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Quantification of elongation stalls and impact on gene
expression in yeast

WANFU HOU,"* VINCE HARJONO,"* ALEX T. HARVEY," ARVIND RASI SUBRAMANIAM,? and BRIAN M. ZID'

'Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, California 92093, USA

2Basic Sciences Division and Computational Biology Section of the Public Health Sciences Division, Fred Hutchinson Cancer Center,
Seattle, Washington 98109, USA

ABSTRACT

Ribosomal pauses are a critical part of cotranslational 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, there has been little exploration of how ribosomal stalls impact
translation duration at a quantitative level. We have taken a method used to measure elongation time and adapted it for
use in Saccharomyces cerevisiae to quantify the impact of elongation stalls. We find, in transcripts containing Arg CGA co-
don repeat-induced stalls, a Hel2-mediated dose-dependent decrease in protein expression and mRNA level and an elon-
gation delay on the order of minutes. In transcripts that contain synonymous substitutions to nonoptimal Leu codons, there
is a decrease in protein and mRNA levels, as well as similar elongation delay, but this occurs through a non-Hel2-mediated
mechanism. Finally, we find that Dhh1 selectively increases protein expression, mRNA level, and elongation rate. This in-
dicates that distinct poorly translated mRNAs will activate different rescue pathways despite similar elongation stall dura-
tions. 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.

Keywords: translation elongation; ribosome stalling; codon optimality; ribosome quality control; no-go decay

INTRODUCTION be the rate-limiting step in translation for most mRNAs
and subject to intense regulation (Sonenberg and
Hinnebusch 2009; Shah et al. 2013). Recent studies have
focused on elongation as another important regulatory
step in protein synthesis (Stein and Frydman 2019).
Indeed, modulation of elongation speed has been shown
to serve a functional role in both proper protein folding
(Hartl et al. 2011; Spencer et al. 2012; Pechmann and
Frydman 2013; Yu et al. 2015; Zhao et al. 2021) and locali-
zation (Ogg and Walter 1995; Maton et al. 2000; del Alamo
etal. 2011; Tsuboi et al. 2020). These examples give cre-
dence to the notion that ribosome pausing is essential for
certain cellular processes. Recent reports using ribosome
profiling to analyze disome peaks have estimated that up-
wards of 10% of translating ribosomes are engaged in the
disome state (Arpat et al. 2020; Han et al. 2020; Zhao
etal. 2021), indicating the commonplace occurrence of ri-
bosome collisions.

The functional and necessary nature of ribosome stalls,
however, makes it challenging for cellular machinery to dis-
tinguish between beneficial stalls and situations requiring

Production of cellular proteins through translation is crucial
for maintaining homeostasis and adapting to changing en-
vironmental conditions. Translation can be broken down
into three sequential steps: initiation, during which ribo-
somes assemble at the initiation site on an mRNA, elonga-
tion, 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 dedi-
cate 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 (Wang et al. 2016; Bosco 2018).

Each step in the translation process is governed by vari-
ous regulatory steps. Initiation has long been known to
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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 ter-
mination machinery (Buskirk and Green 2017; Joazeiro
2017; Yip and Shao 2021). Upon extended stalling events,
translating ribosomes may collide 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 col-
lision events: () ribosome quality control (RQC), which
leads to the rescue and recycling of stalled ribosomes,
and (i) no-go decay (NGD), which leads to the endonucleo-
lytic cleavage and subsequent degradation of the aberrant
transcript (Ferrin and Subramaniam 2017; Simms et al.
2017; Park and Subramaniam 2019). Both pathways are
triggered by the ribosome collision sensor Hel2(yeast)/
ZNF598(mammals) which detects disome formations that
form as a result of prolonged ribosome stalling (lkeuchi
etal. 2019). In RQC, Hel2 ubiquitinates the small ribosomal
subunit which leads to activation of the RQC trigger (RQT)
complex in yeast, ultimately resulting in ribosome disas-
sembly 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 exonu-
cleases Xrn1 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 mRNA.

How elongation quality sensors can distinguish between
functional stalls and those requiring rescue pathways re-
mains unclear. It has been proposed that the severity of ri-
bosome collision may determine which cellular response is
activated in response to a collision event (Meydan and
Guydosh 2021). Supporting this model, a recent study by
Goldman et al. (2021) found that clearance of stalled ribo-
somes was far slower than elongation and termination and
proposed that slow ribosome clearance allows cells to dis-
tinguish between transient and deleterious stalls. While
this model may explain how functional stalls and detrimen-
tal stalls either resume elongation or initiate RQC using the
same surveillance pathways, respectively, the definition of
“severity” in this context remains vague. Are the distin-
guishing factors the time duration of the stall, the number
of ribosome collisions (Goldman et al. 2021), the specific
location and context of where the stall occurs on a tran-
script, or a combination of all these factors and more? It
is from this lack of understanding of how cellular surveil-
lance machinery can distinguish between these two op-
posing outcomes that necessitates reliable, quantitative
methods to describe the various aspects of ribosome stall-
ing events.

