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ABSTRACT

Organisms exist under constantly varying environmental and internal conditions, which
necessitate the differential regulation of gene expression. To synthesize proteins, the
ribosome translates the information encoded in the nucleotide sequence of an mMRNA into
the final, functional amino acid sequence. Knockouts of ribosomal proteins lead to lethality.
One such protein is the ribosomal protein 6 of the small subunit (eS6/RPS6). We
confirmed that the knockout of either one of two eS6 paralogs in Arabidopsis leads to
stunted growth and chlorosis. Here, these phenotypes have been further characterized in
seedlings by precisely quantifying the ribosome loading of mMRNAs as well as by RNA-seq
and proteomics. Loss of either RPS6 paralog causes widespread perturbations in
chloroplast development, including in photosystem (PS)Il and PSI, as well as ribosome
biogenesis. Furthermore, we assess whether the phosphorylation status of eS6 plays a
role in its regulation. Elimination of eS6 phosphorylation resulted in a mild phenotype with
minor changes to the transcriptome, suggesting it is dispensable for most aspects of plant
development. To more broadly understand the process of translation we developed a
mathematical model that predicts the transcript population and the transcript’s association
with ribosomes. Computational techniques have become a cornerstone of modern biology
allowing for broad molecular characterization and subsequent development of formal
explanations of biological phenomena. In this model we focus on the effect of transcript
decapping on the mRNA population and its translational output. As expected, increased
decapping reduces overall protein production, partly by reducing ribosomal load, but
mainly by shifting the mRNA population from the translationally active, capped state to the
inactive, decapped state. Additionally, in transcripts with low half-lives, we find that a

significant proportion of the protein production occurs during cotranslational decay.
v



Through these two projects we examine the ability of Arabidopsis to regulate its protein

production.
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Chapter 1: Introduction



A version of this chapter was originally published by Ricardo A. Urquidi Camacho, Ansul
Lokdarshi, Albrecht von Arnim:

Ricardo A. Urquidi Camacho, Ansul Lokdarshi, Albrecht von Arnim. “Translational gene
regulation in plants: A green new deal” Wiley Interdiscip Rev RNA (2020).

Portions of this review have been excerpted. Figures excerpted from the review are noted

At the broadest level, gene expression is determined by three factors: mRNA level
(production and stability), mRNA translation rate, and protein degradation rate. mMRNA
level is controlled by a combination of mRNA transcription rate, pre-mRNA processing
and mRNA degradation (Translation dependent and independent mechanisms).
Transcriptional regulation of MRNA expression has been studied extensively throughout
all domains of life. Nevertheless, mRNA levels alone are not sufficient to predict protein
levels in a cell. Multiple studies have found that the correlation between mRNA transcript
concentration and protein concentration measured by squared Pearson correlation
coefficient (R?) ranges between ~0.09-0.46 in multicellular organisms (de Sousa Abreu
et al., 2009) (Figure 1.1). These results indicate that a substantial portion of gene

expression control lies in translation regulation and protein degradation.

1.1 Overview of Translation and Its Regulation

Translation is the process through which the information encoded in a mRNA
sequence is converted into protein. This conversion process is carried out by the
ribosome, a ribonucleoprotein composed of a large 60S subunit and a small 40S subunit

(Browning & Bailey-Serres, 2015, Urquidi Camacho et al., 2020). Each subunit contains
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Figure 1.1: Correlation between mRNA expression levels and protein expression levels.

A) Correlation between 1,025 human mRNA and their respective proteins (R2 = 0.046) B)
Summary of mMRNA-Protein squared Pearson correlations coefficients found in literature by year
in various organisms. Squares represent bacteria, triangles represent unicellular eukaryotes and
circles represent multi-cellular eukaryotes. Shape fill color represents different levels of
significance found for each comparison (red = P-value <10-100, black = P-value <10-50, gray =
P-value <10-3) Figures Adapted from (de Sousa Abreu et al., 2009) and reproduced with
permission (Copyright clearance center order license ID: 1384727-1).



a combination of ribosomal rRNA and various ribosomal proteins. Translation consists of
three steps: initiation, elongation and termination (Figure 1.2) (Browning & Bailey-Serres,
2015, Urquidi Camacho et al., 2020). The initiation step can be broken down into three
phases: 1) small ribosomal subunit binding to an mMRNA transcript (accomplished with the
help of initiation factor proteins), 2) recognition of the start codon by the small subunit and
3) assembly of the full 80S ribosome. The rate at which 80S ribosomes are assembled
and protein production begins is called the initiation rate. Following 80S ribosome
assembly, the elongation step begins, and protein is synthesized. When the ribosome
reaches a stop codon, the termination machinery releases the peptide from the tRNA and
separates the ribosomal subunits from one another. The text below covers the process

in more detail and recent advances as presented in (Urquidi Camacho et al., 2020).

1.2 The Ribosome

The structure of a plant 80S ribosome has been deduced for wheat by
cryoelectron microscopy (Armache et al., 2010). The four ribosomal RNAs (25S, 5.8S
and 5S in the 60S subunit and 18S in the 40S) are accompanied by 81 different ribosomal
proteins (RPs). Of these, all except the plant-specific P3 protein in the acidic stalk of the
60S are orthologous to metazoan proteins. The genetic architecture of the RPs opens
many opportunities to understand the evolution of a large ribonucleoprotein complex.
Each Arabidopsis RP is encoded by 2-7 highly similar paralogs (Browning & Bailey-
Serres, 2015, Hummel et al., 2015). With at most a few exceptions, all the 81 RPs have
at least two paralogs expressed, as judged by proteomics or ribosome footprinting, and
at least 80% of the 239 RP genes are expressed into proteins, while 13 are considered

pseudogenes (Hummel et al., 2015). The DNA sequences of certain paralogous pairs
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evolve in a concerted manner, possibly by gene conversion events between related
paralogs, which is reminiscent of the concerted evolution of the duplicated rRNA genes
(Devis et al., 2015).

While many paralogous pairs of RPs are expressed with similar tissue specificity,
differences in the absolute mRNA level are common (Browning & Bailey-Serres, 2015).
When one compares the RP mRNA expression levels across maize germplasms, the
levels of several RP mRNAs are anti-correlated with leaf size. This is surprising because
RP expression is generally positively correlated with plant growth, and it suggests that
frugal expression of RPs may boost growth (Baute et al., 2016). The ribosome loading of
the paralogous RP mRNAs can differ substantially (Tiruneh et al., 2013). While a few of
the paralogs have unusual, environmentally sensitive mRNA expression patterns
(Browning & Bailey-Serres, 2015), the translation states of most of the RP mRNAs are
co-regulated, forming a tight translational regulon in Arabidopsis (Branco-Price et al.,
2008, Juntawong & Bailey-Serres, 2012, Kim et al., 2007, Tiruneh et al., 2013). The RP
MRNAS possess characteristic sequence features including a short 3'UTR and a high GC
content in their short 5'UTRs and are enriched for the telo-box sequence motif (Branco-
Price et al., 2005, Juntawong & Bailey-Serres, 2012), which may or may not predispose
these mMRNAs for joint regulation.

Because of the duplication of RP genes, null mutants of a single gene are typically
viable, yet display a characteristic pointed- and serrated-leaf phenotype (Zheng et al.,
2016). In turn, double mutants that eliminate the two prominently expressed paralogs
typically cause gametophytic or embryo lethality (Casanova-Saez et al., 2014, Dasgupta
et al., 2023, Kim et al., 2015, Yan et al., 2016a, Zsogon et al., 2014). It is not uncommon

that bona fide null alleles of two RP paralogs have slightly different phenotypes. This
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observation raises the hypothesis that the two paralogs have different functions. These
functions could either be differential extraribosomal activities, e.g. (Falcone Ferreyra et
al., 2010). Alternatively, the two paralogs may impatrt slightly different properties on the
ribosome, leading to the notion of functionally 'specialized ribosomes'. Granted, according
to the rules of combinatorial mathematics no two plant ribosomes should be exactly alike,
and some RP paralogs are expressed differently (Hummel et al., 2012, Moin et al., 2017).
However, the 'specialized ribosome' hypothesis faces challenges. First, in most cases it
is difficult to rule out that the difference in mutant phenotype is due to a difference in the
expression patterns of the paralogs (Devis et al., 2015, Horiguchi et al., 2012, Zsogon et
al., 2014), or is due to residual activities of the mutated alleles, e.g. (Creff et al., 2010),
or could potentially arise from an alteration in gene dosage e.g. going from two paralogs
to on in single rps6 mutants (Dasgupta et al., 2023).

Aside from differences in amino acid composition between paralogs, ribosomal
proteins and associated translation factors become structurally diversified by numerous
posttranslational modifications, first and foremost phosphorylation. Phosphorylation of
several RPs and elFs is stimulated by light and carbon dioxide and declines in darkness
in a diel manner (Boex-Fontvieille et al., 2013, Choudhary et al., 2015, Mergner et al.,
2020, Nukarinen et al., 2016). About four different patterns of phosphorylation can be
clearly distinguished, stimulation by light and CO, (eS6/RPS6, uS11/RPS14, elF4B),
stimulation by darkness (elF4A, elF4G), stimulation by high CO2 and darkness (elF4B
and elF3b), or no change (many proteins) (Boex-Fontvieille et al., 2013). Among these,
phosphorylation of the 40S subunit has been studied in most detail for eS6/RPS6, located
at the foot of the small subunit and phosphorylated by the S6 kinase as one output of the

TOR kinase signaling pathway. eS6-P occurs in response to light, auxin,
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photoassimilates, and photomorphogenetic signals and is repressed by stresses such as
heat and hypoxia (Chen et al., 2018, Dobrenel et al., 2016b, Enganti et al., 2018a).
Peculiar in the field of circadian biology, eS6 phosphorylation is controlled in an
incoherent (opposing) manner by light and the circadian clock (Enganti et al., 2018a). In
summary, the patterns of phosphorylation often suggest hypotheses concerning their
functions because they are correlated with growth-promoting or energy starvation
conditions. However, the biochemical significance of phosphorylation at the level of
translation and its physiological significance for plant growth remain to be resolved in

most cases.

1.3 The Translation Factors

1.3.1 Initiation

Translation of mRNA is divided into three phases, initiation, elongation, and
termination. Of these, initiation is the most highly regulated and involves the largest
number of factors (Figure 1.2) (Browning & Bailey-Serres, 2015). In brief, the 5' cap of an
MRNA is recognized by the heterodimer between the cap binding protein elF4E and a
scaffold protein, elF4G, which together are called elF4F. Plants possess an abundant,
alternate isoform of the cap binding complex, named elFiso4F, consisting of elFiso4E
and a small isoform of elF4G, elFiso4G. The elF4E isoforms bind the cap with a range of
affinities (Khan & Goss, 2018, Kropiwnicka et al., 2015). The multiple elFs also service
different mRNAs with different efficiencies (Bastet et al., 2017, Gallie, 2016, Mayberry et
al., 2009), and they play key roles in the defense against viruses. The third protein in the
elF4 group is the helicase elF4A, which unfolds the 5' end of the mRNA. Finally, elF4B

is structurally less conserved among eukaryotes than most other factors and functions in
7



part to stimulate elF4A helicase activity, e.g. (Liu & Goss, 2018, Mayberry et al., 2009,
Zhao et al., 2017).

The 40S subunit of the ribosome is prepared for initiation by the trimeric GTPase
elF2 whose alpha subunit is the target of a pan-eukaryotic regulatory phosphorylation
event to be discussed in more detail below. elF2 delivers the initiator methionyl-tRNA
(Met-tRNAI) to the peptidyl (P)- site of the 40S. By far the largest of the elFs is elF3, a
complex of twelve subunits and a loosely associated j subunit (Raabe et al., 2019). elF3
functions as an organizing scaffold for elF1, 1A, 2 and 5, and all together form a
multifactor complex (Dennis et al., 2009).

The 40S subunit loaded with its initiation factors is known as the 43S preinitiation
complex. Bringing the 43S preinitiation complex into contact with the mRNA and its cap-
binding complex is attributed to binding between elF3 and elF(is0)4G (Browning & Bailey-
Serres, 2015). Once brought to the 5' end of the mMRNA, the 43S scans down the 5' leader
of the mRNA until the Met-tRNAi basepairs with an AUG start codon. Start codon
recognition is highly regulated. As in other eukaryotes, the scanning ribosome recognizes
the AUG start codon better when it appears in a specific 'Kozak'-sequence context, which
in eudicot plants is AANAUGGC and in monocotyledenous plants is GCNAUGGC (Gupta
et al., 2016, Merchante et al., 2017, Sugio et al., 2010). The small proteins elF1A and
elF1 assist in start codon recognition. At this time, elF5 stimulates GTP hydrolysis by
elF2. Next, the elFs leave their positions on the 40S, and the large elF5B GTPase
mediates recruitment and binding of a 60S subunit, concluding the initiation phase.
Among the remaining elFs, elF2B is hypothesized to function as the guanine nucleotide
exchange factor for elF2, although its necessity in this capacity has been questioned

(Browning & Bailey-Serres, 2015). elF5A is no longer considered to be an initiation factor,
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but an elongation factor whose yeast homolog functions to suppress ribosome stalling on
oligo-proline stretches (Gutierrez et al., 2013, Shin et al., 2017). elF6 is a small, lightly
characterized protein (Guo et al., 2011) that binds the large subunit and is thought to
assist in subunit separation and/or joining as well as in ribosome biogenesis (Missbach
et al., 2013).

Start codon context is a nexus for translational regulation in several contexts. Start
codon context affects the choice between alternative start codons that exist in the open
reading frames (ORFs) of certain proteins with alternative subcellular targeting
sequences. Here the choice of start codon determines the amino-terminal targeting
sequence of the protein (Kasaras & Kunze, 2017, Wamboldt et al., 2009). Initiation at
non-AUG start codons is non-negligible, occurs routinely on specific mRNAs, influences
the inhibitory potential of upstream open reading frames and generally diversifies the
spectrum of translated ORFs, especially on 5' leader sequences (Hsu et al., 2016, Laing
et al., 2015, van der Horst et al., 2020, Vaughn et al., 2012, von Arnim et al., 2014). The
regulatory potential of Kozak context was brought into focus in the context of the elF5
mimic proteins, which assist elF1A in enforcing the Kozak rule by counteracting elF5.
Very interestingly across the eukaryotes, including plants, elF5 mimic proteins are
translated from a start codon in a poor Kozak context (WUUAUGA), which suggests that
this protein suppresses start codon recognition, and its level is autoregulated (Loughran

et al., 2018). In non-plants this is also the case for elF1 (lvanov et al., 2010).



Figure 1.2 General overview of cytosolic mMRNA translation.

Translation initiation begins with the assembly of a 48S preinitiation complex. For this, the 40S
ribosomal subunit loaded with initiation factors (1A, 1, 3, 5) docks with the ternary complex (elF2,
GTP, and Met-tRNAI) to form the 43S preinitiation complex. Meanwhile, the linear mRNA is
thought to form a closed loop by virtue of PABPs on the poly(A)-tail interacting with the cap-binding
complex elF4F, consisting of elF4G scaffold and elF4E cap-binding proteins. The resulting closed-
loop structure is loaded onto the 43S preinitiation complex likely by contacts between elF4G and
elF3 to form the 48S scanning complex. Loading of the mRNA into the 40S is facilitated by the
helicase elF4A with assistance from the RNA-binding protein elF4B. The 48S then scans the 5'-
leader of the mRNA. Upon AUG recognition by the ternary complex, elF1, 1A, and 5, GTP
hydrolysis by elF2 locks the initiator Met-tRNAi into the peptidyl (P)-site of the 40S, assuming a
closed conformation. Upon release of all other initiation factors the GTPase elF5B catalyzes the
joining of the 60S to complete the assembly of a functional 80S ribosome. Next, elongation factor
eEF1A delivers a charged aminoacyl-tRNA into the A-site of the 80S; a correct codon—anticodon
match triggers GTP hydrolysis by eEF1A and the release of eEF1A-GDP. Following peptide bond
formation by the peptidyltransfrase activity of the ribosome, elongation factor eEF2 uses GTP
hydrolysis to translocate the mMRNA—-tRNA complex by one codon. The CDS is decoded into a
protein by successive cycles of aminoacyl-tRNA binding, peptide bond formation, and
translocation of the spent tRNA into the exit (E)-site. A stop codon in the A-site triggers termination
by the release factor complex (eRF1-eRF3-GTP). GTP hydrolysis by eRF3 triggers its release and
opens the binding for the recycling factor, ABCE1, at the A-site. This releases the polypeptide from
the P-site and a final ATP hydrolysis by ABCE1 promotes the disassembly of the 80S components,
to be recycled for another round of protein synthesis. For details refer to Browning and Bailey-
Serres (2015). Excerpted from (Urquidi Camacho et al., 2020)
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1.3.2 Elongation, Termination and Recycling

During translation elongation, charged tRNA is recruited into the empty aminoacyl
(A)-site of the ribosome, the peptidyltransferase activity of the large ribosomal RNA
catalyzes peptide bond formation, the mRNA-tRNA hybrid translocates one codon at a
time, followed by the discharge of the uncharged tRNA through the exit (E)-site (Figure
1.2). tRNAs are delivered by the GTP binding elongation factor eEF1A, which is
reconstituted by its guanine nucleotide exchange factor, eEF1B. The ribosome is moved
forward by one codon by a second GTPase, eEF2. It is worth noting that slowing or
accelerating translation elongation should have no lasting effects on the protein synthesis
rate unless it blocks initiation, or elongation stalls completely. Slowing elongation by two-
fold will necessarily increase the ribosome density by two-fold, but the rate at which protein
synthesis will finish remains the same. Slowing the elongation rate globally will however,
reduce the pool of free ribosomes, which may inhibit bulk initiation.

