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Abstract

A Nascent Peptide Code for Translational Control of mRNA Stability in Human Cells

Phillip Cannon Burke

Chair of the Supervisory Committee:
Professor Jesse Bloom

Department of Microbiology

Stability of eukaryotic mRNAs is associated with their codon, amino acid, and GC content. Yet,
coding sequence motifs that predictably alter mRNA stability in human cells remain poorly defined.
Here, we develop a massively parallel assay to measure mRNA effects of thousands of synthetic
and endogenous coding sequence motifs in human cells. We identify several families of simple
dipeptide repeats whose translation triggers mRNA destabilization. Rather than individual amino
acids, specific combinations of bulky and positively charged amino acids are critical for the destabi-
lizing effects of dipeptide repeats. Remarkably, dipeptide sequences that form extended B strands
in silico and in vitro slowdown ribosomes and reduce mRNA levels in vivo. The resulting nascent
peptide code underlies the mRNA effects of hundreds of endogenous peptide sequences in the
human proteome. Our work suggests an intrinsic role for the ribosome as a selectivity filter against

the synthesis of bulky and aggregation-prone peptides.
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Chapter 1. Introduction
l. Overview of eukaryotic gene expression
“Life is the mode of action of proteins.” — Friedrich Engels’

Proteins are macromolecules made up of chains of amino acids that carry out diverse functions
within our cells. It is difficult to overstate how important proteins are to living beings - they maintain
our cellular structure, perform the biochemical reactions required for metabolism, and facilitate
both intercellular signaling pathways that determine cell behavior and extracellular communication
required for multicellular life. Our cells function by producing the correct proteins, in the appropriate
amounts, at exactly the right time. It stands to reason that organisms across all kingdoms of
life have evolved sophisticated mechanisms for controlling protein production. In this dissertation
I will focus on the regulation of eukaryotic protein synthesis, though many of these regulatory

mechanisms also exist or have functional parallels in bacteria and archaea®™.

Genetic information flows from our DNA, which is transcribed to messenger RNA (mMRNA), which is
then translated into proteins. This overarching control system for protein production is considered
the central dogma of molecular biology®, and each stage contributes to the protein landscape
within our cells. The human genome provides coding potential for ~20,000 annotated proteins,
and undergoes evolutionary selection and genetic drift in both coding and non-coding regions®.
While having the appropriate gene is a prerequisite for producing a given protein, making the
choice to express that gene is of equal importance for protein synthesis. Accordingly, transcription
of our genes into mMRNAs is highly regulated. In eukaryotes, DNA is located in the nucleus of the
cell, mostly wrapped around histone proteins in a protein-DNA complex known as chromatin. To
begin transcription, RNA polymerase |l (Pol Il) binds to a promoter region upstream of a given
gene and synthesizes an RNA message complementary to the DNA sequence. RNA Pol |l binding

is mediated by various transcription factors, and can be modified by protein cofactor binding and



epigenetic modifications of the nearby chromatin'®'".

During transcription, the eukaryotic pre-mRNA transcript undergoes several processing steps to fa-
cilitate its subsequent translation. First, the 5’ end of the pre-RNA is capped with an N7-methylated
guanosine linked to the first nucleotide of the RNA via a reverse 5’ to 5’ triphosphate linkage,
followed by methylation of the 2’0 ribose of the first nucleotide'®'. This is often followed by ad-
ditional cap-adjacent modifications such as 2’0 methylation of the second nucleotide, N6 methy-
lation of the first transcribed adenosine nucleotide in the mRNA, and likely other modifications
as well'*. Most eukaryotic genes are interspersed with non-coding intron sequences, which are
co-transcriptionally spliced out of the transcript at intron-exon junctions (defined by specific DNA
sequence motifs), leaving behind a protein complex at the spliced exon-exon site called the exon
junction complex (EJC)'. The pre-mRNA is then cleaved near the 3’ end and a tail of adenosine
residues, usually around 200 nucleotides in length, is added to the 3’ end by polyadenylation ma-
chinery proteins. The processed mRNA is then exported from the nuclease and, in the process,
the nuclear cap binding proteins on the 5’ cap are replaced by eukaryotic initiation factor (elF) pro-

1618 "~ Any errors in these processing steps can

teins which form the elF4F cap-binding complex
interfere with mRNA export, resulting in the mRNA signal being untranslated'®'®. In addition, the
5’ cap, correctly spliced coding sequence (CDS), and poly-A tail are all elements of the mRNA that

are critical for eukaryotic translation.

Once a processed mMRNA has been exported from the nucleus to the cytosol it can be translated
into protein by the ribosome. The ribosome is a large macromolecular complex, formed by a small
and large subunit, each composed of dozens of proteins held together by scaffolds of ribosomal
RNA (rRNA)?. In eukaryotes, these subunits are referred to as the 40S and 60S subunits respec-
tively, based on their sedimentation coefficients — combined, these subunits are referred to as the
80S monosome (one ribosome). During translation, mRNA is threaded through a channel between

the two ribosome subunits; the 40S subunit reads out the mRNA sequence as triplet nucleotide
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codons which correspond to transfer RNAs (tRNAs) charged with specific amino acids, and the 60S
subunit accepts these tRNAs and catalyzes peptide bond formation between their amino acids to
extend the growing peptide chain. The mammalian cell has over 10 million ribosomes and trans-
lation as a whole is the most energy consumptive process in cells?' 2. Accordingly, translation is
highly regulated to allow fine-tuned control of protein production, allowing cells to maintain cellular
homeostasis and rapidly respond to environmental stimuli*’. Translation also serves as a quality
control checkpoint, with the ribosome acting as both a scaffold for quality control factors, and as

sensor of faulty mRNAs itself?®.

Finally, both mRNA and protein stability are determinants of protein levels, and are influenced by
factors such as subcellular localization, post-transcriptional or post-translational modifications, and
cell state®®. My research focuses on the interplay between translation, quality control, and mRNA

stability, and | discuss these concepts in greater depth below.
Il. mRNA translation
Initiation and the 5° UTR

mRNA translation is a cyclical process that can be divided into three general stages: ribosome
scanning and initiation, mMRNA decoding and nascent peptide elongation, and termination and ri-
bosome recycling. Translation initiation occurs in a series of steps where the ribosome identifies an
AUG start codon and decodes this using a methionyl tRNA (transfer RNA) specialized for initiation,
termed Met-tRNAi. The start codon is identified by a scanning mechanism wherein the 43S pre-
initiation complex (PIC), a 40S small ribosomal subunit preloaded with the GTP-elF2-Met-tRNAI
ternary complex and several other elF proteins, is recruited to the capped 5 end of mRNA by
the elF4F cap binding complex. The PIC then scans down the mRNA, inspecting successive nu-
cleotide triplets as for complementarity to the anticodon of Met-tRNAi. Once the PIC encounters an

AUG start codon, it halts and irreversibly hydrolyses the GTP of the GTP-elF2-Met-tRNAI ternary
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complex, resulting in release of GDP-elF2 and other elFs?*°. The large 60S subunit then joins to
form an 80S initiation complex, ready to accept the next aminoacyl-tRNA and begin peptide bond

synthesis®*.

Initiation is normally the rate limiting step for transition, thus this step is highly regulated and is a
major determinant of protein output from a given mRNA.c" 2431 |n addition to the AUG start codon,
the nucleotides surrounding the start codon are critical determinants of initiation efficiency®%%.
mRNA secondary structures in the 5’ untranslated region (5’ UTR) influence ribosome scanning and
initiation343°. Cell state also affects initiation differently for different mRNAs. For example, some
mRNAs have pyrimidine-rich 5’ leader sequences known as 5 TOPs, which cause these mRNAs
to undergo differential initiation in response to multiple trans-acting pathways that sense nutrient
starvation®®”. Another canonical example of stress signaling differentially impacting initiation is
for the ATF4 transcript. During multiple types of cellular stress, the alpha subunit of elF2 becomes
phosphorylated, preventing efficient formation of the GTP-elF2-Met-tRNAi ternary complex and
resulting in globally reduced translation initiation rate. While this reduces expression for most
proteins, the ATF4 mRNA and a subset of similar mMRNAs have complex 5° UTRs that contain
multiple open reading frames; reduced initiation efficiency causes the ribosome to skip past one
or more upstream open reading frames, increasing the chance that it initiates on the correct open

reading frame for protein expression®®%9.

Elongation and the protein coding sequence

Ribosomes contain three tRNA-binding sites called the aminoacyl (A), peptidyl (P) and exit (E) sites.
Translation initiation results in an elongation-competent 80S ribosome, with the initiator Met-tRNA
base-paired with the AUG start codon in the ribosomal P-site?®. At this stage, the second codon
of the mRNA, positioned in the A-site, can be paired with the cognate anticodon of an aminoacyl-
tRNA (a tRNA charged with an amino acid)*>. Codon-anticodon matching at the A-site in the

40S subunit stimulates the peptidyl transferase reaction performed in the 60S subunit, resulting
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in peptide bond synthesis between the Met-tRNAi and the incoming aminoacyl-tRNA, and leaving
a deacylated Met-tRNAi (an uncharged tRNA with no amino acid) in the P-site. The ribosome
then ratchets the mRNA by one codon, shifting the peptidyl-tRNA (a peptide-bound tRNA) to the
P-site, and the deacylated tRNA to the E-site, which frees up the A-site for the next incoming
cognate aminoacyl-tRNA43. The next cognate aminoacyl-tRNA is then accepted at the A-site, the
deacylated tRNA is cleared from the E-site, and the cycle of peptide bond synthesis and ribosome
translocation repeats**. As elongation progresses the growing nascent poly-peptide chain extends
through a channel in the ribosome known as the exit tunnel and ultimately out into the cytosol,
where the nascent peptide can then undergo cotranslational modifications and complex folding,

prior to being released as a fully synthesized protein.

Both peptide bond synthesis and ribosome translation reactions are facilitated by a multitude of
eukaryotic elongation factors (eEFs), and require large amounts of GTP, making elongation by far
the most energy consuming step of translation®®. Thus, it stands to reason that this step is also
highly regulated*®*>*. While initiation is often thought to be the main regulatory step of translation,
recent studies have shown that changes in elongation rate can cause dramatic changes in protein
expression in all domains of life*’. Elongation rate is not uniform; the decoding speed of any given
codon is influenced by a variety of different factors. Charged tRNA availability for a given codon
influences how quickly the codon is decoded. The cell must have a supply of free amino acids for
tRNA charging, and nutrient starvation for specific amino acids can have a strong negative effect
on protein expression*®4°.

tRNA availability also leads to the concept of codon optimality, wherein codons that are frequently
used in an organism’s genome often have higher copy number of cognate tRNAs, and are thus
decoded more rapidly®°. While the optimality of any given codon differs by organism, codon opti-

mality is a major determinant of protein levels across diverse species®. Poorly translated codons

have also been implicated in regulation of mMRNA stability in several other organisms [cite] Peptide
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bond synthesis rate also differs between amino acids pairs, and the presence of specific dipeptide
combinations in the CDS has been demonstrated to reduce protein expression in Saccharomyces
cerevisiae (brewer’s yeast)®®. In specific cases, the nascent peptide itself can cause ribosomes to
slow down via electrostatic or steric interactions with the proteins and rRNA that form the ribosome
exit tunnel®”°8. In addition, strong mRNA secondary structures such as G4 quadruplexes can also
slow elongation rate, and multiple accessory proteins exist to help the ribosome clear such sec-
ondary structures®. Changes in translation elongation rate can modulate protein output*>¢%61,
facilitate cotranslational protein foldinng, and sometimes result in the activation of quality control-
off pathways that limit protein expression46’47. I will discuss these pathways and their intersection

with mRNA stability below.
Termination and the 3’ UTR

Open reading frames in mMRNA begin with the AUG start codon and are punctuated by stop codons,
encoded by TGA, TAG, and TAA nucleotide triplets. When the elongating ribosome encounters a
stop codon in the open reading frame, rather than being decoded by a tRNA, a complex of the
eukaryotic release factors 1 (eRF1) and 3 (eRF3) enter the A-site. eRF1 decodes the stop codon,
which causes GTP hydrolysis and dissociation of eRF3 and repositioning of eRF1 in the A-site,
where it then coordinates nucleophilic attack of the nascent peptide by a water molecule, resulting
release of the nascent peptide®®. The ribosome is then removed from the transcript by the ribosome
recycling factor ABCE1, and the fully synthesized protein is released to perform its function within
the cell®®®*. While termination isn’t generally considered a regulatory step for protein synthesis,
given that the mRNA is already fully translated at this stage, termination does affect mMRNA stability
in a number of ways. Inefficient termination can cause ribosomes to read-through the stop codon,
resulting in translation of the nucleotides in the 3’ untranslated region (3’ UTR). 3’UTR sequences
often have non-optimal codon usage or difficult to translate sequences, and their translation can

trigger several distinct quality control pathways which result in degradation of the mRNA.
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The 3’UTR also contains regulatory sequence motifs which can be bound by RNA binding proteins
(RBPs) that directly regulate mRNA translation and mRNA stability®®. For example, the poly-A tail
is bound by poly-A binding protein (PABP), which interacts with elF proteins in the mRNA cap to
facilitate mRNA circularization and promote translation initiation®®. Another example is the many
immune signaling pathway mRNAs that have ARE motifs (A/T Rich Elements) in their 3’ UTRs that
actively destabilize the transcript. Having a short halflife is beneficial for these immune signaling
mRNAs, as this allows quick quenching of immunostimulatory signals that might cause extensive
tissue damage if maintained long-term®”. As a general principle, mRNA halflife is another vari-
able that can be tuned to maintain appropriate protein levels, and mRNA degradation is intimately

coupled to translation.
lll. mRNA stability and quality control
Canonical mRNA turnover

Differential regulation of mMRNA degradation allows cells to further tune their levels of mRNA

expression?%°8

. Canonical turnover of cytoplasmic mRNAs is initiated by the shortening of the
poly-A tail (deadenylation), followed by removal of the 5’ cap (decapping), and finally degra-
dation of the mRNA starting from the now unprotected 5’ and 3’ termini. Degradation rates of
individual mRNAs can vary by over an order of magnitude due to differences in the rates of
these deadenylation, decapping, and degradation steps®. Deadenylation is carried out by the
Ccr4/Pop2/Not and the Pan2/Pan3 protein complexes. The Ccr4 and Pan2 deadenylases are
influenced by the binding of PABP to the poly (A) tail; because PABP-mRNA interactions are
influenced by translation, this leads to deadenylation being coupled to aspects of translation®"°.
Removal of the poly-A tail results in loss of PABP on the mRNA, which interferes with closed-loop
translation and allows the decapping enzyme Dcp?2 to hydrolyze the 5’ cap’'. Uncapped mRNAs

are then degraded by cytoplasmic 5’ to 3’ exonuclease XBRN1, which preferentially degrades

single stranded RNAs with a 5’ monophosphate’'"2. Following deadenylation, mRNAs can also
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be subjected to 3’ to 5’ degradation by the cytoplasmic RNA exosome, however this pathway is

7 ’73’74. Instead

less active than 5’ to 3° XRN1 mediated degradation in normal mRNA turnover
the exosome is critical for the decay of cleaved mRNA products resulting from an array of quality

control pathways”®.
Nonsense-mediated mRNA decay

Not all messages should be translated. Mutations in the CDS, incorrect splicing, and UV or chem-
ical damage can all result in faulty mRNAs that encode for incorrect and potentially deleterious
protein products®’®’” Cells have evolved intricate quality control mechanisms for recognizing and
eliminating faulty mRNAs and their protein products®%®. Many mRNA quality control pathways de-
pend on ongoing translation; in this regard, the ribosome acts as a quality control hub, sensing

mRNA defects and recruiting the appropriate quality control factors®.