One important factor that contributes to elongation
speed is codon optimality, a metric that describes the trans-
lational efficiency of the 61 amino acid specifying codons.
Codon optimality, unique to each species, takes into ac-
count various factors implicated in elongation rate, includ-
ing tRNA availability and demand, frequency of use in the
genome, GC content, wobble decoding, and interactions
with the ribosome exit tunnel (dos Reis et al. 2004;
Pechmann et al. 2013; Gardin et al. 2014; Presnyak et al.
2015). 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
(Ingolia et al. 2009; Chu et al. 2011; Gardin et al. 2014;
Ingolia 2014; Hussmann et al. 2015; Koutmou et al. 2015;
Harigaya and Parker 2016; Radhakrishnan et al. 2016;
Saikia et al. 2016; Weinberg et al. 2016; Hanson and
Coller 2018). While many studies, both in vivo and in vitro,
have assessed the impact of synonymous codon substitu-
tions 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 increas-
es in a dose-dependent manner. Surprisingly, we find that
no-go RNA decay reaches a maximum level at a specific
stall length despite increasing translation elongation
times and protein expression continuing to decrease.
Furthermore, we assessed the effect of synonymous codon
substitutions on elongation time of a standardized ORF and
identified the nonoptimal leucine codon CTT as a strong
driver of elongation delay. CTT's effect on elongation
time was context dependent as only specifically localized
nonoptimal CTT’s caused significant elongation delays
and protein repression. The development of this assay
and our findings provide steps toward a detailed under-
standing of the triggers of RQC pathways.

RESULTS

Development and validation of elongation assay

To create a quantitative elongation duration reporter assay,
we utilized a tetracycline-inducible promoter to control
mRNA induction of a bioluminescent nanoluciferase
(nLuc) reporter downstream from open reading frames
(ORFs) of interest. The nlLuc reporter has been previously
studied in yeast under the control of a stress-inducible pro-
moter, and its bioluminescent output faithfully recapitu-
lates induced mRNA levels after heat shock (Masser et al.
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2016). To test this system, we developed a series of con-
structs in which we varied the length of the upstream
ORF by insertion of yeast-optimized yellow fluorescent pro-
tein (YFP) or yeast-optimized monomeric infrared red fluo-
rescent protein (miRFP) ORFs upstream of nLuc (Fig. 1A).
Tet-nLuc s included to control for the time cost of initiation
steps including anhydrotetracycline (ATc) penetration,
transcription initiation, mMRNA export, and translation initia-
tion. nLuc protein expression was collected for each con-
struct over 60 min and normalized to OD600 measured at
T=0 min (time of ATC addition). Elongation time was cal-
culated using a Schleif plot (Schleif et al. 1973) and adjust-
ed based on an average mRNA transcription time of 1500
nt per minute (Edwards et al. 1991; Mason and Struhl
2005). We find a delay in the first appearance of nLuc
upon the addition of optimized YFP (optYFP) and a further
delay in the longer miRFP-optYFP-nLuc reporter (Fig. 1B).
We then used these measured delays to calculate the trans-
lation elongation rate of optYFP and miRFP ORFs as ~4 AA/
secand 3 AA/sec (Fig. 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.
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FIGURE 1. Assay validation via elongation rate measurements. (A)
Diagram of yeast-optimized constructs of various lengths. optYFP or
both optYFP and optimized miRFP (miRFP) are set upstream of an
nlLuc reporter. Constructs are expressed from an inducible Tet07 pro-
moter. (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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Hel2 decreases protein expression, mRNA levels,
and delays elongation in acute CGA constructs