Once the ribosome reaches a stop codon, the release factor eRF1 is delivered to
the empty A-site with the help of the GTPase eRF3 and releases the nascent polypeptide
(Figure 1.2). Next, the ATP binding cassette protein ABCE1 (AtRLI in Arabidopsis) then
separates the 40S and 60S ribosomal subunits, a process called recycling (Navarro-
Quiles et al., 2018). The opposite of termination, namely stop codon readthrough, is rare
compared to proper termination, based on Ribo-Seq experiments (Hsu et al., 2016,
Merchante et al., 2015), but was elegantly exploited to regulate the expression of eRF1
itself (see below) (Elakhdar et al., 2019, Nyiko et al., 2017). Readthrough at levels as high
as 30%, as compared to less than 1% normally, takes place commonly in viruses via
specific RNA sequence elements, e.g. (Devis et al., 2015, Kuhlmann et al., 2016, Xu et

al., 2018).
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The poly(A) binding proteins (PABPSs) are considered core translation factors. In
Arabidopsis PAB2, PAB4 and PABS are jointly expressed in the diploid phase of the life
cycle and are partially functionally redundant (Gallie, 2017, Zhao et al., 2019). The extent
of PABP binding to mRNAs correlates with translational efficiency, although the spectrum
of MRNAs affected depends on the experimental conditions (Gallie, 2017, Tiruneh et al.,
2013, Zhao et al., 2019).

Plant mRNAs are thought to conform to the closed-loop model, where PABP forms
a physical bridge via elF4G and elF4E between the 5' and 3' ends of the mRNA (Browning
& Bailey-Serres, 2015, Gallie, 2018). The closed-loop model is often invoked when

elements in the 3' region of a transcript influence translation initiation.

1.4Mechanisms of Translation Regulation

Translational control can be affected on multiple levels. Sources of translational
control are due to either intrinsic properties of the mRNA or interaction between regulating
proteins and the translational machinery (e.g. the ribosome or initiation factors)
(Merchante et al., 2017). Some intrinsic properties of an mRNA transcript can have a big
effect on translation. mMRNA secondary structure such as hairpin loops can make ribosome
movement difficult, which can affect both initiation and elongation (Roy & von Arnim,
2013). Other sources of MRNA regulation include upstream open reading frames, weak
Kozak sequences and codon usage bias (Roy & von Arnim, 2013, von der Haar, 2012,
Zur & Tuller, 2016). An example of non-mRNA translation regulation would be the
phosphorylation of eukaryotic initiation factor 2 alpha (elF2a) in response to external
stressors by the kinase general control nonderepressible 2 (GCN2) (Lokdarshi et al.,

2019a, Lokdarshi et al., 2019b). elF2a is responsible for recognition of the start codon in
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initiation. elF2a phosphorylation inhibits its function and reduces translation initiation.
Other phosphorylation events in the translational machinery have long been correlated
with integration of environmental and internal signals. Phosphorylation of the C terminal
tail of Ribosomal Protein of the Small Subunit 6 (eS6) is known to be stimulated by external
factors such as light and internal signals such as the plant circadian clock and intracellular
sugar levels (Enganti et al., 2018a). Although the function of this phosphorylation has long
been elusive, it has been suggested that the phosphorylation might be necessary for
translation re-initiation (Mancera-Matrtinez et al., 2021). Recent work in our lab ((Dasgupta,
2023, Dasgupta et al., 2023), Chapter 2) shows that transgenic plants harboring
phosphodeficient eS6 can fully rescue both the lethal phenotype of the double mutant,
and the developmental phenotypes seen in the single mutants. Through these regulatory
pathways an organism can control which transcripts get translated and what rate they get

translated. These diverse mechanisms are further explored below.

1.4.1 The GCN2 Kinase

The phosphorylation of elF2a is one of the most widely studied translational control
events across all eukaryotes. In animals and fungi, elF2a is phosphorylated on a
conserved serine residue (Ser51) by the GCN2 kinase (General Control Nonderepressible
2) as part of the integrated stress response, which represses translation globally (Wek,
2018). GCN2 kinase is activated upon binding of uncharged tRNA, a consequence of
amino acid depletion, to the GCN2 C-terminal histidyl-tRNA synthetase (HisRS)-like
regulatory domain (Dong et al., 2000, Garriz et al., 2009, Lageix et al., 2015). In animals
and yeast, phosphorylation of elF2a represses translation by inhibiting the guanine
nucleotide exchange factor for elF2, elF2B (Figure 1.3). While elF2B is highly conserved

in plants and forms a physical complex, whether elF2B functions in this manner, and to
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what degree P-elF2a represses translation remains unknown (Browning & Bailey-Serres,
2015, McWhite et al., 2020).

A series of observations is consistent with the notion that the plant GCN2-elF2a
module is also a sensor of amino acid depletion. Although there is no direct in planta
evidence that GCN2 is activated by uncharged tRNA, GCN2 is activated by herbicides
that inhibit amino acid synthesis. GCN2 phosphorylates elF2a on the canonical,
conserved serine residue (Ser56) (Faus et al., 2015, Izquierdo et al., 2018, Zhao et al.,
2018), and this event is sometimes accompanied by global translational repression
(Lageix et al., 2008, Lokdarshi et al., 2020a). The signaling molecule B-aminobutyric acid
(BABA) inhibits aspartyl-tRNA synthetase activity, which may well lead to accumulation of
uncharged tRNAs; and the inhibition of plant growth caused by BABA is indeed GCN2-
dependent (Luna et al., 2014). Moreover, overexpression of GCN2 kinase deregulates
free amino acid levels in wheat (Byrne et al., 2012).

However, other evidence indicates a broader role for GCN2 in plant translational
control beyond amino acid sensing. First, plant GCN2 is activated by several abiotic
stresses, pathogens, and defense-related signaling molecules (Lageix et al., 2008, Liu et
al.,, 2019, Llabata et al., 2019, Lokdarshi et al., 2020a, Sormani et al., 2011). Upon
infection with Pseudomonas syringae, the GCN2-elF2a module is involved in the
regulation of genes encoding ABA receptors, ABA biosynthetic enzymes and ABA related
transcription factors (Liu et al., 2019). These studies indicate specific adjustments to gene
expression via the GCN2-elF2a module. More recently, conditions that elevated
reactive oxygen species (excess light, herbicides, cold and salt) rapidly triggered elF2
phosphorylation by GCN2 in a manner dependent on light and photosynthetic electron

transport (Lokdarshi et al., 2020a, Lokdarshi et al., 2020b). To date, the ROS hydrogen
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peroxide is the only signal shown to activate GCN2 in darkness. These findings implicate
the GCN2-elF2a module in a retrograde signaling event that allows the chloroplast to

regulate translation in the cytosol.

1.4.2 TOR Kinase Signaling Effect on RPS6

The TARGET OF RAPAMYCIN (TOR) kinase plays a vital role in integrating
multiple external cues (e.g., light, nutrient availability and energy status, hormones, stress)
to stimulate cellular processes underlying cell growth and development. Specifically, TOR
kinase affects the levels of numerous transcripts, including those for plastid ribosomes
(Dobrenel et al., 2016b), and stimulates the cell cycle (Pfeiffer et al., 2016, Xiong et al.,
2013) and translation (Shi et al., 2018). Overall, core elements of the eukaryotic TOR
pathway are conserved in plants, TOR's dependence on the partner proteins RAPTOR
and LSTS8, its activation under energy replete conditions, and its signaling through the
kinases S6 kinase (S6K) and YAK1 (Barrada et al., 2019, Forzani et al., 2019), and the
potentiation of TOR signals by the inhibitory subunit Tap46 of protein phosphatase 2A
(Ahn et al., 2015, Ahn et al., 2011). Phosphorylation of S6K and of the ribosomal protein
eS6 are diagnostic markers of TOR activity across eukaryotes, including in plants (Chen
et al., 2018, Dobrenel et al., 2016a).

An early observation noted that silencing of TOR inhibits mMRNA-ribosome loading
(Deprost et al., 2007). The translational activation of specific mMRNAs by the plant hormone
auxin is one of the best characterized translational functions of the TOR kinase signaling
pathway (Schepetilnikov et al., 2013, Schepetilnikov & Ryabova, 2017) (Figure 1.3). Auxin
was first shown to promote the phosphorylation of S6K and its target, eS6 (RPS6) in cell
suspension cultures (Turck et al., 2004). There is a general correlation between (i) the

signals known to stimulate the TOR pathway, such as light, glucose and sucrose, (ii) the
16



absence of abiotic stressors that signal through the ABA pathway, (iii) TOR activity as
scored by phosphorylation of S6K and eS6 (Chen et al., 2018, Dobrenel et al., 2016b,
Pfeiffer et al., 2016, Xiong & Sheen, 2013) and active translation. For example, eS6-P is

found on polysomes within 2 hours of light exposure (Enganti et al., 2018a).

1.4.3 Secondary Structure

Secondary structure of mRNAs is largely driven by Watson-Crick basepairing
forming stem-loops in the RNA, and tertiary structures can be augmented by Hogsteen-
type hydrogen bonding over the remaining solvent exposed face of the nucleobase.
Measuring secondary structure is complicated because in vivo, ex vivo, and in vitro
conditions often yield different results. Predicting secondary structure is challenging
because all but the shortest RNAs potentially fold into alternative structures with similar
thermodynamic stability and because helicase activities disturb equilibrium conditions in
vivo. Nonetheless, secondary structure has been estimated transcriptome-wide at
nucleotide resolution using a variety of chemical structure-probing reagents (Ding et al.,
2014, Li et al., 2012a, Mitchell et al., 2019, Vandivier et al., 2016). Correlations between
secondary structure and translational efficiency are fairly sparse, but the regions around
start and stop codons are depleted in secondary structure. Moreover, the mRNA's
chemical reactivity with structure probing reagents varies across certain mRNAs in a way
suggesting that globular enzyme domains are translated from unstructured mRNA

regions, i.e. faster, while interdomain regions are more structured, i.e. translated more
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Figure 1.3: Environmental and physiological effectors of translational machinery post
translational modifications.

A) GCN2 kinase is co-activated by GCN1 and uncharged tRNA. GCN2 phosphorylates the a
subunit of the GTPase elF2. GCN2 is activated by multiple abiotic and biotic stressors, some of
which may deplete amino acids and increase deacylated tRNAs. Depletion of O-acetyl serine, a
precursor of cysteine, stimulates GCN2. Reactive oxygen species (ROS) arise from the
photosynthetic apparatus under excess light and activate GCN2. ROS also accompany many of
the other triggers known to activate GCN2 such as herbicide and cold.

B) Multiple activators of TOR lead to phosphorylation of S6K followed by eS6 phosphorylation. The
effect of this eS6 modification has unknown effects on translation.

Black arrows represent activation. Dashed lines indicate indirect or hypothetical connections.
modified from (Urquidi Camacho et al., 2020)
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slowly. This pattern may promote the proper folding of the globular domain before the next
nascent domain emerges from the ribosome (Tang et al., 2016). Finally, because RNA
folding is temperature dependent, RNAs may function as cellular thermometers. A rise in
temperature is a minimally invasive method to thermodynamically unfold an RNA in vivo.
However, unfolding of RNAs upon 3h of heat shock, as measured by transcriptome-wide
mapping of MRNA structure, did not predict increases in translation but rather predicted
RNA degradation (Su et al., 2018). If we had hypothesized that RNA secondary structure
substantively constrains ribosome loading, this result would seem to tip the scales against
this hypothesis. In fact, secondary structures that are thermodynamically stable enough
to resist the helicase activity of the ribosome (Desai et al., 2019) are fairly uncommon;
most known cases are from viruses and 3' UTRs. Recently, the G-quadruplex has
emerged as a stable RNA-fold. Although widespread, especially in G-rich monocot
genomes, there are few examples for a G-quadruplex in a 5' leader sequence repressing

translation (Griffin & Bass, 2018, Kopec & Karlowski, 2019, Kwok et al., 2015).

1.4.4 Upstream Open Reading Frames

The most widely distributed translationally active RNA sequence element is the
upstream open reading frame (UORF). An UORF is defined as a coding sequence of any
length that typically begins with an AUG in the 5' leader sequence (also called the 5'
untranslated region) of an mMRNA (Figure 1.4 A). About 30%-40% of plant genes give rise
to an mRNA that contains an uORF. Unless skipped by ‘'leaky scanning' (Sugio et al.,
2010), uORFs repress the translation of the main ORF by engaging the scanning ribosome
and diverting it from the main AUG (Srivastava et al., 2018, von Arnim et al., 2014), (Dever
et al., 2023). uORFs that extend into the main coding sequence are most inhibitory.

Ribosome footprinting has yielded direct evidence that many uORFs are actively
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translated (Bazin et al., 2017, Hsu et al., 2016, Juntawong et al., 2014, Kurihara, 2020,
Liu et al., 2013, Wu et al., 2019b). Because an uORF termination codon is a premature
stop codon that triggers NMD, the fate of the mRNA depends on the capacity of the
ribosome to reinitiate translation, which is inversely related to uUORF length.

Aside from uORF length and AUG sequence context, an uORF will be less

inhibitory if the uAUG lies within another uORF, if the uORF begins with a non-AUG start
codon, and if the uAUG is occasionally removed by alternative splicing or skipped because
of alternative transcription initiation downstream in the 5' leader (Kurihara et al., 2018, Roy
etal., 2010, Zhou et al., 2014) (Figure 1.4 B). For example, translation of the phytochrome
interacting factor PIF3 is inhibited by retention of an uORF-containing intron in the 5
leader, whose retention is stimulated by light (Dong et al., 2020).
UORFs are the basis for translational regulation by environmental conditions, as illustrated
by two genome-wide studies. First, blue light stimulates the translation of >100 uORFs in
Arabidopsis, which in turn attenuates the translation of the downstream main ORF
(Kurihara, 2020). Second, phosphate starvation alters the ratio of ribosome loading
between uORF and mORF on at least 8 mRNAs, including several that may influence root
architecture for phosphate uptake (Bazin et al., 2017). The Hox developmental gene in
mice are also UORF regulated (lvanov et al., 2022).

In summary, with the uUORF, nature has evolved an elegant regulatory principle
because, first, UORFs can evolve rapidly in a digital manner by single nucleotide
substitutions that form or remove AUG triplets and, second, uORFs allow for translational
control by the ribosome itself despite its structure-flattening helicase activity. With the

development of precise gene editing tools, we can expect that UORFs will be incorporated
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into strategies to manipulate protein synthesis and plant phenotype under specific

conditions (Si et al., 2020, Xu et al., 2017, Zhang et al., 2018).

1.4.5 Translation Reinitiation

When a ribosome that has just terminated translation on a stop codon fails to
dislodge from the mRNA, immediately resumes scanning on the same mRNA, and initiates
translation at another AUG codon farther downstream the ribosome has undergone
reinitiation (Figure 1.4 A, B). The mechanism of reinitiation is not fully understood in any
organism (GuniSova et al., 2018), but it is clear that spontaneous reinitiation is common
only after short ORFs, typically upstream open reading frames (UORFsS) in the 5' leader
(von Arnim et al., 2014).

