter to control mMRNA induction of a bioluminescent nanoluciferase (nLuc)
reporter downstream of open reading frames (ORFs) of interest. The nLuc reporter has been previously
studied in yeast under the control of a stress-inducible promoter and its bioluminescent output faithfully
recapitulates induced mRNA levels after heat shock (Masser et al., 2016). To test this system, we
developed a series of constructs in which we varied the length of the upstream ORF by insertion of
yeast-optimized yellow fluorescent protein (YFP) or yeast-optimized monomeric infrared red
fluorescent protein (miRFP) ORFs upstream of nLuc (Figure 3.1A). nLuc protein expression was
collected for each construct over 60 minutes and normalized to OD600 measured at T=0 min.
Elongation time was calculated using a Schleif plot (Dai et al., 2016; Schleif et al., 1973) and adjusted
based on an average mRNA transcription time of 1500 nucleotides per second (Mason and Struhl, 2005)
(Edwards et al. 1991).

We find a delay in the first appearance of nLuc upon the addition of optYFP and a further delay
in the longer miRFP-optYFP-nLuc reporter (Figure 3.1B). We then used these measured delays to
calculate the translation elongation rate of optYFP and miRFP ORFs as approximately 4 AA/sec and 3
AA/sec (Figure 3.1C), respectively, which is consistent with bulk elongation rate measurements of 3-10
AA/sec (Karpinets et al., 2006; Riba et al., 2019). We do not find a significant difference in elongation
rate between the two optimized ORFs. This implies that our reporter can quantify the in vivo translation
rates of our reporters.

To quantify the duration of elongation pauses and assess their impact on gene expression, we
classified elongation stalls into two categories: (1) acute stalls, which are characterized by a strong,

localized internal stall made of nonoptimal codons within the ORF and (2) distributed stalls, which are
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characterized by nonoptimal codons distributed throughout the ORF. To measure the effect of acute
stalls on elongation time and gene expression, we developed a series of constructs in which we inserted
between 2 and 6 tandem CGA repeats between the yeast-optimized YFP ORF and nLuc reporter ORF
shown previously (Figure 3.2A). CGA codons have been previously shown to induce ribosomal stalling
and reduce protein expression (Letzring et al., 2010; Veltri et al., 2021). First, we tested the protein
expression of our induced constructs and found a dose-dependent exponential decline in protein
production as the number of CGA codons increased, similar to a previous study by (Letzring et al.,
2010) (Figure 3.2B). We, however, did not see an impact on protein expression until 3 CGA codons
were included. Next, we measured mRNA expression and found that mRNA expression significantly
decreased with the addition of 3 CGA codons but mRNA levels remained constant around 40% of our
control construct regardless of additional CGA codons (Figure 3.2C). We then measured the elongation
delay in each of our constructs by comparing to a control reporter lacking any CGA codons (Figure
3.2D). We found that elongation delay increased in a dose-dependent manner beginning at 3xCGAs,
with 6XCGA causing an ~4.5 minute extension of the translation duration. There was a relatively linear
relationship between CGA stall number after 3 CGAs and elongation time which allowed us to calculate
that each CGA adds approximately 76 seconds to the overall elongation time.

We then asked whether the impact on gene expression seen in our CGA-containing strains was
a result of Hel2-mediated effects. Hel2 is a translation surveillance factor that senses ribosome
collisions and activates the ribosome rescue pathways of ribosome quality control (RQC) and no-go
decay (NGD) which result in protein and mRNA turnover, respectively. We measured protein
expression in our constructs containing 2, 4, and 6 CGAs in a hel24 background and we compared it to
their wild type (WT) counterparts (Figure 3.3A). We found that deletion of Hel2 partially rescued
protein expression in the 4XCGA and 6XxCGA. We next measured RNA expression in our 2xCGA,
4xCGA, and 6xCGA strains and found that RNA expression was increased in our 4XCGA and 6xCGA-

containing strains but there was no change in the 2xCGA strain (Figure 3.3B). Together, these results
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imply Hel2-mediated RQC and NGD are partially responsible for the observed decrease in protein and
RNA expression, respectively, in the wild-type strains. Lastly, we sought to measure the impact of Hel2
on elongation time. A recent review by Meydan and Guydosh proposed two non-mutually exclusive
models of Hel2’s activity on the stability of ribosome collisions: (1) Hel2 is necessary to rescue stalled
ribosomes and Hel2 deletion would result in further buildup of collided ribosomes and (2) Hel2
stabilizes collided ribosomes and Hel2 deletion would result in reduced ribosomal pausing (Meydan and
Guydosh, 2021). To assess the effect of Hel2 on ribosome pausing and distinguish between these two
models, we compared the elongation time of our control, 4xCGA, and 6xCGA strains between WT and
hel24 backgrounds and found no significance in our control strain but a decrease in overall elongation
time in our 4XxCGA and 6xCGA strains when expressed in a zel24 background (Figure 3.3C). This
suggests that Hel2 functions to slow down elongation in our CGA-containing strains and is consistent
with the second proposed model in which Hel2 stabilizes collided ribosomes.

Next, we asked how distributed slowdowns of non-optimal codons impact gene expression and
elongation time. To study the impact of distributed non-optimal codons, we used our optYFP-nLuc
construct and synonymously substituted the first 20 of 21 leucines for a nonoptimal leucine variant
(Table 3.1). First, we wanted to determine the impact of these synonymous substitutions on overall
elongation time. We measured the elongation time in each of our strains and compared it to the
optimized strain to determine the elongation time delay associated with each synonymous substitution
(Figure 3.4A). We found that substitution of the optimal leucine codon TTG for the nonoptimal codons
CTC and CTT resulted in a significant delay in elongation time of approximately 0.5 and 2.5 minutes,
respectively. Due to the statistically significant differences in elongation time, we selected both the CTC
and CTT-containing constructs for further study. Next, we measured the impact of codon substitution on
protein and RNA expression (Figure 3.4B-C). We compared the protein and RNA expression of our
YFP[CTT] and optYFP constructs 60 minutes post-mRNA induction. Relative to optYFP, we found that

substitution with CTC codons reduced both protein and RNA expression by approximately 20% while
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substitution with CTT codons reduced protein and RNA expresion by 50%. As both protein and mRNA
expression dropped to approximately the same normalized level, we reasoned that the drop in protein
expression could be explained by the decrease in mRNA levels.

Subsequently, we sought to determine whether the increase in elongation time and decrease in
protein expression observed was either contributed equally by each non-optimal codon or due to the
specific placement of non-optimal codons in the YFP ORF. To assess this, we created a set of chimeric
reporters in which the first 10 leucines of the YFP ORF were either optimal or nonoptimal followed by
the next 10 leucines of the opposite optimality. We hypothesized that if each codon contributed equally
to elongation time, the elongation time delay of our chimeric constructs would be half of the delay
between optYFP and YFP[CTT]. Instead, we found that both the elongation delay and protein
expression of our chimeric YFP[CTT/TTG] closely resembled YFP[CTT] and that our chimeric
YFP[TTG/CTT] closely resembled YFP[TTG] (Figures 3.5A-B, left panels). This provides evidence
that substitution of leucines to a nonoptimal variant in the 5° half of the YFP ORF is sufficient to drive
protein expression and elongation time outcomes.

A recent study by Chu and colleagues showed that poor codons in the 5’ region of a transcript
could negatively affect translation initiation through ribosome buildup preventing initiation from
occurring upstream, thereby reducing overall translational output (Chu et al., 2014; Hanson and Coller,
2018). To test if the observed decrease in protein expression was a result of interference with initiation,
we inserted a yeast-optimized miRFP (315 amino acids) upstream of our optYFP-nLuc and YFP[CTT]-
nLuc constructs. We hypothesized that, if initiation was negatively impacted by ribosome buildup, the
addition of a long yeast-optimized ORF upstream of the nonoptimal YFP[CTT] would rescue protein
expression as compared to the optimal construct. Instead, we found that a statistically significant
difference remained between the optimal and CTT-containing nonoptimal constructs (Figure 3.5B, right
panel). Furthermore, we assessed the impact on elongation time and found that elongation time was not

rescued back to WT levels and the magnitude of delay is similar to the YFP[CTT] construct (Figure
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3.5A, right panel). This suggests that the decrease in protein expression in YFP[TTG] is a result of the
specific placement of the nonoptimal CTT codons within the 5 half of the YFP ORF, but is not
dependent on close proximity to the initiation start site.

Subsequently, we wanted to investigate if Hel2 or other translation sensors were responsible for
the negative impacts on gene expression in our nonoptimal codon substituted constructs. Of particular
interest was the RNA binding protein Dhh1, a conserved DEAD-box helicase previously shown to have
roles in mMRNA decapping and translational repression (Carroll et al., 2011; Coller and Parker, 2005;
Coller et al., 2001; Fischer and Weis, 2002; Tseng-Rogenski et al., 2003). Importantly, it has been
shown to bind preferentially to mMRNA with low codon optimality and has also been proposed to slow
down ribosome movement (Radhakrishnan et al., 2016; Sweet et al., 2012). We hypothesized that the
negative impacts on gene expression observed in YFP[CTC] and YFP[CTT] compared to the optYFP
control may be a result of either Hel2 or Dhh1 influence. To test this, we transformed our optYFP,
YFP[CTC], and YFP[CTT] constructs into either a dhhiA or hel2A strain.