To further explore the utility of our reporter, we wanted to
verify that this system could quantify the duration of elonga-
tion pauses of known ribosome stalling sequences.
Consecutive nonoptimal CGA arginine codons are known
to induce slow translation elongation and terminal stalling
through wobble decoding of CGA (Letzring et al. 2010;
Tsuboi et al. 2012; Tesina et al. 2020; Veltri et al. 2022).
To quantify the effect of these nonoptimal codons on elon-
gation time and gene expression, we developed a series of
constructs in which we inserted between two and six tan-
dem CGA repeats between the yeast-optYFP ORF and
nLucreporter ORF shown previously (Fig. 2A). First, we test-
ed the protein expression of our induced constructs and
found a dose-dependent exponential decline in protein
production as the number of CGA codons increased, simi-
lar to a previous study by Letzring et al. (2010) (Fig. 2B).
However, we did not see a significant impact on protein ex-
pression until three CGA codons were included. Next, we
measured mRNA levels and found that mRNA levels signifi-
cantly decreased with the addition of three CGA codons,
but mRNA levels remained constant around 40% of our
control construct regardless of additional CGA codons
(Fig. 2C). We then measured the elongation delay in each
of our constructs by comparing to a control reporter lacking
any CGA codons (Fig. 2D). We found that elongation delay
increased in a dose-dependent manner beginning at
3xCGAs, with 6xCGA causing an ~4.5 min extension of
the translation duration. There was a relatively linear rela-
tionship between CGA stall number after three CGAs and
elongation time, which allowed us to calculate that each
CGA adds ~76 sec to the overall elongation time. We found
that this elongation delay was specifically due to CGA co-
dons as a 6xAGA codon, which also encodes for arginine,
had no effect on elongation time (Supplemental Fig. 1).
We then tested the role of Hel2 and Syh1, two factors im-
plicated in impacting gene expression due to prolonged ri-
bosome stalls. Hel2 is a translation surveillance factor that
senses ribosome collisions and activates the ribosome res-
cue pathways RQC and NGD, which results in protein and
mRNA turnover, respectively. Syh1 is a homolog of the
mammalian NGD factor GIGYF1/2 that was previously
foundto have arole in NGD in yeast (Hickey et al. 2020; Vel-
tri etal. 2022). We measured protein expression in our con-
structs containing two, four, and six CGAs in a hel2A
background and six CGAs in a syh14 background, and
we compared it to their wild-type (WT) counterparts (Fig.
3A; Supplemental Fig. 2). We found that deletion of Hel2
partially rescued protein expression in the 4xCGA and
6xCGA, but SYH1 deletion had no effect on the 6xCGA
protein expression. We next measured RNA levels in our
2xCGA, 4xCGA, and 6xCGA strains and found that RNA
levels were increased in our 4xCGA and 6xCGA-


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079663.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079663.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079663.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079663.123/-/DC1

In vivo translation elongation reporter

A B |,
ns.
0 — S
S 0 1 2 3 4 5 6
S A
N
Tet07 £Eq $
S0
’ 23
optYFP nLuc 3T 8¢
I T
optYFP ' nLuc 3
5 | [
2-6 CGAs
- # Tandem CGAs
C 05 s D 6 n.s.
N NS e s T
o 1 F s e s e Gl emge ]
5 L 1
E 0.5 3t T
©Tg £
Eg 1 Tl E 2 1 !
23 I = ; 1
< s I
4 1 0 )
0 1 2 3 4 5 6
2 1 I
25 L 2t

# Tandem CGAs # Tandem CGAs

FIGURE 2. CGA-derived acute stalls negatively impact gene expres-
sion and increase elongation time in a dose-dependent manner. (A)
Diagram of optimal and CGA-containing constructs. Between two
and six CGAs are inserted between the optYFP and nLuc ORFs. (B)
Protein expression of CGA constructs at T= 60 min normalized to op-
timized control 2xCGA n=10, 3xCGA n=8, 4xCGA n=10, 5xCGA
n=5, 6xCGA n=10). (C) mRNA levels of CGA constructs at T=60
min normalized to optimized control (n=3). (C) 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.

containing hel24 strains, but there was no change in the
2xCGA strain (Fig. 3B). We found no significant difference
in RNA levels for the 6xCGA in our syhlA strain
(Supplemental Fig. 2B). Together, these results imply Hel2-
mediated RQC and NGD are partially responsible for the ob-
served decrease in protein and RNA levels, respectively, in
the WT strains. Lastly, we sought to measure the impact of
Hel2 on elongation time. A recent review by Meydan and
Guydosh (2021) proposed two nonmutually exclusive mod-
els of Hel2's activity on the stability of ribosome collisions: (i)
Hel2 is necessary to rescue stalled ribosomes and Hel2 dele-
tion would result in further buildup of collided ribosomes,
and (i) Hel2 stabilizes collided ribosomes and Hel2 deletion
would result in reduced ribosomal pausing. Model 2, in
which Hel2 stabilizes collided ribosomes, was further sup-
ported by experimental data that hel24 reduces disome
pauses in ribosome profiling data sets (Meydan and Guy-
dosh 2020). To assess the effect of Hel2 on elongation
time and distinguish between these two models, we com-
pared the elongation time of our control, 4xCGA, and
6xCGA strains between WT and hel24 backgrounds and
found no significant difference in our control strain, but a
decrease in overall elongation time in our 4xCGA and

6xCGA strains when expressed in a hel24 background
(Fig. 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.