One of the most well studied examples of mMRNA quality control is the nonsense-mediated mRNA
decay (NMD) pathway. This pathway is activated when the ribosome encounters a premature
termination codon (PTC) occurring before the end of an mRNA’s canonical CDS, usually due to
an error in splicing or a nonsense or frameshift mutation in the CDS”®. Ribosomes are able to
recognize mispositioned premature stop codons because they occur far upstream from the poly-A
tail, such that the termination reaction doesn’t occur in proximity to PABP, which normally would
facilitate efficient termination. Inefficient termination results in the ribosome pausing for an ex-
tended period of time on the stop codon — as we’ll also see in later sections, ribosome pausing
is a general trigger for quality control, though the exact nature of pauses can differ, resulting in
different outcomes. In the case of NMD this extended pause results in recruitment of the main
NMD factor, UPF1, and a host of additional factors including eRF1, which form into a complex
on the mRNA that triggers mRNA degradation. After assembly on the mRNA, phosphorylation of
UPF1 results in recruitment of additional protein factors that promote RNA decapping and dead-

enylation and cause endonucleolytic cleavage, leading to the exposure of the transcript ends to
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cellular exonucleases’®. While not required for NMD, recruitment of UPF1 to PTCs is greatly en-
hanced by bridging protein factors that interact with the exon-junction complex (EJC) deposited
during mRNA splicing’®. EJCs are removed by the first ribosome to translate a given mRNA (in
what is known as the “pioneering round” of translation), however if the ribosome encounters a stop
codon upstream of an exon junction, it terminates before knocking off the downstream EJC®. Stop
codons generally only occur in the last exon, so a downstream exon indicates that the transcript
has been miss-spliced and should be degraded; accordingly the presence of a downstream EJC

greatly enhances NMD activity®.
Non-Stop and No-Go decay

In the opposite scenario, transcripts can also be prematurely-polyadenylated, misspliced, mutated,
or damaged in such a way that they no longer contain an in-frame stop codon at all. Without a ter-
mination signal, ribosomes would remain stuck on the 3’ end of the transcript forever. Accordingly,
there is a quality control pathway termed non-stop decay (NSD) to prevent this eventuality. In
humans, NSD occurs when release factor-like protein HSB1 enters the empty A-site of ribosomes
that are stalled at the 3’ end of nonstop mRNAs®4¢>8" HSB1 recruits the protein PELOTA (Dom34
in yeast), a specialized ribosome rescue factor which functions similarly to ABCE1, which dissoci-
ates the ribosomal subunits from the mRNA®*. Activation of this pathway also recruits several SKI
complex proteins which facilitate degradation of the mRNA fragment through interactions with the

exosome>964.82,

Under normal circumstances, ribosomes are unlikely to even reach the end of the mammalian
transcript in eukaryotic mMRNAs. In the event that a transcript lacks a stop codon, or the ribosome
reads through the stop codon, it must first translate the 3’ UTR and poly-A tail before reaching
the end of the transcript. 3’'UTRs are not optimized for protein coding, and thus may contain sub-
optimal codon usage or amino acid combinations that are difficult to translate, however the real

challenge for the ribosome is the poly-A tail. The nucleotide triplet AAA encodes lysine, so the
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poly-A tail is translated as consecutive lysine residues, the positive electrostatic charge of which
is thought to slow ribosome by interactions with the negatively charged rBRNA of the ribosome exit
tunnel®”®. Poly-A sequences of approximately 12 nucleotides or longer can also cause ribosome
slippage on the mRNA, wherein the ribosome tracks backwards by one or more nucleotides, caus-
ing frameshifting and slowing ribosome elongation further®%*. Ribosomes stalling while translat-
ing poly-A sequences results in the activation of an alternate quality control pathway known as
no-go decay (NGD)°'":8%8¢  The NSD factors HSB1 and PELOTA also play a similar role in ri-
bosome rescue for NGD°'81858¢ hyt aside from this overlap, the yeast NSD and NGD pathways
are mediated by different sets of well-characterized accessory protein factors, and triggered by
distinct coding sequence motifs*®. While non-stop decay occurs when the ribosome reaches the
3’ end of a message, no-go decay is triggered by ribosome stalls, and acts downstream of the
ribosome associated-quality control (RQC) pathway®28. Ultimately the yeast NGD pathway re-
sults in MRNA cleavage by the recently characterized endonuclease Cue2%. While humans have
a Cue2 homolog, NEMF, the activity of this protein remains uncharacterized, and generally NGD
is less well understood in mammalian cells. The predominantly characterized human NGD factors
are HSB1 and PELOTA, and the only known activator is poly-A stretches®'. Due to this overlap in
factors and targets (prematurely polyadenylated mRNAs), human NSD and NGD are sometimes

considered the same pathway®>¢%,

Ribosome-associated quality control

In yeast, no-go decay is a downstream outcome of the ribosome-associated quality control path-
way, which senses collided ribosomes. When a trailing ribosome collides with a leading ribosome
that has stalled, the two ribosomes’ 40S subunits create a unique interface that is recognized by
the E3 ligase ZNF598 (Hel2 in yeast), which ubiquitinates eS10 (uS3 in yeast) and uS10 residues
of the 40S subunits®”9°2. This ubiquitination triggers a cascade of additional ubiquitination events

that ultimately result in ribosome rescue by HSB1 and PELOTA, and activation of the NGD pathway
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in yeast®® 5. This process of premature translation termination also results in ubiquitination of the
nascent peptide by the factor LTN1, tagging the peptide (which is presumed faulty) for degradation

by the proteasome®®’.

RQC machinery is well conserved from yeast to human cells and much of the initial character-
ization of this pathway has been performed in yeast®. One key difference between the yeast
and mammalian RQC systems is that yeast ribosomes engage RQC at a variety of mRNA mo-
tifs, including rare codon repeats, poly-basic residues, and strong stem loops, whereas, until re-
cently, mammalian ribosomes had only been demonstrated to induce RQC when they translate
four or more consecutive AAA lysine codons®°2. Poly-A sequences are strongly depleted in hu-
man coding regions, and the human genome encodes only 27 transcripts with 12-consecutive
adenines®. This strong negative selection is likely because stretches of adenines longer than
12 nucleotides not only trigger RQC, but also cause ribosome frameshifting, which can result in
aberrant protein expression or dysregulated transcript silencing due to nonsense-mediated mRNA
decay®®84. Additionally, while collisions at poly-A sequences reduce mammalian protein expres-
sion through RQC, ribosome collisions have not been demonstrated to reduce mammalian mRNA

stability®"100

. Recent work has also demonstrated ribosome collisions that trigger RQC on the
endogenous mammalian XBP1u mRNA sequence, which encodes a difficult to translate nascent
peptide sequence that causes ribosome arrest, however the effects of RQC on XBP1u mRNA

stability remain uncharacterized'" 1%

. Interestingly, while the relationship between mammalian
mRNA stability and RQC remains unknown, the human RQC pathway is coupled with inhibition of
translation initiation through interactions between the proteins GIGYF2 and EDF1, and the 4EBP1
cap binding protein'%%19-1% Reduced initiation and elongation rates are also associated with re-
duced mRNA halflife, so the feedback loop from ribosome collisions to translation inhibition may
also indirectly impact mRNA stability by predisposing RQC substrate mMRNAs towards canonical

mRNA degradation pathways100,103,1o4_
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Codon mediated mRNA decay

The lack of known human coding sequences that trigger RQC has been a central question in the
translation quality control field since the pathway was mechanistically characterized in 20177619,
However, an opposite but equally perplexing question has vexed the field for even longer; we have
known since 2015 that codon usage is a critical determinant of mRNA stability in eukaryotes, but
mechanisms of codon-mediated mRNA instability still remain incompletely understood®*'%°. The

' and soon

observation that codon usage correlated with mRNA stability was first made in yeas
after in zebrafish52, but it wasn’t until late 2019 that this observation was extended to mammalian
systems''%12 The factors that recognize codon optimality and destabilize mRNA remained elu-
sive until 2020 when Buschauer and colleagues discovered that the Ccr4-Not complex, which func-
tions in the polyadenylation step of canonical MRNA decay, also monitors the translating ribosome

113,114

for codon optimality . The Ccr4-Not complex accessory protein Not5 (CNOT3 in humans)

probes the ribosome A-site during translation elongation and slow decoding kinetics due to subop-
timal codon usage result in enhanced mRNA degradation in a CNOT4-dependent manner''314,
In addition to codon usage, amino acid usage, GC content, and GC3 content (the presence of a G

or C in the third position of a codon) are correlated endogenous human mRNA stability''%"12115,

V. Thesis Objectives
Rational

The goal of my work is to address a central question in the translation field: What are the coding

sequence motifs that regulate mRNA stability in human cells?

In the past few years, several groups have implicated coding sequence metrics such as codon,
amino acid, and GC content as regulators of mRNA stability in human cells''®""211° These studies
relied on correlation with measured stability of endogenous human mRNAs. However, since the

sequences of endogenous mRNAs are the result of complex evolutionary pressures, we have little
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mechanistic insight into how the implicated metrics influence mRNA stability. Parallel studies of
the few known coding sequence motifs that stall ribosomes in human cells using reporters failed to
find any effects on mRNA stability. These prior approaches are limited by a biological constraint:
The space of coding sequence motifs that can impact mRNA stability is simply too large (>4°°) to
be characterized by using a few reporters or even by measuring the stability of the entire human
transcriptome. Thus, there is a critical need in the translation field for a bottom-up high throughput
approach for systematically mapping the effects of increasingly complex coding sequence motifs

on mRNA stability.
Approach

To address this problem, | developed a massively parallel assay to measure the mRNA levels of
thousands of coding sequence motifs in human cells. By pairing this assay with deep learning mod-
els and in vitro experiments, | was able to decipher general structural principles for nascent peptide-
mediated gene regulation that have been inaccessible to direct approaches such as cryo-EM. Using
this approach, | found that nascent peptides with a combination of B-strand structures and bulky
and positively charged sequences trigger acute mRNA instability by stalling ribosomes. The hu-
man proteome contains hundreds of short peptide motifs that decrease mMRNA levels through the
above described nascent peptide code. | then extended my high-throughput sequencing assay
to profile the mRNA stability effects of the entire coding sequence of RNA viruses. As a proof of
concept, | profiled three RNA viruses that are of great importance to global human health; SARS-
CoV-2, influenza A virus, and HIV. Using this approach, | uncovered both known and previously

uncharacterized viral sequence motifs that dramatically influence mRNA stability when translated.
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Chapter 2: A Nascent Peptide Code for Translational Control of mRNA Stability in

Human Cells

Portions published in: Burke P., Park H., Subramaniam AR. A Nascent Peptide Code for
Translational Control of mRNA Stability in Human Cells. Nature Communications 2022,

https://doi.org/10.1038/s41467-022-34664-0.
l. Introduction

Protein expression is determined by a balance between the translation rate and stability of mRNAs.
In human cells, mRNA stability is often regulated by sequence motifs in the 3’ untranslated region
such as microRNA-binding sites and AU-rich elements®®. Additionally, the protein coding region
has been recently recognized as a critical determinant of eukaryotic mRNA stability°>®. The role
of the coding sequence in mMRNA stability is best understood in the budding yeast S. cerevisiae
where poorly translated codons and nascent peptide motifs with positively charged residues can
destabilize mMRNAs®':88:199116 pgorly translated codons have also been implicated in regulation of

mRNA stability in several other organisms®~°.

Coding sequence features regulating mRNA stability in human cells are less clear. Several recent
studies examined the coding sequence determinants of endogenous mRNA stability in human cells
and arrived at differing conclusions. Two studies implicated synonymous codon choice as the pri-
mary determinant of mRNA stability in human cells''%'"". Another found GC and GC3 (wobble base
GC) content as major factors regulating mRNA stability''. A fourth study identified amino acid con-
tent to be an important contributor''?. Extended amino acid motifs and G-quadruplexes in coding
regions have also been implicated as triggers of specific mammalian mRNA decay pathways®®%.
The associations reported in these studies relied on endogenous human coding sequences. Since

human mRNAs differ from each other in codon, amino acid, and GC content as well as in their

length and the presence of specific sequence motifs, it is challenging to identify the contribution
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of each factor to mRNA stability. Further, reporters used in the above studies for validation differ

extensively in their nucleotide or amino acid content, which complicates their interpretation.

Here, we developed a massively parallel assay to measure the mRNA effects of thousands of cod-
ing sequence motifs in human cells. We designed our assay with the initial goal of systematically
delineating the individual contribution of mMRNA features implicated in previous studies. Instead,
we unexpectedly uncovered a potent role for the sequence and structure of the nascent peptide in
regulating mRNA stability and ribosome elongation rate. The resulting nascent peptide code reg-
ulates the ribosome stalling and mRNA destabilizing effects of hundreds of endogenous peptide
sequences from the human proteome. Our results point to an unappreciated role for the ribosome

as a selectivity filter against the synthesis of bulky and aggregation-prone peptide sequences.
Il. Results
A massively parallel assay for mRNA levels in human cells

We reasoned that coding sequence motifs that alter mRNA stability should be identifiable through
their effects on steady state mRNA levels. To study the effect of coding sequence motifs on mRNA
levels in an unbiased manner, we designed a library of 4,096 oligonucleotides made of all possible
codon pairs (Fig. 2.1). We repeated each codon pair as a tandem 8x repeat with the rationale that
their effects will be amplified and readily measurable. We cloned the oligonucleotide library as a
pool into a dual fluorescence reporter vector separated by 2A linkers — a design widely used for
studying ribosome stalling motifs in human cells®':%4101195-197 " Wwe added multiple random 24nt
barcodes without stop codons 3’ of each oligonucleotide insert and linked the barcode sequences
to the corresponding insert by high-throughput sequencing. Most studies of coding sequence mo-
tifs use transient transfection or lentiviral integration of reporters, which makes measurement of
steady state effects on mRNA levels across a large pool difficult. To avoid this, we stably integrated

the reporter pool at the AAVST locus of HEK293T cells using CRISPR Cas9-mediated homologous
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recombination. We extracted mRNA and genomic DNA from the pooled cells and counted each
barcode by high-throughput sequencing. Normalization of the total barcode count in the mRNA
by the corresponding count in the genomic DNA for each of the 4,096 inserts provides a relative
measure of the steady-state mMRNA level of that insert. We examined whether our assay captured
the effects of known mRNA-destabilizing motifs. We first calculated the effect of individual codons
on mRNA level, by averaging across all possible neighboring codons as well as across the first
and second positions of each codon within the repeat (Fig. 2.2a). While our library reporter does
not encode any splice sites, the variable insert region is upstream of a ~700 nt eYFP cassette, thus
stop codons in the variable region are perceived as being upstream of a long 3’'UTR, which can
trigger nonsense-mediated mRNA decay’®. Accordingly, stop codons in either the first or second
position of the codon pair repeat decrease mRNA levels (Fig. 2.2a, Fig. 2.3a), consistent with
a mRNA destabilizing effect due to NMD''"""'°_ We also observe a mild correlation between our
measured effects of codons on mRNA level and published codon stabilization coefficients calcu-
lated from endogenous mRNA stability (Fig. 2.2c)''2. However, mRNA levels in our assay show
little correlation with GC and GC3 content (Fig. 2.2b) or with binary measures of codon optimal-
ity (Fig. 2.2a)'"%"1211% |nstead, the strongest differences in mMRNA abundance in our assay are
seen at the amino acid level, with effects spanning a 2-fold range in relative abundance (Fig. 2.2d,
Fig. 2.3a). Among the twenty amino acids, the positively charged amino acids lysine and arginine
cause the largest average decreases in mRNA levels (Fig. 2.3a). The known association between