First, we assessed the impact of protein expression on our constructs in a dhii4 or hel24
background (Figure 3.5A). Based on Dhh1’s role in mediating translation repression of transcripts
enriched with nonoptimal codons, we expected to see no impact in optYFP expression and a rescue of
protein expression for YFP[CTC] and YFP[CTT]. Instead, we found differing effects for each construct;
deletion of Dhh1 slightly increased protein expression of our optYFP construct, decreased protein
expression of our YFP[CTC] construct, and had no statistically significant impact on our YFP[CTT]
construct. We also found that Hel2 deletion had no statistically significant effect on protein expression
for any of our constructs. This suggests that the drop in protein expression seen in the nonoptimal
constructs was not due to a Hel2-mediated mechanism and is distinct from our acute CGA-containing
constructs. Next, we examined the effect of Dhh1 on mRNA expression by comparing WT and dhh/4
MRNA levels (Figure 3.5B). We found that deletion of Dhh1 decreased mRNA expression in our

YFP[CTC] construct but had no statistically significant difference in the other constructs. The negative
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impact of Dhh1 deletion in our YFP[CTC] construct was of similar magnitude in both protein and
MRNA expression. This suggests that Dhh1l increases the mMRNA levels of our YFP[CTC] construct
which leads to increased protein production.

Lastly, wanted to determine the impact of the dhh14 and kel24 backgrounds on the elongation
time of our substituted leucine constructs. We measured elongation delay by comparing the elongation
times of our constructs in each deletion strain relative to the WT background (Figure 3.5C). We found
that deletion of Dhh1 increased elongation delay in our optYFP and YFP[CTC] strains, suggesting that
Dhh1 functions to speed up elongation for these constructs. However, we found no statistically
significant difference in elongation time for our YFP[CTT] construct. Additionally, we found no
statistically significant difference in elongation times in our sel24 strains. This is consistent with the
hel24 protein expression data and supports the idea that a non-Hel2-mediated pathway is responsible for
the negative impact on gene expression in our substituted leucine constructs.

Based upon our previous study of YFP[CTT], we were curious if the elongation rate slowdown
for CTC codons in the dhhia background was also dependent on the first 10 leucine codons. We created
a set of chimeric reporters for CTC and assessed them in both the wildtype and the dhhi4 strain (Figure
3.6A). Unlike the impaired translation driven by CTT codons in the wildtype background, there does not
appear to be a strong dependence on nonoptimal leucine codons located in the first half of the YFP ORF
Both YFP[TTG/CTC] and YFP[CTC/TTG] have large elongation delays compared to optYFP.
Intriguingly, there is also not a significant difference between the chimeric reporters and YFP[CTC],
suggesting that at least 10 CTC codons are required to impair YFP translation but additional CTC
codons are not additive to this defect. This effect is also not observed in the wildtype strain, as the small

elongation delay of YFP[CTC] is much reduced for YFP[TTG/CTC] and retained for YFP[CTC/TTG].
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Figure 3.1: Assay validation via elongation rate measurements
(A) Diagram of yeast-optimized constructs of various lengths. Optimized YFP (optYFP) or both optYFP
and optimized miRFP (miRFP) are set upstream of a nanoluciferase (nLuc) reporter. Constructs are
expressed from an inducible Tet07 promoter. (B) (Top) Representative assay data of relative light units
(RLU) of each construct over time normalized to OD600. (Bottom) Schleif plot and associated
trendlines of the top graph. (C) Calculated elongation rate measurements of optYFP (n=9) and miRFP
(n=4) ORFs. Error bars indicate SEM.
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Figure 3.2: CGA-derived acute stalls negatively impact gene expression in a dose-dependent manner
(A) Diagram of optimal and CGA-containing constructs. Between 2 and 6 CGASs are inserted between
the optYFP and nLuc ORFs. (B) Protein expression of CGA constructs at T=60 min normalized to
optimized control (2xCGA n=10, 3XCGA n=8, 4XxCGA n=10, 5XxCGA n=5, 6xCGA n=10). (C) mRNA
expression of CGA constructs at T=60 min normalized to optimized control. (n=3). (D) Elongation
delay of CGA-containing constructs compared to optimized control. (n=3). All error bars indicate SEM.
All statistical significances were calculated for each construct using two-tailed paired Student’s t-Test
against optYFP control).
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Figure 3.3: Hel2 deletion rescues protein expression, mRNA expression, and elongation time.
(A) Protein expression fold change of CGA constructs in a hel24 vs WT background (2xCGA n=2,
4xCGA n=7, 6XxCGA n=7). (B) mRNA expression fold change of CGA constructs in a hel24 vs WT
background (n = 3). (C) Elongation delay of CGA constructs in a hel24 vs WT background (n = 3). All
error bars indicate SEM. All statistical significances were calculated for each construct using two-tailed
paired Student’s t-Test against WT control.
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Table 3.1: tAl scores of leucine codons used in this study

OptYFP
0.06 YFP[CTC]
0.14 YFP[CTA]
0.13 YFP[CTT]
0.11 YFP[CTG]
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Figure 3.4: Distributed stalls in the YFP ORF decrease protein expression, mRNA expression, and
delay elongation time

(A) Elongation delay of distributed stall constructs compared to optYFP (CTA n=6, CTC n=6, CTG
n=5, CTT n=7). The first 20 out of 21 total optimal TTG leucine codons in optYFP are synonymously
substituted to a nonoptimal codon specified in brackets. (B) Protein expression of distributed stall
constructs normalized to optYFP control (n=4). (C) mRNA expression of distributed stall constructs
normalized to optYFP control (n=3). All error bars indicate SEM. All statistical significances were
calculated for each construct using two-tailed paired Student’s t-Test against optYFP control unless
otherwise specified (***p<0.001; **p<0.01, * p<0.05, n.s. = not significant).
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Figure 3.5: CTT codons slow elongation rate independently of proximity to the 5 'end
(A) (Left) Elongation delay measurements of chimeric constructs normalized to optYFP control (n=9).
(Right) Elongation delay measurements of miRFP-YFP[CTT] normalized to miRFP-optYFP control
(n=6). (B) (Left) Protein expression chimeric constructs normalized to optYFP control (n=5). (Right)
Protein expression of miRFP-YFP[CTT] normalized to miRFP-optYFP control (n=6). All error bars
indicate SEM. All statistical significances were calculated for each construct using two-tailed paired
Student’s t-Test against optYFP control unless otherwise specified (***p<0.001; **p<0.01, * p<0.05,
n.s. = not significant).
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Figure 3.6: Dhh1 deletion decreases the elongation rate for YFP[CTC] and reduces both mRNA and
total protein levels

(A) Protein expression of distributed stall constructs in dhh14 or hel24 background vs WT (n=5, n=4,
n=4, n=5, n=7, n=3, respectively). (B) mRNA expression fold change of distributed stall constructs in a
dhh14 vs WT background (optYFP=5, CTC=4, CTT=7). RNA was extracted from cell pellets collected
60 minutes after ATC induction. RNA was reverse-transcribed and measured by gPCR. (C) Elongation
delay of distributed stall constructs in dhh14 or hel24 background vs WT (n=19, n=4, n=18, n=6, n=9,
n=5, respectively). Total nLuc luminescence was measured 60 minutes after ATC induction and used as
a proxy for relative protein production. All error bars indicate SEM. All statistical significances were
calculated for each construct using two-tailed paired Student’s t-Test against WT control (***p<0.001;
**p<0.01, * p<0.05, n.s. = not significant).
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Figure 3.7: Dhh1 deletion decreases the elongation rate of both CTC chimeric reporters
(A) Elongation delay measurements of CTC chimeric constructs normalized to optYFP control
(Wildtype n=12, dhh14 n=8). (B) Elongation delay measurements of CTT chimeric constructs
normalized to optYFP control (Wildtype n=9, dhh14 n=4). All error bars indicate SEM. All statistical
significances were calculated for each construct using two-tailed paired Student’s t-Test against optYFP
control unless otherwise specified (***p<0.001; **p<0.01, * p<0.05, n.s. = not significant).
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3.4 Discussion

Ribosome stalling and the connected quality control pathways are important for recognizing
faulty and damaged mRNAs, yet quantitative measurements of how these stalls impact translation
duration have been lacking. In this study, we developed a reporter assay to quantify the in vivo
elongation time of various constructs containing stalling sequences in S. cerevisiae. Using CGA stalling
reporters we find that total elongation time increases in a dose-dependent manner corresponding with
the number of tandem CGA repeats while protein expression decreases logarithmically with increasing
CGA repeats. Strikingly, we find that mMRNA levels stabilize upon reaching a specific stall length,
suggesting that the stall-activated NGD pathway rescues a maximum decay rate at 3XCGA.
Interestingly, the ~50% reduction in MRNA levels is very similar to the mRNA reduction reported for a
completely independently designed reporter containing 12xCGA (Veltri et al., 2021) and other reporters
containing 10xAAG (rare poly-lysine codon) or 8xCCG (rare poly-proline codon) stalling sequences
(Park and Subramaniam, 2019), further supporting NGD may be saturated at relatively shorter
translational stalls.