Synonymous substitution to nonoptimal codons
negatively impacts gene expression

Next, we asked how distributed slowdowns of nonoptimal
codons impact gene expression and elongation time. To
study the impact of distributed nonoptimal codons, we
used our optYFP-nLuc construct and synonymously substi-
tuted the first 20 of 21 leucines for a nonoptimal leucine
variant (Fig. 4A; Supplemental Fig. 3). 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 (Fig. 4A). We found
that substitution of the optimal leucine codon TTG with
the nonoptimal codons CTC and CTT resulted in a signifi-
cant delay in elongation time of ~0.5 and 2.5 min, res-
pectively (Fig. 4B). 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 levels (Fig. 4C,D). As compared to the optimized
control, we determined that substitution to the CTC codon
reduced both protein and mRNA levels by ~20%, and sub-
stitution to the CTT codon reduced both protein and
mRNA levels by 50%. This was distinct from the RQC-induc-
ing CGA stalls that decreased protein production more
substantially than they did mRNA levels.

We sought to determine whether the increase in elonga-
tion time and decrease in protein expression observed was
either contributed equally by each nonoptimal codon or
the specific placement of nonoptimal codons in the YFP
ORF. To assess this, we created a set of chimeric reporters
in which the first 10 leucine codons in the YFP ORF were ei-
ther optimal or nonoptimal followed by the next 10 leucine
codons of the opposite optimality (Fig. 4A). We hypothe-
sized 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 pro-
tein expression of our chimeric YFP[1-10CTT] closely resem-
bled YFP[CTT], and that our chimeric YFP[11-20CTT] closely
resembled YFP[TTG] (Fig. 4E,F). This provides evidence that
substitution of leucine codons to a nonoptimal variantin the
5’ half of the YFP ORF is sufficient to drive protein expression
and elongation time outcomes.

Aprevious study by Chu etal. (2014) showed that poor co-
dons in the 5’ region of a transcript could negatively affect
translation initiation through ribosome buildup preventing
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initiation from occurring, thereby reducing overall transla-
tional output (Hanson and Coller 2018). To test if the ob-
served 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, 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 signif-
icant difference remained between the optimal and CTT-
containing nonoptimal constructs (Supplemental Fig. 4A).
Furthermore, we assessed the impact on elongation time
and found that elongation time was not rescued to WT levels
and the magnitude of delay is similar to the YFP[CTT] con-
struct (Supplemental Fig. 4B). This suggests that the
decrease in protein expression in the reporter is a result of
the specific placement of the nonoptimal CTT codons within
the 5 half of the YFP ORF, but does not depend on the non-
optimal codons to be near the initiation codon.

To further dissect which leucine codons were important
for the repression of protein expression, we made con-

1932 RNA (2023) Vol. 29, No. 12

AHel2 0x CGA AH-SA AH-A

FIGURE 3. Hel2 deletion rescues protein expression, mRNA levels, and elongation time. (A)
Protein expression fold change of CGA constructs in a hel24 versus WT background
(2xCGA n=2, 4xCGA n=7, 6xCGA n=7). (B) mRNA level fold change of CGA constructs
in a hel24 versus WT background (n = 3). (C) Elongation delay of CGA constructs in a hel24 ver-
sus WT background (n = 3). All error bars indicate SEM. All statistical significances were calcu-
lated for each construct using two-tailed paired Student’s t-test against WT control.

(Fig. 4A), switched to CTT were suffi-
cient to fully repress protein expres-
sion and elongation time (Fig. 4E,F).
The switching of leucines 7 and 8
from TTG to CTT was associated
with a more strongly folded local
stem—loop structure as predicted
by mFold (Supplemental Fig. 5B). To
test if local RNA structure was impor-
tant to the increased elongation time
and reduction in protein production,
we made synonymous mutations
to G65 from GGT to GGC and Té2
from ACT to ACA. According to mFold these mutations re-
duce local base pairing, making a weaker and finally disfa-
vored predicted stem—loop (Supplemental Fig. 5C). Even
though the Leu CTT 7 and 8 codons are kept constant,
we find the GGT-GGC + ACT-ACA mutations cause a sig-
nificant reduction in the elongation time and rescue of pro-
tein expression relative to YFP[7,8 CTT] (Fig. 4E,F). These
data point to the importance of a local stem—loop structure
in affecting translation duration.