57,120-123

positively charged residues in the nascent peptide and slow elongation suggests that the

decrease in steady-state mMRNA levels observed in our assay is caused by ribosome slowdown at

these residues.
Specific dipeptide repeats trigger decrease in mRNA levels

We wondered whether the average effects of amino acids on mRNA levels (Fig. 2.3a) belie larger

effects driven by specific amino acid combinations. We assessed the effect of each pairwise amino

24



acid combination on mRNA abundance and found that these combinations span over a 16-fold
range in relative abundance in our assay (Fig. 2.3b). While lysine and arginine reduce mRNA
levels on average, unexpectedly, these amino acids have mild or no negative effect on mRNA levels
on their own (Fig. 2.3b: Lys-Lys, Arg-Arg, Arg-Lys). Rather, the effects of lysine and arginine are

primarily driven by co-occurrence with bulky amino acids'?* (

ratio of side chain volume to length >
18A2) such as valine, isoleucine, leucine, phenylalanine, and tyrosine (Fig. 2.3b). Likewise, most
bulky amino acids decrease mRNA levels in combination with lysine and arginine, but not on their
own (Fig. 2.3b). Oddly, we don’t observe a reduction in mRNA level when arginine and lysine are
combined with the bulky amino acid tryptophan. However we got relatively low sequencing depth
for the tryptophan-encoding inserts in our library, resulting in higher than average noise for these
inserts (evidenced by the variability of Trp effects in Fig. 2.3a), which may obscure mRNA level
effects caused by co-occurrence with arginine or lysine. In addition, a few dipeptides that contain
certain positively charged amino acids (Arg-His) or bulky amino acids (Phe-Ser) also have a strong

negative effect on steady-state mRNA levels (Fig. 2.3b). The combinatorial effect of positively

charged and bulky amino acids on mRNA level is captured by a linear statistical model (Fig. 2.3c):

t124 ( 124

Isoelectric poin pl, a measure of positive charge) and bulkiness'“* of amino acids are positive
correlates of mRNA level, while an interaction term between these two physical properties is a
negative correlate of mMRNA level [MBRNA = (0.31 x pl) + (0.20 x bulkiness) — (0.03 x pl x bulkiness),
Adjusted R? = 0.25]. By contrast, ignoring the interaction between pl and bulkiness results in
negative or no correlation of these properties with mRNA level (MRNA = — 0.18 x pl, Adjusted R2
= 0.21), which is in line with Fig. 2.3a. The effects of dipeptide repeats in the translated +0 frame
strongly correlates with the codon-matched +3 frame, but only weakly with the codon-mismatched
+1 and +2 frames (Fig. 2.3d). The high correlation between the +0 and +3 frames is also seen from

the diagonal symmetry of Fig. 2.3b and arises from similarity of the encoded peptides (for example

(XY)g and (YX)g are identical except at their termini). These frame correlations are consistent with
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the mRNA effects arising at the translational level as opposed to transcriptional or RNA processing
differences. Together, our results show that translation of bulky and positively charged amino acids

is critical for their negative effect on mRNA level.
Primary sequence of dipeptide repeats regulates mRNA stability

Several observations suggest that translation of specific dipeptide repeats is a general trigger of
mMRNA instability in human cells. To characterize various dipeptide repeats influence mRNA lev-
els, we picked three distinct dipeptides to test further; the charged and bulky valine-lysine, highly
charged arginine-histidine, and bulky but uncharged serine-phenylalanine combinations.

Multiple human cell lines show lower mRNA levels of these dipeptide repeats relative to their
frameshifted controls (HEK293T, HeLa, HCT116, and K562; Fig. 2.4a), pointing to the general-
ity of the observed effects. Upon actinomycin D treatment to inhibit transcription, transcripts from
reporters with mRNA level-reducing dipeptides decay faster than their frameshifted controls (Fig.
2.4b). This confirms that the decrease in steady-state mMRNA levels caused by dipeptide repeats

arises from reduction in mRNA stability.

We wondered if translation of dipeptide inserts that reduce mRNA levels and mRNA stability also
cause premature translation termination'%®. To test this, we used fluorescence-activated cell sort-
ing followed by genomic DNA barcode sequencing (FACS-seq) on the 8x codon pair library (Fig.
2.1). This reporter library encodes 2A-linked upstream RFP and downstream YFP cassettes sur-
rounding the variable dipeptide sequence, such that inserts that cause premature translation ter-
mination will produce RFP but not YFP fluorescence signal (Fig. 2.1). We sorted cells that had
low YFP signal relative to RFP (Low-YFP gate in Fig. 2.4c and Supplementary Fig. 4d), and then
measured the enrichment of each dipeptide insert in this low-YFP population relative to the un-
sorted population (Fig. 2.4d). Inserts encoding stop codons between RFP and YFP are enriched
in the low-YFP population, indicating that our assay robustly identifies inserts that cause premature

termination. Similarly, inserts with lower mRNA levels (< 2-fold below median in Fig. 2.3b) are also
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significantly enriched in the low-YFP gate relative to all other dipeptide inserts, indicating that such

inserts also cause premature termination in addition to reducing mRNA levels.

Finally, to decipher the effect of dipeptide repetition on mRNA levels, we systematically varied the
number of several destabilizing dipeptides identified in our initial assay (Fig. 2.5a). As the number
of dipeptide repeats increases from 1 to 8, each dipeptide starts decreasing reporter mRNA levels
at a distinct repeat number between 4 and 7 (Fig. 2.4a). We then altered the periodicity of dipeptide
repeats by intermixing dipeptides with their reversed counterparts such that the overall amino acid
composition remains unchanged (Fig. 2.5b). Even minor perturbations of RH repeats abrogate
their negative effect on mRNA levels (Fig. 2.5b). By comparison, VK repeats had a gradual nega-
tive effect on mRNA levels as their periodicity is increased, while SF repeats show an intermediate
trend (Fig. 2.5b). These experiments reveal that the primary sequences of destabilizing dipeptide
repeats encode critical regulatory information beyond the identity of the amino acid pairs forming

the repeats.
Secondary structure of dipeptide repeats mediates mRNA effects

Since dipeptide sequences are known to form distinct secondary structures based on their

periodicity 12%126

, we asked whether mRNA-destabilizing dipeptide repeats adopt specific sec-
ondary structures. Using a deep neural network model for secondary structure prediction'®”, we
find that many dipeptide repeats that strongly reduce mRNA levels in vivo are computationally
predicted to form B strands with a high probability (Fig. 2.6a). We next assigned all dipeptide
repeats in the library to either a helices or B strands if their respective prediction probabilities are
greater than 0.5. We find that dipeptide repeats predicted to form 3 strands have a significantly
lower mRNA level on average than those predicted to form a helices (Fig. 2.6b, P < 0.001,
two-sided Mann-Whitney test). This observation is consistent with the destabilizing amino acids

lysine and arginine predominantly occurring in B strands or unstructured peptides in our library

(See Burke et al. 2022 for extended data)'?®. Among dipeptides containing the positively charged
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amino acids lysine or arginine, the measured propensity of the second amino acid to occur in
a B strand'®® (‘Chou-Fasman propensity’) is highly correlated with mRNA instability (Fig. 2.6c).
This correlation is not observed with a helix propensities of the same amino acids (Fig. 2.6c)
suggesting that 8 strand formation promotes mRNA instability, as opposed to a helix formation
stabilizing mRNAs in our assay. mRNA levels of dipeptide repeats containing the negatively
charged amino acid glutamate, which are also predicted to form B strands with high probability
when combined with bulky amino acids do not show significant correlation with B strand or a helix
propensities (data available in Burke et al. 2022)'%®. Thus, a combination of bulky and positively
charged amino acids in the primary sequence and 3 strand in the secondary structure are strong
and significant predictors of the mRNA-destabilizing effects of dipeptide repeats [NRNA = (0.30
x pl) + (0.23 x bulkiness) — (0.03 x pl x bulkiness) — (0.52 x B-strand-propensity), Adjusted R? =

0.27].
Extended B strands slow ribosome elongation and reduce mRNA levels

To test the causal role of B strands in nascent peptide-mediated translational control, we combined
the mRNA-destabilizing dipeptides VK, KV, SF, and FS pairwise into 16 amino acid-long peptides.
Even though the four constituent dipeptides are strongly predicted to form 8 strands on their own
(Fig. 2.6a), their combinations can form either B strands or a helices with high probability (Fig.
2.7a). Importantly, all combinations are encoded by the same set of four amino acids to control
for amino acid composition. We commercially synthesized two 16 amino acid peptides and used
circular dichroism to confirm their secondary structure in vitro (Fig. 2.7b, left panel). As predicted
(Fig. 2.7a), 4xSVKF primarily forms (3 strands in aqueous solution, while 4xSKVF forms a helices
in the presence of trifluoroethanol (TFE) as a co-solvent'®%~'32 (Fig. 2.7b, right panel). We then
measured the transit time of ribosomes on mMRNAs encoding 16 amino acid inserts preceding a
nanoluciferase reporter in a rabbit reticulocyte lysate (RRL) in vitro translation system (Fig. 2.7c).

The B strand-forming 4xSVKF and 4xVKFS inserts slow ribosome elongation relative to the a
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helix-forming 4xSKVF and 4xKVFS inserts, with a 200 s difference in in vitro transit time (Fig.
2.7c). Strikingly, all B strand peptides decrease mRNA levels over 8-fold relative to a helix controls
when tested in vivo using our cDNA/gDNA barcode-sequencing reporter assay (Fig. 2.7d). We
observe similar effects on mRNA level due to B strand formation in HeLa, HCT116, and K562 cells
(data available in Burke et al. 2022)'8. We also tested the translation kinetics of the B stranded
VK8 insert by RRL nanoluciferase assay and found that this insert slows ribosome transit time by
100 s relative to its frameshifted control (data available in Burke et al. 2022)'?%. Thus, nascent
peptides that contain positively charged and bulky amino acids and that are predicted to form 3
strands trigger ribosome slowdown in human cells. This observation agrees with disome profiling
results on endogenous mRNAs, where R-X-K motifs (R — Arg, X — any amino acid, K — lysine) are
highly enriched at E, P, and A sites respectively of the lead ribosome'’. Notably, several R-X-K
motifs with the highest disome density have interspersed bulky residues such as phenylalanine,

isoleucine, and leucine™’.
Dipeptide motifs in the human genome reduce mRNA levels

We sought to identify endogenous sequences in the human genome that regulate mRNA levels
based on the dipeptide code identified above. To do this, we scanned all annotated human protein
coding sequences for destabilizing dipeptide combinations of bulky and positively charged amino
acids (Fig. 2.8a). Using a heuristic peptide score (Fig. 2.8a, top), we identified the 16 amino
acid long peptide within each coding sequence that has the maximum density of destabilizing
dipeptides. To test whether these endogenous motifs above can reduce mRNA levels, we cloned
1,201 such motifs into our reporter and measured their mRNA levels by high throughput sequencing
(Fig. 2.8b). Motifs with high destabilizing dipeptide content result in lower mRNA levels than control
motifs (P < 0.01, Fig. 2.8b, left panel). Among destabilizing motifs, those predicted to form 3
strands result in lower mRNA levels than the remaining motifs (P < 0.05, Fig. 2.8b, right panel). To

confirm the destabilizing role of the specific dipeptides identified in our study, we disrupted them by
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moving the bulky and positively charged amino acids to opposite ends without changing the amino
acid composition in 1,079 endogenous motifs (Fig. 2.8c, top). As predicted, the resulting mutations
increase mMRNA levels (median log, AMRNA = 0.38) with 783 mutated motifs having significantly
higher mRNA levels (P <0.05) than their wild-type counterparts (Fig. 2.8c, bottom). Examination of
destabilizing motifs with annotated (3 strand structures in the Protein Data Bank (PDB) shows that
these 3 strands are part of antiparallel B sheets and are significantly longer than the 5-6 residue
length of typical B strands '3 (Fig. 2.8d). Together, these results show that B-stranded endogenous

motifs containing bulky and positively charged dipeptides can reduce mRNA levels.
lll. Discussion

Here, we identify a combinatorial code composed of bulky, positively charged, and extended (3
strand nascent peptides that regulates translation and mRNA stability in human cells. We demon-
strate that a minimal combination of these sequence and structural elements is sufficient to induce
ribosome slowdown and cause changes in gene expression, and is widespread in the human
proteome. As discussed below, elements of the code uncovered here allow us to synthesize a
large body of observations on nascent peptide-mediated slowdown of ribosomes and regulation of
mMRNA stability in human cells. Our results also point to a role for the ribosome as a post-synthesis

filter against nascent peptide sequences that are bulky and aggregation prone.

The nascent peptide code for mRNA stability described here is significantly more complex and
localized along the mRNA than previously associated sequence features such as codons, amino

t"19-112115 We don’t observe large effects on mRNA levels due to codon

acids, and GC conten
optimality or GC content in our assay (Supplementary Fig. 1). This is likely because the 48 nu-
cleotide inserts constitute only ~3% of the 1725 nucleotide coding sequence of our library reporters
(Fig. 2.1), which limits the impact changing these motifs can have on overall reporter composition.