From our synonymous leucine substitution constructs, we find that the nonoptimal codon CTT
causes substantial delays in elongation time on the order of minutes. The elongation delay of ~ 150s for
the CTT reporter is very similar to the elongation delay for our 4XCGA stalling reporter. Yet these two
reporters behave very differently as the decrease in protein expression due to CTT could be explained
completely by decreased mRNA levels, while the 4xCGA decreased protein levels to an even larger
extent then the ~50% decrease in MRNA levels. This pointed to the induction of RQC, which reduces
protein expression on the CGA stalls through ribosome rescue. Further supporting this induction of
RQC on CGA stalls but not CTT stalls, deletion of the RQC factor could partially rescue the mRNA
levels and protein production of CGA stalls, yet it had no significant effect on protein production and
elongation times due to non-optimal CTT codons. These data point to further differentiation of ribosome

stalling beyond just stall duration timing.
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While 20 synonymous Leu codons were changed to poor CTT codons, not all non-optimal
codons contribute equally to the elongation slowdown. Instead, the second set of 10 Leu codons had no
measurable effect on elongation or protein production, while the first 10 Leu were sufficient to impact
elongation and protein production. This appear to be caused by local sequence effects and not
specifically the poor codons being in the 5° end of the ORF, as adding an upstream miRFP ORF was not
able to rescue the translation slowdown and reduced protein production. This argues that local sequence
context is important for determining the effects of codon optimality on gene expression. This fits with
reports showing that specific combinations of codons modulate translation efficiency and mRNA decay
(Burke et al., 2021; Gamble et al., 2016).

We found that CGA stalls added ~76s per CGA codon to the translation duration of the reporter
after 3XCGAs. This led to an almost 5 minute lengthening of translation duration for a 6XCGA
construct. A recent paper by Goldman and colleagues examined ribosomal clearance times on mRNA
containing difficult-to-translate polyA-containing stretches and found it took approximately 10 and 13
minutes for ribosomes to clear off 50% of transcripts containing poly(A)36 and poly(A)60 stretches,
respectively (Goldman et al., 2021). Their finding on delays lasting on the order of minutes is consistent
with our findings and represents an intriguing observation considering that the average half-life of yeast
mRNAs is ~10 minutes, suggesting that a significant portion of an mRNA’s half-life can be spent
engaged in a ribosomal stall (Chan et al., 2018). Furthermore, we were surprised that substitution of a
relatively small percentage of codons (20 out of 176 coding codons in YFP; approximately 11%) was
sufficient to increase elongation time by minutes. Considering ribosome pauses and their role in co-
translational protein folding, recognition of localization signals on nascent proteins, and overall protein
output, inclusion of these significantly-slowing codons may be a useful mechanism to add an extended
pause on the order of seconds when necessary during elongation with a single codon.

Previous research suggests that Hel2 senses stalled ribosomes and mediates surveillance

pathways such as RQC and NGD. Throughout RQC and NGD pathways, nascent peptides and

60



detrimental mMRNA will be degraded respectively to help cells survive. Theoretically, within a Hel2-
depletion strain, both protein production and mMRNA expression will be rescued since we kill RQC and
NGD pathways. We found Hel2 deletion rescues mRNA level back to WT levels, while partially
rescuing protein expression, which proposes that protein production is influenced by multifaceted ways.

It is well-confirmed that Hel2 is a necessary factor mediating RQC and NGD pathways however
its effects on ribosome stalling have been unclear. Two non-mutually exclusive models have been
proposed: first, since Hel2 is needed to promote the rescue of the stalled ribosome in a collision
complex, deletion of Hel2 will slow ribosome rescue, resulting in accumulated collided ribosomes,
which increases elongation delay; In second model, we propose that Hel2 is able to sense and stabilize
stalled ribosomes to prevent further translation. In this scenario, deletion of Hel2 would destabilize
collided ribosomes, resulting in rescued elongation and shorter elongation delay. In this paper, we
guantitatively measure the change of elongation delay after Hel2 depletion and find a reduction in the
translation duration of CGA stalled sequences. This is distinct from mammalian cells, where depletion
of the mammalian homolog of Hel2, ZNF598, causes further delays in the clearing of ribosomes.

It has been previously reported that Dhh1 plays a role in degradation of MRNA enriched in
nonoptimal codons. However, Dhh1 deletion does not rescue mMRNA levels of the YFP[CTT] construct
and in fact decreases the expression of the YFP[CTC] construct. As the YFP constructs used in this
study are all yeast codon-optimized apart from the leucine codons, it is possible that Dhh1 deletion
would only be beneficial for mMRNAs highly enriched in poor codons. Previous work demonstrates a
negligible effect of Dhh1 deletion on mRNA half-life for primarily optimal mRNA (Radhakrishnan et
al., 2016). The Dhh1 deletion background also presents a slowdown in growth rate compared to the wild
type (120 minutes per doubling time versus 90 minutes for the wildtype background). This general
slowdown in growth may result in a small slowdown of elongation that, in combination with the

slowdown due to CTC codons, results in the YFP[CTC] construct slowing down sufficiently to cause
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increased ribosome collisions and reductions in mMRNA stability independently of direct effects due to
the Dhh1 deletion.

Although most studies have investigated Dhh1 with regards to its role in mRNA decay and
translational repression, Dhh1 has also been shown to promote the translation of certain proteins as well.
It has been previously demonstrated that a subset of mMRNAs that contain highly-structured 5’UTRs and
coding sequences require Dhh1 helicase activity for efficient expression (Jungfleisch et al., 2017). The
increased GC content of CTC codons may contribute to motifs more reliant on Dhh1-specific helicase
and the analysis of mMRNA secondary structure with RNAfold does predict changes in the location of
probable secondary structure within the early ORF region previously reported by (Jungfleisch et al.,
2017), however specific structures reliant on Dhh1 are unclear, as the CTC chimeric reporters were not
significantly different in elongation rate.

Furthermore, Dhh1 can shift roles in a condition-dependent manner. During nitrogen starvation,
Dhh1 is required for the efficient expression of autophagy-related proteins Atgl and Atg13, but when
nutrients are plentiful Dhh1l encourages ATG mRNA degradation (Liu et al., 2019). Overall, this argues
that Dhh1 may play context specific roles in translation elongation and may be able to speed up

elongation in specific sequence contexts.
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3.5 Materials and Methods
3.5.1 Plasmid preparation and integration

All plasmids used in this study are listed in Table 3.2. Plasmids containing synonymous leucine
codon substituted YFP (TTG, CTA, CTC, CTG, and CTT) and a single-copy yeast integrating plasmid
containing a pTet07 promoter were provided as a kind gift from Dr. Arvind R. Subramaniam at the Fred
Hutchinson Cancer Research Center in Seattle, Washington. Fragments containing pTet07, YFP
variants, and yeast-optimized nanoluciferase (Masser et al., 2016) were amplified using PCR and cloned
into the Xhol and Hindlll-digested single-copy yeast integrating plasmid using Gibson assembly.

The pAG306-pTet07-YFP[CTT/TTG]-nLuc and pAG306-pTet07-YFP[TTG/CTT]-nLuc split
strains were generated by PCR amplification of the entire backbone of the previous pAG306-pTet07-
optYFP-nLuc plasmid beginning at nLuc and ending with pTet07, and PCR amplification of the first (1-
377 bp from CDS start) and second (378-714 bp from CDS start) halves of the TTG and CTT YFP
variants between the 10th and 11th leucine codons. These fragments were combined using Gibson
assembly.

All plasmids were linearized using Notl and integrated into yeast by homologous
recombination. Integrations were screened by growing transformed yeast on synthetic complete (SC)
dropout plates lacking uracil. These were then frozen down for long-term storage in YPD containing
15% v/v glycerol.

3.5.2 Yeast strains, growth, and media

The background yeast strain w303 (EY0690) was used for all experiments. Yeast Dhhl and
Hel2 deletion strains were created by deleting the endogenous Dhh1 and Hel2 loci, respectively, using
pRS315 (Addgene Plasmid #3974) and screened by growing transformed yeast on SC dropout plates
lacking leucine. Specific oligos used are listed in Supplementary Table S2. Yeast strains were frozen

down in YPD containing 15% v/v glycerol.
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For cells cultured for use in our reporter assay, cells were streaked out from frozen stocks onto
YPD Agar plates and grown at 30 °C for two days. These plates were stored at 4 °C for up to one
month.
3.5.3 Luciferase-based elongation reporter assay

Liquid cultures were started from single colonies and allowed to grow overnight at 30 °C with
shaking until an approximate OD600 of 0.3-0.5 after which cultures were divided into two tubes. For
one of the tubes, 1 pL of a stock solution of anhydrotetracycline (250 pg/mL of ATC dissolved in
EtOH) was added per mL of culture. Both tubes were returned to 30 °C with shaking for five to ten
minutes. 90 uL of each culture was added to a 96-well white flat-bottom plate (Grainger) and to each
well, 10 uL of furimazine (10 mM furimazine stock solution dissolved in DMSO diluted 1:200 in YPD),
was added. Immediately after sample loading, the plate was placed in a 30 °C prewarmed Tecan
Infinite® 200 PRO plate reader. The following program was used and luminescence measurements were
taken every 30 or 60 seconds: (1) Kinetic Cycle: [Cycle Duration: 60 minutes, Kinetic Interval: 30 or 60
seconds], (2) Shaking: [Duration: 3 seconds, Mode: Orbital, Amplitude 2 mm], (3) Luminescence:
[Attenuation: Automatic, Integration Time: 1000 ms, Settle Time: 0 ms].
3.5.4 Schlief plot and elongation delay measurements