Which of the canonical initiation factors are required for successful reinitiation
remains unknown, first and foremost how the 40S acquires a fresh Met-tRNAI. Studies in
diverse organisms suggest that certain translation initiation factors can remain associated
with the translating ribosome across short uUORFs, thus preserving the competence of the
ribosome to reinitiate (GuniSova et al., 2018, Pooggin & Ryabova, 2018). elF3 is clearly
central for reinitiation on viral RNAs (Pooggin & Ryabova, 2018) and cellular RNAs (Roy
et al., 2010, Schepetilnikov et al., 2013, Zhou et al., 2014), reviewed in (Merchante et al.,
2017, Raabe et al.,, 2019). The mechanics of reinitiation are of interest because it

determines the portfolio of synthesized proteins across the entire transcriptome.
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Figure 1.4 uORFs can control translation in response to metabolites.

A) Structure of an mMRNA with one main ORF (mORF, yellow) and three uORFs (blue), one of which
overlaps the mORF. Start codons are highlighted with bent arrows. B) Reporter gene translation
assay designed to quantify leaky scanning versus reinitiation on an mRNA with a single uORF. As
compared to the wild-type allele (1), in allele (II) the start codon of the UORF has been mutated to
prevent initiation. In allele (l11), the stop codon of the UORF has been mutated so as to extend the
UORF into the main ORF, which precludes reinitiation at the Reporter AUG. Additional mutations
may be needed to remove any downstream in-frame stops in the 5' leader and to ensure that the
UORF is out of frame with the main ORF. The rates of leaky scanning past the uORF initiation
codon (LS), of initiation at the uAUG (1), of initiation-reinitiation (I/R) and of failure to reinitiate (I/NR)
are calculated from the empirical reporter gene expression activities Al, All and Alll as shown in
the table. Numbers shown are for illustration only. C) uORF-mediated metabolic control on the
GGP (GDP-galactose phosphorylase) mRNA (Laing et al., 2015). At a high ascorbate level, the
non-canonical start codon (ACG) of the uORF is recognized and the encoded conserved peptide
disallows reinitiation thus switching translation of the main ORF off. At low ascorbate the ACG
codon is thought to be skipped by leaky scanning. D) uORF-mediated metabolic control on the
AdoMetDC (adenosyl-methionine decarboxylase) mRNA (Hanfrey et al., 2005, Uchiyama-
Kadokura et al., 2014). At a low polyamine level, ribosomes initiate on uORF1, thus bypass the
start of UORF2, and reinitiate on the main ORF. At a high polyamine level, uORF1 is skipped and
UORF?2 is translated. uUORF2 codes for a conserved peptide and is not conducive to reinitiation,
thus inhibiting translation of AdoMetDC by negative feedback. Modified from (Urquidi Camacho et
al., 2020)
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1.4.6 RNA Quality Control and Turnover in Plant Translation

When a ribosome encounters an mRNA that prohibits regular completion of the
translation process, the 'aberrant’ mRNA is fated for degradation by XRN4 and SKI2
exonuclease pathways (Szadeczky-Kardoss et al., 2018b). Of the handful of molecular
guality control processes known in animals or fungi most are just beginning to be
characterized in plants. Ribosomes stuck at the 3' end of an RNA, e.g. because of miRNA-
directed slicer activity, trigger Non-Stop Decay (Szadeczky-Kardoss et al., 2018a), which
utilizes homologs to the yeast proteins Hbsl (related to eRF3) and Dom34 (related to
eRF1). These proteins are also invoked under No-Go Decay, i.e. when a ribosome stalls
on the poly-lysine encoded by the poly(A) tail, other stalling peptides, or strong RNA
secondary structure (Szadeczky-Kardoss et al., 2018b).

The best studied quality control mechanism in plants is nonsense-mediated decay
(NMD), a complex process that is triggered on mRNAs with premature termination (stop)
codons, splice junctions located over 50 nt downstream of a stop codon, uUORFs, and long
3’ UTRs. NMD allows the plant to identify and destroy mRNAs that would otherwise give
rise to partial proteins, which may possess maladaptive activities. The NMD mechanism
requires three Upf proteins (UPF1 to UPF3), SMG1 and SMG7, and a helicase distantly
related to elF4A, elF4A 1l (Ohtani & Wachter, 2019, Poidevin et al., 2019). NMD is further
stimulated by other accessory proteins such as the helicase DDX6 (RH12) (Sulkowska et
al., 2019).

NMD plays an important role in plant posttranscriptional control. UORFs create
premature termination codons, and some but not all uUORF-containing mMRNAs are NMD
substrates (Nyiko et al., 2009). Very interestingly, the expression of the termination factor
eRF1 is regulated by an autoregulatory negative feedback loop that involves NMD and
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degradation of the mRNA when eRF1 levels are sufficient, as compared to stop codon
readthrough and suppression of NMD when eRF1 levels are limiting (Figure 1.5) (Nyiko
et al., 2017). In summary, NMD and related RNA quality control processes make the
translation machinery robust and able to effectively deal with errors in the upstream steps
of gene expression.

NMD proteins are cellular markers for P-bodies (Processing Bodies), cytoplasmic
MRNP granules where mRNAs are decapped. P-bodies also contain ribonucleases for
RNA degradation. However, several recent studies have shown that mRNAs are also
degraded co-translationally where the 5'-3' exoribonuclease XRN4 follows a ribosome,
whether it is actively translating or stalled (Merret et al., 2015, Ueno et al., 2020, Ueno et
al., 2018, Yu et al., 2016). The evidence? The 5' ends of these in-vivo degraded mRNAs
display the triplet periodicity that identifies them as ribosome protected fragments (Hou et
al., 2016, Yu et al., 2016). Decay with co-translational characteristics occurs during heat
stress (Merret et al., 2013) and, extremely rapidly, during recovery from excess light (Crisp
et al., 2017) and thus complements P-body mediated degradation. From the extent of
periodicity in the 5' ends, Yu and coworkers (Yu et al., 2016) deduced a 'cotranslational
decay index' describing the fraction of co-translational decay versus other modes of decay
of each mRNA. This was broken down further by Crisp and coworkers (Crisp et al., 2017)
to distinguish decay behind a moving ribosome and a paused ribosome. In summary,
these analyses clearly indicate that significant RNA turnover occurs on ribosome-loaded

and presumably actively translated RNAs.
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Figure 1.5 The expression of termination factor eRF1 is regulated by negative feedback.

A) Structure of the eRF1 mRNA. After splicing of an intron from the 3'UTR, the 3'UTR is believed
to be marked by an exon junction complex. The canonical eRF1 CDS terminates with a stop codon
that is prone to translational readthrough (weak stop), which is followed by a regular in-frame stop
codon downstream of the exon-exon junction. B) Alternate outcomes during the first round of
translation. When the eRF1 level is high, the canonical termination codon is recognized by eRF1.
The exon junction complex remains and triggers degradation of the mRNA by NMD. When the
eRF1 level is low, the weak, canonical termination codon is not recognized, translation readthrough
occurs and translation stops at the downstream stop. In the process, the exon junction complex is
removed thus keeping the mRNA stable and the rate of eRF1 synthesis high. After (Nyiko et al.,
2017). Excerpted from (Urquidi Camacho et al., 2020)
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1.5 Metabolic Control of Bulk Protein Synthesis

Protein synthesis is the predominant sink for assimilated nitrogen and sulfur, and
it is the destination for much of the inorganic phosphate in the form of ribosomal RNAs.
Protein synthesis also expends a significant portion of the cell's energy. Different from
other eukaryotes, as photoautotrophic organisms, plants mine all of these resources from
their inorganic environment. Because supplies are typically limiting for growth, it is to be
expected that protein synthesis is regulated by light and darkness and by the metabolic
status of carbon, nitrogen, and sulfur assimilation. In addition, protein synthesis is
regulated by the environmental factors that constrain the uptake of CO, and nutrients,
such as high temperature and water potential.

Over the past decade, researchers have gained deep quantitative insights into the
global control of protein synthesis over the day-night cycle. Key experimental techniques
include proteome-wide measurements of mRNA and protein levels, measurements of
ribosome numbers, mRNA ribosome loading, protein turnover rates, and metabolic flux
analysis of inorganic C and N into amino acids and proteins. Data primarily from vegetative
rosettes of Arabidopsis have revealed that ribosome numbers per cell are generally stable,
coherent with the long half-life of ribosomal proteins (Ishihara et al., 2017, Li et al., 2017,
Piques et al., 2009). The fraction of ribosomes found in polyribosomes, i.e. actively
translating, fluctuates slightly around 60+20% with a peak during the day (Missra et al.,
2015, Pal et al., 2013). Levels of most amino acids cycle with a low peak after dusk in a
light and circadian clock-dependent manner (Flis et al., 2019, Ishihara et al., 2015). The
protein synthesis rate however, cycles with a larger (~3-fold) amplitude (Ishihara et al.,
2015), which leads to the hypothesis that ribosomes may initiate and elongate more slowly

at night, especially at cooler temperature (Pyl et al., 2012). Nitrogen assimilation into
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amino acids occurs preferentially during the day, implying that amino acids used for
protein synthesis at night must come predominantly from stored pools (O’Leary et al.,
2017, Pal et al., 2013). An influential finding is that the Arabidopsis circadian clock adjusts
the rate of starch degradation at night to the seasonal length of the dark period
(photoperiod), presumably to not deplete its most fungible source of energy prior to dawn
(Flis et al., 2019, Gibon et al., 2009, Scialdone et al., 2013, Sulpice et al., 2014). As amino
acid levels are similarly stable (Gibon et al., 2009), this feature in turn allows protein
synthesis to operate during the entire night period. Instead, protein synthesis is correlated
with sucrose content, more so than with any other carbohydrate (Pal et al., 2013).
According to diel proteomics data most protein levels fluctuate little over the course
of the day, with exceptions, despite robust cycles in their MRNA levels (Baerenfaller et al.,
2012, Seaton et al., 2018). This result has now become better understood. First, different
proteins are turned over with a wide range of degradation rates, but because the average
half-life is 3.1-3.5 days (Li et al., 2017, Piques et al., 2009), cycles in the protein synthesis
rate are expected to cause only small fluctuations in the level of most proteins. Second,
the density of ribosomes per mRNA also fluctuates over the day-night cycle. While for
some mMRNAs ribosome loading or protein synthesis rate are in phase with the transcript
level (‘translational coincidence), this is not always the case (Missra et al., 2015, Seaton
et al.,, 2018). Thus, phase delays between cycles of mMRNA abundance and cycles of
ribosome loading allow the cycle of protein synthesis rates to adopt different waveforms.
When ribosome loading data are used as proxy for the protein synthesis rate, it is under
the assumption that all ribosomes elongate at the same speed regardless of mRNA
sequence and environmental conditions. Our understanding of the balance sheet of

protein synthesis would greatly benefit from protein-specific protein synthesis rates, which
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has been a tough nut to crack in plants (Glenn et al., 2017, Ishihara et al., 2015,
Lewandowska et al., 2013, Li et al., 2012b). This is relevant because the ratio between
new protein synthesis and protein turnover may be a major factor determining growth rate,

as suggested by comparisons between different Arabidopsis strains (Ishihara et al., 2017).

1.6 Control of the Translatome by Environmental Perturbation

The environment in which translation takes place varies with regards to numerous
factors, many of which influence translational efficiency. Among these factors, changes in
abiotic conditions such as temperature, water potential, and light cause dramatic shifts in
translation rates over short periods of time, hours or minutes. Some developmental
transitions are nearly as rapid, specifically hydration of seeds or pollen, as are responses
to microbial infection. Metabolic changes in agents such as sugars and oxygen also have
profound effects even though they are more difficult to control in planta. The effect of
genetic manipulations on translation is also of interest. However, in this case, differences
in translation rates are the result of complex cellular events that have played out over days
or weeks, making it more difficult to attribute a specific difference in translation to the
specific genetic perturbation. A recent trend that may gather momentum is to combine
genetic and environmental treatments (Cho et al.,, 2019, Lokdarshi et al., 2020a,
Merchante et al., 2015, Missra et al., 2015, Zhang et al., 2017). Multi-omics studies also
hold potential to unravel how translational control is integrated with upstream events such
as transcription and the cellular signaling infrastructure (Bazin et al., 2017, Hafidh et al.,
2018, Lee & Bailey-Serres, 2019).

Abiotic factors that affect the energy charge of the cell such as light, darkness and

oxygen availability affect translation in profound ways as has been documented by
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polysome profiling, TRAP-Seq and ribosome footprinting experiments (see Glossary).
The effects of light on the translatome have been explored by shifting etiolated seedlings
from dark to light (Liu et al., 2012, Liu et al., 2013), by exposing plants to darkness in the
middle of the day (Juntawong & Bailey-Serres, 2012) and by comparing translation over
the daily light-dark cycle in wild-type and clock-deficient strains (Missra et al., 2015). Plant
translatomes have also been examined in response to hypoxia and reoxygenation
(Juntawong et al., 2014, Lee & Bailey-Serres, 2019) and heat stress (Lukoszek et al.,
2016, Merret et al., 2017, Su et al., 2018, Yanguez et al.,, 2013, Zhang et al., 2017).
Hypoxia and heat stress were the first major conditions that have allowed cross-species
comparisons, demonstrating that fundamental features of the translatome response are in
fact similar (Mustroph et al., 2009, Park et al., 2012, Ueda et al., 2012). Translation
efficiencies were also collected for drought (Kawaguchi & Bailey-Serres, 2005, Lei et al.,
2015), herbicide (Lokdarshi et al., 2020a) ; phosphate starvation (Bazin et al., 2017), cold
(Juntawong et al., 2013), and the heavy metal, cadmium (Sormani et al., 2011).
Translatome-wide responses have also been analyzed in response to metabolic signals,
specifically sucrose (Gamm et al., 2014, Nicolai et al., 2006) and the hormone ethylene
(Merchante et al., 2015). What has remained unclear is whether the major reorganization
of the translatome that occurs in each case is essentially one and the same global
response in every case, or whether each variable triggers its own characteristic response.
This question has been difficult to resolve because of different experimental platforms and
plant growth conditions, but is of great interest in order to attribute how various cellular
signaling pathways cooperate to regulate translation. However, certain functionally

defined groups of mMRNASs behave as translational regulons in that they are translationally
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co-regulated across multiple conditions, for example ribosomal protein mMRNAs (Branco-

Price et al., 2008, Juntawong & Bailey-Serres, 2012, Missra et al., 2015)

1.7 Methods Utilized to Measure Translation

There are multiple experimental methods utilized to study the various aspects of
translation. These methods range from measurements focused on the molecular
dynamics of the machinery of translation to population level techniques measuring
ribosomal association to transcripts, and finally bulk translational changes associated to
perturbations in translation.

Ribosomal dynamics and the biophysical interaction of translational machinery can
be measured at the single ribosome level through single molecule fluorescence energy
transfer. (Rundlet et al., 2021) Cryo-electron microscopy on the other hand has largely
supplanted x-ray crystallography as the technique of choice for obtaining structures of the
translational apparatus (Brito Querido et al., 2020). The mechanistic implications of single
molecule interactions on translation have been measured using luciferase assays. By
altering the coding sequence of transcripts, luciferase expression has been employed to
study No Go decay, Frameshifting and codon optimality (Simms et al., 2019, Yu et al.,
2015). While the same assay can be used to study ribosomal protein mutant viability
(Bretones et al., 2018). Another approach quantitates translation through single molecule
microscopy of nascent peptides in vivo, allowing for determination of translation initiation
rates (Wu & Jaffrey, 2016).

While a number of techniques focus on single molecule measurements, translation
is more often quantitated on a population basis. A large ensemble of methods that

measure populations of ribosomes on transcripts have been employed since early in the
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fields study. Of these population techniques we have non-omics and omics-based
approaches. One of the oldest approaches still in use is polysome profiling (Figure 1.6).
Polysome profiling separates mRNA based on the number of ribosomes loaded onto each
transcript by using centrifugation through a linear gradient of increasing sucrose density
(Lokdarshi et al., 2020a). At high rpm, the heavier ribosome laden mRNAs move through
the gradient further than free mMRNA in proportion to the number of ribosomes. The mRNA
populations with different number of ribosomes is visualized by passing the sucrose
gradient through a flow cell measuring RNA absorbance of UV light. Different polysome
sizes can be visually identified within the gradient trace. Translational efficiency can be
inferred by taking the ratio of the area underneath the polysomal portion of the trace over
the total area. Thus, greater polysomal area under the trace indicates more protein
production per transcript and therefore higher translational efficiency. The actively
translated population of transcripts is measured from polysome fractions by RNA-seq or
microarrays.