Nevertheless, some individual codon and amino acid signatures in our data agree with the find-

ings of previous studies (Fig. 2.2a, Fig. 2.3a). For example, bulky amino acids such as Leu, lle,
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Val, and Phe are stabilizing on average, though their codon-specific effects vary across previous
studies''® "2, The amino acid serine shows prominent codon-specific effects, with AGU and AGC
codons reducing mRNA level more than the remaining codons''%~ 2115 The methionine AUG start
codon and the near-cognate start codons (CUG, GUG, UUG) all promote mRNA stability"0-"12115|
possibly through effects on increased downstream translation'®*. With the exception of arginine,
lysine, and glycine, our amino acid level effects correlate with the amino acid stability coefficient
calculated from endogenous mRNA stability (Fig. 2.2d)''2. While glycine codons generally sta-
bilize endogenous mRNAs in prior studies, all four glycine codons decrease mRNA levels in our
assay, suggesting that glycine dipeptides also cause nascent peptide-mediated ribosome slow-
down and mRNA instability. Indeed, we find that Gly-Gly dipeptides reduce mRNA levels (Fig.
2.3b) consistent with previous observations that poly-glycine motifs slowdown ribosomes'®. In
our data, glycine has the largest effects on mRNA levels when in combination with Leu and Phe,
suggesting a nascent peptide-mediated destabilization mechanism akin to that of the biochemically
similar Ser-Phe dipeptides. While positive charge in the nascent peptide can slow ribosomes®”'%°,
our results show that positive charge by itself is insufficient to induce changes in gene expression
in human cells. The importance of bulky amino acids for mRNA effects observed here is in line with
the role of side chain bulk in ribosome-associated quality control in S. cerevisiae'®°. Further, bulky
synthetic amino acid analogs in the nascent peptide and small molecules that add bulk to the exit
tunnel can both reduce ribosome elongation rate'®~'%°. Ribosome profiling in S. cerevisiae and
human cells shows that tripeptide combinations of bulky and positively charged amino acids are

101,141

enriched at sites of increased ribosome density . Bulky and positively charged amino acids

102,116,142-144 and several human

also play critical roles in many known ribosome-arresting peptides
arrest peptide sequences stall ribosomes specifically in the presence of small molecule metabo-
lites or drugs in the ribosome exit tunnel'#>148  Structural studies of arrest peptides suggest that

bulky and positively charged amino acids might slow down ribosomes by altering the geometry of
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the peptidyl-transferase center (PTC) and/or by steric interactions with the constriction point in the

exit tunnel formed by the uL4 and uL22 proteins'0%116:147.148

Our work shows that extended B strand motifs in nascent peptides contribute to ribosome slow-
down and mRNA instability in human cells. This role of a simple secondary structural motif like
B strand is surprising given that cryo-EM studies of stalled ribosome nascent chain complexes
reveal a diverse range of extended conformations, turns, and helices that are specific to each
arrest peptide'6140:144.149.1%0 - Thig comparison is complicated by the fact that cryo-EM studies
are performed on post-arrest complexes where the nascent chain might have already undergone
extensive conformational rearrangements. Further, while several motifs uncovered here form f3
strands in silico and in vitro in isolation, they might have a significantly different structure within
the confined geometry of the ribosome exit tunnel'®>%1~1%3 At the molecular level, B strands in
nascent chains could contribute to ribosome slowdown as an allosteric relay that communicates
steric interactions between the nascent chain and the distal portions of the ribosome exit tunnel
such as the uL4/uL22 constriction to the PTC'16:138.148.149.154 " Tjg nossibility is supported by our
observation that destabilizing dipeptide repeats are at least 10-12 amino acids long (Fig. 2.5a),

which is consistent with the distance between the uL4/ulL22 constriction and the PTC.

In addition to the sequence and structural determinants of nascent peptide-mediated ribosome
slowdown studied here, several classes of nascent peptide sequences that slowdown ribosomes
might not be revealed by our assay. For example, poly-prolines do not emerge as destabilizing
motifs in our assay even though they are known to slowdown ribosomes'®!. This is likely because
poly-proline stalls are resolved without triggering quality control or mRNA instability>®. While ex-
tended B strands are the primary structural motif associated with ribosome slowdown here, we also
find motifs with unstructured regions that nevertheless reduce mRNA levels (Figs. 2.6b, 2.8b). This
might be in part due to limitations of existing computational methods'?’ to predict secondary struc-

tures or their limited relevance to secondary structures forming inside the ribosome. It is also likely
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that the combinatorial code of positively charged, bulky, and B strand sequences uncovered here
underlies some, but not all, classes of nascent peptides that have the potential to slowdown ri-
bosomes and effect changes in gene expression. For example, the arginine-histidine dipeptide
repeat destabilizes mRNA and causes premature termination similar to the B stranded Val-Lys
and Ser-Phe inserts (Fig. 2.4a-d). Unlike the latter inserts, Arg-His effects require a longer insert
length and strict dipeptide periodicity (Fig. 2.5a-b), and occur with no predicted 3 strand forma-
tion (Fig. 2.6a). The 8xArg-His repeats are reminiscent of dipeptide repeat expansions in the

155157~ Alternate initiation in

human C90ORF72 gene, which cause neurological disease in humans
the C9ORF72 ORF results in translation of extended Arg-Gly and Arg-Pro repeats, which stall ribo-
somes and cause premature termination in a length dependent manner, with 20x dipeptide repeats
being the minimal length required to to stall ribosomes'® %, Unsurprisingly, we do not observe
marked effects from 8x Arg-Gly or Arg-Pro in our assay, as 10x repeats of these dipeptides do
not cause premature termination’®®. However, to our knowledge, Arg-His dipeptide repeats have
never been tested in this manner prior to our work. It may be that Arg-His repeats impact trans-
lation through a similar mechanism as Arg-Gly and Arg-Pro repeats, but with a more acute effect
on ribosome elongation that requires fewer repeats to trigger. Notably, Arg-rich peptides without
Gly or Pro dipeptide periodicity (for example 12xArg) do not stall ribosomes'®®'%°. This agrees

with our finding that positively charged dipeptide repeats composed of 8xRR and 8xRK have little

effect on mRNA levels (Fig. 2.3b).

Nascent peptides that slowdown ribosomes might exert their effects on mRNA stability through
distinct cellular pathways compared to the ones sensing codon, amino acid, and GC content
of mRNAg8%105:113.161 = 15 this vein, poly-lysine sequences encoded by poly-A and the Xbp1
arrest sequence are among the few known nascent peptide motifs with intrinsic ability to stall
ribosomes in human cells®:162163  Both poly-A runs and the Xbp1 arrest sequence are substrates

of the ribosome-associated quality control (RQC) pathway, which causes premature translation
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termination in response to ribosome collisions, limiting production of the proteins encoding these
motifs®'+101:102106.107 " The RQC pathway is most well studied in yeast, where it also destabilizes
the mRNA encoding the stalling motif through activity of the endonuclease Cue2, in a process
termed No-Go decay®'#%9. While the effects of the human RQC pathway on mRNA stability are
not fully characterized, humans have a Cue2 homolog, N4BP2, which suggests that this pathway
could reduce mRNA level in addition to limiting protein production'®. There also are examples of
pathological peptide repeat sequences that cause ribosome slowdown and premature termination
which are not subject to the RQC pathway'®®. This includes Arg-Gly and Arg-Pro dipeptides from
the C9ORF72 ORF, which cause amyotrophic lateral sclerosis and frontotemporal dementia'®5%,
and poly-glutamine repeats translated from CAG nucleotide repeat expansions in the mHtt gene,
which cause Huntington’s disease %4166,

Interestingly, although the RQC pathway isn’t demonstrated to act directly on these toxic repeats,
expression of RQC pathway components is associated with lower disease severity in both
instances'®%”. As the destabilizing peptide sequences we identify in this study cause ribosome
slowdown (Fig. 2.7c) and premature termination (Fig. 2.4d), we suspect that some inserts may
be directly repressed by RQC, in a manner similar to the stalling XBP1u nascent protein'®?,
whereas others may be resistant to RQC repression, as is the case with Arg-rich dipeptides'®®. In

addition, it is likely that the effects of endogenous nascent peptide motifs on ribosome slowdown

and mRNA stability are modulated by other cotranslational events such as nascent protein folding

168,169 170,171 172,173

outside the ribosome , membrane insertion , and multiprotein assembly

The nature of the nascent peptide code uncovered here has important implications for cellular
homeostasis and disease. Ribosome slowdown and mRNA destabilization induced by bulky and

extended B strands, which are highly aggregation prone'’+17°

, implies that the ribosome has an in-
trinsic ability to throttle the synthesis of such proteins. Ribosome slowdown at extended 3 strands

could serve as a quality control mechanism, testing the ability of long 8 strands (10 amino acids
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or greater in length) to eventually fold into antiparallel B sheets outside the ribosome, and thus
avoid aggregation. This ribosomal selectivity filter would act before other cotranslational mech-
anisms such as codon optimality that help avoid aggregation after B strands emerge from the

62,176

ribosome Slow translation elongation without mRNA decay can also help recruit protein

chaperones, which may be important to properly fold B strands'’”"'78.

Finally, the gene regu-
latory potential of the dipeptide motifs uncovered here suggests that disease-causing missense
mutations occuring at these motifs might exert their phenotype by altering protein expression in cis

rather than protein activity.
IV. Materials and Methods
Plasmid construction

Plasmids, oligonucleotides, and cell lines used in this study are listed in Supplementary Tables

S1-S3.
Parent vector construction

The AAVS1-targeting parent vector pPBHS285 used for this study was constructed using Addgene
plasmid #68375'”° as a backbone. The PGK1 promoter was replaced with the CMV promoter and
the native pCMV 5’ UTR region. The coding sequence was replaced by a codon-optimized mKate2
and eYFP fusion cassette, linked with two 2A linker sequences. These 2A sequences surround a
cassette encoding an EcoRYV restriction site, lllumina R1 sequencing primer binding site, and a T7
promoter. The R1 primer binding and T7 sequences are in reverse orientation (3’ - 5’) for in vitro

transcription and sequencing of inserts and barcode sequences at the EcoRYV site.
Variable oligo pool design
Four oligo pools were designed for this study.

Pool 1 (Fig. 2.2, Fig. 2.3, Fig. 2.6b-c) encodes all possible dicodon (6 nt) combinations, for a total

of 4096 codon pairs. These 6nt dicodon inserts were repeated eight times to create 8x dicodon
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repeat inserts, each 48nt in length.

Pool 2 (Fig. 2.5a,b, Fig. 2.7d) encodes several dipeptide combinations identified in Library 1
as causing mRNA instability. For Fig. 2.5b, the number of dipeptide repeats was systematically
reduced from 8 to 1. Repeats were replaced with a Ser-Gly linker, shown to be not destabilizing in
Library 1, to maintain a constant 48nt insert length. For Fig. 2.5b, periodicity of dipeptides was by
interspersing 1, 2, or 4 tandem repeats of each dipeptide with an equal number of its sequence-
reversed counterpart. For Fig. 2.7d, destabilizing dipeptides KV and SF were combined and

rearranged to form either a helices or 8 strands, as predicted by S4PRED.

Pool 3 (Fig. 2.8) encodes the 16 amino acid nascent peptide motifs from the human proteome
identified as potentially destabilizing by the scoring method described in Fig. 2.8a along with 4
flanking codons on either side. The library encodes the top 1079 predicted stalling motifs with
a peptide score > 9, and 122 control motifs with a peptide score < 3. The library also includes
the mutants with reordered amino acids from the 1,079 endogenous destabilizing dipeptide motifs,

which were designed as described in Fig. 2.8c.

Pool 4 (Fig 2.4a,b encodes 8 inserts: 3 destabilizing dipeptide repeats (RH)g, (VK)g, (SF)g, their
respective frameshift controls (PS)g,(QS)s,(FQ)g, the B strand peptide (SVKF),, and the a helix

peptide (SKVF),.

Oligo pools 1-3 were synthesized by Twist Biosciences with flanking sequences for PCR and
cloning into the EcoRV site of the parent pPBHS285 vector. Oligo pool 4 was cloned by PCRing

individual inserts and pooling them before cloning.
Plasmid library construction

Parent vector pPBHS285 was digested with EcoRV. The oligo pools described above were PCR
amplified using primers oHJO1 and either oPB348 (Library 1) or oPB409 (Libraries 2—4). oPB348

and oPB409 both encode a 24 nt random barcode region, comprised of 8xVNN repeats to exclude

36



in-frame stop codons (where V is any nucleotide except T). Barcoded oligo pools were cloned into
pPBHS285 by Gibson assembly. Assembled plasmid pools were transformed with high efficiency
into NEB10Beta E.coli. For pools 1-3, the transformed plasmid pools were extracted from 15-50
E.coli colonies per insert in the library, thus bottlenecking the number of unique barcodes present
in each plasmid pool. Resulting plasmid pools contained between 60,000—400,000 unique bar-
code sequences for pools 1-3. For pool 4, the transformed library was bottlenecked to around 150
barcodes per insert, and 6 such pools with distinct barcodes were extracted for multiplexed library
preparation of different cell lines.

The plasmid libraries corresponding to pools 1-4 are pPBHS286, pPBHS309, pHPHS296, and
pHPHS406, respectively. Variable insert and barcode sequences for each plasmid library are pro-

vided as part of the data analysis code.
CRISPR vectors

The CLYBL-targeted Cas9-BFP expression vector pHPHS15 was constructed by Golden
Gate assembly of either entry plasmids or PCR products with pHPHS11 (MTKO0_047'%° Ad-
dgene #123977) as backbone, pHPHS3 (MTK2_007'%° Addgene #123702) for the pEF1a
promoter, pADHS5* (pU6-(Bbsl)_CBh-Cas9-T2A-BFP'®" Addgene #64323) for the Cas9-2A-
BFP insert cassette, and pHPHS6 (MTK4b_OO3180 Addgene #123842) for the rabbit -globin
terminator. sgRNA vectors pPBHS320 (gRNA_AAVS1-T1 Addgene #41817) and pADHS4*
(eSpCas9(1.1)_No_FLAG_AAVS1_T2 Addgene #79888) were used for insertion at the AAVS1
locus. pASHS16 (MTK234_030 spCas9-sgRNA1-hCLYBL'®® Addgene #123910) was used for

insertion at the CLYBL locus.
Cell line maintenance and generation

HEK293T cells (RRID:CVCL_0063, ATCC CRL-3216), HCT116 cells (RRID:CVCL_0291, NCI60

cancer line panel), and HelLa cells (RRID:CVCL_0030, ATCC CCL-2) were grown in DMEM
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(Thermo 11965084). K562 cells (RRID:CVCL_0004, ATCC CCL-243) were grown in IMDM
(Thermo 12440053). Media for all cells was supplemented with 10% FBS (Thermo 26140079).
Cells were grown at 37C in 5% CO2. All transfections into HEK293T, HCT116, and HeLa cells
were performed using Lipofectamine 3000 (Thermo L3000015). Transfections into K562 cells
were performed using an Amaxa Nucleofector V kit (Lonza VCA-1003). HEK293T cells that stably
express Cas9 (hsPB80) were generated by transfecting the CLYBL::Cas9-BFP vector pHPHS15

and spCas9 sgRNA1 hCLYBL vector, and selecting with 200pug/mL hygromycin.
CRISPR integration of plasmid libraries

hsPB80 CLYBL::Cas9-BFP HEK293T cells were seeded to 50% confluency on 15 cm dishes for
all library transfections. 10 ug of library plasmid (pPBHS286, pPHBS309, or pHPHS296) and 1.5
ug of each AAVS1 targeting CRISPR vector were transfected per 15 cm dish. pPBHS286, and
pPBHS309 were each transfected into a single 15 cm dish. pHPHS296 was transfected into three
15 cm dishes. pHPHS406 pools with different barcodes were transfected into single 10 cm dishes
of hsPB80, HeLa, HCT116 and 2 million cells of K562. Cells were selected with 2 yg/mL puromycin,
added 48 hours post-transfection. Cells from the three pHPHS296 transfections were combined at
the start of selection. Puromycin selection was removed after 6-10 days, once cells were growing
robustly in selection. 24 hours after removing puromycin selection, stable library cells were plated
into two separate 15cm dishes, to reach 75% confluency the next day, for matched mRNA and
gDNA harvests. For pHPHS406, libraries were maintained in two 10 cm dishes or T75 flasks (for

