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Codon usage bias refers to the universal feature of genome that synonymous codons
are used at different frequency. Codon usage plays critical roles in determining gene
expression levels through impacting multiple fundamental cellular processes. Although the
correlation between codon usage and gene expression level has long been observed, the
underlying mechanisms are still largely unclear. In the first part, I demonstrate the
mechanism of codon usage determining translation efficiency. The slow decoding rate of
nonoptimal codon causes ribosome stalling on mRNA, which leads to premature termination
of translation and reduced protein production. This process is conserved from Neurospora to

Drosophila. In addition, I demonstrate that the premature termination of translation is



mediated by the canonical release factor eRF1, which recognizes ribosomes stalled at
nonoptimal codons. Together, I propose a model that explains the impact of codon usage on
translation efficiency. In the second part, I investigate the role of promoter in codon-
dependent gene expression at transcription level. I show that codon usage and sequence
downstream of core promoter act in concert to determine the transcription level. Moreover, I
identify the regulatory element in Hsp70 promoter that upregulates the transcription of genes
containing nonoptimal codons. The differential transcriptional level is achieved through
epigenetic regulations affecting nucleosome density and H3K27ac level and premature
termination pathway mediated by Ars2, NEXT complex and nuclear exosome. Collectively,
these results show that codon usage and promoter impact transcription through multilayer

regulatory mechanisms.
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CHAPTER ONE
Introduction

1-1 Codon usage bias

Codon usage bias is a universal phenomenon in all organisms(Ikemura, 1985; Plotkin
& Kudla, 2011; Sharp et al., 1986). The 20 amino acids are encoded by 61 codons. Except
methionine and threonine, each amino acid has two to six encoding codons, known as the
degeneracy of genetic code. The synonymous codons in the genome are used at different
frequency, a phenomenon called codon usage bias. Codon usage is a key factor in
determining gene expression level through impacting multiple fundamental cellular
processes, including co-translational folding (Fu et al., 2016; Yu et al., 2015; Zhao et al.,
2017; Zhou et al., 2013), translation fidelity (Kramer & Farabaugh, 2007), SRP recognition
(Pechmann et al., 2014), polyadenylation (Zhou et al., 2018) and is related to multiple human
diseases (Sauna & Kimchi-Sarfaty, 2011; Shah et al., 2015).

Several indexes were introduced to quantitatively measure codon usage bias. The
most commonly used is Codon Adaptation Index (CAI), which reflects the relative
adaptiveness of the codon in a gene to codons of the mostly expressed genes(Sharp & Li,
1987). Codon Bias Index (CBI) is another measure of codon usage bias, which compares the
codon usage to the most frequently used codons and shows the extent to which a gene uses a
subset of optimal codons(Bennetzen & Hall, 1982). Since codon usage bias and tRNA levels

are tightly correlated, the tRNA adaptation index (tAl), which includes weights of tRNA



pool, wobble interactions and properties of the ribosome, is now widely used to better reflect

the codon usage bias from a mechanistic view(dos Reis et al., 2004).

Codon usage and gene expression

Initially, the synonymous codon was proposed to be functionally redundant(Crick et
al., 1961; Nirenberg et al., 1965). However, distinctive patterns of synonymous codons were
observed to be used by each organism and also each gene within the same genome, which led
to the hypothesis that synonymous codons have a regulatory role in gene
expression(Bennetzen & Hall, 1982; Goel et al., 1972; Gouy & Gautier, 1982; Grantham et
al., 1981; Ikemura, 1981, 1985; Zhang et al., 1991). Early observations on codon frequency
and gene expression level gave rise to the model that gene expression level is correlated with
codon frequency. Highly expressed genes usually contain large portion of frequently used
codons, whereas genes containing more rare codons are expressed at low level(Duret &
Mouchiroud, 1999; Konigsberg & Godson, 1983; Kurland, 1991; Sharp et al., 1986;
Serensen et al., 1989). Subsequent genome-wide sequencing studies highlighted the breadth
of this phenomenon, supported with molecular and biochemical assays on individual
reporters or disease-related genes(dos Reis et al., 2004; Fu et al., 2018; Jeacock et al., 2018;
Lampson et al., 2013; Lavner & Kotlar, 2005; Lithwick & Margalit, 2003; Newman et al.,
2016; Shah et al., 2015; Tamir Tuller et al., 2010). Since the discovery of codon usage,
numerous studies have shown that codon usage is a major determinant of gene expression
through processes including not only translation and co-translational events, such as protein

folding, but also mRNA decay and transcription(Bazzini et al., 2016; Boel et al., 2016;



Guimaraes et al., 2014; Mordstein et al., 2020; Presnyak et al., 2015; Zhou et al., 2016; Zhou
et al., 2018).

Despite the correlation between codon usage and gene expression level has long been
observed, the underlying mechanisms are been revealed recently. During the past decades,
many groups dedicated to uncovering the underlying mechanisms of codon usage regulating
gene expression have revealed that codon usage participates in almost all the critical
processes that are related to gene expression. Conserved from yeast to mammal, codon usage
bias is strongly correlated with mRNA half-life and plays a critical role in determining
mRNA stability in translation dependent manner(Bazzini et al., 2016; Presnyak et al., 2015;
Q. Wu et al., 2019). Slow translation elongation rate triggers mRNA decay via Ccr4-Not
complex and Dhh1 de-capping factor(Buschauer et al., 2020; Radhakrishnan et al., 2016).
Furthermore, codon usage also impacts mRNA level through regulation during transcription
in translation independent ways(Zhou et al., 2016; Zhou et al., 2018). Moreover, codon usage
regulating protein synthesis via modulating elongation speed and initiation rate(Chu et al.,

2014; Yu et al., 2015).

Codon usage and translation speed

Translation is the primary pathway determining protein synthesis, and it is mainly
regulated through initiation and elongation. Since the discovery of the strong correlation of
codon usage and gene expression level, a basic model was proposed wherein codon usage
regulates translation speed to change protein synthesis rate. Early evidences from reporter

assays in model organisms or in cell-free translation assays showed that the synthesis rate of



codon optimal mRNAs is higher than nonoptimal mRNAs, and rare codons are decoded
slower than frequent synonymous codons(Bonekamp & Jensen, 1988; Pedersen, 1984;
Serensen et al., 1989; Varenne et al., 1984). In consistent with this model, later
computational modeling also emphasis the major role of codon usage in determining
translation speed(Brockmann et al., 2007; Man & Pilpel, 2007). With the development of
ribosome profiling, which maps the position of translation ribosomes at codon level, it is
possible to more accurately measure decoding speed(Ingolia et al., 2009). Although early
studies using ribosome profiling did not reveal a clear correlation of codon usage and
decoding time(Ingolia et al., 2011; Qian et al., 2012), possibly due to biases introduced
during sample preparation(Gerashchenko & Gladyshev, 2014; Hussmann et al., 2015; Santos
et al., 2019). However, later improvement on the experimental method along with
sophisticated bioinformatic and statistical analyses revealed that codon usage indeed
correlate with decoding rate(Dana & Tuller, 2014b; Gardin et al., 2014; Hussmann et al.,
2015; Weinberg et al., 2016; C. C.-C. Wu et al., 2019b; Yu et al., 2015). Although this
correlation may be weaker in different organisms, generally different codons are decoded at
different speeds and it is determined by codon usage(Gobet et al., 2020; Li et al., 2014; C.
Pop et al., 2014). Furthermore, biochemical assays measuring translation speed of rare or
frequent codons using reporters or on disease-related genes led to similar conclusion that
translation speed correlates with codon frequency(Kirchner et al., 2017; Spencer et al., 2012;
Yu et al., 2015; Zhao et al., 2017). Moreover, in vivo real-time imaging tracking individual
ribosome using fluorescent labeling and super-resolution microscopy further supported that

mRNAs containing more optimal codons are translated faster than nonoptimal ones(Wang et



al., 2016; Yan et al., 2016). Despite the abundant evidences showing codon usage determines
elongation speed, it remains an open question of how slow elongation leads to low protein
level. It is generally proposed that slow decoding rate can generally cause traffic jam and
ribosome queuing, and thus inhibit translation(Michael A Ferrin & Arvind R Subramaniam,

2017; Mitarai et al., 2008).

Codon usage and tRNA level

Since the rate-limiting step in elongation cycle is the search and selection of cognate
tRNA, whereas transpeptidation and ribosome translocation are usually fast, the effect of
codon usage on translation elongation speed is mediated by tRNAs. The decoding rate of
each codon is mainly affected by tRNA concentration, charging level and codon-anticodon
wobble decoding. Although which factor is dominant is still a matter of debate, it is generally
thought tRNA concentration is the primary factor in determining overall decoding speed.
Soon after the discovery of nonuniform usage of synonymous codons, a correlation of codon
frequency and cognate tRNA level was observed(Bulmer, 1987; Ikemura, 1981, 1985;
Moriyama & Powell, 1997). Since tRNA concentrations also correlate with tRNA gene copy
number in the genome, tRNA repertoires and codon usage are believed to have coevolved to
achieve balance between demand and supply, thus efficient gene expression(Bulmer, 1987;
dos Reis et al., 2004; Duret, 2000, 2002; Hershberg & Petrov, 2008).

In consistent with this model, recent high-throughput studies provided more accurate
quantification of cellular tRNA concentration and better understanding of the relationship of

codon usage and tRNA level, and showed strong correlation of codon usage, tRNA



concentration and decoding time(Dana & Tuller, 2014a; C. C.-C. Wu et al., 2019b). In
addition of genome-wide studies, data from individual reporters using molecular and
biochemical assays in vivo and in vitro led to similar conclusion that tRNA concentration
determines decoding rate. Studies using reporter assays showed that the time needed to finish
translating mRNA indeed depends on codon usage, and frequent codons are decoded faster
than rare codons(Yu et al., 2015; Zhao et al., 2017). Since the effect of codon usage on
translation is caused by different tRNA concentration, changing tRNA level would lead to
corresponding changes on protein synthesis rate and gene expression. Indeed, overexpressing
matching cognate tRNAs would overcome the inhibitory effect on translating mRNAs
enriched in rare codons caused by insufficient tRNA(Kirchner et al., 2017; Letzring et al.,
2010; Lin et al., 2019; Spencer et al., 2012).
1-2 Ribosome stalling and premature termination of translation

Perturbation on translation elongation leads to production of misfolded or truncated
nonfunctional proteins. Translation of problematic mRNAs also leads to generation and
accumulation of truncated or extended non-functional proteins. This process is monitored by
ribosome as a hub to interacting with various factors and ensuring immediate cleanup of
detrimental mRNAs and proteins. Once ribosome encounter aberrant translation events such
as stalling or collision, downstream quality control pathways are activated to degrade nascent
peptides by proteasome. The faulty mRNAs are degraded by Xrnl and exosome through no-
go decay pathway(Doma & Parker, 2006). Moreover, the translation initiation of the same

mRNA is inhibited to further prevent accumulation of aberrant translation products.



Causes of ribosome stalling

Various factors ranging from exocellular stress to cis elements on the mRNA can
cause ribosome stalling(Guydosh & Green, 2014; Ishimura et al., 2014; LaRiviere et al.,
2006; Simms et al., 2014). The intrinsic sequence of mRNA is critical for control elongation
process. Strong mRNA secondary structure is inhibitory to ribosome movements(Mao et al.,
2014; Cristina Pop et al., 2014(Chen, 2013 #195)). Poly-adenosine tract and tandem CGA
codons in yeast cause ribosome pausing(Dimitrova et al., 2009; Doma & Parker, 2006).
Positively charged amino acids interacting with negative charges in the ribosome exit tunnel
also slow down ribosome movement(Charneski & Hurst, 2013; Lu & Deutsch, 2008).
Peptide bond formation rates vary among amino acids and are especially slow for proline,
which leads to translational pauses at polyproline motifs(Gutierrez et al., 2013; Huter et al.,
2017; Pavlov et al., 2009; Ude et al., 2013). Moreover, special regulatory sequences
including E.coli SecM and Neurospora arginine attenuator also stall ribosomes(Fang et al.,
2004; Sabi & Tuller, 2015; Tanner et al., 2009).

Rare codon is an important factor causing ribosome pausing or stalling. Due to the
low abundance or inefficient decoding of corresponding tRNA, A site of ribosome remains
empty. Multiple studies addressed that rare codons combines with upstream and downstream
sequence context, which further slowdowns ribosome, cause ribosome stalling at rare
codons(Fang et al., 2000; Kwon et al., 2016; Lindhout et al., 1985; Wolin & Walter, 1988).
The well-studied rare codon CGA for arginine in S.cerevisiae is known to cause ribosome
stalling (Curran, 1995; Letzring et al., 2013). Moreover, di-codons also show a regulatory

role in determining elongation speed(Cannarozzi et al., 2010; Gamble et al., 2016).