The Schlief plot methodology was adapted from (Schleif et al., 1973) and slightly modified to
assume a non-constant basal expression protein level. For each sample, ATC-induced protein expression
was calculated by subtracting the -ATC samples from the corresponding +ATC samples across all
measured timepoints. Samples were then normalized to an OD600 of 1.0 by dividing their protein
expression over time by their respective ODs. The square root of each value was calculated and plotted
against time. Values that produced an error due to the square root of a negative value were set as “N/A”
and avoided in our analysis. From this Schlief plot, we identified regions of linearity across our samples
and selected a 10-15 minute window for analysis. Ideally, these regions of linearity are parallel between

each sample and contain a minimal amount of noise. For each time window, we created a trendline and
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calculated the X-intercept of the trendline which represented the calculated elongation time of the
sample. The calculated elongation time of the samples in a single assay were then compared to a control
to determine elongation delay. These elongation delay measurements were then compared across assays
and aggregated to determine the average elongation delay associated with the specific construct.
3.5.5 RNA Extraction and real time gPCR

Yeast pellets were collected from samples 60-minutes post-ATC addition by spinning 1-1.5 mL
of liquid culture at 3000 x g for 2 minutes and discarding the supernatant. These yeast pellets were then
flash frozen in liquid nitrogen and stored at -80 °C until RNA extraction. RNA was extracted from yeast
pellets using the MasterPure™ Yeast RNA Purification Kit (Lucigen Cat. No. MPY03100) according to
the manufacturer's instructions. RNA quality and concentration was assessed using a Nanodrop.
RNA samples were subjected to DNase digestion using RQ1 RNase-free DNase (Promega) according to
the manufacturer’s instructions. cDNA was prepared from equal amounts of RNA from each sample
using Protoscript 11 Reverse Transcriptase (New England Biolabs Cat. No. M0368X) and an
oligodT(18) primer according to the manufacturer’s instructions. RT-qPCR was done using a home-
brew recipe with SYBR Green at a final concentration of 0.5X (Thermo Fisher S7564). Primers specific
for nanoluciferase and actin are described in Supplementary Table S2. mRNA levels were normalized to

ACT1 abundance and fold change was calculated by a standard Ct analysis.
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Table 3.2: Plasmids used in this study

Construct Name Identifier Plasmid
nLuc ZP427 PAG306- Preto7-nLuc
Lacz ZPAT8 PAG306- Pretor-LacZ-nLuc
OptYFP ZP436 PAG306- Pretor-YFP[TTG]-nLuc
2xCGA ZP464 PAG306- Pretor-YFP[TTG]-2XCGA-nLuc
3xCGA ZP486 PAG306- Preto7-YFP[TTG]-3XxCGA-nLuc
4xCGA ZP465 PAG306- Preto7-YFP[TTG]-4xCGA-nLuc
5xCGA ZP487 PAG306- Pretor-YFP[TTG]-5XxCGA-nLuc
6xCGA ZP466 PAG306- Pretor-YFP[TTG]-6XCGA-nLuc
YFP[CTA] ZP432 PAG306- Preor-YFP[CTA]-nLuc
YFP[CTC] ZP433 PAG306- Pretor-YFP[CTC]-nLuc
YFP[CTG] ZP435 pAG306- Pretor-YFP[CTG]-nLuc
YFP[CTT] ZP434 PAG306- Preo7-YFP[CTT]-nLuc
YFP[CTC/TTG] ZP512 PAG306- Preto7-YFP[CTC/TTG]-nLuc
YFP[TTG/CTC] ZP514 PAG306- Preto7-YFP[TTG/CTC]-nLuc
YFP[CTT/TTG] ZP513 PAG306- Pretor-YFP[CTT/TTG]-nLuc
YFP[TTG/CTT] ZP515 PAG306- Preto7-YFP[TTG/CTT]-nLuc
miRFP-optYFP ZP531 PAG306- Prero7-MiRFP-YFP[TTG]-nLuc
mMiRFP-YFP[CTT] ZP530 PAG306- Prero7-miRFP-YFP[CTT]-nLuc

Table 3.3: gPCR primers used in this study

gPCR Gene and
Primer Set

Forward Primer

Reverse Primer

Actl (Z083/84)

CTGCCGGTATTGACCAAACT | CGGTGATTTCCTTTTGCATT

nLuc (ZO553/554)

TGGTGATCAAATGGGTCAAA | CCTTCATAAGGACGACCAAA
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Chapter 4: Investigation of Dhh1 as a potential mechanism for elongational pausing
4.1 Abstract

Protein synthesis is energetically expensive and its rate is influenced by factors including cell
type and environment. Suppression of translation is a canonical response observed during stressful
changes to the cellular environment. Inhibition of the initiation step of translation has been highlighted
as the key control step in stress-induced translational suppression as mechanisms that quickly suppress
initiation are well-conserved across organisms and stressors. This is particularly true during acute
glucose starvation, which results in a rapid collapse in translation. In Chapter 2, we observed a
widespread slowdown of elongation through both direct elongation rate measurements and an
incomplete runoff of ribosomes from housekeeping pro-growth mRNAs that are translationally
repressed during glucose starvation. Additionally, we observe the ability of these ribosomes to continue
elongation upon readdition of glucose. This phenomenon cannot be explained by the canonical
inhibition of ribosome initiation rates alone, but any regulatory mechanism to control elongation rates is
yet unknown. In this study, we investigated the role of the proposed translation sensor Dhhl in
elongation control during glucose starvation. We correlated ribosome polarity with Dhh1 association
and present the results of a conditional Dhh1 knockdown on the polysome association of several classes
of MRNAs. We demonstrate a reduction in the expression of a luciferase reporter during Dhh1
knockdown. Altogether, our results are inconclusive on the role of Dhh1 and we determine no causal

link between Dhh1 and slowed elongation rate during glucose starvation.
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4.2 Introduction

During glucose starvation in yeast, a rapid collapse in global translation is observed within the
first minute (Ashe et al., 2000). Rapid inhibition of RNA-binding by initiation factors such as elF4A
results in a global drop in translation initiation as the loss of 40S ribosome scanning factors prevents
translation initiation downstream of the formation of the 43S preinitiation complex (Bresson et al.,
2020; Castelli et al., 2011). Exact mechanisms that regulate this rapid shutdown are unknown and do not
appear to be the result of previously characterized pathways of translational control (Ashe et al., 2000;
Bresson et al., 2020). Despite the global downregulation of protein expression, some stress response
MRNAS can evade this phenomenon and proceed with translation. Prior research has investigated the
role of factors such as sequence GC content, mMRNA secondary structure, internal ribosome entry sites
(IRESes), posttranscriptional modifications, and the remodeling of RNA-binding proteins, in cellular
stress responses, though the exact sequence of mechanisms during glucose starvation is undetermined
(Arribere et al., 2011; Castelli et al., 2011; Gilbert et al., 2007; Iserman et al., 2020; Tardu et al., 2019;
Zid and O’Shea, 2014).

The potential for regulatory mechanisms at the elongation stage of translation are less well
characterized. Although there is a rapid inhibition of ribosome initiation that results in the runoff of
most actively translating ribosomes at the start of glucose starvation, there is evidence that a subset of
housekeeping MRNAS appear to remain associated with ribosomes despite producing very little protein
(Brengues et al., 2005; Zid and O’Shea, 2014). In Chapter 2, we observed a widespread slowdown of
elongation through both direct elongation rate measurements and an incomplete runoff of ribosomes
from housekeeping pro-growth mRNAs that are translationally repressed during glucose starvation.
Additionally, we observe the ability of these ribosomes to continue elongation upon readdition of
glucose. Shutdown of initiation alone should allow these ribosomes to finish translation and be released
from these transcripts on the order of several minutes for most mMRNAs, but a regulatory pathway to

pause ribosomes for prolonged durations during glucose starvation is unknown.
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Dhh1, a DEAD-box helicase that is the homolog of mammalian DDX6, has been previously
investigated as a factor promoting the decapping and degradation of non-optimally coded mMRNA
sequences. These sequences correlate with slow-moving ribosomes and it was proposed that Dhh1 may
be a sensor for codon optimality (Hanson and Coller, 2018; Radhakrishnan et al., 2016). Dhh1 was
previously implicated as a decapping activator involved in P-body formation and translational
repression (Carroll et al., 2011; Coller and Parker, 2005). Tethering of Dhh1 to mRNAs has also been
reported to increase the localization of the target mRNA to dense polysome fractions while also leading
to impaired translation and increased mMRNA decay of the target mMRNA (Sweet et al., 2012). Although
the direct binding of Dhh1 to ribosomal components has not been demonstrated, the correlations
between both translational repression and polysome accumulation make it an intriguing target of study
in the regulation of ribosomal elongation.

In this study, we determine a correlation between increased ribosome polarity from our
ribosome profiling dataset and increased enrichment of Dhhl in a previously published CLIP-seq
dataset. We performed polysome profiling on a conditional knockdown of Dhh1 and detail the shift in
ribosome association for different classes of mMRNAs in response to glucose starvation. Additionally, we

use a luciferase reporter to investigate protein expression before and after glucose starvation.
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4.3 Results

Dhh1 is a DEAD-box helicase that is the homolog of mammalian DDX6 that plays a well-
established role in mRNA-decapping and degradation (Coller and Parker, 2005). Interestingly, previous
work has associated Dhh1 translation repression and has shown that Dhh1 preferentially binds to
MRNAs with low codon optimality (Carroll et al., 2011; Radhakrishnan et al., 2016), while the tethering
of Dhh1 to mRNA reporters has also been reported to increase enrichment in dense polysome fractions
and result in impaired translation (Sweet et al., 2012).