It is important to note that neither RNA-seq nor microarrays alone measure the
number of ribosomes associated to the mRNA, just which mRNA transcripts are
associated with the ribosomes. The current gold standard technique for measuring the
translatome is ribosome sequencing (ribo-seq) (Ingolia, 2016, Hsu et al., 2016). The
purpose of ribo-seq is to obtain information about the number of ribosomes associated
with a particular mRNA transcript as well as the location of these ribosomes on the
transcript. In ribo-seq a sample’s mRNA is digested by an endonuclease. Free mRNA is
fully digested, while ribosome associated transcripts produce small ribosome protected
fragments called footprints (RPFs). The subsequent footprints are sequenced using a

short-read sequencer. Translational efficiency can be estimated by dividing the counts
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Figure 1.6: Polysome profiling helps separate transcripts by ribosomal load.

Left) Sucrose gradient ranging from 15% to 50% sucrose w/v. Center) Sample loaded onto the
gradient is centrifuged and results in separation of transcripts based on ribosomal load. Center)
This gradient can then be passed through a UV spectrophotometer and 254nm light absorption can
be measured to determine the RNA concentration in the gradient. The gradient is pumped through
the spectrophotometer by puncturing the bottom of the centrifuge tube and using a higher density
sucrose solution to push the gradient through. Right) This results in the UV absorption trace in the
bottom right. Peaks are labeled as ribosomal subunits (40S, 60S), monosome (80S) or Polysomal
(2+). Gradient can be separated into fractions for further analysis. For example: Non Polysomal
(NP), Small Polysomal (SP) and Large Polysomal (LP). In the trace in the bottom right you can see
mock and herbicide treated traces. Note that herbicide stress causes fewer ribosomes to be loaded.
This is interpreted as a decrease in the overall translation state in herbicide vs mock.
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from RPFs by total mMRNA-Seq counts (Chekulaeva & Landthaler, 2016). The procedure
for ribo-seq is summarized in Figure 1.7. Ribo-seq offers additional information into
ribosomal dynamics by showing individual ribosome’s position on the mRNA (Brar &
Weissman, 2015, Chekulaeva & Landthaler, 2016). This location information can yield
insights to the rate of translation initiation (Dong et al., 2021, Shah et al., 2013a, Weinberg
et al., 2016), elongation rate (Dao Duc & Song, 2018), and ribosomal collisions(Han et al.,
2020, Wu et al., 2020).

Finally, translation can be quantified at the protein level. This is usually done
through mass spectroscopy of the whole proteome, the proteome after pulse labeling with
heavy amino acids (pSILAC) or through mass spectrometry of puromycilated nascent
peptides (PUNCH-P) (Aviner et al., 2013, Aviner et al., 2014, Chekulaeva & Landthaler,
2016).These high throughput techniques provide snapshots of the entire translational
activity in a sample and may be used to estimate a bulk biological parameters such as

codon usage bias and translation elongation rates (Ingolia, 2016).

1.8 Mathematical Modeling of Translation

These experimental techniques provide a growing wealth of data. Modeling can
help integrate and organize data, leading to a better understanding of the underlying
biological mechanisms and hypotheses to follow up. Modeling efforts within translation
have focused on single transcript simulations of ribosomal movement or bulk translational
behavior of transcript populations at the cellular level (Yadav et al., 2021). On the very
granular level, models considering codon by codon translational behavior (TASEP) (Shaw

et al., 2003b) or small groups of codons (Riboflow) (Reuveni et al., 2011) have helped

33



elucidate effects of translational bottlenecks caused by collisions and initiation effects
(such as the translational ramp) amongst others.

On the opposite end of the spectrum, whole cell models of translation have been carried
out with the ability to approximate initiation rates and population level behaviors of
translation (Shah et al., 2013b). Riboflow models have been further expanded to small set
of transcript populations (Nanikashvili et al., 2019).

Despite the extensive modeling attention translation has received, the models are
still limited within the basic process of translation. That is to say, most models focus solely
on modeling the movement of the ribosome on a transcript. Translation relies on the
underlying mRNA population and on proper protein folding to produce viable protein.
Ribosomes also have quality control functions on both mRNA and proteins. One model
has sought to explore the effect of cotranslaitonal decay on the ribosome load of a
transcript (Valleriani et al., 2010). Unsurprisingly, they find that including mRNA decay
reduces ribosomal loads and therefore protein output. This is a similar conclusion reached
by but not detailed in (Reuveni et al., 2011).

The next step for modeling translation is integrating translation into other cellular
systems, such as mMRNA decay (Yadav et al., 2021). We explore this further in Chapter 3

of this thesis.

1.9 Overview

The goal of this thesis is to better understand how translation is regulated in the
model plant Arabidopsis thaliana. | have utilized a broad bioinformatic and mathematical
modeling toolkit to study three separate cases with different sources of translational

regulation. First, | sought to understand the role of phosphorylation of the ribosomal
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Figure 1.7: Overview of Ribosome Sequencing procedure.

Ribo-seq consists of two separate sequencing runs of a single sample. This is represented by a
left branch and a right branch in the diagram. Total mMRNA population is measured through mRNA-
seq as depicted in the left branch. To measure the translational activity of a sample, mRNA is
digested, leaving ribosome protected fragments which are purified and sequenced. Translational
efficiency (TE) can be calculated by dividing Ribo-seq reads over mRNA reads.

35



protein of the subunit 6 (eS6) in controlling gene expression. eS6 phosphorylation

has long been a subject of interest due to its differential phosphorylation under different

internal and external signal. The actual biochemical role of this phosphorylation still eludes
the field. In this chapter we provide the first omics level characterization of a ribosomal
mutant in plants. Additionally, we find that eS6 protein that is deficient in phosphorylation
largely rescues the defects found in single mutant plants. This work was done in
conjunction with Anwesha Dasgupta and Ramya Enganti. My role in this project was
analyzing the polysome gradients and RNA-seq and proteomics datasets as well as
providing some minor wet-lab assistance.

For my second project | focused on understanding the implications of co-
translational decay on translation and mRNA stability. Translation has multiple roles
beyond protein synthesis. However, the core regulation is carried out by all the same
components, therefore translation and transcript degradation can occur co-translationally.
In order to explore this, | have revamped a mathematical model of translation originally
designed by Nate Pollesch. On the technical side | streamlined the code and speed of the
model. Biologically, we explored the interplay between decapping and translation initiation

on the number of ribosomes loaded on a transcript and the total mMRNA population.

36



Chapter 2: A Phosphorylation-deficient Ribosomal Protein eS6 is
Largely Functional in Arabidopsis thaliana Rescuing Mutant

Defects from Global Translation and Gene Expression
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A version of this chapter was originally submitted to Plant Direct by Anwesha Dasgupta,
Ricardo A Urquidi Camacho, Ramya Enganti, Sung Ki Cho, Lindsey L. Tucker, John S.

Torreverde, Paul E. Abraham, and Albrecht G. von Arnim

A phosphorylation-deficient ribosomal protein eS6 is largely functional in Arabidopsis
thaliana, rescuing mutant defects from global translation and gene expression to
photosynthesis and growth. Anwesha Dasgupta, Ricardo A Urquidi Camacho, Ramya
Enganti, Sung Ki Cho, Lindsey L. Tucker, John S. Torreverde, Paul E. Abraham, Albrecht

G. von Arnim bioRxiv 2023.05.30.542942v1

The portions of this paper which | have directly worked on have been excerpted. Namely,
the quantitation and statistics for the polysome profiles, all the analysis for the RNA-seq

data, gene ontology analysis and interpretation of the proteomics data.

Abstract

The eukaryote-specific ribosomal protein of the small subunit eS6 is
phosphorylated through the Target of rapamycin (TOR) kinase pathway. Although this
phosphorylation event responds dynamically to environmental conditions and has been
studied for over 50 years, its biochemical and physiological significance remains
controversial and poorly understood. Here we characterize the biochemical and omics
level changes from Arabidopsis thaliana in eS6 single mutants and plants expressing only
a largely phospho-deficient isoform of eS6. eS6 single knockout showed a moderate but

concerted downregulation of photosystem Il and photosystem | genes and upregulation of
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ribosome and ribosome biogenesis genes. Prior work in the lab showed that the eS6A
(RPS6A) paralog of eS6 functionally rescued double mutations in both rps6a and rps6b
genes when expressed at approximately twice the wild-type dosage. A mutant isoform of
eS6A lacking the major six phosphorylatable serine and threonine residues in its carboxyl-
terminal tail also rescued the lethality of the double mutant, polyribosome loading and the
vast majority of gene expression defects that were measured by transcriptomics and
proteomics in the single paralog knockout lines. However, compared to plants rescued
with a phospho-enabled version of eS6A, the phospho-deficient seedlings had certain cell
cycle related mRNAs and ribosome biogenesis proteins misexpressed. The residual
defects of the phospho-deficient seedlings could be understood as an incomplete rescue
of the rps6 mutant defects, with little or no evidence for gain-of-function defects. Our data
also yield new insights into how plants cope with mutations in essential, duplicated

ribosomal protein isoforms.

2.1 Introduction

Gene expression is the process by which information stored in DNA is converted
to a final functional form, often protein. The process of gene expression relies on the
transfer of information from the nuclear DNA to the cytoplasm through transcription into
messenger RNA (mRNA). The information stored in the nucleotide code then has to be
translated into protein through the use of the ribosome. The ribosome is a macromolecular
machine split into two subcomponents the small (40S) and large (60S) ribosomal subunits.
Each is composed of its own set of rRNAs and proteins (Browning & Bailey-Serres, 2015).
Both the rRNA and the proteins composing the ribosome can be modified, affecting

function and stability. Ribosomal protein of the small subunit 6 (gene name: RPS6, protein
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name: eS6) is a pan-eukaryotic protein and the first ribosomal protein reported to be
phosphorylated (Gressner & Wool, 1974, Kabat, 1970). The eS6 protein is of interest as
its N terminal lies buried in the interface of the 40S and 60S subunits while the alpha
helical, C terminal tail is exposed to the cytosol. Additionally, the C terminal tail is the site
most actively phosphorylated due to changing environmental and cellular conditions. The
phosphorylation of the C-terminus is broadly conserved across eukaryotes, despite
variation on the number of residues being phosphorylated. This places eS6 as a potential
bridge communicating signals from outside the ribosome to the ribosomal interface.

Phosphorylation of eS6 occurs in a variety of contexts. In mammals,
phosphorylation is altered by nutrient status, hormones, and stresses (Meyuhas, 2008).
In plants the phosphorylation state of eS6 is induced by the hormone auxin, light, sucrose,
high CO,, and cytokinin (Chen et al., 2018, Dobrenel et al., 2016a, Enganti et al., 2018a,
Schepetilnikov et al., 2013, Turkina et al., 2011, Yakovleva & Kulaeva, 1987) and inhibited
by dark, low sucrose and nutrient availability (Choudhary et al., 2015, Enganti et al.,
2018a) and stresses such as heat (Scharf & Nover, 1982) and hypoxia (Bailey-Serres &
Freeling, 1990). Additionally it can be modulated by the circadian clock (Enganti et al.,
2018a).

Canonically, eS6 phosphorylation is carried out through the target of rapamycin-
S6 kinase (TOR-S6K) kinase pathway. The TOR complex is a core regulator for energy
status, nutrient availability, hormone response and autophagy in plants (Chen et al., 2018,
Xiong & Sheen, 2014). In plants, eS6 phosphorylation is only known to be effected by S6K
(Chen et al., 2018, Mahfouz et al., 2006), potentially making it a good model system to
understand what role, if any, eS6 phosphorylation plays. While eS6 phosphorylation has

been correlated to a series of environmental and cellular inputs as discussed above, the
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exact biochemical role it plays is still not understood. Recent result have shown that eS6
phosphorylation decreases as ribosomes elongate along a transcript (Bohlen & Teleman,
2021), has a role in ribosomal biogenesis (Chauvin et al., 2014) and potentially translation
reinitiation (Mancera-Martinez et al., 2021).

Chlorosis and stunted growth are frequent phenotypes of mutants of the
translational machinery. One or both of these phenotypes are seen in knock outs of GCN1
(Faus et al., 2018, Izquierdo et al., 2018) combinations of elF4E genes (Combe et al.,
2005, Gauffier et al., 2016, Mazier et al., 2011) elFiso4G (Chen et al., 2014, Gallie, 2018,
Lellis et al., 2010, Lellis et al., 2019), elF4A (Bush et al., 2015), eiF3 (Wang et al., 2016b),
combinations of poly A binding proteins (Gallie, 2018, Zhao et al., 2019), RPS6 (Creff et
al., 2010, Dasgupta, 2023) and other RP (RPL23aA) (Xiong et al., 2020). Arabidopsis has
two eS6 paralogs which share 95% identity and are roughly equally expressed across
most tissues ((Mergner et al., 2020), Salim and Urquidi Camacho, unpublished). One
difference between the paralogs is that eS6A has 7 phosphorylatable residues while eS6B
has 5. eS6 mutants have previously been characterized in Arabidopsis. Creff 2010,
showed that eS6 single mutants show stunted growth, pointed leaves, chlorosis, and an
elevated level of the 60S subunit. In addition to these phenotypes, Dasgupta 2023 found
that the single mutants have a higher frequency of asymmetric cotyledons and show
decreased photosynthetic efficiency. Other work in our lab has produced a series of eS6
mutant alleles containing phosphomimic or phosphonull transgenes in single mutant
(rps6a or rps6b) or in a double mutant background (Dasgupta, 2023, Enganti, 2018) (rps6a
rpséb). Single rps6a or rps6b mutants that were complemented with an eS6A transgene
grew normally, indicating that plants do not require an separate eS6B protein). The double

mutant is embryo lethal. However, when a C terminally HA-tagged WT transgene was
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introgressed in a double mutant background, it fully rescued the phenotype. Another
transgenic line was created with six of the phosphorylatable residues in eS6A changed to
alanine. We call this phospho-deficient allele eS6A*%S*A, Young eS6A2%S>* seedlings had
pointed first leaves and slower development, a phenotype which weakened as the plant
grew. eS6 was phosphorylated normally in the rps6a and rps6b mutants (Dasgupta et al.,
2023) and phosphorylation was not observed in eS6A%%5>A, Enganti 2018 had previously
shown that eS6 phosphorylation cycles with light and is modulated by the circadian clock.
In detail, at the end of night, the phosphorylation of S237 and S240 was low overall and
increased dramatically with the shift to light, results confirmed and expanded in (Dasgupta
et al., 2023). The phosphorylation could also be seen in polysomal fractions, that is,
ribosomes actively engaged in translation. The strong phenotype from the loss of one or
the other paralog of eS6 was explained as a gene dosage problem. However, altering eS6
phosphorylation status also resulted in a phenotype, albeit milder. This raises the question
of how eS6 phosphorylation mediates this change.

One classical mechanism of translational control is through phosphorylation and
inactivation of the translational initiation factor 2 alpha (elF2a) under stress conditions.
This leads to global translational repression (Browning & Bailey-Serres, 2015, Lokdarshi
& von Arnim, 2022). Upstream open reading frames (UORFs) are start codons found in
the 5’ untranslated region of transcripts, more accurately named the 5' leader upstream of
the main ORF (MORF) (Urquidi Camacho et al., 2020, Vaughn et al., 2012). These uORFs
can cause the scanning 40S subunit to initiate upstream of the mORF, thus abrogating
MORF expression. Ribosomes can sometimes reinitate on the mORF after termination of
UORF translation. The probability of translation reinitiation depends on the length of the
UORF and its distance to the mORF. eS6 phosphorylation has been proposed to aid in
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the process of translational reinitiation (Mancera-Martinez et al., 2021). Phospho-mimic
eS6 rescued the ability of reinitiation supporting protein (RISP) to bind to eS6 in-vitro and
allow for reinitiation on mRNA reporters in-vivo. This is in contrast to phospho-null eS6
which inhibited reinitiation and in-vitro RISP binding.

In this chapter we present the omic level and biochemical characterization of plants
harboring eS6 single-paralog knock outs and transgenic plants that harbor phospho-
enabled or phospho-deficient eS6 alleles. We find that the overall global translational
response in all genotypes is not greatly changed from WT, despite the robust (single
mutants) and mild (eS6A*%S>A) phenotypes observed. We then sought to characterize the
global molecular changes underpinning these phenotypes through RNA-Seq and
proteomics. We find a moderate transcriptional change in single mutants focused on the
upregulation of ribosome related transcript and a downregulation of the photosynthetic
machinery at both transcriptomic and proteomic levels. Additionally, cytoplasmic
translation might have an effect on chloroplastic gene expression through altered
expression of nuclear-encoded plastid RNA polymerase or through uORFs. eS6A"T and
eS6A*S*A completely and mostly rescue the rps6 single mutant and double mutant
defects, respectively. However, eS6A%%5>A shows subtle changes in the transcript levels
of cytokinesis related genes as well as protein levels of ribosomal proteins. Overall, this
chapter deepens our understanding of the molecular changes behind the single mutant
phenotype eS6A™T fully rescues single and double mutant phenotypes and suggests only

minor changes arise from the phosphodeficiency in eS6A*6S™A,

43



2.2 Materials And Methods

2.2.1 Arabidopsis Strains and Growth Conditions

For RPS6A (At4g31700), the rps6a-2 allele is line GK_468C04 from the GABI-KAT
T-DNA collection with an insertion in intron 4 {(Kleinboelting et al., 2012). For RPS6B
(At5910360) the rps6a-1 allele is SALK 012147C from the SALK collection with an
insertion in exon 4 (Creff et al., 2010). The double mutant rps6a rpsé6b; eS6AHAWT and
rps6a rps6b; eS6A*S*A were generated by Anwesha Dasgupta (Dasgupta, 2023). Col-0
was used as the WT.