K562).
mRNA stability measurement

hsPB80 cells containing the stably integrated pHPHS406 library were seeded to 50% confluence
in a 6-well plate. Actinomycin D (ActD) power was dissolved in DMSO at 1 mM (1.25 mg/mL) and

added to each well of the 6-well plate to a final concentration of 5 yg/mL. Before harvesting, 1
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million HeLa cells containing the pHPHS406 library were lysed in 6 mL of Trizol reagent, to create
a Trizol lysis solution containing a set number of mMRNAs with different barcodes than those in the
hsPB80 pHPHS406 pool, for barcode count normalization across samples. ActD treated hsPB80
wells were harvested at 0, 0.5, 1, 2, 4, and 6 hours after the addition of ActD by adding 0.75 mL of
the Trizol lysis solution above to wells at each timepoint, then following the manufacturer’s Trizol

mRNA extraction protocol.
Library Genomic DNA extraction

Reporter library genomic DNA was harvested from one 75% confluent 15 cm or 10 cm dish of
stably expressing library cells. Genomic DNA was harvested using Quick-DNA kit (Zymo D3024),
following the manufacturer’s instructions, with 3 mL of genomic DNA lysis buffer per 15 cm plate,
and 1 ml of the same buffer per 10 cm plate. Between 0.5-10 pg of purified genomic DNA from
each library sample was sheared into ~350 nucleotide length fragments by sonication for 10 min on
ice using a Diagenode Bioruptor. Sheared gDNA was then in vitro transcribed into RNA (denoted
gRNA below and in analysis code) starting from the T7 promoter region in the insert cassette,
similar to previous approaches'®>'83 using a HiScribe T7 High Yield RNA Synthesis Kit (NEB
E2040S). Transcribed gRNA was treated with DNase | (NEB M0303S) and cleaned using an RNA

Clean and Concentrator kit (Zymo R1013).
Library mRNA extraction

Reporter library mMRNA was harvested from one 75% confluent 15 cm or 10 cm dish of stably ex-
pressing library cells. mRNA was harvested by using 3 mL of Trizol reagent (Thermo) to lyse cells
directly on the plate, and then following the manufacturer’s mRNA extraction protocol. Purified
mRNA was then DNasel (NEB M0303S) treated and cleaned using an RNA Clean and Concen-

trator kit (Zymo R1013).

mRNA and genomic DNA barcode sequencing
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Between 0.5-10 yg of DNasel-treated mRNA and gRNA for each library was reverse transcribed
into cDNA using Maxima H Minus Reverse Transcriptase (Thermo EP0752) and a primer annealing
to the lllumina R1 primer binding site (0PB354). A 170-nucleotide region surrounding the 24-
nucleotide barcode was PCR amplified from the resulting cDNA in two rounds, using Phusion
Flash High-Fidelity PCR Master Mix mastermix (Thermo F548L). Round 1 PCR was carried out
for 10 cycles, with cDNA template comprising 1/10th of the PCR reaction volume, using primers
oPB361 and oPB354. Round 1 PCRs were cleaned using a 2x volume of Agencourt Ampure
XP beads (Beckman Coulter A63880) to remove primers. Cleaned samples were then used as
template for Round 2 PCR, carried out for 5-15 cycles, using a common reverse primer (0AS111)
and indexed forward primers for pooled high-throughput sequencing of different samples (0AS112-
135 and oHP281-290). Amplified samples were run on a 1.5% agarose gel and fragments of the
correct size were purified using ADB Agarose Dissolving Buffer (Zymo D4001-1-100) and UPrep
Micro Spin Columns (Genesee Scientific 88-343). Concentrations of gel-purified samples were
measured using a Qubit dsDNA HS Assay Kit (Q32851) with a Qubit 4 Fluorometer. Samples
were sequenced using an lllumina HiSeq 2500 or lllumina NextSeq 2000 in 1x50, 2x50, or 1x100

mode (depending on other samples pooled with the sequencing library).
Insert-barcode linkage sequencing

Plasmid library pools 1-4 (pPBHS286, pPBHS309, pHPHS296, and pHPHS406) were diluted to
10 ng/uL. A 240-nucleotide region surrounding the 48-nucleotide variable insert sequence and the
24-nucleotide barcode was PCR amplified from these pools in two rounds, using Phusion Flash
High-Fidelity PCR Master Mix mastermix (Thermo F548L). Round 1 PCR was carried out for 10
cycles, with 10 ng/uL plasmid pool template comprising 1/10th of the PCR reaction volume, us-
ing primers oPB29 and oPB354. Round 1 PCRs were digested with Dpnl (Thermo FD1704) at
37°C for 30 minutes to remove template plasmid and cleaned using a 2x volume of Agencourt

Ampure XP beads (Beckman Coulter A63880) to remove primers and enzyme. Cleaned samples
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were used as template for Round 2 PCR, for 5 cycles, using 0AS111 and indexed forward primers
(0AS112-135 and oHP281-290). Amplified Round 2 PCR products were purified after size selec-
tion and quantified as described above for barcode sequencing. Samples were sequenced using

an lllumina MiSeq or lllumina NextSeq 2000 in 2x50 or 1x100 mode.
Fluorescence-activated cell sorting and genomic DNA sequencing assay

Two 15 cm dishes of 75% confluent hsPB80 cells stably expressing the pHPHS286 library were
used as input for fluorescence-activated cell sorting, using a BD FACSAria Il flow cytometer. Fluo-
rescence values of the first 50,000 sorted cells are plotted for reference in Fig. 2.4c. Fluorescence
gates were determined using hsPB80 cells containing the pHPHS285 no-insert parent vector and
untransfected hsPB80 cells as positive and negative controls for RFP and YFP fluorescence. Full
gating strategy for the pHPHS286 library cells and pHPHS285 no-insert cells is available in Burke
et al. 2022. 2.5M cells with ~10-fold or greater RFP expression relative to YFP were sorted into the
low-YFP gate and gDNA was extracted from these cells, as well as from 2.5M unsorted cells from
the same suspension, using 3 mL of gDNA lysis buffer. 4 ug of gDNA from each sample was used
as input for gDNA barcode sequencing, following the procedures detailed above. Barcodes in each
sample were quantified as described in the computational methods below. Low-YFP gate enrich-
ment for each dipeptide insert was calculated as the log2 ratio of the summed low-YFP barcode

counts to the summed unsorted barcode counts.
Rabbit reticulocyte nanoluciferase transit time assay

DNA fragments encoding 4xKVFS and 4xSKVF (a helix) and 4xVKFS and 4xSVKF (B strand)
peptides were generated by PCR-amplifying overlapping oligos that encode each sequence in
the forward and reverse direction (0PB470-473 and oPB488-491). Nanoluciferase cassette was
amplified from an IDT gBlock (0PN204) using 0AS1287 and oPB465. Insert sequences and the

Nanoluciferase cassette were combined by overlap PCR using oPB464 and oPB462, which add
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a 5’ T7 promoter site and a 3’ polyA tail to the amplified reporter template, with 0AS1545 used to
bridge o0PB462 annealing. Resulting insert-Nanoluciferase cassette sequences were confirmed by
Sanger sequencing. The PCR products were transcribed into mRNA using a HiScribe T7 High Yield
RNA Synthesis Kit (NEB E2040S). mRNA was cleaned using an RNA Clean and Concentrator kit
(Zymo R1013). In vitro Nanoluciferase reporter translation reactions were performed as described
in Susorov et al. 2020'®*. Reaction mixture containing 50% of nuclease-treated rabbit reticulocyte
lysate (RRL) (PRL4960, Promega) was supplemented with 30 mM Hepes-KOH (pH = 7.5), 50
mM KOAc, 1.0 mM Mg(OAc),, 0.2 mM ATP and GTP, 0.04 mM of 20 amino acids (PRL4960,
Promega), and 2 mM DTT. Nanoluciferase substrate furimazine (PRN1620, Promega) was added
to the mixture at 1%. 15 pL aliquots of the mixture were placed in a 384-well plate and incubated
at 30°C for 5 min in a microplate reader (Tecan INFINITE M1000 PRO). Translation reactions
were started by simultaneous addition of 3 yL mRNA, to a final concentration of 10 ng/uL, and

luminescence signal was recorded every 10 seconds over a period of 25 minutes.
Circular dichroism

4xSKVF (a helix) and 4xSVKF (B strand) peptides were commercially synthesized (Genscript) at
>90% purity level. Peptides were dissolved in water to 400 yM concentration, then diluted into 10
mM sodium-phosphate buffer (pH =7.5) and 0, 20, or 40 volumetric percent of 2,2,2-trifluoroethanol
(TFE) to final concentrations ranging between 15-30 yM. CD spectra were measured at 25C using a
Jasco J-815 Circular Dichroism Spectropolarimeter. The CD spectra were recorded between 180-

260 nm with a resolution of 0.5 nm for both peptides and blank buffer solutions in 1 mm cuvettes.
Computational analyses

Pre-processing steps for high-throughput sequencing were implemented as Snakemake
workflows'®. Python (v3.7.4) and R (v3.6.2) programming languages were used for all analyses

unless mentioned otherwise. In the description below, files ending in .py refer to Python scripts
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and files ending in .Rmd or .R refer to R Markdown or R scripts. All scripts are provided as a

Supplementary file (code.tar.gz).
Barcode to insert assignment

The raw data from insert-barcode linkage sequencing are in . fastq format. If the inserts and bar-
codes were on paired-end reads instead of single-end reads, the reads were renamed in increasing
numerical order starting at 0 to enable easy matching of insert and barcode reads. This was done
in rename_fastq_paired_reads.py. The oligo pools were used to create a reference fasta file in
create_reference_for_aligning_library.R. A bowtie2'®® (v2.4.2) reference was created from
the fasta file using the bowtie2-build command with default options. The insert read was aligned
to the bowtie2 reference using bowtie2 command with options -N 1 -L 22 --end-to-end with
the --trim5 and --trim3 options set to include only the region corresponding to the insert. The

alignments were sorted and indexed using samtools'® (

v1.11) commands sort and index with
default options. The alignments were filtered to include only reads with simple cigar strings and
a MAPQ score greater than 20 in filter_alignments.R. The barcodes corresponding to each fil-
tered alignment were parsed and tallied in count_barcode_insert_pairs.py. Depending on the
sequencing depth, only barcodes that were observed at least 4-10 times were included in the tally.
The tallied barcodes were aligned against themselves using bowtie2-build with default options
and bowtie2 with options -L 24 -N 1 --all --norc. The self-alignment was used to exclude
barcodes that are linked to distinct inserts or ones that are linked to the same barcode but are
aligned against each other by bowtie2. In the latter case, the barcode with the lower count is dis-

carded. The final list of insert barcode pairs is written as a tab-delimited . tsv.gz file for aligning

barcodes from genomic DNA and mRNA sequencing below.
Barcode counting in genomic DNA and mRNA

The raw data from sequencing barcodes in genomic DNA and mRNA is in .fastq format. The
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filtered barcodes .tsv.gz file from the insert-barcode linkage sequencing is used to create a
reference fasta file in create_bowtie_reference.R. A bowtie2 (v2.4.2) reference was created
from the fasta file using the bowtie2-build command with default options. The barcodes were
aligned to the bowtie2 reference using bowtie2 command with options -N 1 -L 20 --norc with
the --trimb and --trim3 options set to include only the region corresponding to the barcode.
The alignments were sorted, indexed, and tallied using the samtools commands sort, index,
idxstats with default options. GNU awk (v4.1.4) was used for miscellaneous processing of tab-
delimited data between pre-processing steps. The final list of counts per barcode in each sample
of genomic DNA or mRNA is written as a tab-delimited .tsv.gz file for calculating mRNA levels

below.
mRNA quantification

All barcode counts corresponding to each insert in each sample were summed. Only inserts with
a minimum of 200 reads and 6 barcodes summed across the mRNA and gRNA samples were
included. Otherwise the data were designated as missing. mRNA levels were calculated as the
log2 ratio of the summed mRNA barcode counts to the summed gRNA barcode counts. mRNA lev-
els were median-normalized within each library. For mRNA stability measurements, the summed
mMRNA counts for each insert at each time point were normalized by the total barcode counts for
the spiked-in Hela cells at the same time point. Then, the spike-in normalized mRNA levels for

each insert were further normalized to the time 0 value.
Linear statistical modeling of mRNA levels

Amino acid scales for isoelectric point pl, bulkiness, and secondary structure propensity were taken
from prior studies'?*12%'8 The median-normalized mRNA levels for lysine, arginine, or glutamate
dipeptides were modeled as a function of amino acid scales (as indicated in the figures) using the R

function 1m with default parameters. Only fit coefficients significantly different from zero (P < 0.05)
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are reported for each linear model.
Secondary structure prediction

Secondary structure was predicted solely from the amino acid sequence using the default sin-
gle sequence model in S4PRED'?” (downloaded from https://github.com/psipred/s4pred on Apr 17,

2021) and the neural network was used without any modification in predict_secondary_structure.py.

Cartoons of 4xSVKF and 4xSKVF in Fig. 2.7a were predicted using the PEP-FOLD3 server'%®
with default parameters and the resulting PDB files were visualized using PyMOL software

(Schrodinger).
Calculation of secondary structure content from circular dichroism

The raw circular dichroism data (Fig. 2.7b, left panel) were converted to the two-column spectrum

file format as required for SESCA'® (

v095, downloaded from https://www.mpibpc.mpg.de/sesca
on Jul 28, 2021). Secondary structure was estimated using the SESCA script SESCA_deconv.py US-
ing the pre-computed basis set Map_BB_DS-dTSC3.dat and options @err 2 @rep 100. The output

.txt file was parsed to extract the a helix, 8 strand, and random coil content shown in Fig. 2.7b,

right panel.
Calculation of ribosome transit time

The raw luminescence vs. time data (Fig. 2.7c, middle panel) were fit to a straight line in the linear
regimes (600s < t < 900s for 4xSKVF and 4xKVFS, 900s <t < 1200s for 4xSVKF and 4xVKFS)
using the R function 1m. The intercept term from the fit was used as the transit time of ribosomes
across the full transcript and its mean and standard error across technical replicates is shown in

the Fig. 2.7c right panel.
Statistical analyses

For barcode sequencing, error bars were calculated as the standard deviation of 100 bootstrap

samples of barcodes across the gRNA and mRNA samples. The standard deviation was measured
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for the log2 mRNA levels calculated as described in the mRNA quantification section. For all other
experiments, the standard error of the mean was calculated using the std.error function from
the plotrix R package. P-values for statistical significant differences were calculated using the

t.test or wilcox.test R functions as appropriate for each figure (see figure captions).
Data Availability

The raw sequencing data generated in this study have been deposited in the Sequence Read
Archive under BioProject “PRJNA785998”. Raw data from circular dichroism and luciferase assays

are available at https://github.com/rasilab/burke_2022.