Gene expression in nonoptimal codon constructs is
affected by deletion of DHH1 but not HEL2

Finally, we investigated if Hel2 or other translation sensors
were responsible for the negative impacts on gene expres-
sion in our YFP[CTT] constructs. Of particular interest was
the RNA binding protein Dhh1, a conserved DEAD-box
helicase previously shown to have roles in mMRNA decapp-
ing and translational repression (Coller et al. 2001; Fischer
and Weis 2002; Tseng-Rogenski et al. 2003; Carroll et al.
2011). Importantly, it has been shown to bind preferential-
ly to mRNA with low codon optimality and has been
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FIGURE 4. Distributed stalls in the YFP ORF decrease protein expression, mRNA levels, and
delays elongation time. (A) Diagram of synonymously substituted leucine constructs. YFP con-
tains 21 leucine codons which are marked in orange. The first 20 leucine codons are substitut-
ed fora nonoptimal leucine variant, and the 21st leucine remains the optimal TTG codon. No. 7
and no. 8 leucines from the 5’end of YFP ORF are labeled as L60 and L64. (B) Elongation delay
of distributed stall constructs compared to optYFP (YFP[CTA] n= 6, YFP[CTC] n= 6, YFP[CTG] n
=5, YFP[CTT] n=7). The first 20 out of 21 total optimal TTG leucine codons in optYFP are syn-
onymously substituted to a nonoptimal codon specified in brackets. (C) Protein expression of
distributed stall constructs normalized to optYFP control (n=4 for all). (D) mRNA levels of dis-
tributed stall constructs normalized to optYFP control (n= 3 for all). (E) Elongation delay mea-
surements of chimeric constructs normalized to optYFP control (n =3 for YFP[1-7CTT], YFP[1-
8CTT], YFP[8CTT], and Té62 + G65 mutated constructs, n=5 for YFP[1-10CTT] and YFP[11-
20CTT], n="11for YFP[CTT], n= 12 for YFP[7,8CTT)]). (F) Protein expression chimeric constructs
normalized to optYFP control (n= 3 for YFP[1-7CTT], YFP[1-8CTT], YFP[8CTT], and T62 + G65
mutated constructs, n =5 for YFP[1-10CTT] and YFP[11-20CTT], n= 11 for YFP[CTT], n =12 for
YFP[7,8CTT]). 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.

proposed to slow down ribosome movement (Sweet et al.
2012; Radhakrishnan et al. 2016). 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 dhh14 or hel24 strain.

First, we assessed the impact of pro-
tein expression on our constructs in a
dhh1A or hel24 strain deletion back-
ground (Fig. 5A). Based on Dhh1's
role in mediating translation repres-
sion of transcripts enriched in nonopti-
mal codons, we expected to see no
impact in optYFP and a rescue of pro-
tein expression in YFP[CTC] and YFP
[CTT]. Instead, we found differing ef-
fects for each construct; deletion of
Dhh1 slightly increased protein ex-
pression in our optYFP construct, de-
creased protein expression in our
YFP[CTC] construct and had no statis-
tically significant impact in our YFP
[CTT] construct. We also found that
Hel2 deletion had no statistically sig-
nificant effect on protein expression
in any of our constructs (Fig. 5A). This
suggests that the drop in protein ex-
pression seen in the YFP[CTT] con-
structs was not due to a Hel2-
mediated mechanism and is distinct
from our acute CGA-containing con-
structs. Next, we examined the effect
of Dhh1 on mRNA levels by compar-
ing WT and dhh14 mRNA levels (Fig.
5B). We found that deletion of Dhh1
decreased mRNA levels in our YFP
[CTC] construct but had no statistically
significant difference in the other con-
structs. The negative impact of Dhh'1
deletion in our YFP[CTC] construct
was of similar magnitude in protein
and mRNA. This suggests that Dhh
increases mRNA levels in our YFP
[CTC] construct, which leads to in-
creased protein expression.

Lastly, we wanted to determine the
impact of dhh14 and hel24 back-
grounds on elongation time in our
substituted leucine constructs. We
measured elongation delay by com-
paring the elongation times of our
constructs in each deletion strain to

WT (Fig. 5C). We found that deletion of Dhh1 slightly in-
creased the elongation delay in our optYFP and more dra-
matically increased the elongation delay in the YFP[CTC]
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FIGURE 5. Dhh1 deletion, but not Hel2 deletion, affects gene expression in substitution con-
structs. (A) Protein expression of distributed stall constructs in dhh14 or hel24 background ver-
susWT (n=5,4,5, 6,7, and 3 from left to right). (B) mRNA level fold change of distributed stalll
constructs in a dhh14 versus WT background (n=5, 5, and 7 from left to right). (C) Elongation
delay of distributed stall constructs in dhh 14 or hel24 background versus WT (n=19,4,18, 6,9,
and 5 from left to right). All error bars indicate SEM. Al statistical significances were calculated
for each construct using two-tailed paired Student’s t-test against WT control.

es logarithmically with increasing
CGA repeats. Strikingly, we find that
mRNA levels stabilize upon reaching
a specific stall length, suggesting
that the stall-activated NGD pathway
reaches a maximum decay rate at
3xCGA. Interestingly the ~50% re-
duction in mRNA levels is very similar
to the mRNA reduction seen from a
completely independently designed
reporter containing 12xCGA (Veltri
et al. 2022) and other reporters con-
taining 10xAAG (rare poly-lysine) or
8xCCG (rare poly-proline codon) stall-
ing sequences (Park and Subrama-
niam 2019), further supporting that
NGD may be saturated at relatively
shorter translational stalls.