Seeds were sterilized and stratified at 4°C for 2 days. They were sown onto solid %2
strength Murashige and Skoog medium without sucrose and grown under long day
conditions (16 h light/8 h dark) for 12 days at a constant temperature of 22°C and constant

light intensity of 70 yE-m2-s,

2.2.2 Polysome Profiling

The aerial portion of 12 days-after-germination seedlings grown under long day
conditions was collected by flash freezing at ZT23.5 (30 minutes before lights on) and
ZT2.5 (two and a half hours after lights on). Plant tissue was ground in liquid nitrogen and
extracted in polysome isolation buffer (200 mM Tris-HCI pH 8.4, 25 mM MgCl;, 50 mM
KCI, 1% deoxycholic acid and 2% polyoxyethylene 10 tridecyl ether). Sucrose gradients
were prepared by layering 1.7 ml, 3.3 ml, 3.3 ml, and 1.7 ml each of 50% sucrose, 38.4%
sucrose, 26.6% sucrose, and 15% sucrose, respectively. After addition of each gradient
layer, the centrifuge tube was frozen at -80°C for 1 h. On the day before use, the gradients
were thawed overnight without shaking at 4°C. Plant extracts (1 ml) were loaded on top of

a 10 ml 15-50% sucrose gradient and centrifuged at 35,000 rpm for 3.5 h without brake
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(Beckmann Coulter SW 41Ti). After recording (explained below) the RNA absorbance

profile at 254 nm, the gradient was fractionated into 12 equal fractions.

2.2.3 Polysome Profile Recording Quantitation

To quantitate the area under the polysome profile traces a DATAQ electronic
recorder (DI-149) was connected to the back of the UA-5 unit of the ISCO sucrose gradient
fractionator. The positive terminal of channel 1 was connected to the positive terminal of
the 1 volt recorder output (red connector). The negative terminal of channel 1 was
connected to the chasis ground (green connector marked by three pronged ground). The
recorder was connected to a computer with the WINDAQ recorder software installed
(v1.15). Prior to recording a trace, the UV lamp of the ISCO UA-6 unit was allowed to
warm up for 30 minutes to insure stability in the signal. Before running samples, the whole
system was flushed with DI water and blanked to a voltage of 0 on DI water. It is important
to blank with DI water as air at different moisture concentrations may give different
baselines. The water baseline is utilized to align all traces. After zeroing the system, every
run was run with a blank control gradient (only sample buffer was loaded with no plant
material). The blanks are used to subtract the baseline sucrose and sample buffer
background from the sample gradients. The blanks mostly absorb at the top to the
gradients (low density) (Figure 2.1: Processing and quantitation of polysome trace, Figure
2.1 A). This might be due to the decomposition products of the deoxycholic acid which
degrades when exposed to light and over time at room temperature. Past experience has
shown that the older the sample buffer the higher the low-density background spike is.
Between gradients the whole system is backwashed with DI water 3 times to clear residual
sucrose. WINDAQ files are then exported as excel spreadsheets and cleaned manually.

Most traces have a long baseline to the left of the initial spike (Figure 2.1: Processing and
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guantitation of polysome traces.Figure 2.1 B). Most of this baseline has to be trimmed (last
10 or so seconds should be left) before analyzing the trace in R (Figure 2.1 C). Buffer and
sample traces are then imported into R, where a series of scripts aligns traces along the
X axis and y axis based on the baseline and the initial spike (Figure 2.1 D). The buffer
traces were all averaged according to the sensitivity setting at which they were captured.
The averaged buffer background was then subtracted from the sample trace (of the same
sensitivity). Finally, the code calculates the area under the curve between the buffer
subtracted baseline using pracma (v 2.4.2) as seen in Figure 2.1 E. This code has been
previously been employed in (Enganti et al., 2018b, Lokdarshi et al., 2020a). The code
allows for the area under the curve to be split into 40S, 60S, 80S, small polysomal (2-4
ribosomes) and large polysomal sections (5+ ribosomes) or any other set of divisions by
manually interacting through a graphical user interface (Figure 2.1 E). The separate areas
were combined into non-polysomal (sum of areas from 40S, 60S and 80S) and polysomal
(sum of areas from small and large polysomal) sections where applicable. Abundances of
different ribosomal complexes were compared between genotypes or time points by using

Welch's t test.

2.2.4 RNA-Seq Library Construction and Sequencing

RNA-seq was performed on WT, rps6a-2, rps6b-1, rps6a-2 rpséb-1; eS6AWTHA |
and rps6a rps6b; eS6A~S>A genotypes grown under long day conditions. In the morning
12 days after germination, the aerial portion of the seedlings were harvested by flash
freezing in liquid nitrogen. Total RNA was extracted using a commercial kit. RNA quality
was measured using a Bioanalyzer (Agilent). Paired end cDNA libraries were constructed

using the lllumina Stranded Total RNA Prep with Ribo-Zero Plus. The libraries were
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Figure 2.1: Processing and quantitation of polysome traces.

A) UV (254nm) absorbance trace for the buffer B) Sample trace in WINDAQ software showing
baseline prior to sample peak C) Trimmed sample trace annotated with small (40S) and large
(60S) ribosomal subunits as well as monosome (80S) and polysomes (2+ ribosomes).

D) Overlaid buffer background (red) on sample trace (black) E) Output from Polysome
guantification software with buffer subtracted sample trace. Area under the curve is represented
in grayscale. Different sections of the area were manually assigned to the subunits and small (2-
4) and large (5+) polysomes.
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sequenced on a NextSeq in paired end mode and with 75 base pair long reads at the
Oklahoma Medical Research Foundation (Oklahoma City, USA). Raw read quality was
assessed with FastQC v0.11.5. Raw reads were aligned to the TAIR10.1 genome and
Araportll annotation using STAR-2.7.7a (Dobin et al., 2013), with default parameters
except for the following: -alignintronMax 1000. Mapping quality was assessed with
RSeQC v4.0.0 (Wang et al., 2012). Reads were counted using subread featureCounts

v2.0.1 in paired end mode.

2.2.5 T-DNA and Mutant Mapping

To map the T-DNA insertion sites for both rps6a-2 and rps6-1 and the mutations
in the double mutant lines, new DNA FASTA files and GTF transcript annotation files were
created. For each genotype, the T-DNA sequence as obtained from GABI-KAT, SALK.
The new DNA FASTA file was generated using the from the TDNA sequence, sanger
sequencing done in lab and explored in DNASTAR and through analysis of the aligned
reads. The new transcript model with new genomic sites matching the insertions were also
generated. Subsequently, reads were remapped using the same parameters as 2.2.4 to

a DNA FASTA file and new GTF file. Read pileups were generated using a custom script.

2.2.6 RNA-Seq Differential Gene Expression

Differential gene expression was performed in R (v3.6.3). Genes that were not
expressed in all three replicates of at least one sample were removed. Samples were
inspected for batch effect by principal component analysis, and no batch effect was found.
The filtered reads were then normalized, and pairwise comparisons between genotypes
was performed using DESeg2 v1 .26.0 (Love et al., 2014). The resulting p-values were

corrected for multiple comparisons using false discovery rate (FDR) with Benjamini-
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Hochberg parameters and the resulting log2 fold changes were shrunk using ashr2.2
(Stephens, 2017).

Gene ontology analysis was performed on each pairwise comparison using a custom
wrapper around the topGO package version 2.38.1; (Alexa et al., 2006). Only genes
measured as expressed were used as the gene universe. topGO was run with node size
1, and FDR P value adjustment using a custom script and the classic Fisher, parent-child,
and weightO1 algorithms. Packages were obtained from CRAN or Bioconductor version

3.7; (Huber et al., 2015).

2.2.7 uORF Database Creation

This database is based on the Araportll GTF file as downloaded from TAIR. To
create the database the coordinates for the 5'UTR, CDS and 3'UTR of all protein coding
genes were calculated and extracted from sequences from the TAIR10.1 genome.
Afterwards all AUGs in the 5° UTR upstream from the annotated CDS start were located.
Most of these had a paired stop codon, the ones that didn't where kept but annotated as
no stop and are not included in the GTF. Additionally, the Kozak sequence context score
was calculated as described in (von Arnim et al., 2014) , and the general properties of the
UORFs (position within mRNA, sequence, peptide, overlap with main CDS) were listed.
Transcript specific uORF positions were converted to genomic coordinates and

assembled into the GTF format.

2.2.8 Proteomics

Protein digestion was performed as previously described (Enganti et al., 2018a).
In brief, samples were suspended in a detergent lysis buffer (2% sodium dodecyl sulfate

and 10 mM dithiothreitol in 100 mM ammonium bicarbonate) supplemented with Halt

49



Phosphatase Inhibitor Cocktail (Thermo Fischer Scientific) for crude protein extraction.
Cell debris was removed, and proteins were alkylated with iodoacetamide (30 mM) and
incubated in the dark at room temperature for 15 min. Proteins were precipitated via
methanol/chloroform/water precipitation and protein pellets were washed twice with
methanol. Dried proteins pellets were resuspended in 1 mL of 8 M urea and incubated at
room temperature for 1 hr. Samples were digested via addition of two aliquots of
sequencing-grade trypsin (Promega, 1:50 (w:w)) at two different sample dilutions, 4 M
urea (overnight) and subsequent 2 M urea (5 h). Following digestion, samples were
adjusted to 1% formic acid and desalted using solid-phase C18 extraction cartridges (Sep-
Pak Plus Short, Waters), and lyophilized. All samples were analyzed on a Q Exactive Plus
mass spectrometer (Thermo Scientific) coupled with an Easy-nLC 1200 (Thermo Fischer
Scientific). For each sample, a single 1ug injection of peptides were separated on an in-
house-pulled nanospray emitter of 75um inner diameter containing 25 cm of Kinetix C18
resin (1.7 um, 100 A, Phenomenex) across a linear organic gradient of 0-22% (80%
acetonitrile, 0.1% formic acid) over 210 min at 200 nL/min. Mass spectra data were
acquired with the Thermo Xcalibur software using the top 10 data-dependent acquisition.
All MS/MS spectra collected were processed in Proteome Discoverer version 2.2 with
MSAmanda (Dorfer et al., 2014) and Percolator (Kall et al., 2007). The spectra were
searched against the UniProt reference proteome (Proteome ID UP000006548) to which
common laboratory contaminants were appended. The following parameters were used
by MSAmanda to derive fully tryptic peptides: MS1 tolerance = 5 ppm; MS2 tolerance =
0.02 Da; missed cleavages = 2; Carbamidomethyl (C, + 57.021 Da) as static modification;
and oxidation (M, + 15.995 Da) and carbamylation (N-terminus, + 43.006 Da) as dynamic

modifications. The Percolator FDR threshold was set to 1% at the peptide-spectrum match
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and peptide levels. Pairwise t-tests were performed between protein abundances using
Proteome Discoverer. Changes in protein abundances were considered significant with a

p-value < 0.05 and a Log difference > 1.

2.2.9 Accession Numbers

The Arabidopsis locus identifier for RPS6A is At4g31700, and that for RPS6B is
At5g10360. RNA-Seq data are deposited in NCBI-GEO under accession number
GSE222967. All proteomics spectral data in this study were deposited at the

ProteomeXchange Consortium via the MASSIVE repository (https://massive.ucsd.edu/).

2.3 Results

2.3.1 rps6a and rps6b Mutant Seedlings Have Defects in the Translation Apparatus

In order to later discern subtle effects of the phosphodeficiencies in eS6 on the
translation apparatus, we thoroughly analyzed the translation apparatus of the rps6a and
rps6éb strains by polysome profiling with sucrose density gradient centrifugation (Figure
2.2, Table 2.1). Profiles were collected both 0.5h before and 2.5h after the daily dark to
light shift (i.e. at zeitgeber times ZT23.5 and ZT2.5) because light exposure induces a
large and rapid increase in mRNA ribosome loading (Liu et al., 2012). To bring out the full
scale of this shift seedlings were grown in the absence of sucrose for these experiments.

We detected an increase in the relative abundance of the 60S subunit, which had
been suggested earlier (Creff et al., 2010) and was statistically significant for both rps6a
and rps6b in the light (Table 2.1). Polysomes were decreased slightly in both rps6a and
rps6éb, which was statistically significant for the small polysome fraction (SP) after lights-

on. In response to the dark-to-light shift, the fold-increase in polysomes (P/(NP+P)) was
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1.53 or greater for both rps6 mutants (Figure 2.3, Table 2.2 and Table 2.4), showing that
both rps6 mutants responded as robustly as WT to the dark-to-light shift.

From these data we surmise that production of sufficient 40S subunit is rate limiting
in the rps6 single mutants, because only a single paralog is available for eS6, not only for
growth but also for ribosome production. Meanwhile, the 60S subunit overaccumulates;
i.e., the amount of 40S and 60S subunit are slightly out of balance in both rps6 mutants

as compared to wild type.

2.3.2 The Phospho-deficiency of eS6A has Minor or No Effects on Global Polysome

Loading in Single Mutant Background

We then examined using sucrose density gradients whether overall polysome
loading was altered in the phosphodeficient single mutants. Quite clearly, in the phospho-
deficient single mutants (rps6a; RSP6B; eS6A3S>A or 455>A) the dark-to-light transition
triggered the typical rise in polysome loading (Table 2.2 and Table 2.4), just as in wild type
and in the rps6 mutants. Therefore, the P-deficient plants have no striking defects in
polysome loading. The significant elevation in the level of the 60S subunit seen earlier in
the rps6 mutants was no longer significant with the phospho-enabled and phospho-
deficient eS6B and eS6A transgenes (Table 2.3 and Table 2.5). These results suggest

that the phosphodeficient isoform rescues the ribosome biogenesis defects.

2.3.3 Plants that are AImost Entirely Deficient for eS6-P Grow Largely Normally
Next, we analyzed double rps6a rps6b mutants that harbored transgenes with

variably phospho-deficient versions of eS6A and eS6B. The majority of the work was done

with an allele where 5 serines and 1 threonine were replaced with alanine (A6S>A, Figure

2.4 A and B). As controls, double mutants were complemented with an HA-tagged version
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Figure 2.2: Single mutant rps6 lines show deficiencies in translation

A) Ribosome profile of rps6a versus wild type at ZT23.5 (30 minutes before lights-on) and at ZT2.5
(150 minutes after lights on). B) Same as A) for rps6b. See Table 1.1 for the relative abundances
of polysomes (P), small polysomes (SP), large polysomes (LP), small ribosomal subunits (40S),
large subunits (60S) and entire ribosomes (80S) for WT, rps6a and rps6b. NP stands for non-
polysomal RNA. N stands for the number of replicate gradients; see methods for detalils.
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Figure 2.3: Phosphonull eS6AA8%A in the double mutant background responds normally to
light. Left) Polysome loading in dark ZT23.5. Right) Polysome loading in light ZT2.5.
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Table 2.1: Quantification of traces from single mutant rps6 lines showing deficiencies in
translation

Relative abundances of polysomes (P), small polysomes (SP), large polysomes (LP), small
ribosomal subunits (40S), large subunits (60S) and entire ribosomes (80S) for WT, rps6a and
rps6b. NP stands for non-polysomal RNA. N stands for the number of replicate gradients; see
methods for details.