By analyzing the polarity of ribosome distribution on all mRNAs during glucose starvation, we
believe we can use this measure as a proxy for identifying mRNAs with slowly elongating ribosomes. A
negative polarity corresponds to a weighted average of ribosome occupancy biased towards the 5” end
of a particular mRNA, while positive polarity is a weighted average biased towards the 3° end (Schuller
et al., 2017). During log phase growth, the global polarity score is slightly biased towards the 5” end.
Intriguingly, during glucose starvation, the global polarity score is skewed towards the 3” end (Figure
4.1). We believe this phenomenon is indicative of the repression of new initiation and the movement of
translating ribosomes further down the open reading frame. As we had previously observed a high
ribosome occupancy on many pro-growth mRNAs that are poorly translated during glucose starvation,
we believe these ribosomes are dramatically slowed or paused after the initial runoff that occurs
immediately after glucose starvation.

Based upon the strong shift in global polarity we observed, we were curious if Dhh1 would be
enriched on mRNAs that undergo large polarity shifts during glucose starvation. To do this, we
performed an analysis of previously published CLIP-Seq data from (Cary et al., 2015) and related Dhh1
enrichment with the shift in ribosome polarity we observe between log phase and glucose starvation. We
found that Dhh1-depleted mMRNASs show a lower average shift in ribosome polarity towards the 3’end
when compared with the global average (Figure 4.2). In contrast, Dhh1-enriched mMRNAs show a higher

average shift in polarity during glucose starvation. As we observe increased polarity towards the 3’end
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for mRNAs that appear translationally repressed, this trend is indicative that Dhh1 may be involved in
regulating elongation rates on these mMRNAS.

Additionally, a positive enrichment of Dhh1 association during glucose starvation has a strong
positive correlation with increasing mMRNA length (Figure 4.3). We found this promising as longer
MRNAs would have increased space for ribosomal loading and would take a longer time to finish the
elongation stage of translation. This would result in a longer amount of time required for ribosomal
runoff upon glucose starvation, allowing a longer window of opportunity for Dhh1 to slowdown
ribosomes on these mMRNAs.

To ascertain Dhh1’s possible role in slowing ribosomal elongation, it was decided to test the
effects of a Dhhl knockdown strain on ribosomal occupancy. Unfortunately, we found that the dhh1A
strain was slow growing (120 minutes vs 90 minutes) and exhibited an ~8-fold increase in mMRNA
induction of the stress-response gene Hsp30 versus the wildtype strain during normal log phase growth.
Additionally, the dhh1A strain exhibited a ~2-fold lower induction after 15 minutes of glucose
starvation, indicating a weakened stress response to starvation. To minimize the potential confounding
effects due to this growth defect, we decided to conditionally knockdown Dhh1 by C-terminally tagging
it with an inducible auxin degron (AID) (Tanaka et al., 2015). Upon addition of the plant hormone
auxin, the protein TIR1 mediates the targeted ubiquitination and subsequent degradation of proteins
tagged with the degron amino acid sequence (Nishimura et al., 2009). The Dhh1-AlID strain exhibited a
growth rate doubling time closer to the that of the wildtype background (100 minutes vs 90 minutes)
and comparable Hsp30 induction after 15 minutes of glucose starvation. Addition of the auxin indole-3-
acetic acid (IAA) for 30 minutes resulted in an effective knockdown of Dhh1 protein by roughly ~80%
of the starting concentration (Figure 4.4).

To assess Dhh1’s effects on ribosomal occupancy, we knocked down Dhh1 and performed
polysome profiling during log phase and after 15 minutes of glucose starvation. As was hoped, the

polysome traces of both the control and the knockdown conditions are highly similar, indicative of a
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healthier phenotype than the dhhl1A strain (Figure 4.5). Although this is the case, it appears that there is
still a small difference in the polysome profile during glucose starvation. The IAA treated sample
appears to result in more pronounced light polysome fractions. For example, there are larger
disome/trisome peaks after Dhh1 knockdown, while the densest fractions appear roughly equivalent to
or slightly decreased relative to the control.

We proceeded to pool fractions into four groups for subsequent RNA extraction and RT-gPCR,
a free RNA pool, a monosome pool, a light polysome pool corresponding to disomes and trisomes, and
a dense polysome pool. IAA treated cultures during log phase growth experienced a drop in enrichment
for mRNAs in the dense and disome/trisome fractions (Figure 4.6). A reduction in polysome fractions
was not surprising as the constitutive dnh1A strain displayed growth defects. After 15 minutes of
glucose starvation, IAA treated cultures retained a larger concentration of mMRNA associated with
ribosomal fractions than the control (Figure 4.7). However, it appeared that the 18SrRNA measurements
were approximately 2-fold higher during IAA treatment across all fractions. It is expected that 15
minutes of glucose starvation would not be a sufficient length of time to result in large changes in
ribosomal autophagy (Ashe et al., 2000; Kraft et al., 2008). Since the distribution of ribosomes between
the 80S and polysomal fractions was otherwise unchanged, it could be a discrepancy in sample loading.

To account for this, the results were reanalyzed by normalizing for 18SrRNA (Figure 4.8). After
normalization, IAA treatment during glucose starvation reduces the concentration of most mRNAs we
assessed by qPCR, with the exceptions of PGK1 and HSP104. During log phase growth, stress response
related HSP30 and HSP104 remain the only mRNAs that increase fold change enrichment in the dense
polysome fraction after Dhh1 knockdown. When comparing the fold change during glucose starvation
for each condition, there does not appear to be a distinct difference in the 18S normalized dense
fractions for most mMRNAs (Figure 4.9). HSP30 and HSP104 have a ~2-fold drop in induction upon

glucose starvation in IAA treated samples as there is an increase in expression during log phase due to
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IAA treatment. The long mMRNA ACC1 also displays a ~2-fold drop in relative enrichment, but other
pre-existing MRNAs have small changes.

We decided to further assess the effect of Dhh1 knockdown by monitoring the protein
expression of our nLUcPEST reporters. The Hsp30 promoter nLUCPEST reporter showed no difference
in protein production upon Dhh1 knockdown (Figure 4.10). The Pabl promoter nLUcPEST reporter
showed some reduced translation during log phase conditions, but no difference during glucose
starvation. If Dhhl was slowing ribosomes on the pre-existing Pablpr-nLuUcPEST reporter, it is
expected that there would be an increase in translation during glucose starvation. A limitation of these
reporters is their relatively short length, as mMRNA length is positively correlated with Dhh1 enrichment

and increased polarity during glucose starvation.
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Figure 4.1: Gene specific changes in ribosome polarity during glucose starvation
Per-gene polarity scores were calculated and included in further analysis from all yeast genes that had >
25 reads per ribosomal profiling library. Plots were generated from the distribution of these scores. RPF
reads on the 5’ half of a transcript contribute to negative polarity such while reads on the 3’ half of a
transcript contribute to positive polarity. Densities of polarity score distributions from pre- and post-
acute glucose starvation (right).
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Figure 4.2: The shift in ribosomal polarity upon glucose starvation is correlated with Dhh1 enrichment
The change in polarity was calculated by subtracting the per-gene polarity scores. Dhh1 CLIP-Seq data from (Cary
et al., 2015) was used to measure Dhh1 enrichment on mRNAs. Gene distribution is plotted versus the shift in
ribosome polarity observed during 15 min glucose starvation relative to log phase.
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Figure 4.3: Dhh1 shows a length dependent recruitment during glucose starvation
The shift in Dhh1 enrichment from pre- to post- acute glucose starvation was calculated for each gene
and plotted versus mRNA length. mRNAs transcriptionally upregulated during glucose starvation that
have increased ribosome occupancy are plotted in red.
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Figure 4.4: Auxin addition is effective in degrading Dhh1
(A) Western blot analysis of Dhh1-3XxFLAG-AID probed by a-FLAG antibody. 50 mg/mL indole-3-
acetic acid (IAA) was added to log phase yeast cultures at a 1:100 or 1:1000 dilution ratio. Samples
were taken after 30 minutes and 60 minutes of treatment. (B) The Western blot from A was stripped and
reprobed for Tubulin as a loading control. (C) Fraction of Dhh1 remaining after IAA treatment.
Chemiluminescence intensity was quantified for each blot and normalized to the control. Tubulin signal
intensity was used to correct values for sample loading.