Dom34 in ribosome quality control pathway

In no-go decay pathway, the A site of stalled ribosomes are recognized by Dom34
and Hbs1, which are homologs of eukaryotic release factor 1 (¢eRF1) and eRF3(Arango et
al.). Dom34 enter the A-site of ribosome to facilitate ribosome dissociation, whereas Hbs1
promotes this process in a GTP dependent way(Pisareva et al., 2011; Shoemaker et al.,
2010). Although Dom34 is homolog of eRF1, it lacks the codon recognition motif that is
responsible for discriminating between sense and stop codons, and lacks the full extension of
the M domain that hydrolysis tRNA and nascent peptide, thus Dom34/Hbs1 complex
promotes ribosome subunit dissociation, but not hydrolysis of the peptidyl-tRNA, in a codon-
independent manner(Graille et al., 2008; Lee et al., 2007; Shoemaker et al., 2010). Recent
progress on the cause of recruitment of Dom34/Hbs1 showed that the ribosome collision of
disome is the minimum unit and substrate for activation of quality control and no-go decay
pathways(M. A. Ferrin & A. R. Subramaniam, 2017; Ikeuchi et al., 2019; Juszkiewicz et al.,
2018; Simms et al., 2017).

Dom34/Hbs1 facilitates no-go decay and ribosome associated quality control,
wherein nascent peptides are degraded. The collided disome creates an interface that is
recognized by the E3 ligase Hel2 homolog for ubiquitination of the ribosomal proteins. The
ribosome is dissociated into subunits by quality control factors. The nascent peptidyl-tRNA
is ubiquitinated by E3 ubiquitin ligase and peptidyl-tRNA linkage in hydrolyzed by
Vmsl(Garzia et al., 2017; Juszkiewicz & Hegde, 2017; Matsuo et al., 2017; Shao et al.,

2015; Shao & Hegde, 2014; Shao et al., 2013; Sundaramoorthy et al., 2017; Verma et al.,



2018; Zurita Rendon et al., 2018) . The nascent peptide chains are then extracted from the
60S subunit by the ATPase Cdc48— Ufd1-Npl4 and presented to the 26S proteasome for
degradation(Defenouillere et al., 2013; Lyumkis et al., 2014).

More recently, progress on the impacts on other cellular functions showed that this
pathway also feedbacks to translation initiation. Ribosome collision activates GCN2 during
elongation, which further phosphorylate e[F2a and inhibits initiation(Meydan & Guydosh,
2020; Wu et al., 2020). Moreover, it also inhibits the initiation of the same mRNA via a
distinct pathway facilitated by GIGYF2 and 4EBP(Juszkiewicz et al., 2020; Sinha et al.,

2020).

eRF' 1 mediated translation termination

In eukaryotes, canonical release factors eRF1 and eRF3 are only involved in
translation termination and is known to specifically recognize stop codons and discriminate
sense codons. eRF1 enters ribosome A-site and is responsible for stop codon recognition,
whereas eRF3 stimulates this process in a GTP-dependent manner(Bertram et al., 2000; Fan-
Minogue et al., 2008; Song et al., 2000). After stop codon recognition, eRF1 takes
conformational change and the GGQ domain swings into the catalytic center of the large
subunit(Frolova et al., 1999; Wong et al., 2012). eRF1 induces hydrolysis of peptidyl-tRNA,
stimulated by ATP-binding cassette protein ABCE]1. After peptide release, eRF1 remains
bound to post-termination complexes and together with the ABCELI splits them into 60S and
tRNA/mRNA-associated 40S subunits, which is coupled by ATP hydrolysis(Pisarev et al.,

2010; Shoemaker & Green, 2011). Subsequent dissociation of tRNA from small subunit are



promoted by factors including elFs 3, 1 and 1A, Ligatin, or MCT1/DENR(Skabkin et al.,

2010; Skabkin et al., 2013).

1-3 Genetic and epigenetic determinants of transcription

Transcription is heavily regulated by a huge number of molecules working in concert
and larger networks involving multilayer pathways and factors acting in trans or cis. Trans-
acting factors are transcription factors and long noncoding RNAs, which impacts the on and
off of transcription and transcription rate. Cis-acting factors are regulatory regions in the
chromosome, including sequence elements in the genome such as enhancers, and epigenetic
marks(Shlyueva et al., 2014; Zabidi & Stark, 2016). These factors control the initiation of
transcription, which is the recruitment and assembly of RNA polymerase and cofactors, the
pause release of polymerase to elongation, and the processing and termination of
transcription. From initiation to termination, every step during transcription impacts the final

level of mature transcripts.

Core promoter

Promoter determines the transcription on and off, whereas enhancers amplify the
initiation of transcription at promoter region(Banerji et al., 1981; Shlyueva et al., 2014). Core
promoter is the hub for assembly of RNA polymerase II (RNA Pol II) and its associated
general transcription factors(Hampsey, 1998). It ranges from about -40 to +40 nucleotides

relative to the transcription start site (TSS), and comprises combination of regulatory

10



elements of TATA box, initiator (Inr), and downstream core promoter element (DPE). The
TATA box a is A/T-rich region and the binding site for the transcription initiation factor
TATA-binding protein (TBP) subunit of the TFIID complex(Breathnach & Chambon, 1981).
Inr is the region encompassing the transcription start site(Smale & Baltimore, 1989; Vo Ngoc
et al., 2017). In promoters lacking TATA box, the DPE is often present and is at strict
spacing to Inr for the binding of subunits of the TFIID complex (Burke & Kadonaga, 1997,
Butler & Kadonaga, 2001; Kutach & Kadonaga, 2000; Louder et al., 2016).

Upstream of core promoter are regions that may contain proximal regulatory elements
including enhancers, silencers and insulators. Together with distal regulatory elements that
are recruited by conformational changes in the 3-dimensional structure of chromatin, these
cis-acting factors modulate and fine tune the activity of Pol II at core promoter(Blackwood &

Kadonaga, 1998; Butler & Kadonaga, 2001; Lemon & Tjian, 2000; Zabidi & Stark, 2016).

Epigenetic regulations

Chromatin is composed of DNA and proteins where the fundamental subunit is
nucleosome. 147 bp of DNA wraps an octamer of histone proteins (H3, H4, H2A and H2B).
Nucleosome packaging restricts proteins such as transcription factors and polymerase to bind
to DNA and impacts transcription. For example, nucleosome at promoter region is usually
repressive and prevents the initiation of transcription( WASYLYK & CHAMBON, 1979;
Wasylyk et al., 1979). Multiple protein complexes function as chromatin remodelers to
reposition the nucleosome and facilitates protein-DNA interactions. These chromatin

remodelers are classified into four families; SWI/SNF, ISWI, NURD/Mi-2/CHD and INORSO.

11



They all depends on ATP hydrolysis to unwrap, mobilize, exchange or eject the
nucleosome(Cairns, 2005; Clapier & Cairns, 2009).

Post-translational modifications on histone proteins also influence the nucleosome
interaction with DNA. Histone proteins are recognized and covalently marked by histone
modifying enzymes. These modifications include acetylation, methylation, phosphorylation,
ribosylation and ubiquitination. Active promoters is associated with high level of
nucleosomes bearing tri-methylation of histone H3 Lys4 (H3K4me3) and acetylation of H3
Lys27 (H3K27ac)(Barski et al., 2007; Roh et al., 2004; Schiibeler et al., 2004). Despite the
strong correlation, the exact role of H3K4me3 and H3K27ac in transcription activation is
unclear.

Transcription repression is mediated by two histone modifications: tri-methylation of
histone H3 Lys49 (H3K9me3) and tri-methylation of histone H3 Lys27 (H3K27me3).
H3K9me3 is typically enriched in constitutive heterochromatin region, and also found in loci
of silenced genes and tandem repeat elements(Grewal & Jia, 2007; Huisinga et al., 2006).
Heterochromatin protein 1 family proteins bind to methylated H3K9 and lead chromatin
condensation(Bannister et al., 2001; Lachner et al., 2001; Nakayama et al., 2001).
Heterochromatin protein 1 also recruit repressors to modulate gene silencing(Motamedi et
al., 2008). H3K27me3 is generally enriched in the facultative heterochromatin region, which
is developmentally regulated(Margueron & Reinberg, 2011; Morey & Helin, 2010).
H3K27me3 is added by polycomb repressive complex 2(Cao et al., 2002). H3K27me3
further recruits PRC1 to monoubiquitination of H2A at K119 and inhibits Pol II

transcription(Stock et al., 2007; Wang et al., 2004). Although H3K9me3 and H3K27me3 are

12



both silencing mark of gene expression, they are mutually exclusive in the same gene

loci(Nestorov et al., 2013).

1-4 Early termination of transcription

The level of intact and mature mRNA is interfered by processes including aberrant
splicing and premature termination of transcription. Premature termination of transcription is
common and usually happens at the proximal sites of TSS. The premature transcripts are
either quickly degraded or polyadenylated to become stable noncoding RNAs. The best
studied premature termination of transcription pathway is the Nrd1-Nab3—Sen1(NNS)
complex in S. cerevisiae, which is not conserved in metazoans(Arigo et al., 2006; Thiebaut et
al., 2006; Vasiljeva & Buratowski, 2006). Recently, progresses on identifying similar
pathways in metazoans are made and show that complexes interacting with Ars2 are playing

important roles in determining the fate of nascent transcripts.

Ars2 mediated early termination

Arsenic resistance protein 2 (Ars2) is a conserved protein involved in RNA
metabolism through its productive and destructive roles in the nucleus. Ars2 binds to the
nuclear cap binding complex (CBC) and facilitates cap-proximal termination in transcription
of many RNA species(Gruber et al., 2009). Its targets include 3'extended snRNAs and
snoRNAs, promoter-upstream transcripts (PROMPTs), enhancer RNAs (eRNAs), and also
within the first intron of protein coding genes(Gruber et al., 2012; O'Sullivan et al., 2015).

Ars2 acts as a scaffold, interacts with diverse complexes and determines the fate of the RNA.

13



For example, ARS2 interacts with DROSHA and Dicer-2, impacting siRNA biogenesis in
Drosophila(O'Sullivan et al., 2015; Sabin et al., 2009). Ars2 also interacts with
phosphorylated adapter for RNA export protein (PHAX) for snRNA nuclear export, and
ALYREF for mRNA export(Fan et al., 2017; Gromadzka et al., 2016; M. Hallais et al., 2013;
Ohno et al., 2000). On the other hand, Ars2 interacts with exosome cofactors including the
poly(A) tail exosome targeting (PAXT) and Nuclear Exosome Targeting (NEXT) complex
via the ZnF protein ZC3H18 for RNA degradation(Andersen et al., 2013; S. Falk et al., 2016;
C. Iasillo et al., 2017; N. Meola et al., 2016). The mutually exclusive interaction of Ars2 with
PHAX/ALYREF or NEXT/PAXT determines whether a nuclear RNA is degraded or
exported(S. Giacometti et al., 2017; Silla et al., 2018).

NEXT complex delivers premature terminated transcripts to nuclear exosome for
degradation. NEXT complex is composed of three proteins: the RNA helicase Mtr4, the zinc-
knuckle protein ZCCHCS8 and the RNA-binding protein RBM7. ZCCHCS is the scaffold
protein that mediates the interaction of RBM7 and Mtr4 in the complex(Nicola Meola et al.,
2016). RBM7 is RNA binding protein with polyuridine-specific RNA recognition
motif(Dominika Hrossova et al., 2015). Mtr4 is the RNA helicase that unwinds the RNA

substrate presents it to the exosome(Weick et al., 2018).
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CHAPTER TWO
Codon usage impacts translation efficiency via eRF1 mediated premature
termination at rare codons

Introduction

Codon usage and gene expression levels are tightly correlated. Codon usage impacts
functional protein level through processes in transcription, mRNA decay, translation and co-
translational protein folding. For decades, it has been proposed that codon usage is a major
determinant of translation efficiency and impacts functional protein level. Indeed, genes
containing more optimal codons are usually expressed at higher levels than nonoptimal
codons(Gingold & Pilpel, 2011; T. Tuller et al., 2010). It is a common practice to optimize
genes based on host codon usage in heterologous gene expression in order to increase
yield(Burgess-Brown et al., 2008; Gustafsson et al., 2004). However, the evidence for a
substantial causality of codon content and translation efficiency is often contradictory.