Summary of polysome profiles of rps6 mutants in comparison to WT

Sampling Genotype P/(NP+P) Ratio to WT t-test w WT N
ZT23.5 Col WT 0.324 £ 0.072 1.00 8
rpséa 0.309 + 0.037 0.95 N.S 3

rps6b 0.302 + 0.021 0.93 N.S 4

ZT12.5 Col WT 0.539 £ 0.071 1.00 11
rpséa 0.472 £ 0.041 0.87 N.S 3

rps6b 0.495 + 0.018 0.92 N.S 4

Sampling Genotype SP/(NP+P) Ratio to WT t-test w WT N
ZT23.5 Col WT 0.157 £ 0.030 1.00 8
rpséa 0.137 £ 0.015 0.87 N.S 3

rps6b 0.136 + 0.022 0.86 N.S 4

ZT2.5 Col WT 0.239 + 0.017 1.00 11
rpséa 0.201 £ 0.013 0.84 * 3

rps6b 0.188 + 0.031 0.79 * 4

Sampling Genotype LP/(NP+P) Ratio to WT t-testw WT N
ZT23.5 Col WT 0.166 + 0.043 1.00 8
rpséa 0.172 £ 0.051 1.03 N.S 3

rps6b 0.166 + 0.004 1.00 N.S 4

ZT2.5 Col WT 0.300 + 0.066 1.00 11
rps6a 0.271 £ 0.052 0.90 N.S 3

rps6b 0.307 £ 0.043 1.02 N.S 4

Sampling Genotype 40S/(NP+P)  Ratio to WT t-test w WT N
ZT123.5 Col WT 0.140 + 0.034 1.00 8
rpséa 0.126 + 0.013 0.90 N.S 3

rps6b 0.131 + 0.033 0.93 N.S 4

ZT12.5 Col WT 0.109 * 0.028 1.00 11
rpséa 0.119 £ 0.011 1.09 N.S 3

rps6b 0.114 + 0.009 1.04 N.S 4

Sampling Genotype 60S/(NP+P)  Ratio to WT t-test w WT N
ZT23.5 Col WT 0.188 + 0.026 1.00 8
rps6a 0.223 £ 0.024 1.19 N.S 3

rpséb 0.183 £ 0.043 0.98 N.S 4

ZT2.5 Col WT 0.129 + 0.040 1.00 11
rpséa 0.161 £ 0.014 1.25 * 3

rpséb 0.182 + 0.032 1.41 * 4

Sampling Genotype 80S/(NP+P)  Ratio to WT t-test w WT N
ZT23.5 Col WT 0.348 £ 0.032 1.00 8
rpséa 0.342 £ 0.067 0.98 N.S 3

rpséb 0.383 + 0.058 1.10 N.S 4

ZT2.5 Col WT 0.223 £+ 0.059 1.00 11
rpséa 0.248 £+ 0.052 1.12 N.S 3

rps6b 0.209 + 0.045 0.94 N.S 4

(average = stdev) *, P<0.05
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Table 2.2: Polysome loading in response to dark-to-light shift for rps6a single mutant and

transg enes
rpséa background
Genotype Sampling P/{NP+P) Ratio to ZT23.5 t-test to ZT23.5 N
Col WT IT235 0324 £0.072 8
125 053940071 1.67 i 1
mpsa ZT235  0.309+0.037 3
125 047210041 1.53 = 3
— B6A IT235 0324 1
125 0513+ 0036 1.58 3
—B6A3SA  ZT235 0.252+0.008 2
125 048310053 1.92 3
—6A 35D ZT235 0376+0.018 2
25 055+0.096 147 4
—6ALB5A ZT235 0268 +0.044 3
125 0.500 +0.076 1.87 * 3
[—6A 55D ZT235 0304 £ 0.065 3
125 0564 £0.042 1.85 b 7
— BAGBSA  ZT235 0335 1
125  0.546 + 0.063 1.63 2
(average + stdev) * P<005
= P=0.01
=+ P=0.001

Table 2.3: 60S abundance compared to wild type for rps6a single mutant and transgenes

rpsba background

Sampling Genotype 60 S/(NP+P) Ratio to WT t-test wWT N
IT23.5 Col WT 0.188 £ 0.026 1.00 8
rpsfia 0.223+0.024 1.19 NS 3

—6A 0.166 0.88 1

—6A 35A 0217 £ 0.048 1.15 2

—-6A 35D 0.156 +0.002 0.83 2

—6A55A 0.209+0.034 1.1 NS 3

—6A 550 0174 £ 0.018 0.92 NS 3

—6A BSA 0.166 0.88 1

IT2.5 Col WT 0.129 £ 0.040 1.00 1
rpsfia 0161+ 0.014 1.25 * 3

—6A 01380014 1.07 NS 3

—6A 35A 0152 +0.029 1.18 NS 3

—6A 350 0123 +0.043 0.96 NS 4

—6A55A 0139+ 0.041 1.08 NS 3

—6A 550 0122 +0.031 0.95 NS 7

—6AB5A 0119+ 0.048 0.93 2

(average + stdev) * P<0.05
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Table 2.4 Polysome loading in response to dark-to-light shift for rps6b single mutant and
transgenes

rpséb background
Genotype Sampling  P/[NP+P) Ratio to ZT23.5 t-test to ZT23.5 N
rpsib IT235 030210021 4
ZT25  0495+0.018 1.64 b 4
—G6BWT ZT235 0.229 1
IT25 0.438 1.9 1
—6B 35A ZT235 0.257 1
IT2.5 0471 1.83 1
—6B 35D ZT235 0.233 1
IT25 0.455 1.95 1

=+ P«0.001

Table 2.5: 60S abundance compared to wild type for rps6b single mutant and transgenes

rpséb background

Sampling Genotype 60S/(NP+P) Ratio to WT ttestwWT N
ZT235 psbb 0.183 £ 0.043 0.97 N.S 4
68 0.262 1.40 1

683sa"  0.210 1.12 1

6B 35D 0.225 1.20 1

ZT2.5 psbb 0.182 +0.032 1.41 - 4

68 " 0160 1.24 1

6838A7 0175 1.36 1

6B 35D 0.161 1.25 1

(average + stdev) * P<0.05



Table 2.6: Polysome loading in response to dark-to-light shift for rps6a rps6b transgenics

rpséa rps6b background

Genotype Sampling  P/[NP+P) RatiotoZT23.5 ttestto ZT23.5 N
Col WT IT235 0324 +0072 8
125 0.539+0.0M 167 b i

rpsfia rpsib lethal  NA MNA
—6B WT 77235 0340 +0.020 2
125 0.630 £0.002 1.85 2
—6B 350 71235 0385+ 0.001 2
125 0.630 £0.005 164 2

Table 2.7: 60S abundance compared to wild type for rps6a rps6b transgenics

rpséa rps6b background

= P=«0.001

Sampling Genotype 60S/(NP+P) Ratio to WT t-test wWT N

IT235 Col WT 0.188 £+ 0.026 1.00 8
rpsfa rps6b lethal MNA

6B 0.161+0.002 0.86 2

66350 0.159+0.001 085 2

IT2.5 Col WT 0.129 £ 0.040 1.00 1
rpsfa rps6b lethal MNA

6B 0.088 +0.008 0639 2

66350 01240001 0.96 2

(average + stdev)
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of eS6A (eS6A WTHA) or with wild-type RPS6B and with a A3S>D allele of RPS6B. The
eS6A55>A complemented plants were found to be deficient for eS6-P for both S237 and
S240 (Dasgupta et al., 2023).

RNA-Seq and proteomics experiments to be described below demonstrated that
the eS6A*S>A mMRNA and protein were expressed at an elevated level, equivalent to about
1.3- and 1.6-fold, respectively, of the native eS6A (Figure 2.5 A). Therefore, it appears
that the homozygous eS6A%S*A transgene provides about as much eS6 mRNA and
protein as can be expected in a heterozygous rps6b mutant, which is considered a
recessive mutation.

The rps6a rps6b double mutants that were complemented with the phospho-
deficient eS6A%%5>A transgene showed essentially normal polysome loading before and
after the dark-to-light shift (Figure 2.5 B; quantified in Table 2.7). In these experiments
the plant growth or centrifugation conditions differed from the earlier experiments, resulting
in numerically lower polysome loading. However, exposure to light increased the
polysome loading in both the phospho-enabled eS6AV™ and the P-deficient e S6A26S>A
mutant. Similar results were obtained when the double mutants were complemented with
eS6B, or eS6B*%S*P (Table 2.6). As presented in Dasgupta 2023, light-induced
phosphorylation of eS6 in polysomes was detected in wild-type plants and in double
mutants complemented with eS6AWTHA but not in plants complemented with e S6A*6S>A,
Therefore, eS6 protein functions apparently normally in supporting polyribosome loading
despite being unphosphorylated (A6S>A) or harboring bona fide phospho-mimic
mutations (A3S>D). In addition, in these experiments all the transgenes suppressed the

overaccumulation of the 60S subunit (Table 2.6 and Table 2.7)
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A 229 231 237240241 247249

AteS6A RLKEQRDRRSESLAKKRSRLSSAAAKPSVTA
AteS6B RLKEQRDRRSESLAKKRSRLSSAPAKPVAA

B [eso ]

Figure 2.4: Mutations of the C terminal tail of eS6.

Name Residues altered to alanine Name Residues altered to alanine
espAlISmA $231 |5237 |S240 eggRAISTA $231 |S237 |S240
oS gALSSTA $231 |S237 [S240 S247 (1249 egERAISTA $231 8237 |S240 |S241
asgAtBS=A $231 |S237 |S240 |S241 5247 |T249
0sBALTSPA 52295231 (5237 (5240 |S241 |S247 [T249

Name Residues altered to aspartate Name Residues altered to aspartate
Ty S231 [5237 |S240 esep35°D |s231 |s237 [s240 |
e5EAl3S7D S231 |S237 |S240 S247 |T249

A) The phosphorylatable residues of eS6A (7 sites) and eS6B (5 sites) B) Notation and mutations

of all single and double mutant phosphonull (S or T > A) or phosphomimic (S or T > D)

transgenes.
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2.3.4 Determining Underlying Transcriptomic Changes with a High-Quality RNA-

Seq Dataset

The transcriptome of rps6a rpséb; eS64¢S** phospho-deficient seedlings was
analyzed in triplicate by RNA-sequencing alongside with eS6A"“T"A complemented plants,
rps6a and rps6b mutants, and wild type (Supplemental Table 1). RNA-seq was used to
confirm that rps6a-2 and rps6b-1 both are true knockouts. Each mutant was created with
T-DNA insertions. rps6a-2 was made using the pAC161 T-DNA insertion vector, while
rpséb was made with the pBIN-pROK2. While rps6a-2 is a knockout line with expression
only originating from the 5’ end preceding the insertion site, rps6b-1 has low 5’ expression
and elevated 3’ expression originating from the T-DNA (Figure 2.6). This residual
expression was abrogated in the double mutant transgenics. Mapping the reads
originating from the RPS6 genes confirmed that the eS64°5>A plants indeed only contained
phosphomutant eS6 (Figure 2.6). Principal component analysis (PCA) revealed that the
three biological replicates clustered closely together, while the five genotypes were
distinct. rps6a and rps6b were clearly distinct from WT in PC1, and also differed from each
other in PC2 (Figure 2.7 A). This aligns with the phenotypes observed in (Dasgupta, 2023)

and is a good indication of the quality of our dataset.

2.3.5 Gene Expression Defects in Single Mutant Seedlings

The rps6a and rps6b mutants have a moderate, but focused number of paralog-
specific gene expression defects (e.g. see Figure 2.7 B, D). Functional classification of the
defects with the gene ontology (GO) software, TOPGO, revealed that many functional
categories (GO terms) were mis-expressed in rps6a and rps6b versus WT (Figure 2.8),

for example ‘translation’ and ‘photosynthesis’ Gene-by-gene heatmaps demonstrate that
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Figure 2.5: Molecular characterization of eS6 single mutants and transgenes.

A) mRNA read counts for eS6A and eS6B from an RNA-Seq experiment with the indicated
genotypes. Proteomics data from the same genotypes expressed as a log2 -fold difference to wild
type. Note that the three transgenes provide elevated levels of eS6 protein, as expected given the
elevated mRNA read counts. B) Polysome loading in rps6a rps6b double mutants complemented

with phospho-enabled and phospho-deficient transgenes. Polysome loading was examined 30
minutes prior to lights-on (ZT23.5) and 2.5h after lights-on (ZT2.5). Representative polysome
profiles show that eS6-P deficient plants are able to increase their ribosome loading during the

dark-to-light shift.
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the defects in rps6a and rps6b were qualitatively if not quantitatively the same for most
genes (Figure 2.9 A, B, F).

A closer inspection of the photosynthetic results show a coordinated down
regulation of both PSI and PSIl genes, with PSIlI being especially affected. The
downregulation of photosynthesis is also more apparent in the rps6a single mutant than
in rps6b. Interestingly, there is a divide between chloroplastic and nuclear gene regulation
of PSII genes. Nuclear encoded genes for both PSII and PSI are downregulated in both
single mutants with similar but not identical trends (Supplemental table 2). However, all
chloroplastically encoded PSI and PSIl genes are only downregulated in rps6a (13/17
FDR<0.05), while the same subset is largely unchanged in rps6b. The sole exceptions are
PSII D1 and D2 reaction centers which are similarly downregulated in both single mutants.
Chloroplastic encoded ribosomal genes also differ, with rps6b showing significant
upregulation of many genes, while rps6a only showing significant downregulation or no
change. This result indicates a potential difference in the role of the two paralogs, and
therefore a degree of cytoplasmic translational control of chloroplast gene expression.
However, genes for protein import into the chloroplast were unaffected.

The discrepancy suggests that there may be an alteration of the chloroplastic
transcriptional machinery. We find that three out of the four plastid-encoded RPO
polymerases (PEPSs) are differentially expressed in both rps6a and rps6b. However, they
are downregulated in rps6a (RPOB, RPOC1, RPOC2), and upregulated in rps6b (RPOA,
RPOB, RPOC?2), matching the patterns found across the whole chloroplastic
transcriptome. There are also two nuclear-encoded polymerases (NEP), which are
responsible for inducing expression of early chloroplast biogenesis genes including PEPs.

RPOTp was downregulated in both genotypes, while RPOmp was also down in rps6b.
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This suggests that the PEPs are mostly responsible for the expression differences
between paralogs, however how this regulation occurs is unclear.

Outside of the polymerase subunits, only the nuclear encoded chloroplastic sigma
factor, sigma 5 (SIG5) was significantly downregulated in both genotypes. SIG5 is
regulated by blue light and various stresses (Borner et al., 2015, Jan et al., 2022) and
activates transcription of the PSIl D subunit reaction centers. The downregulation of the
PSII D subunits n both paralogs imight be explained by the downregulation of SIG5.

The appearance of a strong chloroplastic signal in our results raises the guestion
of what could potentially link cytoplasmic ribosomal defects to chloroplastic gene
expression. We first looked at known retrograde signaling changes. However, the
genomes uncoupled (GUN) genes were largely unaffected. Other potential sources of
retrograde signaling: ROS, tetrapyrrole accumulation, and phosphonucleotides were not
measured and cannot be discounted as potential messengers. Another potential source
of regulation could be through lower reinitiation rates after UORF translation seen in RPS6
single mutants as described in (Mancera-Martinez et al., 2021) with rps6a having lower
reinitiation rates than rps6b.

To further explore the potential role of translation in chloroplast gene expression,
we used the uORF database to look at the occurrence of uUORFs in all chloroplastic genes
as well as subsets of genes of interest (Supplemental table 3). Nuclear encoded
chloroplastic genes have a slightly higher fraction of genes with uORFs (53%, 820/1556
Uniprot curated proteins) vs the general genome (48%, 13212/27510, fishers exact p-
value = 0.045). This may be due to the large number of metabolic genes in the chloroplast,
a subset known to be enriched in uORFs (58.8%, 4,400/7,500, fishers exact p-value <

1x101%) (von Arnim et al., 2014). The mean number of UORFs per gene is the same
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between the chloroplastic (1.35 uORFs per gene) and across the genome (1.46 uORFs
per gene, Wilcoxon rank sum test, pval = 0.11). There were numerous chloroplastic and
photosynthetic terms downregulated in both single mutants, with rps6a being most
affected. The strongest effect is seen in photosystem Il (PSII) genes with 57% (28/49) of
the expressed nuclear-encoded genes containing a uORF, and 63% (14/22) of all
differentially expressed genes containing UORFs. PSI nuclear-encoded genes are also
significantly enriched for uUORFs (20/32), as are most of the differentially expressed genes
(11/14). Additional chloroplastic groups with enrichment of uORFs include the nuclear-
encoded polymerases (NEPs, 2/2), chloroplastic sigma factors (4/6), and Polymerase
associated proteins (PAPs, 10/18). This enrichment of UORFs in differentially expressed
genes, could suggest that uORFs play a role in chloroplastic gene expression as seen
with the stronger effect on rps6a. SIG5 escapes this regulation, as it doesn’t have uORFs
and thus behaves the same in both paralogs. However, the source of this discrepancy in

transcriptional regulation remains unclear and requires further study.