7



A 025 7 ——Log-phase Contral B 0257 ——15min Glu Starvation
Froe RNA ——Auxin Treatment Free RNA Control
— — Auxin Treatment

15 1

Abs 254nm

Disome/Trisome
Disome/Trisome

Dense Polysome —
— Dense Polysome

—
005 + 0.05

0

Figure 4.5: Polysome traces during log phase and glucose starvation
(A) Dhh1-AID cultures were treated with IAA (50 pg/mL) for 30 minutes during mid log phase.
Extracts of both control and auxin-treated samples were fractionated over a high-density sucrose
gradient. Absorbance values presented are normalized 1:1 between conditions by monosome peak
absorbance. (B) Dhh1-AID cultures were treated with IAA (50 pg/mL) for 30 minutes during mid log
phase, the subjected to glucose starvation for 15 minutes in media with IAA. Extracts were fractionated
over a high-density sucrose gradient. Absorbance values presented are normalized 1:1 between

conditions by monosome peak absorbance.
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Dhh1-knockdown Vs Wildtype, Log-phase Enrichment (Log2)

Free 80S Di & Tri Dense
18S 0.61 0.78 -0.41 -0.53
ACT1 0.27 0.02 0.02 -0.74
-*g PAB1 -0.32 -0.38 0.01 -0.94
g PGK1 0.13 0.44 0.41 -0.65
RPS8 -0.31 -0.44 -0.58 -1.20
o ACC1 0.74 0.55 0.30 -0.43
E FAS1 0.23 -0.10 -0.25 -1.02
URA2 0.21 -0.07 -0.24 -0.99
ﬁ HSP30 -0.33 -0.73 -0.26 0.09
5 HSP104 0.88 1.29 1.43 1.39

Figure 4.6: Dhh1 knockdown reduces dense polysome fractions during log phase
Pooled fractions from Figure 4.6A underwent RNA extraction and RT-gPCR to quantify the changes in
transcript abundance in the indicated fraction after 30 minutes of IAA treatment compared to the
control. An exogenous, spike-in RNA was used for standardization to quantify abundance in each pool
and the fold change in RNA abundance as assessed by AACt analysis is indicated in the heatmap for
MRNAS grouped into the indicated categories.

Dhh1-knockdown Vs Wildype, 15min starvation Fold Change (Log2)

Free 80S Di & Tri Dense

18S 0.38 1.24 0.97 1.01

ACT1 0.34 1.25 0.60 0.66

-*g PAB1 -0.18 0.55 0.19 0.25
8 PGK1 0.92 1.41 1.18 1.45
RPS8 0.57 1.11 0.22 0.20

o ACC1 0.89 0.78 0.58 0.21
§ FAS1 0.13 0.74 -0.14 0.11
URA2 0.94 0.94 0.29 0.33

ﬁ HSP30 0.02 0.79 0.09 0.75
3 HSP104 0.23 1.73 1.45 2.00

Figure 4.7: Dhh1 knockdown increases enrichment of dense polysome fractions during glucose
starvation
Pooled fractions from Figure 4.6B underwent RNA extraction and RT-gPCR to quantify the changes in
transcript abundance in the indicated fraction after 30 minutes of IAA treatment compared to the
control. An exogenous, spike-in RNA was used for standardization to quantify abundance in each pool
and the fold change in RNA abundance as assessed by AACt analysis is indicated in the heatmap for
MRNAs grouped into the indicated categories.
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Dhh1-knockdown Vs Wildtype, Log-phase Fold Change (Log2) 18SrRNA Dhh1-knockdown Vs Wildtype, 15min starvation Fold Change (Log2)

Normalized 18SrRNA Normalized

Free 80S Di & Tri Dense Free 80S Di & Tri Dense

185 0.00 0.00 0.00 0.00 189 0.00 0.00 0.00 0.00

- ACT1 -0.34 -0.76 0.43 -0.21 - ACT1 -0.04 0.01 -0.37 -0.35
E PAB1| -0.93 -1.16 0.42 -0.40 s PAB1| -0.56 -0.69 -0.78 -0.77
8 PGK1 -0.48 -0.34 0.82 -0.12 8 PGK1 0.55 0.17 0.21 0.44
RPS8] -0.92 -1.22 -0.17 -0.67 RPS8 0.19 -0.13 -0.75 -0.81

- ACC1 0.13 -0.23 0.71 0.10 0 ACC1 0.51 -0.46 -0.39 -0.80
5 FAS1  -0.38 -0.88 0.16 -0.49 5 FASY  -0.25 -0.51 -1.11 -0.90
URAZ] -0.40 -0.85 0.16 -0.45 URAZ2] 0.56 -0.30 -0.68 -0.68

ﬁ HSP30Q -0.94 -1.52 0.14 0.63 ﬁ HSP30 -0.36 -0.45 -0.88 -0.27
& HSP104] 0.27 0.51 1.84 1.92 3 HSP104 -0.15 0.49 0.48 0.99

Figure 4.8: 18SrRNA normalization
gPCR analysis from Figure 4.6 & 4.7 normalized by the fold change in 18S rRNA. The fold change in
RNA abundance as assessed by AACt analysis is indicated in the heatmap for mRNAs grouped into the
indicated categories.

Wildtype, 15min G- Vs Log-Phase Fold Change (Log2) 185 Normalized Dhh1-knockdown, 15min G- Vs Log-Phase Fold Change (Log2) 185
Normalized

Free 80S Di & Tri Dense Free 80S Di & Tri Dense

189 0.00 0.00 0.00 0.00 189 0.00 0.00 0.00 0.00

ACT1 -0.62 -0.87 1.08 0.17 ACT1 0.23 -0.49 -0.07 -0.18

_g PAB1 0.64 -0.84 0.75 0.27 § PAB1 1.12 -0.33 -0.48 -0.13

g PGK1 0.13 -1.35 0.60 0.28 g PGK1 1.31 -0.87 0.15 0.57

RPS8[  -0.44 -2.09 -0.86 -0.42 RPS8 1.02 -1.07 -1.35 -0.55

. ACC1 -2.22 -2.59 -0.12 0.72 . ACC1 -0.83 -2.81 -1.25 -0.26

§ FAS1 -1.23 -2.10 0.59 0.50 § FAS1 -0.92 -1.75 -0.87 0.01

URA2 -1.65 -2.77 -0.13 0.05 URA2 -0.70 -1.92 -0.67 0.03

ﬁ HSP30| -0.12 0.09 4.15 4.75 ﬁ HSP30| 0.64 0.73 2.83 3.93

& HSP104 1.21 -0.70 2.02 2.05 5 HSP104] 0.76 -0.79 0.60 1.19

Figure 4.9: mRNA fold change during glucose starvation
RNA abundance after 15 minutes of glucose starvation compared to log phase was calculated for auxin
addition and the control. The fold change in RNA abundance as assessed by AACt analysis is indicated
in the heatmap for mMRNAs grouped into the indicated categories.
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Figure 4.10: nLucPEST induction during Dhh1 knockdown

(A) Dhh1-AlID cultures expressing PablprUTR-nLucPEST were treated with IAA (50 pg/mL) for 30
minutes during mid log phase, then subjected to glucose starvation for 30 minutes in media with 1AA.
Each bar represents the mean difference = sem in luciferase signal detected during measurement
between aliquots of untreated culture and the same culture treated with CHX. For log phase and 30 min
-Glu conditions the signal was recorded after 5 minutes of treatment and the difference was calculated
and plotted on the y-axis. (B) Dhh1-AID cultures expressing Hsp30prUTR-nLucPEST were treated with
TAA (50 pg/mL) for 30 minutes during mid log phase, then subjected to glucose starvation for 30
minutes in media with 1AA. Statistical significance was assessed by paired Student’s t-Tests for
differences in luciferase production between cultures that underwent auxin treatment paired against
luciferase production from the same culture without treatment (***p<0.001; **p<0.01, * p<0.05, n.s. =
not significant).
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4.4 Discussion

Prior work has shown that Dhh1 is associated with nonoptimal codon sequences and that
overexpression of Dhh1 results in an increase in the ribosome occupancy of nonoptimal mRNAs but no
difference in the occupancy of highly optimal mMRNAs (Radhakrishnan et al., 2016). Our analysis of
Dhh1 CLIP-Seq data from (Cary et al., 2015) reveals that Dhh1 is enriched on mRNAs with an
increased positive shift in polarity during glucose starvation and it is depleted for MRNAs with either
negative or below average positive shifts in polarity. As we find that mMRNAs with low translational
efficiency during glucose starvation are correlated with positive shifts in ribosome polarity, these results
also suggest Dhh1 recruitment to slow codon sequences.

Polysome profiling demonstrates that a knockdown of Dhh1 results in a moderate impairment in
polysome levels and the induction of a mild stress response. We observe a drop in mRNA enrichment to
polysome fractions for the pro-growth and long mRNAs tested in the Dhh1 knockdown condition.
Ribosome levels as indicated by 18SrRNA levels are also moderately lower in the polysome fractions
and moderately higher in the monosome fraction, representing some reduction in the pool of active
ribosomes. Mild stress versus the control is evident by the simultaneous enrichment of HSP104 to the
polysome fraction and the maintenance of HSP30 levels as both mRNAs are upregulated during a
stress-response. Furthermore, normalization of mMRNA levels by the change in 18SrRNA relative to
wildtype indicates HSP30 is enriched relative to polysome concentration in the Dhh1 knockdown. It is
also clear that RPS8 levels, representative of mMRNA encoding for either Rps8A or its paralog Rps8B,
drop in relative enrichment more than any of the other growth and long mRNAs assessed. As Rps8 is a
protein component of the 40S ribosomal subunit, it appears that ribosomal protein synthesis is
particularly sensitive to downregulation during Dhh1 knockdown. As the synthesis of ribosomes is
tightly-coordinated and the most energy-intensive process in the cell, it is highly responsive to stressors

and also indicates a broader impact on cellular growth in the knockdown strain (de la Cruz et al., 2018).
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During glucose starvation, initial results indicated the Dhh1 knockdown increased
concentrations of nearly all mMRNAs across fractions as well as a ~2-fold increase in 18SrRNA in the
monosome, disome/trisome, and dense polysome fractions. Ribosomes are generally stable and changes
in autophagy induced during starvation occur on the timescale of hours versus the 15 minute treatment
of glucose starvation performed (Ashe et al., 2000; Kraft et al., 2008; Martinez et al., 2004). Thus,
solely mRNA fold change normalized by 18SrRNA appears reliable for interpretation as the raw results
are likely due to differences in sample loading. When normalized, the Dhh1 knockdown results in a
~1.5-2-fold decrease in most growth and long mRNAs. The highly abundant mMRNA PGK1 is the only
housekeeping MRNA enriched in the polysome fractions relative to the control. HSP30 appears to have
slightly reduced polysome association while HSP104 is enriched ~2-fold in the dense polysome
fraction.