All code to reproduce figures in the manuscript starting from raw data is publicly available at

https://github.com/rasilab/burke_2022.
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V. Figures

Figure 2.1
8x repeat of 64 x 64 15 random barcodes
= 4096 codon pairs per codon pair
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HEK 293T
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Count barcodes by deep sequencing

Effect of codon pair o 2 cDNA counts

on mRNA level > genomic DNA counts

A massively parallel assay for mRNA levels in human cells

8x repeats of all 4096 codon pairs are synthesized as pooled oligonucleotides, linked in-frame to 24nt random barcodes,
and cloned between RFP and YFP reporters with intervening 2A sequences. Each insert has a median of 15 random
barcodes without in-frame stop codons. Reporter cassettes are integrated as a pool at the AAVST locus in HEK293T
cells by Cas9-mediated homologous recombination and constitutively expressed off the CMV promoter. Steady state
mRNA level of each insert is determined by sequencing corresponding barcodes in the cDNA and the genomic DNA

and normalizing the summed cDNA read counts by the genomic DNA read counts.
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Figure 2.2
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(a) Heatmap of mean effect of each codon on mRNA levels averaged across both positions of 8x dicodon repeat. Values
>0.50 were set to 0.51, and values <-0.5 were set to -0.51 to highlight differences in intermediate values. (b) mRNA
levels of dicodon repeats as a function of their GC content (left) or the number of GC3s in the dicodon (right). Spearman
rank correlation coefficient p and its P-value are shown for GC content (two-sided t-test); GC3 content had no significant
correlation with mRNA levels. (c) Average codon effects on mRNA levels as a function of their mean codon stabilization
coefficient'"". Pearson correlation coefficient p and its P-value are shown (two-sided t-test). (d) Average amino acid
effects on mRNA levels as a function of their mean amino acid stabilization coefficient''?. Pearson correlation coefficient
p and it’s P-value are shown, calculated from the points in black. Points in red (arginine, lysine, and glycine) are excluded
from this Pearson correlation calculation, as these amino acids’ average effects are likely driven by specific dipeptide
combinations (see Discussion section). (e) Average codon effects on mRNA levels plotted from high to low, with codons
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Figure 2.3
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Dipeptide repeats reduce mRNA levels

(a) MRNA level of reporters with codons encoding one of the twenty amino acids or a stop codon in position 1 (circles)
or position 2 (triangles) of the 8x codon pair insert shown in Fig. 2.1.

(b) mRNA level of reporters encoding 400 different dipeptide repeats. Amino acids encoded by the first or second
position in the dipeptide are shown along the horizontal or vertical axis respectively. Two dipeptide repeats with missing
values are shown in grey.

(c) mRNA level of dipeptide repeat-encoding reporters plotted as a function of the average isoelectric point (pl) and the
bulkiness'®* of the two amino acids in the dipeptide.

(d) mRNA level of reporters encoding 190 different dipeptide repeats (excluding reversed repeats) in the correct reading
frame (frame O, vertical axis) or in reading frames shifted by +1, +2, or +3 nucleotides (horizontal axes). r is the Pearson
correlation coefficient between frame 0 and the frameshifted mMRNA levels. mRNA levels in a—d are in arbitrary units
(arb. units) and are normalized to the median value across all dipeptide repeats. Data in a are presented as mean
values and error bars represent +/- standard error of measurement (SEM) over a median of 15 barcodes per insert
calculated using 100 bootstrap samples. Most error bars in a are smaller than data markers.
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Figure 2.4
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Dipeptide repeats reduce mRNA stability and cause premature termination in human cells

(a) mRNA levels of reporters with dipeptide repeats (orange): (Arg His),, (Val Lys)g, (Ser Phe)g, or the three +2 frameshift
controls (grey): (Pro Ser),, (GIn Ser),, (Phe Gin), in 4 different cell lines: HCT116, HEK293T, Hela, and K562.

(b) mRNA stability of reporters from a in HEK293T cells. Reporter mRNA levels are measured at indicated time points
after Actinomycin D-induced transcriptional shut off. Most points for the three frameshift controls overlap with each
other.

(c) Gating strategy for fluorescence-activated cell sorting of HEK293T cells expressing the stably integrated 8x dicodon
library from Fig. 2.1. Cells with low ratio of YFP/RFP were sorted into the “low-YFP” bin (dark red points).

(d) Enrichment of dipeptide inserts in the low-YFP gate is shown for three subgroups; inserts encoding in-frame stop
codons, dipeptide repeats with mRNA level < -1 (log2, a.u.) in Fig. 2.3b, and all other inserts. Enrichment values for the
RH8, VK8, and SF8 dipeptides are highlighted in orange (RH8, VK8, SF8; left to right). The bounds of the box plots are
the upper and lower quartile with the median value in the center. Whiskers extend to the most extreme data point no
more than [1.5] times the length of the box away from the box. Outliers extending further than the whiskers are shown
as individual data points. ***: P < 0.001 (two-sided Mann-Whitney U test) for differences between subgroups. Stop vs
mRNA < -1 log2 arbitrary units; P value = 2e-16. Stop vs Other; P value = 2e-16. mRNA < -1 log2 arbitrary units vs
Other; P value = 2e-7.

mRNA levels are measured using the pooled sequencing assay in Fig. 2.1 and normalized by the median value across
all inserts in the pool. Amino acids in a and b are labeled by their one-letter codes. Data in a and b are mean values +/-
SEM, calculated over a median of 550 and 370 barcodes per insert respectively, using 1000 bootstrap samples each.
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Figure 2.5
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(a) mRNA levels of dipeptide-encoding reporters with different dipeptide repeat length. Missing values shown in grey.
(b) mRNA levels of dipeptide-encoding reporters with different dipeptide repeat periodicity. mRNA levels are measured
using the pooled sequencing assay in Fig. 2.1 and normalized by the median value across all inserts in the pool. Amino
acids are labeled by their one-letter codes. Data in b are mean values +/- SEM, calculated over a median of 15 barcodes
per insert using 100 bootstrap samples.
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Figure 2.6
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Secondary structure of dipeptide repeats mediates effects on mRNA levels

(a) Computationally predicted secondary structure probability along 16 amino acid-long peptide sequences encoded by
destabilizing dipeptides. Secondary structure probabilities are predicted using S4PRED'?,

(b) Distribution of mRNA levels of dipeptide repeat-encoding reporters from Fig. 2.3b partitioned by predicted protein
secondary structure. Per residue probability of secondary structure formation are predicted using S4PRED. Inserts with
>50% average prediction probability of forming a helix or B strand are classified as such, or else grouped as ‘other’.
N is the number of dipeptide repeats predicted to be in each category. ***: P < 0.001, N.S.: not significant (two-sided
Mann-Whitney U test). Helix vs Strand; P value = 2.2e-9. Helix vs Other; P value = 7.3e-14. Strand vs Other; P value
=0.92. (c) mRNA levels of dipeptide repeat-encoding reporters with lysines in one position and one of twenty amino
acids in the other position of the repeat (labeled in grey) shown on horizontal axes. Propensity'®® of the second amino
acid to occur in a B strand or an a helix is shown on vertical axes. p is the Spearman correlation coefficient between
the two axes with the indicated P value (two-sided Spearman rank correlation test).
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Figure 2.7
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Extended B strands slowdown ribosomes and reduce mRNA levels

(a) Computationally predicted secondary structure probability along 16 amino acid-long peptide sequences encoded
by alternating VK or KV dipeptides with SF or FS dipeptides identified as destabilizing in Fig. 2.3. Secondary struc-
ture probabilities are predicted using S4PRED. The 10 different peptide sequences are 4x repeats of the dipeptide
combinations shown in the legend (for example, 4xSVKF: SVKF SVKF SVKF SVKEF). Predicted B strand and a helix
structures of 4xSVKF and 4xSKVF respectively using PEP-FOLD3'® are shown below the legends. (b) Measured
circular dichroism spectra of in vitro synthesized 4xSVKF or 4xSKVF peptides (left). Measurements are performed with
0, 20, 40% of Trifluoroethanol (TFE) as co-solvent in 10 mM sodium phosphate buffer (pH = 7.5). Relative content of
different secondary structures is estimated by linear deconvolution of the measured spectra in B from a pre-computed
basis set using SESCA'. (c) In vitro measurements of ribosome transit ime on mRNAs encoding B strand- or a
helix-forming peptides followed by Nanoluciferase. Luminescence is measured as a function of time after addition of
in vitro transcribed mRNAs to rabbit reticulocyte lysate (RRL) at t=0s (E). Standard error of measurement across three
technical replicates is shown as a shaded area on either side of the mean. Ribosome transit times are estimated by
measuring the X-intercept of the linear portion of the raw luminescence signal. (d) /n vivo mRNA levels of reporters
encoding one of eight different dipeptide combinations. mRNA levels are measured using the reporter constructs and
pooled sequencing assay in Fig. 2.1. Data are presented as mean values +/- SEM over a median of 550 barcodes per
insert calculated using 1000 bootstrap samples.
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Figure 2.8
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(a) Scoring methodology for dipeptide motifs in human CDS. Destabilizing dipeptides formed by lysine (K) or arginine
(R) with an adjacent leucine (L), valine (V), isoleucine (1), tyrosine (Y), or phenylalanine (F) are given a score of 1. If two
such dipeptides overlap, an additional score of 1 is given. The 16 amino acid peptide window with the maximum score
is identified in each CDS, and the distribution of these peptide scores across all genes is shown in the lower panel.

(b) mRNA levels of destabilizing (peptide score > 9) and control motifs (peptide score < 3) are measured by pooled
cloning (1,201 total inserts) into a reporter construct followed by deep sequencing as in Fig. 2.1. Left panel: Distribution
of measured mRNA levels of destabilizing dipeptide motifs compared to control motifs (P = 0.004). Right panel: Distri-
bution of measured mRNA levels of destabilizing dipeptide motifs in the left panel partitioned by predicted secondary
structure (P = 0.022). 59 motifs with an average [ strand prediction probability > 0.5 using S4PRED are classified as 3
strands.

(c) Increase in measured mRNA levels upon reordering amino acids in 1,079 endogenous destabilizing dipeptide motifs
from C (median Alog2 mRNA = 0.38, P = 2.2e-16). All codons encoding K or R are moved to the 5’ end of the mutated
motif and codons encoding L, V, |, Y, or F are moved to the 3’ end. mRNA levels of motifs are measured using the
pooled reporter assay in B. ***: P <0.001, **: P <0.01, *: P <0.05 using two-sided Mann-Whitney U test in B and C.
(d) Examples of endogenous destabilizing motifs with known -stranded secondary structure. The measured secondary
structure of each wild-type motif from PDB is shown as a purple ribbon diagram. Prediction probability for B strands
using S4PRED is shown as a grayscale heatmap for wild-type and mutant motifs. Measured mRNA levels of wild-type
(orange) and mutant (grey) motifs are shown on the right within each panel. mRNA levels of wild-type and mutant mo-
tifs are measured using the pooled reporter assay in C, and presented as mean values +/- SEM over a median of 50
barcodes per insert calculated using 1000 bootstrap samples.
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Chapter 3: RNA Viruses Encode mRNA Destabilizing Sequence Motifs
l. Introduction

Viruses pose a large global health burden, recently and acutely emphasized by the global pandemic
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)'%'. Viral mRNAs are
translated into protein by their host-cell translation machinery, which means human viruses are sub-
ject to the same pathways and rules that regulate translation of our own mRNAs'%2. RNA viruses
have high mutation rates, allowing them to quickly adopt beneficial mutations, such as synony-
mous mutations that might improve their mRNA translation'9'%4. Despite this, many RNA viruses
maintain suboptimal codon usage or GC-content for human translation, either in specific open

19519 or genome-wide'?”'%8. This raises the question of whether viral MRNAs are

reading frames
sensitive to mMRNA degradation pathways in human cells in sequence dependent manner. Spe-
cific viral RNA sequences and proteins are required for viral replication, thus some viral sequence
motifs are evolutionarily restricted, particularly at the peptide level'®72°!. Highly destabilizing se-
quences that are nevertheless present in these viral genomes may be important motifs for viral
fitness, thereby presenting potential therapeutic targets or sites of particular evolutionary interest.
In this regard, the high-throughput sequencing assay we developed in Burke et al. 2022 presents

a unique method to profile viral genomes, allowing unbiased identification of mMRNA destabilizing

RNA or peptide motifs which may be of biological importance'?.
Il. Results and Discussion
A massively parallel assay for mRNA level effects of viral sequence motifs

We hypothesized that identifying viral coding sequence regions that reduce the mRNA stability
when translated might reveal sequence motifs that are important for viral fithess. To test this, we
extended our recently published high-throughput sequencing assay from Burke et al. 2022 (Fig.

2.1) to study the effects of viral coding sequence motifs on mRNA levels in an unbiased manner'?8,
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We designed a library of 4500 oligonucleotides encompassing the full coding sequences of three
RNA viruses important to human health; SARS-CoV2, human immunodeficiency virus (HIV), and
influenza A virus (IAV). Oligos contained 75nt (25 amino acid) coding sequence fragments from
these viruses, with each fragment having 66nt (22 amino acids) of tiled overlapping region with its
neighboring upstream motif, such that our library encoded the entire CDS of each virus in stepwise
increments of 9nt (3 amino acids). Viruses often encode multiple translated open reading frames
within the same transcript, and sometimes these ORFs can overlap one another in separate read-
ing frames. To account for this we treated each canonically annotated open reading frame as a
separate instance in our library design. For example, in the case of overlapping ORFs in sepa-
rate reading frames, we designed oligos starting in-frame at the start codon for both ORFs. This
approach enabled us to profile the entire coding sequence of each viral ORF, known as the viral

“ORFeome”.

We followed the same library approach as in Burke et al. 2022, using a dual fluorescence re-
porter vector separated by 2A linkers and a median of 50 random 24nt barcodes without stop
codons 3’ of each oligonucleotide insert and linked to the corresponding insert by high-throughput

sequencing'?®

. We stably integrated the reporter pool at the AAVST locus of HEK293T cells using
CRISPR Cas9-mediated homologous recombination. We extracted mRNA and genomic DNA from
the pooled cells and counted each barcode by high-throughput sequencing. Normalization of the
total barcode count in the mRNA by the corresponding count in the genomic DNA for each of the
inserts provides a relative measure of the steady-state mRNA level of that insert. We then exam-
ined the measured mRNA level effects across each viral ORFeome to identify coding sequence

motifs with the strongest deleterious effects on mRNA level, median normalized across all motifs

in the library.