Codon usage bias is directly correlated with the concentration of cognate
tRNA(Bulmer, 1987; Duret, 2000; Moriyama & Powell, 1997). We previously used
Neurospora, Drosophila and mammalian reporter-based cell-free translation systems
combined with genome-wide ribosome profiling to show that rare codons are decoded at
slower rate than optimal codons(Fu et al., 2018; Yu et al., 2015; Zhao et al., 2017). Codon
usage bias may impact final protein production in two ways. Firstly, due to the slow
elongation rate caused by rare codons, optimal genes finish translation faster and thus
accumulate more protein. Alternatively, rare codons cause ribosome stalling due to the longer
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waiting time for A-site tRNA, which lead to abolish of translation and decrease of full-length
protein products.

Once the ribosome is stalled on the mRNA, it needs to be dissociated and released
from the mRNA. Two proteins, eRF1 and Dom34, are both mimics of tRNA and capable to
enter A site and mediate the dissociation of ribosome on mRNA in eukaryotes. The
eRF1/eRF3 and Dom34/Hbs1 complexes share many similarities with the tRNA selection
pathway(Becker et al., 2011). The stringent stop codon recognition by eRF1 is achieved by
combined interaction of multiple domains in eRF1, 18s rRNA, and ribosomal proteins.
Extensive mutational and genetic analyses identified motifs GTS31-33, ES5, TASNIKS58-
64, and YxCxxxF125-130 (numbering for human eRF1) motifs located at the apex of the N-
domain in eRF1 are essential for stop codon recognition (Brown et al., 2015; Frolova et al.,
2002; Kryuchkova et al., 2013). Early studies also proposed that eRF1 can release ribosomes
at sense codons with a much lower efficiency (Chavatte et al., 2003; Svidritskiy et al., 2018;
Vivanco-Dominguez et al., 2012). More recently, multiple studies proposed an alternative
role of eRF1 on rescuing stalled ribosomes at sense codons(Chiabudini et al., 2014;
Shcherbik et al., 2016; Wada & Ito, 2019).

Insights into substrate selection by Dom34 mostly came from studies showing a strict
dependence on the mRNA 3’ length of the stall site. The less 3> mRNA present, the more
potent the releasing mediated by Dom34 (Guydosh & Green, 2014; Pisareva et al., 2011;
Shoemaker et al., 2010). Dom34 is mainly involved in no-go decay and non-stop decay
pathways, wherein ribosomes are stalled at the end of truncated mRNAs, or

endonucleolytically cleaved faulty mRNAs (Doma & Parker, 2006). Recent structure of
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Dom34 also proposed an empty mRNA tunnel model wherein Dom34 enters ribosomes
stalled at 3’ end (Hilal et al., 2016). Although eRF1 is proposed to

In this chapter, I used in vitro cell-free translation assay and in vivo reporters to study
the underlying mechanism of codon usage determining translation efficiency. I show that rare
codon cause ribosome stalling and premature termination of translation, which reduced the
production of full-length protein. This process is conserved from Neurospora to Drosophila.
I further reveal that the premature termination process is mediated by canonical termination
factor eRF1. Together, these results demonstrate how codon usage impacts translation
efficiency and the role of eRF1 in mediating codon-dependent premature termination of

translation.

Results

2.3.1 Nonoptimal codons cause ribosome stalling and premature termination of translation
in cell-free assay

Previously we showed that codon decoding time is strongly correlated with codon
usage(Yu et al., 2015). We reasoned that the difference between optimal and nonoptimal
codon decoding time may affect the elongation process and impact translation efficiency. In
order to determine the effect of codon usage on translation elongation process, I examined
the profile of nascent peptides using Neurospora cell-free translation assay. Endogenous
mRNAs were depleted from the whole-cell lysate by MNase digestion. The nascent peptides

generated from exogenously supplied mRNAs were labeled by [*°S]-methionine. Two

17



versions of firefly luciferase (Luc) mRNA using either wild-type codon (WT) and optimized
codon (OPT) were added into the reaction. In OPT Luc, all except the first ten codons of the
luciferase open reading frame were changed to the most preferred codons in Neurospora
crassa. After 12 min of translation, reaction was halted, and translation products were
compared. As shown in Figure 2-1A, the translation products of the WT Luc and OPT Luc
mRNAs exhibited different profiles that products generated from WT Luc showed huge
amount of low molecular weight products.

The truncated translation products can be generated from ribosome stalling or
premature termination during translation. Ribosome stalling produces peptidyl-tRNA,
whereas premature termination produces truncated nascent peptides. In order to characterize
the processes that generated these translation products, I used RNase A treatment to
distinguish peptidyl-tRNA and nascent peptides. On neutral pH SDS-PAGE (NuPAGE) that
prevents alkaline hydrolysis of peptidyl-tRNA, the peptidyl-tRNA species are around 20 kDa
larger than their corresponding nascent peptides. RNase A cleaves the tRNA in peptidyl-
tRNA species and leads to mobility shifts on NuPAGE gel. As shown in Figure 2-1B,
Translation products generated from OPT Luc mRNA showed obvious mobility shifts of
many large molecular weight bands to lower positions after RNase A treatment, indicating
they are mostly peptidyl-tRNAs. However, translation products generated from WT Luc
mRNA showed only minor mobility shift, indicating they are premature terminated
translation products.

In order to further characterize these truncated translation products, I separated

peptidyl-tRNAs and nascent peptides using sucrose cushion and centrifugation. Peptidyl-
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tRNAs associated with ribosomes would be pelleted after centrifugation, whereas nascent
peptides would be enriched in supernatant fraction. By comparing OPT and WT fractions, we
found there are more products in WT supernatant fraction, indicating more premature
termination events during translation of WT Luc mRNA (Figure 2-1C). In addition, there are
more products in WT pellet fraction, indicating ribosomes frequently stall during translation
of WT Luc mRNA. Taken together, these results indicate that nonoptimal codons cause

ribosome stalling and premature termination of translation in cell-free translation system.

2.3.2 Poor codon usage causes reduced full-length protein level in Neurospora crassa

In order to examine the codon usage effect on translation efficiency in vivo, I
expressed eGFP-2A-Luc reporters in Neurospora (Figure 2-2A). To avoid the potential
impacts of codon usage manipulations on transcription, nRNA decay and translation
initiation, and to accurately measure the effect on translation elongation, the P2A peptides
was inserted between eGFP and luciferase. The P2A sequence triggers release of nascent
peptide during translation and allows the ribosome to continue translating downstream open
reading frame. Thus, eGFP level can be used to normalize changes on mRNA level and
translation initiation. Three versions of luciferase with different codon usage were used: full-
length optimized codons (2A-OPT), optimized codons with the exception of wild-type
codons in the middle of the protein (2A-M-WT), and optimized codons in the N-terminal
region and wild-type codons in the C-terminal region of the protein (2A-N-OPT). The
expression cassettes were inserted at the his-3 locus of dim5%© strain, which reduced the

codon usage impact on transcription level(Zhou et al., 2016). As shown in Figure 2-2B and
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C, Western blot of flag-tag that simultaneously detects protein levels of eGFP and Luc
showed that 2A-M-WT Luc/eGFP ratio is lower that 2A-OPT, and the ratio is further
reduced in 2A-N-OPT. In consistent with previous studies, the increase of nonoptimal codon
in 2A-M-WT and 2A-N-OPT resulted in decreased levels of mRNA (Figure 2-2D)(Presnyak
et al., 2015; Radhakrishnan et al., 2016; Zhou et al., 2016). Collectively, these results showed
that translation efficiency is dependent on codon usage of the mRNA, and nonoptimal codons

reduce translation efficiency in Neurospora crassa.

2.3.3 Poor codon usage causes reduced full-length protein level in Drosophila cell culture
Codon usage bias and its impact on gene expression is universal. In order to
determine whether the codon usage effect on translation efficiency is conserved among
species, | expressed eGFP-2A-Luc reporters in Drosophila S2 cells (Figure 2-3A). The T2A
peptides, which are more efficient than P2A in Drosophila cells, was inserted between eGFP
and luciferase. Two versions of luciferase with different codon usage were used: full-length
optimized codons (2A-OPT) and wild type codons (2A-WT). The reporter constructs were
transfected into S2 cells, and protein levels of eGFP and luciferase were simultaneously
measured by western blot detecting Myc-tag. WT Luc showed dramatically decreased protein
level comparing to OPT, whereas the eGFP levels were similar between two constructs
(Figure 2-3B). The Luc/eGFP ratio further reflected that poor codon usage of WT Luc
decreased translation efficiency (Figure 2-3C). Consistent with the similar levels of eGFP

protein between the two constructs, RNA levels measured by qRT-PCR showed the OPT and
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WT mRNA levels are similar (Figure2-3D). These results showed that the impact of codon

usage on translation efficiency is conserved in Drosophila melanogaster.

2.3.4 Nonoptimal codons cause ribosome stalling and premature termination in Drosophila
cell culture

To examine the role of nonoptimal codons on ribosome stalling and premature
termination, I expressed two versions of luciferase in Drosophila S2 cells: full-length
optimized codons (OPT) and N-terminal and middle region deoptimized codons (NDe)
(Figure 2-4A). Translation products were analyzed using sucrose cushion and centrifugation
to separate peptidyl-tRNAs and nascent peptides. As expected, full-length protein level of
NDe Luc was much lower than OPT Luc (Figure 2-4B). Moreover, low molecular weight
products corresponding to the nonoptimal codon region in NDe Luc were observed in NDe
pellet and supernatant fractions. These results demonstrate that nonoptimal codons cause

ribosome stalling and premature termination of translation in Drosophila cells.

2.3.5 eRF1 mediates the premature termination process

In eukaryotes, ribosomes are dissociated from mRNA either by termination on stop
codons via recognition of eRF1, or by rescue pathway on coding or noncoding regions via
Dom34. Stalled ribosomes at sense codons are usually recognized by Dom34 in the no-go
decay, non-stop decay and ribosome quality control pathways. However, recent studies also
proposed a role of the canonical termination factor eRF1 in mediating premature termination

within open reading frame. In order to investigate the mechanism of premature termination at
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nonoptimal codons, I expressed and purified eRF1 and Dom34 recombinant proteins using E.
coli and added them into cell-free lysate expressing WT Luc mRNA. To better reflect the
translation elongation process, harringtonine was added to inhibit translation initiation after 6
min of translation, and the reaction was halted after an additional 9 min. As shown in Figure
2-5A, addition of eRF1 but not Dom34 into the reaction increased the portion of low-
molecular-weight translation products and decreased full-length luciferase. RNase A or
puromycin treatment showed that the truncated protein products are majorly nascent peptides
generated by premature termination. The same result is plotted using ImagelJ to show the
band intensity difference between different groups (Figure 2-5A, right panel). In addition,
cell-free lysate made from Dom34 knockout (dom34X9) strain showed similar translation
profile of OPT or WT Luc mRNAs comparing to lysate made from wild type (WT) strain,
indicating Dom34 has little impact on producing premature termination translation products
(Figure 2-5B).

To further confirm that eRF1 mediates premature termination at nonoptimal codons, I
compare the effect of increased eRF1 level on translation profile of WT and OPT Luc
mRNAs. Adding recombinant eRF1 protein into translation reactions only resulted in
increased premature termination products on WT Luc mRNA, but not OPT mRNA (Figure 2-
5C). These results demonstrated that eRF1 mediates premature termination preferentially at

nonoptimal codons.

2.3.6 Mutant eRF I proteins show reduced effect on premature termination
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eRF1 is proposed to be highly specific for stop codon recognition(Song et al., 2000).
In order to further study the role of eRF1 in premature termination at nonoptimal codons, I
expressed and purified two eRF1 mutant proteins. To test whether the stop codon recognition
domain is also essential for premature termination at nonoptimal codons, the critical amino
acids carrying stop codon recognition function (E55 and NIK61-63) were mutated to alanine.
In addition, catalytically dead eRF1 mutant was generated where the residues (GGQ)
required for hydrolysis of peptidyl-tRNA and nascent peptide release were mutated to AAQ.
As shown in Figure 2-6, addition of wild type eRF1 recombinant proteins into translation
reaction of WT Luc mRNA showed dosage dependent increase of premature termination
products and decrease of full-length protein. However, the effect is dramatically decreased
when adding E+NIK mutant eRF1, and completely abolished when adding GGQ mutant
eRF1. Consistent with its role in termination at stop codons, adding eRF1 mutants caused
aberrant termination at stop codon, where full-length peptidyl-tRNA level increased at the
cost of decreasing full-length protein (Figure 2-6A and C). Overall, these results
demonstrated that premature termination at nonoptimal codons requires the GGQ catalytical

domain and is partially dependent on the stop codon recognition domain of eRF1.