While initially 20 synonymous Leu
codons were changed to poor CTT co-
dons, not all nonoptimal codons con-
tribute equally to the elongation
slowdown. Instead, we determined
that two of the 20 codons were suffi-
cient to drive the full elongation
slowdown and repressed protein ex-
pression. This appears to be caused
by local sequence effects and not spe-
cifically the poor codons being in the
5" end of the ORF, as adding an up-

strain, suggesting that Dhh1 functions to speed up elonga-
tion in these constructs. However, we found no statistically
significant difference in elongation time in our YFP[CTT]
construct. Additionally, we found no statistically significant
difference in elongation times in our hel24 strains (Fig. 5C).
This is consistent with the hel24 strain protein expression
data and supports the idea that a non-Hel2-mediated
pathway is responsible for the negative impact on gene ex-
pression in our substituted leucine constructs.

DISCUSSION

Ribosome stalling and the connected quality control path-
ways are important for recognizing faulty and damaged
mRNAs, yet quantitative measurements of how these stalls
impact translation duration have been lacking. In this studly,
we developed a reporter assay to quantify the in vivo elon-
gation time of various constructs containing stalling se-
quences in Saccharomyces 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 decreas-
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stream miRFP ORF was not able to res-

cue the translation slowdown and
reduced protein production. This argues that local se-
quence context is important for determining the effects
of codon optimality on gene expression. This fits with re-
ports showing that specific combinations of codons modu-
late translation efficiency and mRNA decay (Gamble et al.
2016; Burke et al. 2022). We find that these two CTT substi-
tutions drive the formation of a predicted stem-loop struc-
ture and that disruption of this structure, while maintaining
the two nonoptimal CTT codons predominantly rescues
the slowed translation elongation and reporter expression.
Interestingly it was recently shown in prokaryotes that
mRNA stem—loops can dock into the Assite of the ribosome
inhibiting translation elongation and stalling ribosomesin a
primarily nonrotated confirmation (Bao et al. 2020, 2022).
These works showed that ribosome slowing was due to
specific length and structure rather than the high thermo-
dynamic stability of the stem—loop. It will be interesting
to further explore if a similar mechanism of translation elon-
gation slowing takes place in eukaryotes.

From our synonymous leucine substitution constructs,
we find that the nonoptimal codon CTT causes substantial
delays in elongation time on the order of minutes, length-
ening the elongation time of YFP ~3.5-fold. The elongation
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delay of ~150 sec for the CTT reporters, including the 7,8
CTT, is similar to the elongation delay for our 4xCGA stall-
ing reporter. Yet these two reporters behave very differ-
ently 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 larg-
er extent then the ~50% decrease in mRNA levels. This
pointed to the induction of RQC, which reduces protein ex-
pression on the CGA stalls through ribosome rescue. Fur-
ther supporting this induction of RQC on CGA stalls but
not CTT stalls, deletion of the RQC factor Hel2 could par-
tially rescue the mRNA levels and protein production of
CGA stalls, yet it had no significant effect on protein pro-
duction and elongation times due to nonoptimal CTT co-
dons, which we believe is due to the formation of a stem-
loop structure. These data point to further differentiation
of ribosome stalling beyond just stall duration timing.
This fits with previous reports that not all stalled ribosomes
are targets for RQC, but instead, the ribosomes need to be
in a rotated state to be recognized by Hel2 (Matsuo et al.
2017; lkeuchi et al. 2019).

We found that CGA stalls added ~76 sec per CGA codon
to the translation duration of the reporter after 3xCGAs.
This led to an almost 5 min lengthening of translation dura-
tion for a 6xCGA construct. A recent paper by Goldman
et al. (2021) examined ribosomal clearance times on
mRNA containing difficult-to-translate poly(A)-containing
stretches and found it took ~10 and 13 min for ribosomes
to clear off 50% of transcripts containing poly(A)36 and
poly(A)60 stretches, respectively. Their finding on delays
lasting on the order of minutes is consistent with our find-
ings and represents an intriguing observation considering
that the average half-life of yeast mRNAs is ~10 min, sug-
gesting that a significant portion of an mRNA's half-life
can be spent engaged in a ribosomal stall (Chan et al.
2018). The long duration of stalling also fits with long
queues of ribosomes 5’ of the stall, as has been seen with
disome-seqand in vivo translational imaging in mammalian
cells (Han et al. 2020; Goldman et al. 2021). We believe we
may be observing a cumulative effect of ribosome queuing
affecting the overall translation duration.