It appears feasible that the broad decrease in the normalized concentration of housekeeping
mRNAs during Dhh1 knockdown could result from increased elongation rates of the ribosomes we
observe on pre-existing but translationally downregulated mRNASs. If new initiation remains repressed,
the runoff of these previously paused ribosomes would remove these mMRNASs from the polysome
fractions. mRNAs such as HSP104 that are readily translated during glucose starvation could appear
enriched in the polysome fractions as a higher proportion of remaining polysomes would be
translationally active.

However, as the Dhh1 knockdown appears to drop ribosome occupancy in the log phase data set
prior to starvation, the decrease in housekeeping mRNAs could also occur if the Dhhl knockdown
impairs translation. When the fold change in mRNA enrichment during glucose starvation is calculated
for auxin and control conditions separately, there are not clear shifts in polysome enrichment for most
MRNASs. The shift in polysome association of the long mMRNA ACC1 during glucose starvation does
appear to be a magnitude of ~2-fold lower when Dhh1 is knocked down but the other housekeeping

MRNASs have shifts in polysome association during glucose starvation that are largely unchanged in the
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Dhh1 knockdown. The stress mRNAs have a ~2-fold lower increase in enrichment to polysome
fractions when glucose starved in the Dhhl knockdown, but this is likely a result of the increased
induction that occurs in log phase conditions prior to starvation.

Deletion of Dhh1 slows cellular growth rate, which may explain the additional slowdown in
elongation. While the knockdown strain displayed a healthier phenotype than the deletion background,
there was still a small yet noticeable lag in growth rate versus wildtype. Alternatively, our results are
also compatible with a role in which Dhh1 enhances translation rather than slowing elongation rates. For
example, the Dhhl knockdown appears to result in decreased translation of our PablprUTR-nLUcPEST
reporter during log phase conditions. Additionally, in Chapter 3, the dhh1A strain heavily decreased the
elongation rate of our YFP[CTC] reporter and to a lesser extent our optYFP reporter. The YFP[CTT]
reporter was unaffected relative to wildtype but the large slowdown in elongation rate was not rescued
by the removal of Dhh1.

Although most studies have investigated Dhh1 with regards to its role in mRNA decay and
translational repression, Dhhl has also been shown to promote the translation of certain proteins as well.
It has been previously demonstrated that a subset of mMRNAs that contain highly-structured 5°UTRs and
coding sequences require Dhh1 helicase activity for efficient expression (Jungfleisch et al., 2017). A
highly structured region 50-120 nucleotides after the start codon was particularly predictive of
translational activation by Dhh1. Furthermore, Dhh1 can shift roles in a condition-dependent manner.
During nitrogen starvation, Dhh1 is required for the efficient expression of autophagy-related proteins
Atgl and Atg13, but when nutrients are plentiful Dhh1 encourages ATG mRNA degradation (Liu et al.,
2019). Overall, this argues that Dhh1 may play context specific roles in translation elongation any may
be able to speed up elongation in specific sequence contexts.

If Dhh1 enhances translation, it may be the case that the mMRNASs enriched in polysome fractions
after Dhh1 knockdown are the easiest to translate. Pgkl encodes for the most abundant mRNA assessed

and has a steady-state protein concentration ~7-8 fold higher than for any of the other tested genes (Ho
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et al., 2018). This may explain the increase in PGK1 association with polysomes as it is a highly
optimized and efficiently translated MRNA that may be less reliant on Dhh1 driven effects on
translation. HSP30 and HSP104 are stress response mRNAs robustly translated during glucose
starvation and other stresses that require a reprogramming of translation. For example, during heat
shock, the condensation of the DEAD-box RNA helicase Ded1 has been shown to impair the translation
of housekeeping mMRNAs such as Pab1 while Hsp30 and Hsp104 remain well translated due to the
minimal secondary structure of their 5’UTRs (Iserman et al., 2020). Should Dhh1 helicase activity play
a related role in enhancing translation, the reduced secondary structure of these mRNAs relative to
many housekeeping mRNAs may explain their increased association with polysomes during glucose
starvation relative to the pro-growth and long mMRNAs we measured and the decreased association of
Dhh1 on these mMRNAs in the CLIP-Seq analysis.

This hypothesis is also compatible with the results of our nLuc assays during Dhh1 knockdown.
The expression of the PablprUTR-nLuUcPEST reporter during log phase is reduced relative to wildtype
strains but the expression of the Hsp30prUTR-nLucPEST reporter during glucose starvation is
unaffected. It is possible that the slowdown in elongation we observe for YFP[CTC] in the dhhlA
background is due to changes in local RNA secondary structure of the YFP coding sequence. Dhhl
helicase activity may be required for efficient translation of the YFP[CTC] coding sequence whereas the
optYFP and YFP[CTT] do not have the same unique secondary structure specific for Dhh1. The
analysis of mRNA secondary structure with RNAfold does predict changes in the location of probable
secondary structure within the early ORF region previously reported by (Jungfleisch et al., 2017) and
the increased GC content of CTC codons may contribute to motifs more reliant on Dhh1-specific
helicase activity. Specific structures reliant on Dhh1 are unclear, as the CTC chimeric reporters were not
significantly different in elongation rate.

Although initial research reported an association of Dhh1 with slow moving polysomes, more

recent work has found that the Ccr4-Not complex appears to recruit Dhh1l to polysome fractions through
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interaction with Not5 (Buschauer et al., 2020). In the absence of Not5, Dhh1 was not found to directly
associate with ribosomes. Other groups have also studied the complex’s intricate role in translational
repression (Allen et al., 2021; Preissler et al., 2015). For example, another component, Not4, has also
been shown to be vital for translational repression during stress response (Preissler et al., 2015). During
acute glucose starvation, Not4 deletion prevented the global repression of translation and demonstrated
continued S35-methionine incorporation (Preissler et al., 2015). Additionally, previous research
supporting Dhh1’s role in repressing translation by slowing ribosomes did so by tethering Dhh1 to
mRNAs and monitoring Dhh1 association with polysome fractionation (Sweet et al., 2012). As only the
highest density fractions were enriched during Dhh1-tethering, it is possible that this enrichment could
be due in part to RNP granule association rather than an association with dense polysomes fraction.
Dhh1 is a constitutive mRNA processing-body component and is known to accumulate in stress
granules which contain a number of pre-initiation complex components (Swisher and Parker, 2010). As
tethering Dhh1 results in a significant drop in mRNA level, a large pool of the mRNA detected in
sucrose fractions may have been pulled by Dhh1l into dense RNP granules for decapping and decay. For
example, a previous study detected a high accumulation of the mRNA FBAL1 inside P-bodies when
Dhh1 was tethered to it and RNA decapping was inhibited (Carroll et al., 2011). Similarly, the
correlation we observe between ribosome polarity and Dhh1 enrichment could be due to mMRNA
recruitment to RNP granules. Increased association of Dhh1 with the pool of free mRNA will not be
accurately reflected by ribosome polarity.

Our polysome profiling focused broadly on ribosome association in the light and heavy
polysomes to detect bulk changes in ribosome runoff, but this approach lacks the sensitivity that
fractionation into a larger number of samples could provide. A more granular approach may be taken in
future investigations to further elucidate the subtleties behind Dhh1’s mode of action. Additionally, as
the Dhh1 knockdown only partially rescued the growth defects of the constitutive dhh1A strain, it may

be beneficial to perform polysome profiling during glucose starvation with a tighter knockout strain.
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This could be improved through the use of the iAID system, the addition of a Tet-OFF promoter to shut
off transcription in tandem with protein degradation by the AID tag (Tanaka et al., 2015). A more
effective knockout could allow for a shorter incubation than the 30 minute auxin treatment used
previously, resulting in a shortened exposure of cells to the dhh1A phenotype prior to the beginning of
glucose starvation.