2.3.7 eRF 1 knockdown strain show reduced premature termination at nonoptimal codons

In order to further confirm the role of eRF1 in premature termination at nonoptimal
codons, I generated eRF1 knockdown strain using inducible RNAi. Hairpin RNA that
silences eRF1 is expressed by switching the culture to quinic acid containing culture. Lysate

from the WT and eRF1 knockdown strains were used in cell-free translation assay to
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compare the translation products of WT Luc mRNA under different eRF1 concentration. As
shown in Figure 2-7A, eRF1 knockdown resulted in dramatic decrease of premature
termination products. Moreover, supplying WT eRF1 recombinant protein into the lysate
from eRF1 knockdown strain caused increase of premature termination products and
decrease of full-length protein (Figure 2-7B). These results further demonstrate the role of

eRF1 in mediating premature termination of translation at nonoptimal codons.

2.3.8 eRF 1 knockdown strain show increased translation efficiency of nonoptimal codons

In order to confirm the role of eRF1 in vivo, I expressed two versions of luciferase in
eRF1 knockdown strain with dim5 knockout background, codon fully optimized (OPT) and
N and C terminal region codon optimized (M-WT) (Figure 2-8A, top penal). The presence of
quinic acid (Adalat et al.) increased M-WT protein level but did not change OPT level
(Figure 2-8A and B). Furthermore, the addition of QA did not affect mRNA levels of M-WT
and OPT (Figure2-8C). Collectively, these results demonstrate that eRF1 affects translation
efficiency in codon-dependent manner and mediates premature termination only at

nonoptimal codons.

Discussion

The correlation between codon usage and translation efficiency has been observed for
decades. However, much remains unknown about the molecular mechanisms connecting
synonymous codon usage to efficient protein biogenesis. Here I used Neurospora crassa and

Drosophila assays to demonstrate that nonoptimal codons cause ribosome stalling and
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decrease translation efficiency by premature termination of translation. Furthermore, I
showed that eRF1 is the dominant factor that mediates premature termination at nonoptimal
codons.

Translation efficiency is regulated to achieve the optimal synthesis level of proteins.
Early studies focused on the diverse regulation on initiation, since initiation is thought to be
the rate-limiting step and primary determinant of translation efficiency(Jackson et al., 2010;
Sonenberg & Hinnebusch, 2009). When ribosome abundance is limited during fast cell
growth stage, for most actively translated mRNAs, translation efficiency is primarily
determined by ribosome loading at 5’ ends(Chu et al., 2011; Shah et al., 2013; Weinberg et
al., 2016). However, with emerging evidences, the field has come to appreciate that codon-
dependent regulation on elongation also determines translation efficiency(Cambray et al.,
2018; Fu et al., 2018; Subramaniam et al., 2014; Varenne et al., 1984). Here we demonstrate
that nonoptimal codons cause premature termination of translation, which directly decreases
translation efficiency. Codon usage regulating elongation speed is a critical factor impacting
translation efficiency.

Stalled ribosome is usually dissociated from mRNA via ribosome quality control
pathway, where Dom34 enters the A site of stalled ribosome at 3’ end of truncated or faulty
mRNAs(Guydosh & Green, 2014). Here I showed that eRF1 releases stalling ribosomes at
nonoptimal codons in Neurospora crassa. Supporting this model, multiple studies showed
that eRF1 also dissociates ribosomes from sense codons(Chiabudini et al., 2014; Wada & Ito,
2019). Thus, it is likely that different factors are recruited to rescue stalled ribosomes caused

by different situations.
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Materials and methods

Plasmid construction

Vectors for expression of Luc mRNA in Neurospora crassa and Drosophila
melanogaster with different codon-optimized regions were from previous studies(Yu et al.,
2015; Zhao et al., 2017). The codons of firefly luciferase were optimized or deoptimized
based on the Neurospora crassa codon usage frequency table from
(https://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=5141). The Drosophila
melanogaster codon usage frequency table was obtained from

(http://www .kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=7227).

Expect for the first 10 amino acids, the full-length OPT-Luc and DeOPT-Luc
constructs contain the most or the least preferred codons, respectively. For constructs used in
Neurospora and Drosophila cell-free assays, the luciferase sequence was cloned into pJ1204
vector containing a T7 promoter and 30-nt poly-A sequence at BamHI/Xbal sites. Other Luc-
based constructs were created by homologous recombination-based cloning (In-Fusion HD
cloning kit, Clontech) using the WT-Luc, OPT-Luc, or DeOPT-Luc as parental templates.

The Neurospora eGFP-2A-Luc constructs for in vivo study were generated in
pMF272 plasmids, which contain the ccg-1 promoter and his-3 targeting sequence by
insertion at the Ascl/Xbal. Drosophila S2 in vivo constructs were created on the backbone of
pAc-STABLE1-neo(Gonzalez et al., 2011). Different versions of Luc sequences were

inserted into the pAc vector at Nhel/Xhol sites.
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Neurospora crassa strains and culture conditions

The Neurospora strains used in this study for cell-free lysate preparation were wild-
type 74A-OR23-1VA (A4). Dom34X9 strain was generated by replacing the dom34 gene with
the hygromycin resistance gene by homologous recombination. The dim-5%° (bd, his-3)
strain was used as the host strain for all his-3 targeting constructs to monitor eGFP-2A-Luc
reporter expression in vivo(Zhou et al., 2016). The eRF1-KD strain was generated in the 301-
6 (bd, his-3, a) background by introducing a construct expressing a eRF1-specific RNA
hairpin under the control of the qa-2 promoter(Cheng et al., 2005). To induce eRF1 silencing,
Neurospora mycelium was cultured in 0.01 M quinic acid with 1x Vogel’s, 0.1% glucose,

and 0.17% arginine overnight at 28 °C.

In vitro transcription

To prepare the templates for in vitro transcription, the plasmids were linearized by
treatment with Nhel followed by successive phenol-chloroform extraction and ethanol
precipitation. The capped and poly(A) tailed mRNA transcripts were then synthesized using
HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB) supplemented with 3'-O-Me-
m7G(5")ppp(5')G anti-reverse cap structure analog (NEB) per manufacturer’s instructions.
The integrity and quantity of the synthesized transcripts were evaluated by denaturing
agarose gel electrophoresis. The mRNA concentrations were determined using a Nanodrop

spectrophotometer (ThermoFisher Scientific).
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Preparation of Neurospora cell-free translation extract and in vitro translation reactions

The preparation of wild-type translation extract was performed following a protocol
previously described(Wu et al., 2018). Neurospora conidia were harvested and inoculated at
a concentration of 1 x 107 conidia/ml in 1x Vogel’s with 2% sucrose. A 1-L culture was
incubated at 32 °C with shaking at 200 rpm for 6.5 h. Geminating conidia were harvested by
vacuum filtration and snap frozen in liquid nitrogen. The mycelial pads were homogenized
using a mortar and pestle with gradual addition of 1 volume of Buffer A (30 mM HEPES-
KOH, pH 7.6, 100 mM KOAc, 3 mM Mg(OAc),, 2 mM DTT, 1x protease inhibitor cocktail
(A32963, ThermoFisher Scientific)). The lysate was centrifuged for 15 min at 30,000 x g at 4
°C. The supernatant was carefully collected and centrifuged again. Small molecular weight
molecules were removed using Zeba Desalt Spin Columns (Pierce). For preparation of
extract from eRF1-KD strains, the mycelium mat was cultured in 0.01 M quinic acid with 1%
Vogel’s, 0.1% glucose, and 0.17% arginine overnight at 28 °C. The lysate was aliquoted,
snap frozen in liquid nitrogen, and stored at -80 °C.

A reaction mixture (5 pL of cell lysate with 1 pL of 10x energy mix, 0.06 uL of 10 U
creatine phosphate kinase, 0.35 pL of 2 M KOAc, 0.1 pL of 0.1 M Mg(OAc)2, 0.1 uL of 1
mM amino acids mix, 0.1 pL of RNase inhibitor (ThermoFisher Scientific), and 2.4 pL of
RNase-free water) was prepared, and 60 ng of mRNA was added to achieve a total volume of
9.5 uL. [¥*S]Met (0.5 pL/reaction) was added to label all protein products. The reaction was
incubated at 26 °C for various time. For RNase A treatment, 1 uL of 10 mg/ml RNase A
(ThermoFisher Scientific) was added to reaction and incubated for 15 min at 37 °C. For

puromycin treatment, 1 pL of 10 mg/ml puromycin (Sigma) was added, and the reaction was
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incubated at 26 °C for 15 min. For harringtonine treatment, 1 pL of 10 mg/ml harringtonine
(Sigma) was added after 6 min, and the reaction was incubated at 26 °C for an additional 9
min. To determine eRF1 function, 0.6 pg recombinant protein was added to 20 pL in vitro
translation reaction (0.6 uM). The eRF1 concentration used in our assays is similar to
previous studies (Eyler et al., 2013; Frolova et al., 1994). The reactions were stopped by
placing on ice and were analyzed by electrophoresis on 10% NuPAGE gel (ThermoFisher

Scientific).

S2 cell culture and transfection

Drosophila S2 cells were cultured in Schneider's Drosophila Medium (Gibco)
supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (10,000 units penicillin and 10 mg streptomycin/ml, Sigma) at 27 °C. For
transfection, cells were plated at 5x10° cells per well of a 12-well plate. For expression of
reporter genes, 1 ug plasmid was transfected into each well using Lipofectamine 3000
(ThermoFisher Scientific) following the manufacturer’s instructions. Cells were harvested

after 48 h for further analysis.

Isolation of ribosome-associate nascent peptides

The in vitro translation reactions were terminated by adding cycloheximide to a final
concentration of 0.5 mg/ml. For cell culture, S2 cells were treated with cycloheximide (0.01
mg/ml) for 10 min and harvested. S2 cells were lysed in hypotonic buffer and homogenized

by a Dounce homogenizer. Translation product or cell lysate was carefully layered on top of
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a sucrose cushion (0.5 M sucrose, 25 mM HEPES, pH 7.5, 80 mM KOAc, 1 mM Mg(OAc))
and then centrifuged in a TL100.3 rotor (Beckman Coulter) at 95,000 rpm for 15 min at 4 °C.
The ribosomal pellets are washed once with 25 mM HEPES (pH 7.5), 80 mM KOAc, and 1

mM Mg(OAc); and then resuspended in lysis buffer for further analysis.

Protein expression and purification

The plasmid pQE2 (Qiagen) was used for recombinant protein expression. The eRF1
open reading frame was PCR amplified from Neurospora cDNA and inserted into pQE2 at
the Nhel/Ncol site. Site directed mutagenesis by PCR was used to generate mutant eRF1.
The constructs were overexpressed in E. coli BL21. The recombinant protein was purified by
affinity chromatography on nickel beads (Sigma) according to the manufacturer’s protocol.

The protein concentration was determined using a Nanodrop spectrophotometer.

Protein analysis

Neurospora tissue was ground in liquid nitrogen with a mortar and pestle. Tissue
powder was suspended in ice-cold extraction buffer (50 mM HEPES, pH 7.4, 137 mM NacCl,
10% glycerol, 1 pg/ml pepstatin A and 1 pg/ml leupeptin). S2 cells were lysed in 1x Passive
Lysis Buffer (Promega) according to the manufacturer’s instruction. For Western blot
analyses, equal amounts of total protein were loaded in each lane. After electrophoresis,
proteins were transferred onto PVDF membrane and Western blot analysis was performed.

Anti-Flag antibody (F3165, Sigma) was used to detect Flag-tagged proteins, anti-luciferase
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antibody (L2164, Sigma) was used to detect luciferase, and anti-Myc antibody (M4439,

Sigma) was used to detect Myc-tagged proteins.

RNA analysis

RNA was extracted with Trizol (Ambion) in accordance with the manufacturer’s
protocol. For qRT-PCR, the primer sequences used for amplification of Luc in Neurospora
targeting the 5’UTR and the flag-tag region, or in Drosophila targeting the 5’UTR and the
myc-tag region. The Neurospora gene coding for B-tubulin was used as an internal control.