It is well-confirmed that Hel2 is a necessary factor medi-
ating RQC and NGD pathways; however, its effects on ribo-
some stalling have been unclear. Two nonmutually
exclusive models have been proposed (Meydan and Guy-
dosh 2020, 2021): 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 ac-
cumulated collided ribosomes, which increases elongation
delay; in the second model, as proposed by Meydan and
Guydosh, Hel2 is able to sense and stabilize stalled ribo-
somes to prevent further translation. In this scenario, dele-
tion of Hel2 would destabilize collided ribosomes,
resulting in rescued elongation and shorter elongation de-
lay. In this paper, we quantitatively measure the change of

elongation delay after Hel2 depletion and find a reduction
in the translation duration of CGA stalled sequences. Thisis
distinct from mammalian cells, where depletion of the
mammalian homolog of Hel2, ZNF598, causes further de-
lays in the clearing of ribosomes (Goldman et al. 2021).

It has been previously reported that Dhh1 plays a role in
the degradation of mRNA enriched in nonoptimal codons
(Radhakrishnan et al. 2016). We were surprised to find that
Dhh1 deletion instead decreases the expression of the YFP
[CTC] construct. As the YFP constructs used in this study
are all yeast optimized except for the leucine codons, it
is possible that Dhh1 deletion would only be beneficial
for mRNAs more enriched in poor codons. Previous work
demonstrates a negligible effect of dhh14 on mRNA
half-life for primarily optimal mRNA (Radhakrishnan et al.
2016).

Although most studies have investigated Dhh1 with re-
gards to its role in MRNA decay and translational repres-
sion, Dhh1 has also been shown to promote the
translation of certain mRNAs. It has been previously dem-
onstrated that a subset of mMRNAs that contain structured
5'UTRs and coding sequences require Dhh1 helicase activ-
ity for efficient expression (Jungfleisch etal. 2017). Further-
more, Dhh1 can shift roles in a condition-dependent
manner. During nitrogen starvation, Dhh1 is required for
the efficient expression of autophagy-related proteins
Atg1 and Atg13, but when nutrients are plentiful Dhh1 en-
courages ATG mRNA degradation (Liu etal. 2019). Overall,
this argues that Dhh1 may play context-specific roles in
translation elongation and may be able to speed up elon-
gation in specific sequence contexts.

MATERIALS AND METHODS

Plasmid preparation and integration

All plasmids used in this study are listed in the Supplemental Data
File. Anumber of the key elongation reporter plasmids have been
deposited at Addgene (www.addgene.org/Brian_Zid/). Plasmids
containing synonymous leucine codons substituted YFP (TTG,
CTA, CTC, CTG, and CTT), and single-copy yeasts integrating
plasmid containing a pTETO7 promoter were provided as a kind
gift from Dr. Arvind Rasi Subramaniam at the Fred Hutchinson
Cancer Center in Seattle. Fragments containing pTETO7, YFP var-
iants, and yeast-optimized nLuc (Promega cat. no. N1141) were
amplified using PCR and cloned into the Xhol and Hindlll-digest-
ed single-copy yeast integrating plasmid using Gibson assembly.

The pAG306-pTet07-YFP[1-7CTT]-nLuc, pAG306-pTet07-YFP
[1-8CTTl-nLuc, pAG306-pTet07-YFP[1-9CTT]-nLuc, pAG306-
pTet07-YFP[1-10CTTl-nLuc, and  pAG306-pTet07-YFP[11-
20CTT]-nLuc strains were generated by PCR amplification of the
entire backbone of the previous pAG306-pTet07-YFP[TTG]-
nLuc plasmid beginning at nLuc and ending with pTet07, and
PCR amplification of the corresponding parts of the YFP[TTG]
and YFP[CTT] variants (e.g., YFP[1-7CTT] includes nos. 1-7 Leu
codon part of YFP[CTT] and nos. 8-20 Leu codon part of YFP
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[TTG]) (Supplemental Fig. 5A). These fragments were combined
using Gibson assembly.

The pAG306-pTet07-YFP[7,8CTT]-nLuc and pAG306-pTet07-
YFP[8CTT] were further constructed with the same backbone of
the pAG306-pTet07-YFP[TTG]-nLuc plasmid and distinct YFP var-
iants. YFP[7,8CTT] and YFP[8CTT] variants are constructed based
on YFP[TTG] and YFP[1-8CTT] (e.g., YFP[7,8CTT] includes nos. 1-
6 Leu codon part of YFP[TTG] and nos. 7-20 Leu codon part of
YFP[1-8CTT]) (Supplemental Fig. 5A). These fragments were
combined using Gibson assembly.