While the majority (92%) of all characterized motifs had effects within 2-fold (+/- 1 log2 a.u.) of the

library median, many individual motifs displayed marked effects on mRNA levels. Overall the three
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viral ORFeomes had motifs spanning over a 30-fold range of effects on mRNA level, with some
motifs increasing relative mRNA levels up to 4-fold, and other motifs reducing mRNA levels by
more than 8-fold. SARS-CoV?2 effects are shown in Fig. 3.2, and motifs with mRNA levels < -1.5
log2 a.u (~3-fold reduced) are listed in Table 3.1. HIV effects are shown in Fig. 3.3, and motifs with
mMRNA levels < -1.75 log2 a.u are listed in Table 3.2. 1AV effects are shown in Fig. 3.4, and motifs
with mRNA levels < -1.5 log2 a.u are listed in Table 3.3. From these data we picked three highly
mRNA destabilizing motifs from SARS-CoV-2 to explore further, based on known biology and high
confidence from this ORFeome-wide assay. While we chose to focus on a few destabilizing motifs
from SARS-CoV-2 for initial characterization, these unbiased measurements of ORFeome mRNA
level effects may prove to be a useful resource for other researchers studying these viruses. Full

mMRNA level data are available upon request.
The role of Nsp1 in mRNA level effects

The first SARS-CoV2 motif we looked at was the ORF1ab_460 motif, which reduced mRNA levels
by 6.5-fold relative to the median (Table 3.1). This motif is located at the C-terminus of the Nsp1
protein, which is one of the first proteins expressed during SARS-COV2 infection and plays a critical
role in host-cell immune suppression®%22%, Nsp1 inhibits mRNA translation through interactions
between its C-terminal polypeptide region and the ribosome exit tunnel®®>2%  |n addition to block-
ing translation, Nsp1 also globally affects RNA export and reduces host-cell MRNA stability>°>2%7.
ORF1ab_460 encodes the peptide sequence YEDFQENWNTKHSSGVTRELMRELN; mutational
studies of the Nsp1 C-terminus demonstrated that the five residues highlighted in bold in the pep-
tide sequence above are required for Nsp1 ribosome binding®®*. In addition, expression of this
Nsp1 C-terminal region alone is sufficient for the ribosome binding and translation inhibition°2%4,
Based on this, we hypothesize that this ORF1ab_460 peptide motif represents the minimal func-

tional unit for Nsp1 ribosome binding and host translation shutoff activity. Expression of this short

inhibitory peptide in our assay could interfere with translation and globally reduce cellular mRNA
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levels in trans, by increasing mRNA turnover through canonical decay or quality control pathways.
In our assay, global reduction in mRNA levels would be read out as reduced cDNA counts relative
to gDNA for the cells expressing this peptide. In addition, this peptide may interact with the exit
tunnel and interfere with its own translation in c¢is, in a manner similar to known ribosome arrest

peptides’*®

. If translation of the Nsp1 C-terminus does reduce its encoding mRNA levels in cis, the
resulting reduction of Nsp1 C-terminus protein expression could potentially abrogate any global ef-
fects on mRNA stability in cells, but in either scenario we would expect to see reduced mRNA levels
from ORF1ab_460. It is also worth noting that SARS-CoV-2 is capable of expressing Nsp1 during
infection regardless of any cis or trans acting effects this peptide might have on its own translation.
Overall, the clean signal derived from this Nsp1 C-terminal peptide region demonstrates the ability

of our high-throughput assay to identify viral sequence motifs that impact mRNA stability and are

critical for viral function in an unbiased manner.
The role of Nsp10 in mRNA level effects

We next looked at the 3’ end of ORF1ab, which contains an extended 129nt region where
all the tiled motifs were more than 2-fold destabilizing. This destabilizing region starts from
ORF1ab_12979 and ends at ORF1ab_13033 and encodes the 43 amino acid sequence
CLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPVGFTLKNTYV, which corresponds to the C-
terminal region of the Nsp10 peptide. Nsp10 is a scaffolding protein required for the activity of the
Nsp14 and Nsp16 methyltransferases, which are essential for SARS-CoV-2 replication. Based
on tiled motif effects, the amino acids LKGKYVQ in the center of this sequence are the only
residues common to all destabilizing peptides in this region. The structure of Nsp1 protein has
been solved in complex with Nsp14 and Nsp162%%. The YVQ residues of LKGKYVQ mark the start
of a 5 amino acid long beta strand, and the upstream LKGKY residues display charged and bulky
dipeptide periodicity we previously found to be associated with ribosome slowdown and mRNA

instability'?32%, We hypothesize that this C-terminal Nsp10 region may cause nascent-peptide
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mediated stalling, resulting in mRNA instability. During infection, this effect may be abrogated by
upstream protein folding that occurs during translation of the full length Nsp10 protein. However, it
is also possible that this motif cotranslationally limits SARS-CoV-2 mRNA levels, either by design

or necessity for viral fitness.
The role of ORF3a in mRNA level effects

We next looked at the N-terminal region of ORF3a, encoding the destabilizing 28 amino acid mo-
tif MDLFMRIFTIGTVTLKQGEIKDATPSDF. Interestingly, this N-terminal region overlaps with the
recently discovered ORF3c, which begins in the +1 reading frame at the aspartic acid residue (D)
highlighted in bold in the peptide motif above. Of note, ORF3c was not annotated as a SARS-CoV-
2 OREF at the time of our library design, so it was not included in our profiling approach. ORF3c
is predicted to be translated through a leaky scanning mechanism where the ribosome fails to
initiate at the start of ORF3a?°>2'%, However, a mechanistic basis for stochastic failure of initia-
tion at ORF3a has not been characterized. Based on the tiled ORF3a_1 and ORF3a_10 motifs
both having effects, the 22 amino acid FMRIFTIGTVTLKQGEIKDATP peptide appears to be the
minimal unit required for mRNA effects. We hypothesize that ribosomes pause while synthesizing
the C-terminal threonine-proline peptide bond, facilitated by upstream nascent peptide interac-
tions with the ribosome exit tunnel. While ribosome slowdown leads to mRNA instability in our
assay, ribosome pausing is also a known mechanism for enabling the translation of alternate open
reading frames®*. This potential ORF3a_1 stalling mechanism is reminiscent of the human cy-
tomegalovirus (hCMV) uORF2, wherein a combination of nascent peptide interactions with the exit
tunnel cause ribosomes to pause at a Pro-Pro-Stop motif while translating this uORF, and leaky
scanning past the uUORF2 AUG initiation codon results in increased expression of a downstream

39,149,162,211

cistron In the case of SARS-CoV-2 ORF3a, ribosome pausing at this destabilizing

peptide motif may facilitate translation of ORF3c, potentially by a ribosome queueing mechanism

resulting in leaky scanning®'?, or by ribosome collision induced frameshifting®':2'4.
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Testing effects of SARS-CoV2 peptide sequences on mRNA level

The abundance of positively charged and bulky amino acids in these destabilizing viral motifs
(Tables 3.1, 3.2, 3.3), implies that these viral sequences may be subject to the same nascent
peptide-mediated mechanisms that we find limit mRNA levels for synthetic and endogenous hu-
man sequence motifs'?®. To further characterize the effects of these SARS CoV2 motifs on mRNA
levels, we designed mutant versions of these peptides where we rearranged the bulky and posi-
tively charged residues to the peptide termini (Fig 3.5a). This allowed us to maintain the codon and
amino acid usage of these motifs but disrupt the mRNA and peptide sequence secondary struc-
ture. We tested both the wildtype and mutant inserts cloned as a pool both into our established
AAVS1 integration reporter, and into an inducible expression reporter designed for Bxbl serine
recombinase-mediated integration into engineered landing pad cells (Fig 3.5a). mRNA level ef-
fects were max normalized within the oligo pool, which also contained other wildtype and mutant
viral motifs, as well as several control sequences with destabilizing or neutral effects on mRNA

level, previously tested in the pooled AAVS1 assay'?.

As expected, the wildtype viral motif sequences reduced mRNA levels in both the AAVS1 and Bxbl
landing pad reporter systems (Fig 3.5a). Interestingly, while mutations of each peptide rescued
MRNA levels relative to their wildtype counterparts, these mutant sequences were also somewhat
destabilizing. This implies a hybrid mechanism where these motifs’ effects are partially driven by
codon and amino acid usage, while the full effect of each requires the correct primary mRNA or
peptide sequence. This is somewhat surprising for the ORF1ab_460 motif, which we expected to
globally reduce mRNA levels in a peptide-dependent manner by binding the ribosome exit tunnel
and causing promiscuous stalling throughout the translatome. However, this motif does encode a
high abundance of both charged and bulky residues, which could result in translation inhibition in
cis, regardless of the order of the residues. Overall, these results suggest that codon and amino

acid usage, as well as primary mRNA and peptide sequence, all contribute to the mRNA stability
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effects of these SARS-CoV-2 motifs.
Future Directions

Identification of destabilizing sequence motifs in the SARS-CoV-2, HIV, and IAV genomes is just
the starting line for this research. Our ultimate goal for this project is to test the requirement of
these motifs for viral fitness, by generating viruses with mutations at these motifs. The large-
scale peptide rearrangements we made to test these viral motifs were useful for initial validation
of peptide effects, however these mutations are not ideal for testing viral fithess, as adjusting a
peptide sequence so severely would likely have a deleterious effect on encoded protein function
(regardless of the effects of the mutation on mRNA stability in cis). Instead, the ideal scenario
would be to test single amino acid substitutions for each motif that rescue mRNA levels in our high-
throughput assay. To find single amino acid mutations that can abrogate the mRNA destabilizing
effects of these motifs, we will perform a deep mutational scan of the three SARS-CoV-2 motifs
highlighted in Chapter 3, as well as the most destabilizing HIV and 1AV sequence motifs. We will
then test the effects of these mutations on viral fitness in collaboration with the Bloom, Emmerman,

and Hyde labs in the University of Washington Department of Microbiology.
lll. Materials and Methods
Plasmid construction

Information on plasmids, oligonucleotides, and cell lines used in this study are available on github:

https://github.com/rasilab/viral_mrna_stability.
Parent vector construction

The AAVS1-targeting parent vector pPBHS285 used for this study was constructed using Addgene
plasmid #68375'7° as a backbone. The PGK1 promoter was replaced with the CMV promoter and
the native pCMV 5’ UTR region. The coding sequence was replaced by a codon-optimized mKate2

and eYFP fusion cassette, linked with two 2A linker sequences. These 2A sequences surround a
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cassette encoding an EcoRYV restriction site, lllumina R1 sequencing primer binding site, and a T7
promoter. The R1 primer binding and T7 sequences are in reverse orientation (3’ - 5%) for in vitro

transcription and sequencing of inserts and barcode sequences at the EcoRYV site.

The Landing Pad integration parent vector pHPHS482 was generated by amplifying the mKate2-
2A-EcoRV-2A insert from pPBHS285 (including the R1 and T7 sequence region) using oPB497 +
0PB498, and cloning this upstream of eYFP in a pTET-EcoRI-eYFP-Bxb1attB-PuroR vector (pH-
PHSA476), originally constructed using the Bxb1 integration plasmid pKAM33 which was a kind gift

from the Fowler lab?'.
Variable oligo pool design
Two oligo pools were designed for this study.

Pool 1 (Fig. 3.1) encodes 25 amino acid nascent peptide motifs from the SARS-CoV-2, 1AV, and
HIV ORFeomes (all annotated open reading frames). In frame coding sequences from all viral
ORFs were tiled by 3 amino acids, starting at the start coding on each ORF, such that the full

coding sequence of each virus was profiled in increments of 3 codons.

Pool 2 (Fig. 3.5) contains 20 top destabilizing wildtype viral coding sequence motifs picked from
Pool1 profiling (Figs. 3.2, 3.3, 3.4), as well as mutants with reordered amino acids for each of these
20 sequences (designed as described in Fig. 3.5a). This pool included the three SARS-CoV-2
motifs highlighted in Fig. 3.5b). In addition, this pool contained 8 control inserts characterized in
Burke et al. 2022: 3 destabilizing dipeptide repeats (RH)g, (VK)g, (SF)g, their respective frameshift

controls (PS)g,(QS)g,(FQ)g, the B strand peptide (SVKF),, and the a helix peptide (SKVF),.

Oligo pools were synthesized by Twist Biosciences with flanking sequences for PCR and cloning
into the EcoRYV site of the parent pPBHS285 or pHPHS482 vector. Plasmids encoding the control

128

sequences in Pool 2 were cloned and pooled previously <°, and were spiked into the Pool 2 viral

motif oligo pool at a 1:5 concentration ratio.
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Final plasmid pool identities: pHPHS296 is the viral ORFeome AAVST1 integration plasmid pool;
pHPHS491 is the Pool 2 landing pad integration plasmid pool; pHPHS492 is the Pool 2 AAVST

integration plasmid pool.
Integration vectors

The CLYBL-targeted Cas9-BFP expression vector pHPHS15 was constructed by Golden
Gate assembly of either entry plasmids or PCR products with pHPHS11 (MTKO0_047'%° Ad-
dgene #123977) as backbone, pHPHS3 (MTK2_007'%° Addgene #123702) for the pEF1a
promoter, pADHS5* (pU6-(Bbsl)_CBh-Cas9-T2A-BFP'®" Addgene #64323) for the Cas9-2A-
BFP insert cassette, and pHPHS6 (MTK4b_003'8° Addgene #123842) for the rabbit B-globin
terminator. sgRNA vectors pPBHS320 (gRNA_AAVS1-T1 Addgene #41817) and pADHS4*
(eSpCas9(1.1)_No_FLAG_AAVS1_T2 Addgene #79888) were used for insertion at the AAVS1
locus. pASHS16 (MTK234_030 spCas9-sgRNA1-hCLYBL'® Addgene #123910) was used for
insertion at the CLYBL locus. pHPHS115 was used for expressing Bxbl recombinase for landing

pad integration (pCAG-NLS-HA-Bxb12'®, Addgene #51271).
Cell line maintenance and generation

HEK293T cells (RRID:CVCL_0063, ATCC CRL-3216) were grown in DMEM (Thermo 11965084)
supplemented with 10% FBS (Thermo 26140079). Cells were grown at 37C in 5% CO2. All
transfections were performed using Lipofectamine 3000 (Thermo L3000015). HEK293T cells that
stably express Cas9 (hsPB80) were generated by transfecting the CLYBL::Cas9-BFP vector pH-
PHS15 and spCas9 sgRNA1 hCLYBL vector, and selecting with 200ug/mL hygromycin. HEK293T
cells containing an AttP landing pad site in the AAVS1 locus (hsPB126) were generated by co-
transfecting pHPHS232 (the landing pad donor construct with AAVS1 homology arms) and the
AAVS1 targeting CRISPR vectors, and selecting cells with blasticidin for 2 weeks. Plasmid se-

quences and cell lines available upon request.
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Integration of plasmid libraries into cell lines

hsPB80 CLYBL::Cas9-BFP HEK293T cells were seeded to 50% confluency on 10 cm or 15 cm
dishes for all library transfections. 10 pg of Pool 1 library plasmid pHPHS296 and 1.5 pg of each
AAVS1 targeting CRISPR vector were transfected into three 15 cm dishes. 4 ug of Pool 2 library
plasmid pHPHS492 and 0.5 ug of each AAVS1 targeting CRISPR vector were transfected into
a single 10 cm dish. hsPB126 AAVS1::AttP_landing_pad HEK293T cells were seeded to 50%
confluence on a single 10 cm dish, and transfected with 4 ug of library plasmid pHPHS491 and 1

g of pHPHS115 Bxbl expression vector.