The Drosophila gene coding for actin was used as an internal control.
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Figure 2-1. Nonoptimal codons cause ribosome stalling and premature termination of

translation. (A) [*°S]-Met-labeled total translation products analyzed by electrophoresis on

10% NuPAGE gel. Translation of WT and OPT Luc mRNAs was carried out for 12 min. (B)

[*°S]-Met-labeled total translation products of WT and OPT Luc mRNA with and without

RNase A treatment. After 10 min of translation, samples were treated with RNase A for 15

min at 37 °C. (C) Pellet- and supernatant-associated [**S]-Met-labeled translation products of

WT and OPT Luc mRNAs. After 10 min of translation, reactions were terminated by

addition of cycloheximide (0.5 mg/ml final concentration). Ribosome-associated nascent

peptides were separated by sucrose cushion centrifugation. Sup: supernatant.
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Figure 2-2. Poor codon usage causes reduced full-length protein level in Neurospora. (A)
Diagrams of eGFP-2A-Luc reporter constructs. (B) Representative western blot analysis of
the eGFP-2A-Luc translation products. Neurospora strains carrying the indicated reporter
construct were grown, and proteins were extracted for analysis. The positions of the eGFP-
2A, Luc, and full-length eGFP-2A-Luc proteins are labeled. NC: negative control, which was
expression of empty vector. (C) Quantification of western blot analysis shown in panel (B)

and two additional independent experiments. The ratio of luciferase to eGFP is plotted. Data
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are means = SD. *P < 0.05. ***P < (0.001. (D) Relative mRNA levels from eGFP-2A reporter

constructs measured by RT-qPCR. Data are means + SD. *P < 0.05. **P <0.01.
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Figure 2-3. Poor codon usage causes reduced full-length protein level in Drosophila cell
culture. (A) Diagrams showing the eGFP-2A-Luc reporter constructs used in S2 cell
experiments. (B) Representative western blot analysis of products from eGFP-2A-Luc
reporter constructs detected using c-Myc antibody. Two different exposures are shown. (C)
Quantification of Luc/eGFP protein ratio from western blot analysis in panel (B) and two
additional independent experiments. Data are means + SD. ****P < (.0001. (D) Relative
mRNA levels from eGFP-2A-OPT and eGFP-2A-WT reporter constructs measured by RT-

qPCR. Data are means + SD. ns: not significant.

35



A

Myc OPT
4
[Myc]  DeOPT h NDe
B Total Sup Pellet Total Sup Pellet

OPT NDe OPT NDe NC OPT NDe OPT NDe OPT NDe NC OPT NDe

-

Full length

Stalling/
Premature
termination

Long exposure Short exposure

Figure 2-4. Nonoptimal codons cause ribosome stalling and premature termination. (A)
Diagrams showing the Luc reporter constructs that were transfected individually into S2
cells. (B) Western blot analysis of total cell extracts and isolated ribosome-associated nascent

peptides using c-Myc antibody; two exposures are shown. Sup: supernatant.

36



A

+ Buffer  +eRF1 + Dom34 Full-length
PMY: + + +
RNase A: + + + h
Full-length s s sssw s s s S S S \ - “’B';Jff:f;?r
o Samn ente — te
‘; . — +Dom34
L |
Premature , v\“\ . A s
termination / ‘/\V/M M" 2\ C’“ﬁ\ A
f/!/{‘*'; k v W\\j}(ﬂ&m\[:\k /“‘H.,\Z‘
dom34xo  WT Luc: WT OPT
Luc WT OPT WT OPT eRF1: - + - +
. e m— <> & <
—
- =
- -

Figure 2-5. eRF1 mediates the premature termination process. (A) Left: [?*S]-Met-labeled
total translation products of the WT Luc mRNA with or without the addition of recombinant
eRF1 or Dom34. RNase A (1 pg/uL) or puromycin (PMY, 1 pg/ul) was added after 15 min
of translation. Right panel: ImageJ analysis of the translation products in the western blot
lanes 1, 4, and 7. (B) [*°S]-Met-labeled total translation products of WT or OPT Luc mRNA
from experiments in cell-free translation extracts prepared from the wild-type or dom34
knockout strain (dom34*°). (C) [*3S]-Met-labeled total translation products of the WT or OPT
Luc mRNA with or without the addition of recombinant eRF1 (0.6 pg eRF1 protein in a 20-

uL reaction).
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Figure 2-6 Mutant eRF1 proteins showed reduced effect on premature termination. (A) [*°S]-
Met-labeled total translation products of the WT Luc mRNA with the addition of different
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concentrations of recombinant wild-type or mutant eRF1 protein (1x is 0.6 pg/20 uL
reaction). (B) Quantification of premature termination based on bands with the region
labeled by the bracket in panel (A) from three independent experiments. Data are means +
SD. *P < 0.05. **P < 0.01. ***P < 0.001. **** P < 0.0001. (C) Quantification of full-length
luciferase levels from independent experiments. Data are means + SD. *P < (0.05. ***P <

0.001. **** P <(.0001.
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Figure 2-7. eRF1 knockdown strain showed reduced premature termination at nonoptimal
codons. (A) Left panel: [**S]-Met-labeled total translation products of WT Luc mRNA from
experiments in cell-free translation extracts prepared from the wild-type or eRF1-depleted
strain (eRF1-KD). Right panel: ImageJ analysis of the translation products. (B) [**S]-Met-
labeled total translation products of the WT Luc mRNA with or without the addition of

recombinant eRF1 in cell-free translation extracts prepared from the eRF1-depleted strain.
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Figure 2-8. eRF1 knockdown strain showed increased translation efficiency of nonoptimal
codons. (A) Top panel: Diagrams showing two luciferase-expressing constructs used for
Neurospora transformation into the eRF1-KD strain. Bottom panel: Representative western
blot analysis using luciferase antibody showing the levels of luciferase protein in the strains.
cultureed with or without ImM QA. (B) Quantification of protein levels from western blot
analysis in panel (A) and two additional independent experiments. Data are means + SD. **P
< 0.01. ns: not significant. (D) Relative mRNA levels from M-WT and OPT luciferase

reporters measured by RT-qPCR. Data are means + SD. ns: not significant.
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Table 2-1 Primer list

Name Sequence Note

Flag-F ACCCCTCACATCAACCAAAGG RT-qPCR, luciferase
Flag-R GCCGCCCTTGTCATCGTCATC RT-qPCR, luciferase
B-tubulin-F ATAACTTCGTCTTCGGCCAG RT-qPCR, Neurospora
B-tubulin-R | ACATCGAGAACCTGGTCAAC RT-qPCR, Neurospora
Myc-F TGATATCATCGATTTAAAGCAATGGAG RT-qPCR, luciferase
Myc-R GTCGCCCAAGCTCTCCATTTCATT RT-qPCR, luciferase
Actin-F GCACACCCACAAGCTTACACA RT-qPCR, Drosophila
Actin-F TTGCGCTTTGGGAAATATCTTC RT-qPCR, Drosophila
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CHAPTER THREE
codon usage impacts transcription level via epigenetic modification and
early termination of transcription

Introduction

Codon usage is a key factor in determining gene expression level through impacting
multiple fundamental cellular processes(Bazzini et al., 2016; Fu et al., 2016; Lyu et al., 2020;
Mordstein et al., 2020; Presnyak et al., 2015; Xu et al., 2013; Yu et al., 2015; Zhou et al.,
2013; Zhou et al., 2016; Zhou et al., 2018). Using reporter assays in Neurospora, we
previously showed that change of codon usage directly impacts the transcription level of
different genes(Zhou et al., 2016; Zhou et al., 2018). This change is achieved by chromatin
remodeling and histone modification H3K9me3(Zhou et al., 2016). On the other hand,
certain codon combinations are avoided in the genome to prevent cryptic transcription
termination(Zhou et al., 2018). Since the concept of codon is applicable only in translation
process, the codon usage effect on transcription is likely related to GC content. Similarly, in
human cells, codon usage, GC3 and GC content of exons determine mRNA level via
transcription(Kudla et al., 2006; Lemaire et al., 2019; Pouyet et al., 2017). However, the
underlying mechanism is largely unknown.

Transcription level is mainly determined by enhancer-promoter interaction and core
promoter strength(Field & Adelman, 2020; Smale & Kadonaga, 2003). Little is known about

the role of sequences downstream of core promoter in regulating transcription level. In
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addition, epigenetic regulatory elements such as nucleosome density and histone
modifications are critical epigenetic factors that affect transcription levels(Cairns, 2005;
Clapier & Cairns, 2009). Moreover, after the productive initiation of RNA polymerase II,
multiple events still may impact transcription level during the early stage of transcription
elongation(Arigo et al., 2006; M. Hallais et al., 2013).

Arsenic resistance protein 2 (Ars2) is a conserved protein involved in transcription
elongation steps(Marie Hallais et al., 2013; Claudia Iasillo et al., 2017; Speth et al., 2018). It
interacts with the nuclear cap binding complex (CBC) and facilitates cap-proximal
termination in transcription of many RNA species, including 3'extended snRNAs and
snoRNAs, promoter-upstream transcripts (PROMPTs), enhancer RNAs (eRNAs), and also
within the first intron of protein coding genes(Andersen et al., 2013; D. Hrossova et al.,
2015; Lubas et al., 2015; Lubas et al., 2011; N. Meola et al., 2016; Preker et al., 2008). Ars2
acts as a scaffold, interacts with diverse complexes and determines the fate of the
RNA(Schulze & Cusack, 2017; Schulze et al., 2018). One of the interacting complexes is
Nuclear Exosome Targeting (NEXT) complex, which associates with Ars2 via
ZC3H18(Lubas et al., 2011). NEXT complex is composed of three proteins: the RNA
helicase Mtr4, the zinc-knuckle (ZnK) protein ZCCHCS and the RNA-binding protein
RBM7(Sebastian Falk et al., 2016; Lubas et al., 2015; Lubas et al., 2011). NEXT complex
promotes the degradation of short early terminated RNAs by recruiting nuclear exosome(Fan
etal., 2017; Lubas et al., 2011).

In this chapter, I investigated the role of promoter in codon-dependent differential

gene expression in Drosophila melanogaster. 1 discovered that the region downstream of
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core promoter is critical for promoting the expression of nonoptimal codon genes. This effect
is achieved at transcription level, via regulations on nucleosome density and histone 3 lysine
27 acetylation (H3K27ac). Furthermore, the Ars2 and NEXT complex pathway is involved in
early termination of transcription at 5’ end of nonoptimal codon genes. In addition, the
downstream region of core promoter contains element that inhibits the Ars2 mediated early
termination. Together, these results show that codon usage impacts transcription through

multilayer regulations.

Results

3.2.1 Codon usage effect on mRNA level is promoter-dependent

In order to investigate the role of promoter in differential expression caused by codon
usage bias, I used luciferase reporters driven by various promoters and expressed them in
Drosophila S2 cells (Figure 3-1A). Two versions of luciferase with different codon usage,
full-length codon optimized (Opt Luc), and full-length codon de-optimized (De Luc) were
tagged with SxMyc tag at 5° end. Core promoters of Actin5C, Drosophila Synthetic Core
Promoter (DSCP), Tubulin, Hsp70, Myc and Period and their 100-150 bp downstream region
were identified based on Drosophila promoter database
(https://labs.biology.ucsd.edu/Kadonaga/DCPD.htm) and used to drive luciferase expression.
The 5x UAS sequence from the UAS/Gal4 system was placed in front of core promoter and
used as uniform enhancer. A separate cassette expressing eYFP was used to normalize

plasmid copy number during transfection.
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The expression level of Opt and De Luc mRNAs were measured by northern blot
probing the 5’ end 5xMyc tag sequence. As shown in Figure 3-1B and C, under promoters
from Act5C, DSCP and Tub, the difference between De and Opt Luc mRNAs are more than
3-fold. In contrast, under promoters from Hsp70, Myc and Per, the differences are much
smaller, which are less than 2-fold. Surprisingly, under Per promoter, De Luc showed higher
level than Opt Luc.

To rule out any potential effect from the unidentified regulatory elements in Myc-tag
and luciferase coding sequences, I changed the coding region to YFP with two versions of
codon usage, full-length codon optimized (Opt), and full-length codon de-optimized (De)
(Figure 3-1D). Similarly, Opt and De YFP expression is promoter dependent. Under
promoters from Act5C and DSCP, De YFP level is more than 5-fold lower than Opt, whereas
under Hsp70 promoter, De YFP level is strongly elevated (Figure 3-1E and F). Collectively,

these results show that codon usage effect on mRNA level is promoter dependent.

3.3.2 Core promoter has little impacts on mRNA stability

Steady state mRNA level is mainly determined by transcription and mRNA decay
rates. Codon usage is known to have a major impact on mRNA stability(Presnyak et al.,
2015; Q. Wu et al., 2019). However, whether change of promoter and downstream noncoding
sequence alter mRNA stability is unclear. Thus, I examined the mRNA stability of Opt and
De Luc under different promoters by inhibiting RNA polymerase II with actinomycin D.
Consistent with previous studies, De Luc is less stable than Opt Luc (Figure 3-2A and B).

Moreover, the decay rates of Opt and De Luc remained unchanged under different promoters.
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Thus, this result rules out the effect of different mRNA stability caused by different

promoters on mRNA levels of Opt and De Luc.