Plasmid variants containing two to six CGA stalls were generat-
ed using the aforementioned backbone PCR of the pAG306-
pTet07-YFP[TTG] plasmid and a PCR amplified YFP[TTG] frag-
ment containing two to six CGA repeats as a 3’ overhang.
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.

Yeast strains, growth, and media

The background yeast strain w303 (EY0690) was used for all ex-
periments. Yeast dhh14, hel2A, and syh1A strains were created
by deleting the endogenous DHH1, HEL2, and SYH1 loci, respec-
tively, using pRS315 (Addgene Plasmid #3974) and screened by
growing transformed yeast on SC dropout plates lacking leucine.
The specific oligos used are listed in Supplemental Table S2.

Luciferase-based elongation reporter assay

Liquid cultures were started from single colonies and allowed to
grow overnight in YPD at 30°C with shaking until an approximate
OD¢go0f0.3-0.5, afterwhich cultures were divided into two tubes.
For one of the tubes, 1 pL of a stock solution of ATc (250 pg/mL of
ATc dissolved in EtOH) was added per mL of culture. Both tubes
were returned to 30°C with shaking for 5 min. A total of 90 pL of
each culture was added to a 96-well white flat-bottom plate
(Grainger), and to each well, 10 pL of furimazine (10 mM furimazine
stock solution dissolved in DMSO diluted 1:200 in YPD) was add-
ed. Immediately after sample loading, the plate was placed in a
30°C prewarmed Tecan Infinite 200 PRO plate reader. The follow-
ing program was used and luminescence measurements were tak-
en every 30 or 60 sec: (i) kinetic cycle: (cycle duration: 60 min,
kinetic interval: 30 or 60 sec); (i) shaking: (duration: 3 sec, mode:
orbital, amplitude: 2 mm), (iii) luminescence: (attenuation: auto-
matic, integration time: 1000 msec, settle time: 0 msec).

Schleif plot and elongation delay measurements

The Schleif plotmethodology was adapted from Schleif etal. (1973)
andsslightly modified to assume anonconstantbasal expression pro-
tein level. The general principle is that upon sufficient time for tran-
scriptional induction to start, there will be a proportional increase in
mRNA levels to time (t). The increase of luciferase from a single
mRNA is also proportional to time (t). As mMRNA levels are also in-
creasing with time, this means that the total amount of luciferase is
proportional to t?. Foreach sample, ATc-induced protein expression
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was calculated by subtracting the samples lacking ATc (—ATc) from
the corresponding samples with ATc (+ATc) across all measured
time points. Samples were then normalized to an ODgqg of 1.0 by di-
viding their protein expression overtime by their respective ODs. Al
values were then subtracted by the average RLU of the first 5 min to
subtractbackground. Then, the square root of each value \/[(Luc(t) -
Luc(0)] was calculated and plotted against time. Values that pro-
duced an error due to the square root of a negative value were set
as "N/A" and avoidedin ouranalysis. From this Schleif plot, we iden-
tified regions of linearity across our samples and selected a 10-15
minwindow foranalysis. Ideally, these regions of linearity are parallel
between each sample and contain a minimal amount of noise. For
eachtime window, we created atrendline and calculated the X-inter-
cept of the trendline, which represented the calculated elongation
time of the sample. The calculated elongation time of the samples
in a single assay was then compared to a control to determine the
elongation delay. These elongation delay measurements were
then compared across assays and aggregated to determine the av-
erage elongation delay associated with the specific construct. More
details and protocols of the Schleif plot and elongation delay mea-
surements are shown in the Supplemental Schleif Plot Method file.

RNA extraction and real-time gPCR

Yeast pellets were collected from samples 60-min post-ATc addi-
tion by spinning 1-1.5 mL of liquid culture at 3000g for 2 min 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
were assessed using a Nanodrop.

RNA samples were subjected to DNase digestion using RQ1
RNase-free DNase (Promega), according to the manufacturer'sinstruc-
tions. cDNA was prepared from equal amounts of RNA from each
sample using Protoscript Il Reverse Transcriptase (New England
Biolabs cat. no. M0368X) and an oligo dT(18) primer according to
the manufacturer’s instructions. RT-gPCR was done using a home-
brew recipe with SYBR Green at a final concentration of 0.5x
(Thermo Fisher S7564). Primers specific for nLuc and actin are de-
scribed in Supplemental Table S2. mRNA levels were normalized to
ACT1 abundance, and fold change was calculated by a standard C,
analysis.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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