Cells were selected with 2 yg/mL puromycin, added 72 hours post-transfection. Puromycin selec-
tion was removed after 6-10 days, once cells were growing robustly in selection. 24 hours after
removing puromycin selection, stable library cells were plated into two separate 15 cm dishes (Pool
1 cells) or 10 cm dishes (Pool 2 cells), to reach 75% confluency the next day, for matched mRNA

and gDNA harvests.
Library Genomic DNA extraction

Reporter library genomic DNA was harvested from one 75% confluent 15 cm or 10 cm dish of
stably expressing library cells. Genomic DNA was harvested using Quick-DNA kit (Zymo D3024),
following the manufacturer’s instructions, with 3 mL of genomic DNA lysis buffer per 15 cm plate,
and 1 ml of the same buffer per 10 cm plate. Between 0.5-10 pg of purified genomic DNA from
each library sample was sheared into ~350 nucleotide length fragments by sonication for 10 min on
ice using a Diagenode Bioruptor. Sheared gDNA was then in vitro transcribed into RNA (denoted
gRNA below and in analysis code) starting from the T7 promoter region in the insert cassette,
similar to previous approaches'®'83 using a HiScribe T7 High Yield RNA Synthesis Kit (NEB
E2040S). Transcribed gRNA was treated with DNase | (NEB M0303S) and cleaned using an RNA

Clean and Concentrator kit (Zymo R1013).
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Library mRNA extraction

Reporter library mRNA was harvested from one 75% confluent 15 cm or 10 cm dish of stably ex-
pressing library cells. mRNA was harvested by using 3 mL of Trizol reagent (Thermo) to lyse cells
directly on the plate, and then following the manufacturer’s mRNA extraction protocol. Purified
mRNA was then DNasel (NEB M0303S) treated and cleaned using an RNA Clean and Concen-

trator kit (Zymo R1013).
mRNA and genomic DNA barcode sequencing

Between 0.5-10 yg of DNasel-treated mRNA and gRNA for each library was reverse transcribed
into cDNA using Maxima H Minus Reverse Transcriptase (Thermo EP0752) and a primer annealing
to the lllumina R1 primer binding site (0PB354). A 170-nucleotide region surrounding the 24-
nucleotide barcode was PCR amplified from the resulting cDNA in two rounds, using Phusion
Flash High-Fidelity PCR Master Mix mastermix (Thermo F548L). Round 1 PCR was carried out
for 10 cycles, with cDNA template comprising 1/10th of the PCR reaction volume, using primers
oPB361 and oPB354. Round 1 PCRs were cleaned using a 2x volume of Agencourt Ampure
XP beads (Beckman Coulter A63880) to remove primers. Cleaned samples were then used as
template for Round 2 PCR, carried out for 5-15 cycles, using a common reverse primer (0AS111)
and indexed forward primers for pooled high-throughput sequencing of different samples (0AS112-
135 and oHP281-290). Amplified samples were run on a 1.5% agarose gel and fragments of the
correct size were purified using ADB Agarose Dissolving Buffer (Zymo D4001-1-100) and UPrep
Micro Spin Columns (Genesee Scientific 88-343). Concentrations of gel-purified samples were
measured using a Qubit dsDNA HS Assay Kit (Q32851) with a Qubit 4 Fluorometer. Samples
were sequenced using an lllumina HiSeq 2500 or lllumina NextSeq 2000 in 1x50, 2x50, or 1x100

mode (depending on other samples pooled with the sequencing library).

Insert-barcode linkage sequencing
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Plasmid library pools pHPHS296, pHPHS491, and pHPHS492 were diluted to 10 ng/uL. A 240-
nucleotide region surrounding the 48-nucleotide variable insert sequence and the 24-nucleotide
barcode was PCR amplified from these pools in two rounds, using Phusion Flash High-Fidelity
PCR Master Mix mastermix (Thermo F548L). Round 1 PCR was carried out for 10 cycles, with 10
ng/uL plasmid pool template comprising 1/10th of the PCR reaction volume, using primers oPB29
and oPB354. Round 1 PCRs were digested with Dpnl (Thermo FD1704) at 37°C for 30 min-
utes to remove template plasmid and cleaned using a 2x volume of Agencourt Ampure XP beads
(Beckman Coulter A63880) to remove primers and enzyme. Cleaned samples were used as tem-
plate for Round 2 PCR, for 5 cycles, using 0AS111 and indexed forward primers (0AS112-135 and
oHP281-290). Amplified Round 2 PCR products were purified after size selection and quantified
as described above for barcode sequencing. Samples were sequenced using an lllumina MiSeq

or lllumina NextSeq 2000 in 2x50 or 1x100 mode.
Computational analyses

Pre-processing steps for high-throughput sequencing were implemented as Snakemake
workflows'®. Python (v3.7.4) and R (v3.6.2) programming languages were used for all analyses
unless mentioned otherwise. In the description below, files ending in .py refer to Python scripts
and files ending in .Rmd or .R refer to R Markdown or R scripts. All scripts are provided as a

Supplementary file (code.tar.gz).
Barcode to insert assignment

The raw data from insert-barcode linkage sequencing are in . fastq format. If the inserts and bar-
codes were on paired-end reads instead of single-end reads, the reads were renamed in increasing
numerical order starting at 0 to enable easy matching of insert and barcode reads. This was done
in rename_fastq_paired_reads.py. The oligo pools were used to create a reference fasta file in

create_reference_for_aligning_library.R. A bowtie2'%® (v2.4.2) reference was created from
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the fasta file using the bowtie2-build command with default options. The insert read was aligned
to the bowtie2 reference using bowtie2 command with options -N 1 -L 22 --end-to-end with
the --trim5 and --trim3 options set to include only the region corresponding to the insert. The

alignments were sorted and indexed using samtools'®’ (

v1.11) commands sort and index with
default options. The alignments were filtered to include only reads with simple cigar strings and
a MAPQ score greater than 20 in filter_alignments.R. The barcodes corresponding to each fil-
tered alignment were parsed and tallied in count_barcode_insert_pairs.py. Depending on the
sequencing depth, only barcodes that were observed at least 4-10 times were included in the tally.
The tallied barcodes were aligned against themselves using bowtie2-build with default options
and bowtie2 with options -L 24 -N 1 --all --norc. The self-alignment was used to exclude
barcodes that are linked to distinct inserts or ones that are linked to the same barcode but are
aligned against each other by bowtie2. In the latter case, the barcode with the lower count is dis-

carded. The final list of insert barcode pairs is written as a tab-delimited . tsv.gz file for aligning

barcodes from genomic DNA and mRNA sequencing below.
Barcode counting in genomic DNA and mRNA

The raw data from sequencing barcodes in genomic DNA and mRNA is in .fastq format. The
filtered barcodes .tsv.gz file from the insert-barcode linkage sequencing is used to create a
reference fasta file in create_bowtie_reference.R. A bowtie2 (v2.4.2) reference was created
from the fasta file using the bowtie2-build command with default options. The barcodes were
aligned to the bowtie2 reference using bowtie2 command with options -N 1 -L 20 --norc with
the --trim5 and --trim3 options set to include only the region corresponding to the barcode.
The alignments were sorted, indexed, and tallied using the samtools commands sort, index,
idxstats with default options. GNU awk (v4.1.4) was used for miscellaneous processing of tab-
delimited data between pre-processing steps. The final list of counts per barcode in each sample

of genomic DNA or mRNA is written as a tab-delimited .tsv.gz file for calculating mRNA levels
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below.
mRNA quantification

All barcode counts corresponding to each insert in each sample were summed. Only inserts with
a minimum of 200 reads and 6 barcodes summed across the mRNA and gRNA samples were
included. mRNA levels were calculated as the log2 ratio of the summed mRNA barcode counts
to the summed gRNA barcode counts. mRNA levels were median-normalized within the Pool 1

library, and max normalized to the highest value within the Pool 2 library.
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IV. Figures

Figure 3.1

SARS CoV2

Influenza A

Sl

Split viral CDSs into 25 codon units - tile each unit by 3 codons
Example of tiled motifs:

MDLFMRIFTIGTVTLKQGEIKDATP
FMRIFTIGTVTLKQGEIKDATPSDF
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4500 viral motifs 50 barcodes per motif
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:

Count barcodes by deep sequencing

Effect of viral motif o 2 cDNA counts
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A massively parallel assay for viral motif effects on mRNA levels

The full coding sequences of SARS-CoV2, HIV, and IAV were synthesized as a pool of 4500 oligonucleotide fragments.
Each oligo contains a 75nt variable insert region encoding 25 amino acids tiled from the start codon of each annotated
viral open reading frame in 3 amino acid (9nt) increments. Oligos were linked in-frame to 24nt random barcodes and
cloned between RFP and YFP reporters with intervening 2A sequences. Each viral motif has a median of 50 random
barcodes without in-frame stop codons. Reporter cassettes are integrated as a pool at the AAVST locus in HEK293T
cells by Cas9-mediated homologous recombination and constitutively expressed off the CMV promoter. Steady state
mRNA level of each insert is determined by sequencing corresponding barcodes in the cDNA and the genomic DNA

and normalizing the summed cDNA read counts by the genomic DNA read counts.
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Figure 3.2
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Table 3.1

SARS-CoV-2 sequence motifs with mRNA levels < -1.5 log2 a.u below median

ORF Location | mRNA level (log2 a.u.) | Motif Amino Acid Sequence

ORF1ab | 7156 -2.79 FFASFYYVWKSYVHVVDGCNSSTCM
ORF1ab | 460 -2.69 YEDFQENWNTKHSSGVTRELMRELN
ORF1ab | 13033 -2.29 LKGKYVQIPTTCANDPVGFTLKNTV
ORF1ab | 13024 -2.19 FCDLKGKYVQIPTTCANDPVGFTLK
ORF3a 1 -2.14 MDLFMRIFTIGTVTLKQGEIKDATP
ORF1ab | 5248 -2.11 VVCKTCGQQQTTLKGVEAVMYMGTL
S 2908 -1.99 FGAISSVLNDILSRLDKVEAEVQID
ORF1abN | 1612 -1.96 AISAKNRARTVAGVSICSTMTNRQF
ORF3a 10 -1.90 FMRIFTIGTVTLKQGEIKDATPSDF
ORF1ab | 13015 -1.82 PKGFCDLKGKYVQIPTTCANDPVGF
ORF1ab | 12997 -1.63 HIDHPNPKGFCDLKGKYVQIPTTCA
ORF1abN | 568 -1.59 AGIVGVLTLDNQDLNGNWYDFGDFI
ORF6 91 -1.57 YIINLIIKNLSKSLTENKYSQLDEE

S 2395 -1.51 GFNFSQILPDPSKPSKRSFIEDLLF
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Figure 3.3
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Table 3.2

HIV sequence motifs with mRNA levels <-1.75 log2 a.u below median

ORF | Location | mRNA level (log2 a.u.) | Motif Amino Acid Sequence

vpu | 64 -3.05 VWSIVIIEYRKILRQRKIDRLIDRL

pol 1405 -2.81 VHGVYYDPSKDLIAEIQKQGQGQWT
vif 37 -2.37 VDRMRIRTWKSLVKHHMYVSGKARG
gag | 64 -2.34 RPGGKKKYKLKHIVWASRELERFAV
pol 2674 -2.29 QMAVFIHNFKRKGGIGGYSAGERIV
pol 2701 -2.06 KRKGGIGGYSAGERIVDIIATDIQT

pol 2665 -2.05 TAVQMAVFIHNFKRKGGIGGYSAGE
pol 2683 -2.00 VFIHNFKRKGGIGGYSAGERIVDII
vpu | 109 -1.91 RKIDRLIDRLIERAEDSGNESEGEI
gag | 10 -1.87 RASVLSGGELDRWEKIRLRPGGKKK
gag | 19 -1.85 VLSGGELDRWEKIRLRPGGKKKYKL
gag | 1225 -1.82 RKKGCWKCGKEGHQMKDCTERQANF
pol 2863 -1.81 KLLWKGEGAVVIQDNSDIKVVPRRK
pol 2692 -1.80 HNFKRKGGIGGYSAGERIVDIIATD
pol 2071 -1.78 VPAHKGIGGNEQVDKLVSAGIRKVL
vpu | 145 -1.76 RAEDSGNESEGEISALVEMGVEMGH
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Figure 3.4
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Table 3.3

IAV sequence motifs with mRNA levels <-1.5 log2 a.u below median

ORF | Location | mRNA level (log2 a.u.) | Motif Amino Acid Sequence

NP | 577 -2.13 MVRMIKRGINDRNFWRGENGRKTRI
PB1 | 541 -1.96 ITTHFQRKRRVRDNMTKKMITQRTM
NP | 568 -1.92 VMEMVRMIKRGINDRNFWRGENGRK
M2 | 109 -1.69 HLTLWILDRLFFKCIYRRFKYGLKG

PA 910 -1.69 LYDAIKCMRTFFGWKEPNVVKPHEK
HA | 1027 -1.62 RGLFGAIAGFIEGGWTGMIDGWYGY
PA 1675 -1.62 RPMFLYVRTNGTSKIKMKWGMEMRR
NA | 586 -1.61 ITETIKSWRKKILRTQESECACVN

PB1 | 559 -1.60 RKRRVRDNMTKKMITQRTMGKKKQR
M1 226 -1.59 RRRFVQNALNGNGDPNNMDKAVKLY
PA 37 -1.55 IVELAEKTMKEYGEDLKIETNKFAA
NA | 595 -1.53 ETIKSWRKKILRTQESECACVNGSC
NS2 | 199 -1.52 EQLGQKFEEIRWLIEEVRHKLKITE
NS2 | 181 -1.51 RNEKWREQLGQKFEEIRWLIEEVRH
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Figure 3.5

a Viral motifs of interest
wild-type peptide example:
MDLFMRIFTIGTVTLKQGEIKDATP
Move [KR] « l Move [LVIYF] -

mutant peptide example:
RKKMDMTGTTQGEDATPLFIFIVLI

g

Viral motifs + mutants 50 barcodes per insert

— ree || [[]] YFP >
Cas9 + Integrate pool(s) into Bxb1 landing
AAVS1 sgRNA HEK 293T cells pad system

Effect of motifs 2 CDNA counts

on mRNA level

> genomic DNA counts

-
3

mRNA level (log 2 a

Motif sequence
Mutant

AAVST integrated
0.0

-0.51
-1.01
~1.54
-2.01
-2.54

0.0
-0.51
~1.04
-1.51
-2.01
-2.5

Wildtype

Bxb1 landing pad integrated

ORFiab 460  ORFiab_13024

Testing the effects of coding sequence rearrangements on destabilizing viral motifs

(a) Destabilizing SARS-CoV2 motifs were mutated to reorder their amino acids. All codons encoding K or R are moved to
the 5’ end of the mutated motif and codons encoding L, V, |, Y, or F are moved to the 3’ end. ORF3a wildtype and mutant
peptides are shown as an example. Wildtype and mutant viral motifs were cloned between RFP and YFP reporters with
a median of 50 random downstream barcodes without in-frame stop codons. Reporter cassettes were integrated as a
pool at the AAVST locus in HEK293T cells by Cas9-mediated homologous recombination and constitutively expressed
from a CMV promoter, or integrated by serine recombinase at a Bxbl site in HEK293T cells using and expressed from

a Tet-promoter induced by 2 ug/mL doxycycline for 24 hours prior to harvest.

(b) Steady state mRNA level of each insert is determined by sequencing corresponding barcodes in the cDNA and the
genomic DNA and normalizing the summed cDNA read counts by the genomic DNA read counts. mRNA levels were

ORF3a_1

max normalized to non-destabilizing insert sequences included in the oligo pool, which were set to Ifc = 0.
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Chapter 4: Conclusions

In this dissertation, | report the development of a massively parallel assay to profile the mRNA
effects of over 10,000 endogenous and synthetic coding sequence motifs in human cells. The
unprecedented scale of this in vivo assay, which takes advantage of pooled oligo synthesis and
Cas9-mediated genome editing, allowed me to discover a complex nascent peptide code for mRNA
stability. This discovery transforms our understanding of the ribosome from being a passive trans-
lator of the genetic code to an active filter against aggregation-prone peptides such as bulky 3
strands that are implicated in neurodegeneration. The large peptide-driven effects on mRNA sta-
bility found in my work will re-orient the translation field from its current focus on simple RNA motifs
such as codon usage and GC content, and spur efforts to identify the genetic regulators that couple
ribosome motion to mMRNA stability in human cells. The finding that certain amino acid substitu-
tions can impact mRNA stability in cis will lead to a major rethinking in the area of disease genetics
where missense mutations are normally assumed to alter protein activity and not protein expres-
sion. My comprehensive profiling of viral coding sequences adds more depth to our established
peptide code for cotranslational mRNA stability effects, and highlights regulatory mRNA sequence
motifs that may be critical for viral fitness. Finally, the nascent peptide effects on mRNA stability
and protein expression uncovered here will be of practical relevance to the design of mMRNA-based

therapeutics, which have taken center stage in the post-COVID era.
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