3.3.3 The region downstream of core promoter enhances nonoptimal codon expression

Core promoter determines the transcription strength. The core promoter in
Drosophila is well defined region that usually is composed of mainly three sequence motifs:
TATA box, initiator (Inr) and downstream core promoter element (DPE)(Burke & Kadonaga,
1997; Kutach & Kadonaga, 2000; Smale & Kadonaga, 2003). In order to investigate whether
core promoter or its immediate downstream region (Svidritskiy et al.) is responsible for
differential Opt and De Luc expression, I switched the IDR sequences between different
promoters (Figure 3-3A). Based on the DSCP, its IDR was changed to the IDRs of Hsp70,
Myc or Per. Surprisingly, IDR from Hsp70, Myc or Per drastically enhanced De Luc
expression, indicating the IDR contains elements that promote nonoptimal codon expression
(Figure 3-3B and C). To further test the effect of IDR, I also changed the IDR of Hsp70 to
IDR of DSCP. Consistently, IDR from DSCP reduced the De Luc level, supporting the role
of IDR in regulating differential codon-dependent RNA levels (Figure 3-3D and E). These
chimeric promoters showed that IDR is the key region that determines RNA level of different
codon usage. In addition, these results indicate that IDR of Hsp70, Myc and Per contain

regulatory element that enhance nonoptimal codon expression.

3.3.4 A 20 bp element in Hsp70 promoter is sufficient to promote nonoptimal codon

expression
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In order to further identify the regulatory element that enhances De Luc expression, I
checked the sequence in the 5’UTR region of Hsp70. Based on the chimeric promoter
composed of DSCP core promoter and Hsp70 IDR, every nonoverlapping 20 bp sequence in
Hsp70 IDR was converted to the sequence at the corresponding position of DSCP (Figure 3-
4A). As shown in Figure 3-4B and C, replacing 0-20 bp (Mutl), 20-40 bp (Mut2), or 60-80
bp (Mut4) region of Hsp70 IDR showed little impact on Opt or De Luc levels, whereby
mutant constructs showed similar expression levels as WT Hsp70 5’UTR. In contrast,
mutation of the 40-60 bp region of Hsp70 IDR (Mut3) caused dramatic decrease of De
expression. Similarly, converting the 20 bp sequence region in Hsp7(0 promoter to the
sequence at the corresponding position of DSCP IDR also decreased the De Luc expression.
This result further ruled out the effect of core promoter and confirmed that the 20 bp
sequence is required for enhanced expression of nonoptimal codons. Due to its role in
regulating codon usage-dependent gene expression, the 20 bp region of Hsp70
(GTAAAGTGCAAGTTAAAGTG) was named as the codon usage-dependent element
(CDE).

The three main elements in core promoters, TATA box, Inr and DPE are spaced at
certain distance(Smale & Kadonaga, 2003). Disruption of the spacing of these elements
would result in decrease and abolish of their regulatory function in transcription. In order to
see whether the CDE also requires being positioned at certain distance from transcription
start site, I replaced every nonoverlapping 20 bp sequence in the IDR of DSCP to CDE
(Figure 3-3D). Presence of CDE at 0-80 bp positions downstream DSCP core promoter is

sufficient to promote De Luc expression, indicating the regulatory effect of CDE is
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independent of its distance to TSS (Figure 3-3E and F). Taken together, the 20 bp CDE
element from Hsp70 promoter is responsible for the elevated mRNA level of nonoptimal

codon reporter.

3.3.5 Different promoters determine nuclear RNA level of nonoptimal codon reporter

Since the mRNA decay rate did not alter under different promoters, I hypothesized
that the effect could be on transcriptional or post-transcriptional processes inside the nucleus.
To test this hypothesis, I first measured the nuclear RNA levels of Opt and De Luc under
Act5C, DSCP or Hsp70 promoters. Nuclear RNA level showed similar profile as total RNA
that Act5C and DSCP expressed much lower De than Opt Luc, whereas Hsp70 showed
enhancement on De Luc expression (Figure 3-5A and B). I also noticed that the ratio of De to
Opt Luc RNA level is higher in the nuclear fraction, possibly due to the short half-life of De
Luc in the cytoplasm.

In order to further determine whether the effect of CDE on mRNA level is through
processes inside nucleus, I next checked the nuclear RNA level of Opt and De Luc under
promoters with or without CDE. Inserting CDE into DSCP (CDE3) increased De Luc in both
total and nuclear fractions. On the other hand, mutating the CDE in Hsp70 decreased De Luc
in both total and nuclear fractions, indicating CDE impacted transcriptional or post-
transcriptional processes inside nucleus to improve De Luc expression (Figure 3-5C and D).
These results indicate that the impact of promoter on codon-dependent expression is through

transcriptional or post-transcriptional processes inside the nucleus.
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3.3.6 Promoter regulates transcription level to affect codon-dependent differential
expression

In order to test the hypothesis that the effect of promoter is on transcription level, I
used nuclear run-on assay to measure the transcription level. Nuclei were isolated and
transcription was resumed to label all nascent RNA transcripts with BrUTP. Labeled
transcripts were further purified by pull down using anti-BrUTP antibody and measured by
qPCR using primers targeting the 5° end of the transcripts. Comparing to Opt Luc, De Luc
under Act5C and DSCP promoters showed decreased level of nascent transcripts, whereas
under Hsp70 promoter, De showed similar level to Opt Luc (Figure 3-6A). To further
examine the role of CDE in transcription level, nascent transcripts produced by promoters
with or without CDE were also compared. As expected, inserting CDE into DSCP (CDE3)
resulted in increased nascent transcripts level of De Luc (Figure 3-6B). On the other hand,
replacement of CDE in Hsp70 promoter caused decrease of nascent transcripts level of De
Luc.

To further investigate the impact on transcription, I next examined RNA polymerase
I levels by chromatin immunoprecipitation assay (ChIP) using Pol II CTD antibody. For this
purpose, I generated stable cell lines and replaced eYFP with hygromycin resistant gene
(hph) for selection. The Pol II level was measured by a set of primers targeting the 5’end of
luciferase using qPCR and normalized to the first intron of Act5C. Under Act5C and DSCP
promoters, Pol II level is lower at the 5° end of De Luc than Opt Luc, whereas under Hsp70
promoter, Pol II level is similar between Opt and De Luc (Figure 3-6C). Overall, these results

show that promoter and CDE sequence impact De Luc level through transcription.
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3.3.7 codon usage and promoter together determine nucleosome density and histone
modification

To further investigate the underlying mechanism of promoter regulating codon
dependent gene expression, I examined the nucleosome density and histone modifications
using ChIP assays. Stable cell lines expressing Opt or De Luc under DSCP or Hsp70
promoters were used to detect the relative levels of histone 3 (H3) and active (H3K27ac) or
inhibitory (H3K9me3 and H3K27me3) histone modification markers at the 5’end of
luciferase using qPCR. H3 level reflects the nucleosome positioning and density, which is
correlated with transcription level. Under DSCP promoter, Opt and De Luc showed similar
levels of H3, indicating the nucleosome densities are comparable (Figure 3-7A).
Surprisingly, under Hsp70 promoter, De Luc has less H3 than Opt Luc, suggesting the active
transcription is partially contributed by more flexible and open chromatin structure. In
addition, supporting the nuclear run-on and Pol II ChIP results, H3K27ac level is lower in De
Luc than Opt Luc under DSCP promoter (Figure 3-7B). In contrast, H3K27ac levels are
similar between Opt and De under Hsp70 promoter. However, the inhibitory histone
modifications, H3K9me3 and H3K27me3 showed no difference in Opt Luc and De Luc
under DSCP and Hsp70 promoter (Figure 3-7E and F).

In order to confirm the effect of H3K27ac on codon dependent differential
expression, I treated cells with TSA, a potent inhibitor of class I and II histone deacetylase
(HDAC). Treatment with TSA increased De level driven by DSCP promoter, but not Hsp70

promoter, indicating acetylation is critical in regulating De Luc expression (Figure 3-7C and
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D). Collectively, these results indicate that the promoter dependent boost on nonoptimal

codon genes is through epigenetic regulations.

3.3.8 Nonoptimal codons cause early termination of transcription through Ars2-NEXT
pathway

In order to further investigate the underlying mechanism of promoter and codon
dependent differential expression, I tested pathways involved in transcriptional and post-
transcriptional regulations using RNAi. Ars2 is known to cause early termination of
transcription of many RNA species, including early termination within the first intron of
protein coding genes(Simone Giacometti et al., 2017; Marie Hallais et al., 2013). Ars2
recruits NEXT complex, which interacts with nuclear exosome and causes degradation of
early terminated transcripts(Schulze & Cusack, 2017; Schulze et al., 2018). NEXT complex
contains three proteins: Mtr4, ZCCHCS8 and RBM7(Lubas et al., 2011). To determine the
role of Ars2-NEXT pathway in codon dependent expression, I used dsRNA to knockdown
key genes in this pathway. As shown in Figure 3-8, under DSCP promoter, silencing of Ars2
resulted in increase of full length De Luc, but no impact on Opt Luc. Silencing of Mtr4,
ZCCHCS from NEXT complex downstream of Ars2 resulted in appearance of smear of low
molecular weight of RNA species, indicating these are early terminated transcripts that are
degraded under normal condition. Silencing of Rrp40 from exosome complex also showed
similar low molecular weight of RNA species, further confirm that these short transcripts are
degraded by NEXT and exosome complexes. In contrast, under Hsp70 promoter, knockdown

of these factors showed little changes on Opt or De Luc expression, indicating Hsp70
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promoter promoted De Luc to avoid the Ars2-NEXT pathway to produce high level of full-

length RNA.

3.3.9 CDE prevents early termination of transcription of nonoptimal codon reporter

Based on the RNAI result, I hypothesized that CDE in Hsp70 enhanced De Luc
expression by preventing early termination of transcription. To test this hypothesis, I inserted
one to three copies of CDE into DSCP IDR and expressed these constructs in S2 cells using
transient transfection (Figure 3-9A). Since transient transfection of large amount of plasmid
is overexpression of luciferase in Drosophila cells, the small fragment of RNA in De
luciferase under DSCP promoter is easy to detect using northern blot. This is possibly due to
inefficient clean up by nuclear exosome. As expected, increase of CDE copy number in
DSCP IDR leads to decrease and disappearance of small RNA species, indicating that CDE

inhibited Ars2-NEXT pathway to promote De Luc expression (Figure 3-9B).

Discussion

Codon usage has been shown to impact transcription level(Zhou et al., 2016; Zhou et
al., 2018). Here I explored the role of promoter in codon-dependent regulation at
transcription level. Using reporters expressed under different promoters, I showed that
coding sequence and promoter-proximal region together determine the transcription level in
Drosophila S2 cells. I also identified the regulatory element in Hsp70 promoter. This

regulation is through change on nucleosome density and H3K27ac levels. Moreover, |
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discovered that Ars2-NEXT-exosome pathway also plays a role in the expression of
nonoptimal codon genes.

The concept of codon usage is used in translation process. Codon usage effect on
transcription is possibly through change of GC content, supported by other studies that GC3
and GC content also impact transcription level and mRNA decay in cytoplasm(Kudla et al.,
2006; Lemaire et al., 2019; Q. Wu et al., 2019). Since codon usage preference for G/C ending
codons and the increase of GC content in metazoans may have coevolved, it is not a surprise
to learn that codon usage affect transcription independent of translation.

Transcription level is believed to be mainly determined by enhancer-promoter
interaction and core promoter strength(Field & Adelman, 2020; Shlyueva et al., 2014). It was
largely unknown whether codon usage of coding sequence would impact transcription level
in metazoans. Due to the expansion of intronic noncoding sequence during evolution, the
distance between coding sequence and promoter is also increased in metazoans. It is possible
that the effect is not limited to coding sequences. Ars2 is known to cause early termination at
early elongation stage and its effect is dependent on the distance to promoter(S. Giacometti et
al., 2017; Gruber et al., 2009; Marie Hallais et al., 2013). Therefore, the coding sequence at
5’ end may have stronger effect than 3° end through Ars2-NEXT-exosome pathway. Ars2
effect is not limited to coding sequence but any sequences near promoter(Gruber et al., 2012;
Gruber et al., 2009; Marie Hallais et al., 2013; Sabin et al., 2009). Based on the codon usage
and GC preference of the genome, it is possible that low GC content sequence may more

likely to lead to Ars2 mediated early termination.
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Materials and methods

Codon manipulation and plasmid construction

Opt Luc and De Luc genes were from previous study (Zhao et al., 2017). The codons
of firefly luciferase were optimized or deoptimized based on the Drosophila melanogaster
codon usage frequency table (https://www.kazusa.or.jp/codon/cgi-
bin/showcodon.cgi?species=7227). Opt YFP is the commonly used eYFP sequence. De YFP
codons were deoptimized based on the Drosophila codon usage frequency table.