Additionally, while we have assessed elongation rates when Dhh1 is deleted, it could be
informative to pair the Dhhl knockdown with our elongation reporter assay to obtain a direct measure
of elongation rates during glucose starvation and during log phase. While we have measured elongation
rates of the constitutive deletion strain during log phase, it has a slower growth rate than the knockdown
strain and may present much different results. We have thus far studied the effects of Dhh1 deletion, but
it would also be informative to measure the elongation rate when Dhh1 is tethered to our elongation
reporter. While previous studies tethering Dhh1 to mRNAs have measured effects such as polysome
association and total protein and mRNA expression levels to implicate Dhh1 in translational repression
and ribosomal slowdown, they have not measured ribosome elongation rates directly (Carroll et al.,
2011; Radhakrishnan et al., 2016; Sweet et al., 2012). The mechanism by which Dhh1 affects these
reporter mRNAs could be further investigated by tethering mutant forms of Dhh1, such as the ATPase-
domain mutant Dhh1P9AP, to these MRNAs instead, as previous studies have reported that the ATPase
and helicase domains are required for enhanced translation, but that it is unnecessary for tethered Dhh1
to inhibit translation (Carroll et al., 2011; Jungfleisch et al., 2017; Liu et al., 2019; Pause and

Sonenberg, 1992).
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4.5 Materials and Methods
4.5.1 Dhh1 knockdown

3-Indoleacetic acid (IAA, Sigma-Aldrich) was dissolved in 100% ethanol at 50 mg/mL. IAA
was added to cultures at a final concentration of 50 pg/mL. Cultures were incubated for 30 minutes
during early log phase (0.4-0.6 ODsqo) prior to 15 minutes of glucose starvation.
4.5.2 Western blotting

Cell lysates were prepared and separated by SDS-PAGE. Proteins were transferred to a
nitrocellulose membrane utilizing semidry transfer buffer (Bjerrum and Schafer-Nielsen transfer buffer)
for 1 hour. Blots were blocked with 2% (w/v) non-fat milk for 1 hour at room temperature. Blots were
incubated with the primary antibody, monoclonal mouse anti-FLAG M2 (F3165, Sigma-Aldrich®) then
detected with a goat anti-mouse HRP-conjugated secondary antibody. Western blots were prepared for
restaining as described in “Western blot membrane stripping for restaining protocol” by Abcam®. Blots
were incubated in mild stripping buffer (15 mg/mL glycine, 1 mg/mL SDS, 100 pL/mL Tween 20, pH
2.2) at room temperature for two intervals of 10 minutes, exchanging for fresh buffer in between
intervals. Blots were washed twice for 10 minutes in PBS and subsequently twice for 5 minutes in
TBST. Western blotting was repeated for detection of tubulin by mouse monoclonal anti-a -tubulin
(12G10, Developmental Studies Hybridoma Bank, University of lowa, lowa City, I1A).
4.5.3 Polysome profiling

800 mL cultures of strain ZY 185 were inoculated in SC media and grown overnight to early log
phase (0.4-0.6 ODsoo). 400 mL were rapidly filtered, washed, and resuspended in SC -G media to begin
glucose starvation. The remaining half of the glucose replete culture was rapidly filtered, and the cell
paste was scraped into liquid nitrogen for flash freezing. 1.2 mL of polysome gradient lysis buffer (20
mM Tris-Cl (pH 7.5), 140 mM KCI, 2 mM MgCl,, 100 pg/mL CHX, 20 U/mL SUPERase*In™
(Invitrogen), 1% Triton X-100) was flash frozen dropwise with the cell paste. After 15 minutes of

glucose starvation, SC -G cultures were filtered down and the cell paste was flash frozen with 1.2 mL of
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lysis buffer. Cell pastes were stored at -80°C. Cell lysis was performed by cryogenic ball milling for 4x3
minute cycles and cooled with liquid nitrogen between each cycle. The resulting lysates were gently
thawed to room temperature in a water bath and treated with DNase | (12.5 U/mL). Lysates were
centrifuged at 4°C for 5 min at 3000xg and the supernatant was centrifuged once more for 10 min at
20,000xg. Approximate concentrations were estimated by Azso measurements.

A 7-47% sucrose gradient in polysome gradient buffer without Triton X-100 was prepared with
a gradient maker. Clarified supernatants were added and centrifuged at 4°C for 3 hours at 35,000RPM in
a Beckman SW41Ti rotor. The gradient was fractionated into 1 mL aliquots using a gradient fractionator
and UA-6 detector (Isco/Brandel). Polysome traces were monitored through absorbance measurements
at 254nm. 2 ng of in vitro transcribed renilla luciferase (rLuc) RNA was added to each aliquot as a
spike-in control. Transcription reactions were performed with a mMESSAGE mMACHINE™ T7
Transcription Kit according to manufacturer’s instructions and RNA was purified with acid
phenol:cholorform extraction (Invitrogen). After adding the rLuc spike-in, 600uL of Guanidine HCI and
600uL isopropanol were added to 400uL of each fraction and incubated overnight at -20°C. Fractions
were centrifuged at 10,0009 for 25 minutes to isolate RNA pellets. Samples were washed with 70%
EtOH and resuspended in 400pL of TE buffer. Cleanup was performed by precipitation with 40 pL of
NaOAC and 2.5 volumes of 100% EtOH. Samples were centrifuged for 25 min @ 10,000xg, pellets
were washed with 70% EtOH, dried, and resuspended. Fractions corresponding to free RNA, 80S,
disome/trisome, and dense polysomes were pooled and the RNA was then treated with RQ1-DNase
(Promega) and reverse transcribed with Protoscript® Il Reverse Transcriptase (NEB), both according to
manufacturer’s instructions. PCR measurements with SYBR green were performed with the cDNA
libraries and primers designed for each respective gene. The 18S rRNA primer set was adopted from
(Cankorur-Cetinkaya et al., 2012). CT values for the rLuc spike-in were used to normalize variance in

cDNA concentration arising due to sample cleanup and RT efficiency.
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4.5.4 Nanoluciferase Reporter Assays

nLuc assays were adapted from methods previously described (Masser et al., 2016). Briefly,
cells were grown in SC media and added to a 96-well plate. Promega Nano-Glo® substrate was diluted
1:100 with PBS and added 1:10 to each well immediately prior to measurement. Luminescence was
measured every 30 seconds with a Tecan Infinite® 200 PRO plate reader. For glucose starvation, cells
were sedimented by centrifugation, washed 2x with SC -G media, and resuspended in SC G- media for
30 minutes of incubation at 30°C with rotating. For CHX-treated samples, 10 mg/mL CHX in deionized

H-O was added to achieve a final concentration of 100 pg/mL.
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Chapter 5: Conclusion

In Chapter 2, we demonstrate that ribosomal runoff for growth mRNAs is incomplete during
glucose starvation and explore a previously underappreciated role of slowed ribosomal elongation in
response to acute glucose starvation. Ribosome profiling identifies high ribosome occupancy rates for
highly expressed pre-stress MRNASs and a shift in ribosome polarity towards the 3’end of mMRNAs. We
quantify a direct slowdown in the elongation rate for an in vivo luciferase reporter, supporting the
presence of a more general slowdown in elongation independent of coding sequence. Additionally, we
find that these ribosomes remain poised to resume translation and produce functional proteins once
glucose is returned, producing functional protein independently of new initiation.

A key limitation we encountered in quantifying elongation rates was the necessity of inducing
transcription of our reporters immediately prior to running the assays. This is not an issue during steady
state growth conditions, but it is unclear how the elongation rate during glucose starvation would differ
if our reporters were transcribed prior to starvation. An alternative approach that would allow us to
decouple the time of transcription from the translation of our reporters would be immensely valuable for
an accurate representation of the housekeeping mMRNAs transcribed pre-stress.

In Chapter 3, we utilize an in vivo luciferase reporter to directly quantify elongation rate and
provide quantitative measurements of ribosome stalls. We quantify the dose-dependent effects of poly-
CGA induced stalls and link these stalls to a Hel2-mediated RQC pathway. We also demonstrate the
large effects distributed synonymous codon substitutions can have on the elongation rates of otherwise
optimized mMRNAs. The substitution of the optimal leucine codon TTG with the nonoptimal codon CTT
results in a significant elongation delay for YFP on the order of minutes rather than seconds. We link
this delay to local sequence effects driven by a Hel2-independent mechanism.

Additionally, we find this elongation delay is independent of the proposed translation sensor
Dhh1. The elongation delay and impaired mRNA stability we observe due to CTT codons are not

rescued by the deletion of Dhh1, and Dhh1 deletion may in fact result in the further slowdown of
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translation. The elongation rates of YFP[CTC] and, to a much lesser degree, optYFP, are slowed, and
protein and mMRNA expression is dramatically impaired by the use of CTC codons.

We speculate this may be due to the slowed growth rate of the deletion strain, but direct effects
of Dhh1 on these reporters cannot be ruled out. To determine if Dhhl plays a direct role, a future
approach investigating the elongation rate over CTC codons in a Dhh1P9AP mutant, which eliminates
helicase activity, may prove informative.

In Chapter 4 we observe a correlation between high ribosomal polarity, which we previously
linked to ribosome slowdown, and increased association with Dhh1. However, we were unable to
demonstrate a causal relationship between the two. Combined with our findings from Chapter 3, it
appears that Dhh1 may play a role in enhancing translation. It remains unclear how the cell maintains
the active translation of some stress response MRNAS while selectively slowing elongation for pre-
existing mMRNAs.

Although Dhh1 does not appear responsible for the accumulation of ribosomes we observe in
glucose starvation, future studies on the role of the Ccrd-Not complex during glucose starvation appear
promising. Recent findings have implicated the Ccr4-Not complex as a sensor for ribosomes translating
nonoptimal codon sequences and demonstrated that recruitment of Dhh1l to polysomes was dependent
on the Not5 subunit (Allen et al., 2021; Buschauer et al., 2020). The Ccr4-Not complex may play a
similar role in monitoring ribosome slowdown during glucose starvation conditions. The recruitment of
Dhh1 to polysomes by the Ccr4-Not complex could explain the correlation we observe between Dhhl

enrichment and increased ribosome polarity during glucose starvation.
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