2.3.6 Gene Expression Defects in Seedlings Lacking eS6-phosphorylation

Filtering for differentially expressed genes between WT and the mutants and
complementation lines confirmed that eS6W™#* and eS6%S** transgenes substantially
complemented the rps6a rps6b double mutation (Figure 2.7 C). Of 93 mRNAs that were
differentially expressed at FDR<0.05 between eS6W™* and WT, only 15 differed by >2-
fold. The phospho-deficient eS64°5>* transgene complemented the double-rps6 phenotype
slightly less well than the phospho-enabled eS6"™ transgene, as is visually evident from
the volcano plots, venn diagram, and heat map (Figure 2.7 B-D). Jointly, the two eS6A-

based transgenes were about as successful in complementing rps6b-specific defects as
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Figure 2.6: Expression of RPS6A and RPS6B mRNAs in wild type, the two rps6 mutants and
double mutant plants complemented with eS6465>4 or eSEWTHA |

Data are read count pileups from RNA-Sequencing. Note, the residual expression in rps6b from
the 3’ end of RPS6B was suppressed in the complemented double mutant plants.
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Figure 2.7: The transcriptome of seedlings with a phospho-deficient eS6A resembles that of
wild type, but falls short of full functional complementation in specific ways.

A) Principal component analysis of the 15 samples. B) Venn diagram showing the number of
differentially expressed genes (FDR< 0.05, versus wild type) in various pairwise comparisons. C)
Volcano plots of differential gene expression. The stippled horizontal line marks the false discovery
rate (FDR) cutoff of 0.05 that defines differentially expressed genes. LogFC = log2 of the fold
difference. D) Heatmap of differentially expressed genes. Only genes that passed FDR in at least

one of the six relevant pairwise comparisons are included. Genes were filtered with DESeq2, and
the display is Z-scored.
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rps6a-specific defects (Figure 2.7 B, D; all but 4 of the rps6b-specific genes and all but 5
of the rps6a-specific genes). This again confirms that the eS6A and eS6B proteins are for
the most part functionally equivalent.

The eS6A%%S*A transgene showed little evidence for gain of function effects, i.e.
differential gene expression over wild type that cannot be interpreted as a lack of
complementation of the rps6a and rps6b mutations (34+4=38 genes, i.e. 11% of DEGs
between eS655** versus WT, Figure 2.7 B). This number is barely above the number
expected for false discovery, and their fold-difference in expression was generally well
below two-fold, suggesting they are statistical outliers. The chloroplastic transcriptional
changes were largely rescued in both eS6A*S*A and eS6AVTHA, If eS6-P played a
‘moonlighting’ role independent of eS6’s role in the ribosome, this role might have revealed
itself here in the form of novel aberrations in the gene expression profile, but it basically
did not. Instead, the majority (~90%) of genes that are differentially expressed in eS6AS>A
are already known to be misexpressed in the rps6 mutants. Most likely these residual
weak effects in eS6AS** are loss-of function effects; they may be due to the
phosphodeficiency or due to a shortfall in eS6 gene expression (see Figure 2.5 A). This is
difficult to distinguish rigorously.

For the analysis of the eS64°5>A phosphodeficient strain we focused on genes and
gene ontology terms that distinguish it from the eS6"™H strain. Of 317 genes that passed
FDR, only 13 were altered by more than 2-fold (Supplemental Table 2). Most of the single

mutant defects were almost fully complemented by both the eS6AWT™4 and eS6A265>A
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transgenes. Thus, phosphorylation of eS6A is not required for expression of most
translation-related mRNAs. This result is consistent with our polyribosome analyses
(Figure 2.7 C). Likewise, both the eS6AWT™ and eS6A*%S*A transgenes complemented
the rps6 mutants' major deficiencies in ‘photosynthesis’, including the major child terms,
photosystem | and Il, light harvesting, and photoinhibition (Figure 2.9 B). However, the
PEPs, RPOB, C1 and C2 were downregulated in eS6A%%5*A vs eS6AVWTHA RPOTp was
downregulated in eS6A%%5*A vs WT. Indicating, potential residual effects on chloroplast
development.

In contrast, several other GO terms were not fully complemented by eS6A65A,
Prominent among these were ‘mitotic cell cycle’, and ‘microtubule motor activity’ (Figure
2.7 and Figure 2.9 C-D), which was driven by upregulation of kinesins. The phospho-
deficient eS6 appears to be not fully functional as compared to eS6A"™ with respect to
cell cycle functions.

A function specifically altered between eS6A%S*A and eS6AYTA was ‘cellular
response to phosphate starvation’. These genes were coordinately altered in both rps6a
and rps6b. The eS6AVTA slightly overcomplemented these defects, while eS6A55™ fell
slightly short. This caused a notable differential between eS6A*55>* and eS6AW™A (Figure
2.9 E). Of 11 genes significantly underexpressed in the phospho-deficient line, four were
involved in galactolipid and sulfolipid synthesis (MGD2, MGDC, SQD1, SQD2), besides
PHO and PAH and SPX genes involved in other aspects of phosphate homeostasis. This

raises the interesting idea that eS6-P may play a role in phosphate homeostasis.

69



A G0:0022626: GO: 0015979: GO: 0000278: GO:0016036:
Cytosolic ribosome Photosynthesis Mitotic Cell Cycle Phosphate starvation

= - i - — =
- - S "
: B - o
- - —
E N . - _
I : [ -
- e - - F FFFEa
et ; =2=2=tz
. : o o a2 o 2
; mm d g > > 5 =
S - : D - %%%fz
. Co - - 5 @
e T gggg% & L%ﬁqqq
— 2 £ 2285 g8 @
T gg§ :: < ® o
o B . ﬂa- a9
o - Ao S “E E rps6a rps6b
— > m -
- - o - w 0 b
: = o @ . .
v o o @ GO: 0042256:
- - - - rps6a mps6h Ribosome Biogenesis
Do — GO:0003777: : z
e Microtubule motor activity —
- P s
. s -
F - F - <
Do : ===tz
M . - o o o o @ =
. e o > > > > 8
= _ 85353
N 5 L] w)
=8 — ggs 5 8
p— : 3 %
" - 503
- - 5 w @ 9
— i Lo .
- rps6a rpséb — -
il - - - f—
O I FFFEF <
= S Y
Do he << NN
: e © T A A W Qg g <
- 2822 §83 33
s = Lqu 8 8 2 o
o 0 < STt 99
= 338 * x <
B w o 9 © © 2
: ° o @ D o
rps6a rps6b rps6a mps6h
‘.
- ’ 2 1 0 1 2
__ Log; Fold Change

rps6a vs WT
rps6b vs WT
es6AVTHA yo wT
eSEALES>A yg wT
eS6ABES>A yg HA

rps6a rps6b

Figure 2.9: Gene-by-gene heatmaps of differential mRNA expression in eS6
phosphodeficient plants.

Genotypes include wild type, rps6a, rpséb and rps6a rps6b double mutants with eS6 D6S>A or
eS6WT-HA. Only genes from selected gene ontology terms that passed FDR in at least one of the
five pairwise comparisons are displayed. Dots indicate FDR < 0.05. A) Cytosolic ribosome. B)
Photosynthesis. C) Mitotic cell cycle. D) Microtubule motor activity. E) Phosphate starvation. F)
Ribosome biogenesis.
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2.3.7 Proteome Effects in rps6 Single Mutants and P-deficient Double Mutants

To our knowledge no proteome analysis has been published for Arabidopsis ribosomal
protein mutants. We performed mass spectrometry proteomics in triplicate on the same
five genotypes previously subject to RNA-Seq (Supplemental Table 4). The experiments
were done in collaboration with Dr. Paul Abraham at Oak Ridge National Laboratory
(ORNL). Similar to the RNA-Seq data, the PCA separated the five genotypes based on
differential protein abundances (Figure 2.10 A).

The rps6a and rps6b mutants were deficient in proteins for photosynthesis,
especially photosystem II. They overaccumulated ribosome biogenesis proteins, many
ribosomal proteins, and other RNA-related proteins. While the deficiency in
photosynthesis proteins was rescued effectively by both phospho-enabled and phospho-
deficient eS6A (Figure 2.10 B and Figure 2.11 C), interestingly, the excess in ribosomal
biogenesis proteins was rescued less well by phospho-deficient eS6A265>A than phospho-
enabled eS6AVTHA, This defect for ribosome biogenesis was more pronounced than that
for ribosomal proteins per se and for other RNA-related functions such as RNA
degradation and translation initiation (Figure 2.10 B and Figure 2.11 A, B and D).
Complementation of photosynthesis and translation defects were both consistent with the
RNA-Seq data. These results may suggest that the ability to phosphorylate eS6A
represses the production or accumulation of proteins for ribosome biogenesis. A role for
eS6-P in ribosome biogenesis had previously been suggested in the mouse (Chauvin et
al., 2014), although it played out at the transcriptional level rather than translation. Out of
all the proteins that function in chloroplast transcription only one protein was detected, and
it was not significantly differentially expressed between the P-enabled and P-deficient

plants.
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Figure 2.10: Proteome of rps6a and rps6b ribosomal protein mutants and double mutants
complemented with phospho-deficient and phospho-enabled eS6A.

A) Principal component analysis of the triplicate data mirrors the separation of the samples in the
RNA-Seq analysis. B) Differentially expressed proteins that passed a significance threshold were
classified by gene ontology. Major enriched terms around ribosomes and photosynthesis are
displayed with their enrichment or depletion factor and likelihood of false discovery. Protein
samples are from shoots of ~12-day-old seedlings.
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2.4 Discussion

This analysis was motivated by the question as to the functional significance of the

phosphorylation in the carboxy-terminal tail of the ribosomal protein eS6.

2.4.1 Polysome Profiling, Transcriptome and Proteome Wide Changes in Ribosomal

Protein Mutants Underpin Described Phenotypes

In Dasgupta 2023, the phenotypes reported for rps6a and rpséb by Creff 2010
were recapitulated, along with a series of additional phenotypes. Plants were stunted and
chlorotic as previously reported. In addition, leaves had the pointed leaf phenotype
commonly found in many translational mutants and a new asymmetric cotyledon
phenotype was described. Beyond that the quantum efficiencies of photosynthesis of the
plants were measured and found to be defective in rps6a and rps6b.

Our data demonstrate the detrimental effects of cytosolic ribosomal protein
mutations on the chloroplast at the level of the transcriptome and proteome, recapitulating
the effects on photosynthetic efficiency seen in Dasgupta 2023. The rps6a and rps6b
mutants have an excess of free 60S subunits, which was observed before in yeast and
Arabidopsis (Creff etal., 2010, Pachler et al., 2004), but is documented here with statistical
support. We also provide one of the first transcriptome datasets from mutants in plant
cytosolic ribosomal proteins, and to our knowledge the first that compares mutations in
multiple paralogs. The rps6a and rps6b mutant transcriptomes are largely similar but differ
in the details. In rps6a the photosynthesis functions are more strongly affected than in
rps6b, while in rps6b the cytosolic translation functions are more strongly upregulated than
in rps6a. The chloroplastically encoded plastid ribosomes also show a stark difference

between paralogs. Because transgenes of eS6A that use the RPS6A promoter
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complemented both functions well, we suspect that the difference in phenotype is not due
to differences in the amino acid sequences of eS6A and eS6B. Instead, this difference
could arise if eS6B had a shifted spatial expression pattern, biased towards growing cells,
which produce more ribosomes, rather than cells fated to become mesophyll, which
produce the photosynthetic apparatus.

Chlorosis and stunted growth are frequent phenotypes of mutants of the
translational machinery. RPS6 mutants additionally show another common phenotype,
pointed leaves. Moreover, (Dasgupta et al., 2023) describes an increase in asymmetric
cotyledons, and an overall decrease in the photosynthetic efficiency of single mutants.
Despite these severe phenotypes, bulk translation appears to be largely unaffected. This
stunted, chlorotic phenotype has previously been reported for eifiso4gl eifiso4g2 double
mutant (Lellis et al., 2010, Lellis et al., 2019). Lellis et al. 2010 also find no changes to
global translation by use of [**S]-methionine labeling. To the best of my knowledge, Lellis
et al. 2019 is the only other study to address chloroplastic gene expression in a translation
mutant. eifiso4gl eifiso4g2 show concerted downregulation in nuclear encoded
chloroplastic proteins (aLight harvesting complex b1 and b3 [LHCB1, LHCB3], carbonic
anhydrase [CAl] and Rubisco activase [RCA]) measured by 2D Difference Gel
Electrophoresis. They show that this is independent of transcription, as there is no
significant change in their transcriptome (RNA-seq, unpublished). This effect is also
independent of changes to protein degradation as both WT and the eifiso4g double
showed similar degradation patterns (assayed through cycloheximide treatment followed
by quantitative western blot) for all four proteins. This suggests that translational control

is the primary regulatory process.
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In our new data, within the PSII complex, of the 15 chloroplast encoded genes all
are significantly, although mildly downregulated in rps6a while only two are downregulated
in rps6b. This downregulation of chloroplast encoded genes by a cytoplasmic translation
defect raises questions as to how this happens. One way is through internal ROS
mediated signaling for chloroplastic regulation and retrograde signaling for nuclear
regulation (Jan et al., 2022). Our study has not measured the ROS accumulation and
therefore either ROS or free tetrapyrrole could be affecting gene expression. Both PSII
assembly and repair GO terms are also enriched in rps6a downregulated genes.
Additionally, the GUN pathway genes are largely unchanged (Richter et al., 2023). This
suggest that additional mechanisms outside of GUN retrograde signaling may be
responsible for this downregulation.

A second mechanism would be downregulating the chloroplastic transcriptional
machinery. Surprisingly the chloroplastically encoded polymerases (RPOA, RPOB,
RPOC1 and RPOC2) (Boerner 2015) show opposite expression patterns in rps6a (down)
and rps6b (up). While the two eS6 paralogs are largely redundant, chloroplastic gene
expression might be one of the small but important ways in which they differ. However,
the underlying mechanism behind this discrepancy remains unclear.

Finally, nuclear encoded chloroplastic genes are enriched in uORFs. Combined
with the observation that eS6 phosphorylation might be important for translational
reinitiation (Mancera-Martinez et al., 2021), indicates that translational control could affect
nuclear encoded chloroplastic gene expression. Previous work from our lab (Lokdarshi et
al., 2020a) also showed that the translatome of a knockout of the elF2a kinase, GENERAL

CONTROL NONDEREPRESSIBLE 2 (GCN2), failed to downregulate chloroplastic gene
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expression when exposed to the herbicide chlorsulfuron. These results taken together
suggest a direct involvement of translation on gene expression in the chloroplast.

We also present the first proteomics data for plant ribosomal protein mutants.
Defects include a drop in photosynthesis functions and an upregulation of ribosomal
proteins and ribosome biogenesis proteins in both rps6a and rps6b, consistent with the
transcriptome data. The rps6a mutant has strongly elevated protein levels of a subset of
ribosomal proteins and even more strongly for ribosome biogenesis proteins. This same
effect is also seen in rps6b, mostly for the same ribosomal proteins. In each mutant the
other paralog is upregulated, together with many other ribosomal proteins. Together, these
results suggest the mutants' growth is rate limited by production of rps6 mRNA. In the
rps6b mutant it takes arguably twice as long to accumulate enough RPS6 mRNA per cell
than in wild type. Hence the mutants grow more slowly. Meanwhile, they accumulate
excess mMRNAs for other ribosomal proteins, whose gene dosage is normal, and which
overaccumulate as a result. Ribosome biogenesis proteins are expressed at a higher level

as well, perhaps driven by the excess of yet to be assembled ribosomal proteins.