All plasmids were generated based on the Ac5-STABLE1-neo plasmid. A multiple
cloning site was first inserted between Ac5 promoter and SV40 poly(A) signal between Kpnl
and BamHI sites. eYFP, SV40 terminator, gypsy insulator, SXUAS and 5xMyc-luciferase
were inserted into the multiple cloning sites. Different promoters were amplified by PCR
from the genome and inserted between SxUAS and 5xMyc-luciferase at Notl/Xhol sites.
Gal4 expression vector was generated by inserting the Gal4 gene after Ac5 promoter using
EcoRI/HindIII sites, followed by another cassette expressing puromycin resistant gene. For
YFP expression plasmids, the region from Ac promoter to gypsy insulator were replaced by a
linker DNA. 5xMyc-luciferase was replaced by Opt or De YFP. For luciferase reporter
plasmids used in generating stable cell lines, upstream eYFP was replaced by hygromycin

resistant gene (hph).

S2 Cell culture, transfection and generation of stable cell lines
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Drosophila S2 cells were cultured at 25 °C in Schneider’s Drosophila medium
(Thermo Fisher Scientific 21720024), supplemented with 10% (v/v) fetal bovine serum
(Thermo Fisher Scientific 10438026) and 1% (v/v) penicillin-streptomycin (Sigma P4333).
For transfection, cells were plated at 1x 10 cells per well of a 24-well plate. 500 ng total
plasmid, in which Gal4 expression plasmid and reporter plasmid were mixed at 1:1 molar
ratio, was transfected into each well using Lipofectamine 3000 (Thermo Fisher Scientific
L3000001) following the manufacturer’s instructions. Cells were harvested after 48 hours for
further analysis.

To generate stable cell lines, cells were plated at 2x 10° cells per well of a 12-well
plate. cells were transfected with Gal4 and luciferase plasmids at 1:1 molar ratio using
Lipofectamine 3000 (Thermo Fisher Scientific L3000001) following the manufacturer’s
instructions. After 48 h, cells were passaged and selected with 10 ng/mL puromycin (Sigma

P8833) and 300 ng/mL hygromycin B (Thermo Fisher Scientific 10687010) for a week.

RNAi

Templates of double-stranded RNAs from the DRSC (Drosophila RNAi1 Screening
Center) were first PCR amplified from genomic DNA using primers with T7 promoter
sequence on both ends. dSRNAs were synthesized using HiScribe T7 High Yield RNA
Synthesis Kit (NEB E2040). Knockdown experiments were performed in 24 well plates.
4x10° cells were incubated with 5 pg dsRNA in 200 pL serum free medium for 30 min. Then
600 uL medium supplied with 10% FBS were added. Cells were harvested after 3 days for

further analysis.
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Nuclear run-on

Cells were lysed in lysis buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM
MgCl,, and 0.5% NP-40). Nuclei were isolated by centrifuge at 2000x g for 5 min and
suspended in 40 pL freezing buffer (50 mM Tris-HCI, pH 7.4, 5 mM MgCl,, 30% glycerol,
and 1 mM DTT), and 60 uL transcriptional buffer (20 mM Tris-HCI, pH 8.0, 5 mM MgCl,
150 mM KCI, 2 mM DTT, 500 uM ATP, 500 uM CTP, 500 uM GTP, 500 uM BrUTP, and
200 U/mL Superase-in). After incubation at 25 °C for 30 min, 500 uLL TRIzol (Invitrogen)
was added to each reaction to stop transcription. RNA was isolated and resuspended in 100
pL IP buffer (50 mM Tris-HCIL, pH 7.4, 150 mM NaCl, 0.05% NP-40, and 1 mM EDTA).
Anti-BrUTP antibody (Santa Cruz IIB5) and Protein G beads (Thermo Fisher Scientific
10003D) were incubated with RNA for 2 hours at 4 °C, followed by washing beads with IP
buffer and isolation of RNA using TRIzol. Newly transcribed RNA level was measured by
quantitative real-time PCR (RT-qPCR). RT-qPCR primers were amplifying the 5’ end of

Myc-tag sequence to measure luciferase level, and Actin intron for normalization.

Chromatin Immunoprecipitation Assay

Cells were suspended and fixed by 1% formaldehyde in PBS buffer for 5 min at room
temperature with gentle agitation. Fixation was quenched by adding glycine to a final
concentration of 125 mM and incubation for 5 min at room temperature. Cells were pelleted
by centrifugation at 1000 x g and resuspended in sonication buffer (10 mM Tris-HCl, pH 8.0,

I mM EDTA, 0.5 mM EGTA, 0.5% SDS). Chromatin was fragmented to 200 - 500 bp by
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Bioruptor (Diagenode), with 7 cycles of 30 s on/ off at high power. Samples were precleared
using Protein G beads at 4 °C for 1 hour. 1/20 volume of sample was used as input. The
antibodies were incubated with sample overnight at 4 °C: Pol II CTD (Abcam ab26721), H3
(Active Motif 39763), H3K27ac (Active Motif 39133), H3K9me3 (Active Motif 61013),
H3K27me3 (Active Motif 61017). Protein G (Thermo Fisher Scientific 10003D) or Protein A
beads (Thermo Fisher Scientific 10001D) were incubated with sample for 2 hours at 4 °C and
washed by RIPA buffer (10 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1% Triton X-100, 0.1%
SDS, 0.1% Na Deoxycholate), high salt buffer (10 mM Tris-HCI, pH 8.0, 500 mM NaCl, 1%
Triton X-100, 0.1% SDS, 0.1% Na Deoxycholate), LiCl buffer (10 mM Tris-HCI, pH 8.0,
250 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% Na Deoxycholate) and TE buffer (10 mM
Tris-HCI, pH 8.0, 1 mM EDTA). Chromatin was eluted with elution buffer (0.1 M NaHCOs,
1% SDS) and de-crosslinked, and DNA was extracted by phenol. Immunoprecipitated DNA
was quantified by real-time quantitative PCR (RT-qPCR). RT-qPCR primers were
amplifying the 5’ end of Myc-tag sequence to measure luciferase level, Actin intron for
normalization of Pol II CTD and H3K27ac, 3L.:10228701 for normalization of H3K27me3,

and F22 for normalization of H3K9me3.

Northern blotting

RNA was extracted with Trizol (Ambion) in accordance with the manufacturer’s
protocol. The same amount of RNA was loaded and separated on 1% agarose gel with MOPS
buffer. RNA was then transferred onto a nylon membrane in 10 X SSC and was crosslinked

to the membrane by UV cross-linking. Membranes were prehybridized for 1 h at 60°C in
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hybridization buffer (50 mM Tris, pH 7.5, 2 x Denhardt’s, 50% formamide, 1 M NaCl, 0.1%
Na pyrophosphate and 0.5 mg/mL denatured salmon sperm DNA). Riboprobes were
transcribed in vitro from PCR products by MEGAscript™ T7 Transcription Kit (Thermo
Fisher Scientific AMB13345) following the manufacturer’s protocol, except UTP is
substituted with [*?P]-UTP. Hybridizations with riboprobes were performed at 60°C
overnight. Membranes were washed three times for 20 min each in washing buffer (0.1x SSC

and 0.1% SDS) at 65°C. Membranes were exposed to film at —80°C.
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Figure 3-1. Codon usage effect on mRNA level is promoter dependent. (A) Diagram of the
luciferase reporter construct. Core promoter and immediate downstream 100 - 150 bp
sequence from different promoters are used to drive the expression of the Opt Luc or De Luc.
(B) Northern blot analysis of mRNA levels of Luc under different promoters. Probes
hybridize the common 5’ Myc-tag sequence of Luc or the 5’ region of eYFP gene. (C)
Quantification of De/Opt luciferase mRNA ratios normalized by eYFP level from results in
panel B (n=3). (D) Diagram of the YFP reporter construct. (E) Northern blot analysis of the

mRNA levels of YFP under different promoters. The probe hybridizes the common 3 UTR
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sequence of YFP genes. (F) Quantification of De/Opt YFP mRNA ratio from results in panel

E. (n=3).
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Figure 3-2. Core promoter impacts little on mRNA stability. (A) Northern blot analyses of
mRNA decay of the Opt/De Luc under different promoters. Actinomycin D was added into
cell culture at 10 ng/mL at time 0. Cells were harvested at indicated time points. (B)

Quantification of Opt /De Luc mRNA decay rate from results in panel G (n=3).
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Figure 3-3. The region downstream of core promoter enhances nonoptimal codon expression.
(A) Diagram of promoter region. The region labeled as 5° UTR is changed to 5> UTR from
other promoters. (B) Northern blot analysis of mRNA levels of luciferase under different
chimeric promoters using DSCP core promoter. Probes hybridize 5° Myc-tag sequence for
luciferase and 5’ region for eYFP. (C) Quantification of De/Opt Luc mRNA ratio normalized
by eYFP for panel B. (n=3) (D) Northern blot analysis of mRNA levels of luciferase under
different chimeric promoters using Hsp70 core promoter. Probes hybridize 5° Myc-tag
sequence for luciferase and 5’ region for eYFP. (E) Quantification of De/Opt Luc mRNA

ratio normalized by eYFP for panel D. (n=3)
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Figure 3-4. A 20 bp element in Hsp70 IDR is sufficient to promote nonoptimal codon

expression. (A) Diagram of the promoter region of the reporter constructs. 20 bp scanning
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constructs are used to identify the regulatory element in Hsp70 5’UTR. (B) Northern blot
analysis of mRNA levels of luciferase under different promoters. Probes hybridize 5° Myc-
tag sequence for luciferase and 5° region for eYFP. (C) Quantification of De/Opt mRNA Luc
ratio normalized by eYFP for panel B. (n=3) (D) Diagram of the promoter region of the
reporter constructs. The 20 bp sequence CDE is placed at different distance to core promoter
in the 5° UTR of DSCP promoter. (E) Northern blot analysis of mRNA levels of luciferase
under different promoters. Probes hybridize 5’ Myc-tag sequence for luciferase and 5’ region
for eYFP. (F) Quantification of De/Opt Luc mRNA ratio normalized by eYFP for panel E.

(n=3)
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Figure 3-5. Different promoters impact nuclear RNA levels of nonoptimal codons. (A)
Northern blot analysis of mRNA levels of luciferase under different promoters in total and
nuclear RNA fractions. Probe hybridizes 5° Myc-tag sequence for luciferase. (B)
Quantification of De/Opt mRNA ratio for panel A. (n=3). (C) Northern blot analysis of
mRNA levels of luciferase under different promoters in nuclear and total RNA fraction.
Probe hybridizes 5° Myc-tag sequence for luciferase. (D) Quantification of De/Opt Luc

mRNA ratio for panel C. (n=3).
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Figure 3-6. Promoter regulates transcription level to affect codon-dependent differential
expression. (A) Relative nascent Luc RNA level detected by qPCR in nuclear run-on assay.
qPCR primers amplify the 5° Myc-tag sequence and is normalized by Act5C. (n=4). (B)
Relative nascent Luc RNA level detected by qPCR in nuclear run-on assay. qPCR primers
amplify the 5> Myc-tag sequence and is normalized by Act5C. (n=4). (C) Pol I CTD ChIP
assay detecting Pol II level at the 5° Myc-tag region of different constructs. qPCR primers
amplify the 5> Myc-tag sequence and is normalized by Act5C. (n=3). Data are means + SD.

*P<0.05. **P<0.01. ***P <0.001. ****P < (0.001. ns: not significant.
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Figure 3-7. codon usage and promoter together determine histone modification and
nucleosome density. (A) Histone H3 ChIP assay detecting nucleosome level at the 5° Myc-
tag region of different constructs. qPCR primers amplify the 5’ Myc-tag sequence and is

normalized by a transcription inactivate region 3L1. (n=4). (B) H3K27ac ChIP assay
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detecting H3K27ac level at the 5> Myc-tag region of different constructs. qPCR primers
amplify the 5> Myc-tag sequence and is normalized by Act5C. (n=4) (C) Northern blot
analysis of mRNA levels of luciferase under different promoters with DMSO or 150 uM
TSA treatment. Probe hybridizes 5’ Myc-tag sequence for luciferase and 5’ region for hph.
(D) Quantification of De/Opt Luc mRNA ratio normalized by Aph for panel (C). (n=3). Data
are means + SD. **P < 0.01. ns: not significant. (E) H3K9me3 ChIP assay detecting
H3K9me3 level at the 5° Myc-tag region of different constructs. qPCR primers amplify the
5’ Myc-tag sequence and is normalized by F22. (n=3). (F) H3K27me3 ChIP assay detecting
H3K27me3 level at the 5’ Myc-tag region of different constructs. qPCR primers amplify the

5’ Myc-tag sequence and is normalized by a region in 3L. (n=3).
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Figure 3-8. Nonoptimal codons cause early termination of transcription mediated by Ars2-
NEXT pathway. (A) Northern blot analysis of mRNA levels of luciferase under different
promoters in cells treated with dsRNAs targeting Ars2, Mtr4, ZCCHCS, Rrp40 or no dsRNA
as mock control. Probes hybridize 5> Myc-tag sequence for luciferase and 5’ region for Aph.

(B) Quantification of De/Opt Luc mRNA ratio normalized by Aph for panel A. (n=3).
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Figure 3-9. CDE prevents early termination of transcription of nonoptimal codon. (A)
Diagram of the promoter region of the reporter constructs. Different copies of the CDE
sequence is placed in the 5> UTR of DSCP promoter. (B) Northern blot analysis of mRNA
levels of luciferase under different promoters. Probes hybridize 5° Myc-tag sequence for

luciferase and 5’ region for eYFP.
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Table 3-1. Primer list

Name Sequence Note
Ars2KD-F TAATACGACTCACTATAGGGCTAGCTCAGATG | RNAi
AAGAGAAAC
Ars2KD-R TAATACGACTCACTATAGGGATACCAACGACG | RNAi
CTCCAC
Mtr4KD-F TAATACGACTCACTATAGGGGTGCTCACCGAG | RNAi
GAGGAT
Mtr4KD-R TAATACGACTCACTATAGGGCAGTGCAGCTTG | RNAi
ATTTTGG
ZCCHC8KD-F | TAATACGACTCACTATAGGGTCAGCCTTCGAAA | RNAIi
GAAGTAG
ZCCHC8KD-R | TAATACGACTCACTATAGGGTGCATTAAACAG | RNAi
AGCTATGC
Rrp40KD-F TAATACGACTCACTATAGGGCAGCCTCCATATC | RNAi
GTATCTC
Rrp40KD-R TAATACGACTCACTATAGGGCGAGTTGACGCA | RNAi
GACCA
Myc-F GATATCATCGATTTAAAGCA RT-qPCR,
ChIP-gPCR
Myc-R CATGTCGCCCAAGCTCTCCAT RT-qPCR,
ChIP-gPCR
ActinIntron-F GAGAAAAGCCGCGGAAAATGTGTG RT-qPCR,
ChIP-gPCR
ActinIntron-R TCAATACAATAACTCTTTAGCTCG RT-qPCR,
ChIP-gPCR
3L-F GCACACGGTAATTGCTTATT ChIP-gPCR
3L-R TCGCATCTCGGTTCTTTC ChIP-qPCR
F22-F CAGTTGATGGGATGAATTTGG ChIP-gPCR
F22-R TGCCTGTGGTTCTATCCAAAC ChIP-gPCR
MycProbe-F TGATATCATCGATTTAAAGCA Northern
probe
MycProbe-R TGCTAATACGACTCACTATAGGGAGCATGTCGC | Northern
CCAAGCTCTCCAT probe
eYFPProbe-F ATGGTGAGCAAGGGCGAGGAGCTG Northern
probe
eYFPProbe-R TGCTAATACGACTCACTATAGGGAGCCTCGCCG | Northern
GACACGCTGAAC probe
YFP3UProbe-F | TCTTTGTGAAGGAACCTTAC Northern
probe
YFP3UProbe-R | TGCTAATACGACTCACTATAGGGAGTTCATCAG | Northern

TTCCATAGGTTG

probe
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Ars2Probe-F TATCGGTTACCATGATTTGG Northern
probe

Ars2Probe-R TGCTAATACGACTCACTATAGGGAGTCGCACTT | Northern
TATTTCCTTGTG probe

Mtr4Probe-F CGACTGGAGGAGCTTCTGCG Northern
probe

Mtr4Probe-R TGCTAATACGACTCACTATAGGGAGATTTACAA | Northern
AGGTTGTTAGGG probe

ZCCHC8Probe- | GCTCGTCGCCTTGGAAGGCG Northern
F probe

ZCCHCS8Probe- | TGCTAATACGACTCACTATAGGGAGTCCAGCC | Northern
R AAGCAGGCGGATA probe

Rrp40Probe-F GAGCTGGTCTGCGTCAACTC Northern
probe

Rrp40Probe-R | TGCTAATACGACTCACTATAGGGAGTAAGGGT | Northern
AGTACTATCTTTC probe

Hsp70Probe-F | ATGCCTGCTATTGGAATCGATCTG Northern
probe

Hsp70Probe-R | TGCTAATACGACTCACTATAGGGAGCCGATCA | Northern
GTCGCTTGGCGTCAAAC probe

HphProbe-F ATGAAAAAGCCTGAACTCACCG Northern
probe

HphProbe-R TGCTAATACGACTCACTATAGGGAGTTTGTAGA | Northern

AACCATCGGCGCAGC

probe
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Table 3-2 Promoter list (Core promoter is underlined region)

> Act5C promoter

GCTAAGCGGGCTTTATAAAACGGGCTGCGGGACCAGTTTTCATATCACTACCG
TTTGAGTTCTTGTGCTGTGTGGATACTCCTCCCGACACAAAGCCGCTCCATCAG
CCAGCAGTCGTCTAATCCAGAGACACCAAACCGAAAGACTTAATTTATATTTA
TTTAATTAATTTTAATAAAACACACCAAAT

> DSCP promoter

CGCCCGGGGATCGAGCGCAGCGGTATAAAAGGGCGCGGGGTGGCTGAGAGCA
TCAGTTGTGAATGAATGTTCGAGCCGAGCAGACGTGCCGCTGCCTTCGTTAAT
ATCCTTTGAATAAGCCAACTTTGAATCACAAGACGCATACCAAACGGCATTCC
GGTACTGTTGGTAAAGCCACC

> Tub promoter

TGGCCACACTGCGGCCATCGTATAAAAGCCCGCGCTCTCCAAAGCGAATGCAC
TAATTTTTCCAAGTGTGTGAAGCGGACAGTTTGTGTTGTGTTCGACTGCTATAA
GCGAAAGATAATTTTAAGTTAAAAGTTCAAAAGCCTAAAACAAATACAAAAT
GAGGGAAATCGTTCACATCCAAGCTGGTCAGTGCGGCAACCAAATCGGCGCCA
AG

> Hsp70 promoter

CGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAAA
CAAGCAAAGTGAACACGTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCA
GCTGAACAAGCTAAACAATCTGCAGTAAAGTGCAAGTTAAAGTGAATCAATTA
AAAGTAACCAGCAAC

> cMyc promoter

TACGATAGAAATTTTATTTAAGCCACAGACAACATGAAACGGGCACTATTTCT
GTGGCGTCGCGTGTTCAGTTCACCGCGGGTAATTCAGAGAATCGCTTTGTGGA

TTGGATTTTTGCCTGTTTTCCGCCCGATACAAAAAAAAAAAACCAAACGCTAT

ATAAATAGTTCTGTAGTAAAACCTGAAGCAACACGTTTTAAAATATACAACTA
CTACTAACAACTGTCACAGCCAAGTTACAAAAGTGCTAAATC

> Per promoter

TGCGAGTGCACGGGGGCTTATACACCGGAGCTTGCGATGCGAGCACTAGTGTT
CGTGCGAATTTAGAGCCAGAAGGTCGACAACGCGTTCGTCGCACAGTAGAAA

GTATTGCCATATACCAAATAAATCGCAACAACGACCTGTCGAATCACGCAAAC
AAACAGCTTCGTTTTTTTTTTTTTAATTTCGACCAGAAACAAACCGTTATTCTTT

74



CHAPTER FOUR
Discussion and future directions

The role of eRF1 in termination at sense codons

The canonical translation termination factor eRF1 is known to specifically recognize
stop codons(Brown et al., 2015). Multiple motifs including GTS31-33, E55, TASNIKS58-64,
and YxCxxxF125-130 located at the apex of the N-domain in eRF1 are essential for stop
codon recognition(Bertram et al., 2000; Frolova et al., 2002; Frolova et al., 1999; Song et al.,
2000). It could lead to translation efficiency decrease and global protein production issue if
eRF1 has low discrimination ability for sense codons. However, in chapter two, I showed
that eRF1 mediates premature termination at rare codons and reduces translation efficiency.
The results support that eRF1 also dissociates ribosome at sense codons, which is also in
consistent with recent discoveries(Chiabudini et al., 2014; Shcherbik et al., 2016; Wada &
Ito, 2019). It is possible that the specificity of stop codon recognition is also dependent on the
ribosome pausing time. Supporting this hypothesis, results from ribosome profiling assays
showed that ribosome has a dramatically longer time at stop codon than sense codons(C. C.-
C. Wu et al., 2019a). More further investigations are needed to test whether ribosome
pausing is a critical determinant in the specificity of eRF1 in codon recognition. Moreover,
based on our results, the interaction of decoding domain that recognize stop codons and sense
codons is not required but still critical. Further studies on how eRF1 recognize sense codon

and trigger ribosome release will lead to better understanding of eRF1 and codon interaction.
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In Dom34 mediated ribosome quality control pathway, the nascent peptides generated
from truncated or faulty mRNAs are ubiquitinated and degraded by proteosome(Lyumkis et
al., 2014; Shao et al., 2015). Although multiple studies showed the role of eRF1 on releasing
nascent peptides at sense codon, the fate of these nascent peptides are unknown(Shcherbik et
al., 2016; C. C.-C. Wu et al., 2019a). If these peptides are released to cytoplasm without
labeling them as degradation substrates, then excess production of these truncated peptides
would be detrimental to cells. Thus, further studies are needed to investigate the pathways
that degrade the truncated peptides generated by eRF1 mediated premature termination of
translation.

Using in vitro cell-free translation assay and reporters in vivo expressed in
Neurospora, 1 showed that eRF1 is the key factor in regulating codon usage dependent
translation efficiency. Although I also demonstrated that nonoptimal codon also decreases
translation efficiency using reporters in Drosophila S2 cells, the role of eRF1 in Drosophila
is unclear. Due to the difficulty of manipulating expression of essential genes in higher
organisms, simple knockdown of eRF1 by RNAIi in Drosophila cells did not show impact on
reporter gene expression. Thus, whether this mechanism is conserved in higher organisms

needs additional tests.

Regulatory role of promoter downstream element
Due to the expansion of noncoding region of the genome in higher organisms, the
regulation network is greatly complicated at transcriptional level(Blackwood & Kadonaga,

1998; Mordstein et al., 2020; Shlyueva et al., 2014). Besides the enhancer roles of noncoding
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region, transcription of noncoding region also impacts transcription of adjacent protein-
coding genes(Barski et al., 2010; Field & Adelman, 2020; Oler et al., 2010). Moreover,
processing of noncoding region such as splicing is critical for transcription level and RNA
export(Le Hir et al., 2003; Mordstein et al., 2020). In chapter three, I showed that the
noncoding region downstream of core promoter determines the transcription level of genes
with nonoptimal codon usage. It is possible that more regulatory elements remain to be
uncovered. In addition, since we only used reporters rather than endogenous genes, the
generality and conservation of the phenomenon needs further investigation. For example, our
reporters contain no intron and poorly represents the higher organisms’ genome, where the
majority of protein coding genes contain various numbers of introns(Castillo-Davis et al.,
2002; Le Hir et al., 2003). Interestingly, a recent report showed the effect of splicing enhance
nuclear export of nonoptimal codon genes(C. C.-C. Wu et al., 2019a). Thus, the influence of
large intronic sequences on codon-dependent transcription regulation needs further study.
Using promoter from Hsp70 as an example, I identified the regulatory element CDE
in the downstream region of core promoter that is capable to enhance nonoptimal gene
transcription. In other promoters such as Myc and Per, 1 also found they contain sequences
that promote the expression of nonoptimal coding sequences. However, no similarity could
be detected between the sequences from Hsp70, Myc and Per. Due to lack of enough
sequences for motif enrichment analysis, the consensus motifs that enhances nonoptimal
gene transcription are still unclear. Thus, insights from genome-wide investigations on
endogenous genes or utilizing synthetic sequence library are needed for enrichment of the

consensus motif that can promote the expression of nonoptimal codon sequences.
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The effects of regulatory element downstream of core promoter and codon usage
together determine the nucleosome density and H3K27ac level. Low nucleosome density and
high H3K27ac level are both correlated with high transcription level(Clapier & Cairns, 2009;
Roh et al., 2004). However, it is still unclear whether the epigenetic features lead to
transcription change or they are the post-transcriptional markers reflecting transcriptional
level. Thus, additional studies are needed to understand the role of regulatory element

downstream of core promoter in affecting epigenetic regulatory elements.
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