2.4.2 eS6A and eS6B Paralogs are Largely Functionally Equivalent

We looked for evidence that the A and B paralogs of eS6 have different functions.
In short, our data suggest that the two paralogs are functionally equivalent. First, the eS6B
paralog was able to complement the rps6a mutant phenotype as well as the eS6A paralog
(Dasgupta, 2023), with respect to root growth and general appearance, as observed
earlier (Creff et al., 2010, Ren et al., 2012). Second, the double mutant rps6a rps6b was
complemented effectively by eS6AVTHA an HA-tagged wild-type of eS6A, as well as a
wild-type version of eS6B. Even though both wild-type alleles were absent, both eS6A and

eS6B were able to complement essentially completely and equally (Dasgupta, 2023).
76



RPS28 189
RPS2C 107
RPSE&
RPS2
RF311 115
RPS13 107
RPS1& 026
RPS18 Do
RF312 151
RPS20 133
rrszy
RPS25 Lt
RFS28 076
RPS30 13
RFSa 051
RPL4 108
RFLS L1
RFLT L7
RPLE L1
RPLY Dl
RFL10 e
RFL10a 117
RPL12 104
RPL12a 102
RPL15 128
RFL18a 18
RFL12 144
RPLz: SN
RPL27a La
RPL2BA 13
RFLZEC 105
RPL3 113
RPL21 e
RPL22 D=l
RPL24 012
PL: 102
RPL38
RPP2 Lo

@9@

KEGG: Ribosome

102
0&7
as
185
[
[
017
033
ED
045
112
o0&
043
125

023

ass
033
09%
04%
os3
ET]
058
O£l
053
oss
oss
0£2
158
oz
104
o7s
025
o7
osz
as1
056

111

013
04z
0&7
021
01s
013
oz
003
043
048
033
04s
172
053
045

CEE)
058
011
017
a1z
02z
[FE]
00z

a1l

oz

CEE)
008
05z
02z
a7s
01z
00z
043
a4z
033
(ED)
033
an7

033
03z
&7
116
018
[ZET
132
ozs
oaz
[+
03
01
o3z
01z
155

aos
o7
oTs
o038
o3z

s

.01
1z
[¥5)
03
1oz
a.11
0as
a6l
o

108
(¥4
124

)
os
as
on
L)
az
0
(¥
o=
a.zs
E)
05
Le
oz
o=z
056
136
arz
asz
07s
[
ar
s

&* Qg- ol 0 \'ed
{ & ‘,ié’ ,g&

&

vs WT
U DOWN
[ X ||
1.0t 3.0
04tc10

Logg fold difference

Photosynthesis

<-3.0

4
o

I

-1.0to-2.0
0.4to-1.0

— Light reactions

CF28.3 -2 151 a71 a1

LHCAS 139 053 as 004
NDHE 11 043 [ 0z

NDHJ 1% asa a1 CET)
NDHJ 18 ors an1 0zs
NDHEK 276 045 03z 01z
PrsL1 1 038 [F5) ooz
PnsL2 132 0ss 015 CEE]
PrsL2 1z ass (R [ET)
PnsL4 Loz 023 ooz 008
PnsB1 112 a4z 005 0.17
Pn:BS 1a 0zs ass 027
PSBF 131 o4s 031 CEH
FSBR Loz 047 0.1z 004
PSBTN 1m o7 [ET] ooz
PSBL 247 161 03z 011
PSB28 1m 078 ooz 03z
PIFI 1m as1 oos 03z
AtZgZeeas 147 14 oos [ET]
TL28 105 02 (15 oo
TL20.2 13 123 az1 0z

At3g47070 187 nzs 055 o0z

'&é [\
vs WT

Figure 2.11: Differential protein abundances detected in 12-day-old seedlings of the
indicated five genotypes.
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Data are log2 -fold differences to wild type or as indicated. Proteins that are enriched or depleted
are shaded blue and red respectively. Selected proteins are annotated with their names. All
proteins shown met FDR<0.05 in at least one pairwise comparison.
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The phenotypic rescue was evident at the biochemical level (polysome profiles and
loading), and omics level (eS6A complemented defects that were characteristic of the

rps6b mutation).

2.4.3 Phospho-deficient eS6 Performs Many Functions of the Wild-type eS6

Light, sucrose and auxin can boost translation. These signals also boost TOR
activity, which then causes phosphorylation of €S6 in its C-terminal tail. This has led to the
hypothesis that eS6-P is causally involved in mediating these effects on translation.
However, evidence for this idea has been mostly correlative (Boex-Fontvieille et al., 2014,
Chen et al., 2018). For example, eS6-P is accompanied by increased expression of plastid
ribosomal proteins (Dobrenel et al., 2016a) and by increased polysome loading in the
cytosol (Chen et al., 2018, Liu et al., 2012); however, our data indicate that eS6-P-deficient
plants express chloroplast ribosomal proteins about normally, and can boost polysome
loading in the morning as effectively as wild type. Recently, Mancera-Martinez et al.
addressed this question by manipulating the phosphorylation potential of eS6 by
expressing AS>A and AS>D versions of eS6B from a cauliflower mosaic virus 35S
promoter in rps6a single-mutant plants. Similar to our data, the two versions did not differ
in global polysome loading. However, the two versions differed in the translation of two
reinitiation-dependent reporter mRNAs, suggesting that eS6 phosphorylation may
regulate the translation of specific mMRNAs (Mancera-Martinez et al., 2021).

Here, we sought out evidence to reveal the role of eS6 phosphorylation by
comparing the biochemical, molecular, cellular, and organ-level phenotypes of rps6
double mutants complemented with either a phosphorylation-enabled allele (WT-HA) or a

phosphorylation-deficient allele (A6S>A). This is the first study to examine P-deficient
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alleles in a genetic background mutated for both RPS6 paralogs. It is also the first to
compare the P-deficient eS6 against the wild type, rather than P-deficient against P-mimic
(Mancera-Martinez et al., 2021). We chose the eS6A paralog, rather than both eS6A and
eS6B for simplicity. This was a reasonable choice because eS6A and eS6B were
confirmed to be functionally equivalent. We constructed the phospho-deficient allele as
close to the native version as possible. Aside from keeping its native promoter,
untranslated regions, and exon-intron structure, we left it untagged in order to not
introduce confounding features. We did tag the corresponding wild-type eS6A with HA to
be able to distinguish it from the native version, but our data suggest that this did not
compromise its function in a major way. A series of phospho-deficient versions of eS6A
and eS6B were previously created anticipating that this would allow us to define the
minimal changes necessary for a robust phenotype (Dasgupta et al., 2023). In the end, a
version with six codons altered to alanine revealed only rather subtle phenotypes, and
therefore we did not pursue the versions with fewer changes in detail. However, data from
other S>A and S>D alleles are included in Table 2.2 - Table 2.5 and (Dasgupta et al.,
2023) because their results reinforce those for the main A6S>A allele.

Overall, the phospho-deficient eS6A proved to be largely functional, given that it
reverted the lethal phenotypes of the rps6a rps6b double mutant back to normal. In detail,
polysome loading was normal, including the boost in polysome loading during the daily
dark-to-light transition. And while rps6 single mutants had an excess of the 60S subunit,
the phospho-deficient double mutants reverted back to normal. The excess of 60S subunit
could be explained by deficiencies in small subunit assembly, since small and large
subunit proteins show similar upregulation in the proteome. As shown by Dasgupta 2023,
The phospho-deficient eS6A also partitioned to cellular compartments, nucleus,
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nucleolus, and cytosol, similar to wild type. And it rescued most gene expression defects
commonly seen in rps6a and rps6b mutants, as well as misregulation of protein levels in
translation and photosynthesis. Accordingly, photosynthetic efficiency was mostly back to
wild-type levels.

Here we want to emphasize that our conclusion is not solely based on the rps6a
rpséb double mutants. Even in rps6a single mutants, surprisingly, the presence of a
phospho-deficient eS6A suppressed the phosphorylation of the eS6B paralog (Dasgupta
et al., 2023), yet rescued the polysome profiles of rps6a and allowed for normal growth.
Although we can only speculate about the mechanism for this coordinated loss of
phosphorylation, this result bolsters the conclusion that phospho-deficient eS6 is largely

functional, and ribosomes lacking eS6 phosphorylation are functional as well.

2.4.4 Emerging Roles of eS6 Phosphorylation

Detailed analysis of the phospho-deficient plants did, however, reveal several
notable abnormalities and deficiencies. In the gene expression profile, certain defects in
the mitotic cell cycle functions and responses to phosphate starvation, which are
characteristic of rps6 mutants, failed to get fully rescued by the phospho-deficient A6S>A
allele, although they were rescued by the phospho-enabled WT-HA allele. A transient
pointed-leaf phenotype suggested that leaf expansion was slightly delayed, as was the
rate of root elongation, a sensitive indicator of cell division (Dasgupta et al., 2023). At the
proteome level, certain misregulations of ribosome biogenesis proteins also failed to get
fully rescued. In this context it is notable that eS6 functions as part of the small subunit
processome in ribosome biogenesis (Bernstein & Baserga, 2004). The increase in

ribosomal proteins and the excess free 60S subunit seen in our rps6 mutants mirror similar
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increases in yeast and mammalian ribosomal protein mutants (Pachler et al., 2004,
Robledo et al., 2008).

Together, these results are our best indicator as to the cellular function of eS6-
phosphorylation in Arabidopsis. The phospho-deficient plants had morphological defects
as seedlings, cotyledon asymmetry and pointed leaves. Although these phenotypes were
more transient than in the original rps6 mutants, meaning they had largely disappeared at
the time when RNA was harvested for transcriptome profiling, it is plausible that it was the
misregulation of cell cycle related mRNAs and ribosome biogenesis proteins that led to
the growth inhibition in cotyledons and first leaves.

It was plausible that the eS6 phospho-deficient plants would reveal a phenotype
not seen in rps6 mutants, a gain-of-function defect. Notably, few if any of the defects
observed in the phospho-deficient plants look like a clear gain-of-function defect. Instead,
the phenotypes in the rps6a rpséb eS6A*S*A line are incomplete rescues of defects
germane to rps6a mutants. Are there not at least a few individual genes that show the
gain-of-function pattern, i.e. abnormal expression in A6S>A, but normal expression in all
other genotypes? Yes, but very few genes (34 by one estimate) match this pattern. These
include ADC2 and RD19, CR88 and CYP707A2, CHIL and RHM1, and BBD1. These
genes may be the rare sentinels of eS6-phosphorylation, but this inference is not strong,
because these genes may also be false-negatives for differential expression in the rpséa
and rps6b mutants, and they are not legitimized by belonging to a common, functionally
defined gene ontology group.

This study has a number of limitations. Although the phospho-deficient version of
eS6A was expressed at a level higher than the native eS6A, it did not quite reach the two-
fold increase one would have preferred. Our proteome data in the rps6a rps6b background
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pegged eS6A26S>A at 1.6-fold the level of eS6A in wild type. Because RPS6A and RPS6B
are expressed equally, the total level of transgenic eS6 protein was 20% below wild type.
We consider this acceptable because rps6a heterozygotes, whose gene dosage is 25%
below wild type, do not have major phenotypes, i.e. rpséa and rps6b are recessive
mutations, as is also true for other rps mutations (Van Lijsebettens et al., 1994). Our work
also did not check for phenotypes under stress conditions. It is possible that the P-deficient
plants might reveal additional growth defects under conditions that alter eS6-P, such as
hypoxia, heat, or light and darkness.

Taken together, our data together with those of Mancera-Martinez and coworkers
(Mancera-Martinez et al., 2021) extend what we know about the functional consequences
of eS6-P to a photosynthetic organism, Arabidopsis. In each eukaryote that has been
studied, yeast, the mouse, and now Arabidopsis, global translation is largely unaltered
(Ruvinsky et al., 2005, Yerlikaya et al., 2016), although Wittenberg and coworkers
reported a lower rate of translation and increased translation fidelity in eS6-P-enabled
cells (Wittenberg et al., 2016). Evidence for effects on mRNA-specific translation exists
but is sparse (Bohlen & Teleman, 2021, Mancera-Martinez et al., 2021, Puighermanal et
al., 2017). This is also true for effects at the transcriptome and proteome level (Yerlikaya
et al., 2016) (and this work). Translatome defects were not examined in our study. These
minimal phenotypes stand in contrast to the diverse consequences of the environmental
stimuli that regulate eS6-P and the diverse phenotypic effects from inhibiting the TOR-S6
kinase pathway genetically or pharmacologically (Ahmad et al., 2019, Ingargiola et al.,
2023, Ren et al., 2012, Scarpin et al., 2022). Yerlikaya and coworkers (Yerlikaya et al.,
2016) concluded conservatively that none of their phenotypes in eS6 P-deficient yeast
could be firmly ascribed to the P-deficiency but were probably due to reduced eS6 protein
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levels. For this work in Arabidopsis we like to propose a similar caveat. Essentially all the
phenotypes seen in eS6 phospho-deficient plants are also seen in rps6 mutants. They are
hypomorph (loss-of-function) phenotypes rather than neomorph (gain-of function)
phenotypes. Itis therefore difficult to rule out that these phenotypes are due to the reduced
level of the eS6A265>A protein or subtle insufficiencies in its pattern of expression, rather

than its lack of phosphorylation.
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Chapter 3: Modeling of mMRNA Populations
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Model conceptualization, initial solution and implementation in mathematica were
done by N. Pollesch and M.A. Gilchrist
Model solutions, implementation in R, analysis, results and manuscript preparation

were done by R.A. Urquidi Camacho and M.A. Gilchrist

Abstract

Understanding the underlying mechanisms of protein production is essential to
comprehending how organisms regulated gene expression and how to co-opt these
mechanisms for biotech applications. Translation and mRNA degradation are key coupled
processes in the cell that regulate protein output. While both translation and mRNA
degradation have been extensively studied through modeling, there is little work exploring
their interaction. Here we introduce a novel coupled ODE model which integrates mRNA
transcription, 5' mRNA degradation and translation. Using empirically derived parameter
estimates, our model predicts the protein production from two populations of mMRNA: stable
and actively translating 5' capped mRNA and decapped mRNA undergoing cotranslational
decay. We are able to predict gene specific capped and decapped mRNA population
abundances, distribution of ribosomes loaded onto transcripts and the mean number of
ribosomes associated to a transcript. Surprisingly, we find that genes with a high
decapping rate (short half-life) will produce just under half their protein from decapped
transcripts. Our model proves useful toward understanding a more complete view of RNA
biology and protein production and acts as a stepping stone for future development in this

area.
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3.1 Introduction

Gene expression relies on transfer of information encoded in DNA through mRNA
into a final functional form, often protein, through translation. While the central dogma
represents the basic flow of genetic information, each step has multiple regulatory
mechanisms adjusting gene expression. The process of translation encompasses three
steps: initiation, elongation and termination and is reviewed in (Browning & Bailey-Serres,
2015, Urquidi Camacho et al., 2020) In eukaryotes, translation initiation consists of a
ribosome binding to the capped 5' end of an mRNA molecule. Following binding to the
MRNA a ribosome proceeds to scan the mRNA until it encounters a start codon and
initiates protein synthesis. Protein is synthesized through the process of elongation, as the
ribosome adds one amino acid at a time to the nascent peptide chain. Finally, in the
termination step, the ribosome and protein are released from the transcript. Multiple
ribosomes can be on a transcript at once. Thus, polyribosomal mRNAs, or polysomes are
common and often measured as a proxy for protein production by ribosome footprinting,
polysome profiling and single molecule imaging of translation.

To produce protein, translation needs a pool of capped mMRNAs. The maintenance
of this mRNA pool relies on a broad range of ribosome dependent and independent
mechanisms (Collart & Weiss, 2020). 5' decapping removes the protective 5' cap from a
transcript allowing for the 5'-3' exonuclease XRN1 to degrade the transcript (Collart &
Weiss, 2020). If a ribosome is already present on the transcript, XRN1 trails behind
performing cotranslational decay (Pelechano et al., 2015). This allows for protein to be
produced from transcripts being actively degraded. Another mechanism of decay relies on
3'-5' degradation of transcripts, which does not permit for any more protein to be made

(Sieburth & Vincent, 2018). Collided ribosomes can also initiate endonucleolytic decay
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pathways such as nonsense mediated decay or no go decay or ribosomal quality control
(Ikeuchi et al., 2018, Juszkiewicz et al., 2018). The resulting 3' fragments may complete
translation. The interplay between the translational machinery, mRNA degradation
machinery and mRNA properties such as codon usage, secondary structure or
modifications all have been reported to play a role in mRNA stability (Bae & Coller, 2022,
Medina-Munoz et al., 2021, Wu et al., 2019a).

Both mRNA decay and translation have been explored in the literature (Yadav et
al., 2021, von der Haar, 2012). Some early translation modeling papers used the totally
asymmetric exclusion process (TASEP) framework to study codon by codon movement
of ribosomes (Dao Duc & Song, 2018, Shaw et al., 2003a). While powerful, TASEP is
computationally expensive to run. The Ribosome Flow Model (RFM) introduced by
(Reuveni et al., 2011), makes a coarse grain approximation to translation by splitting an
MRNA into regions reducing computational cost at little cost to accuracy (Reuveni et al.,
2011). Extensions on the RFM look at the combined translational behavior of pools of
different transcript species (Nanikashvili et al., 2019). Other protein synthesis models take
a cell wide approach to model translation (Shah et al., 2013a) providing a systems wide
overview of protein production. mRNA degradation mechanisms have also been explored,
either mechanistically (Wu et al.,, 2013, Wu & Tian, 2016) or using a basic protein
production model (Zupanic et al., 2016) and are reviewed in (Ashworth et al., 2019). A
combined 5' mMRNA decay model has previously been explored briefly by (Valleriani et al.,
2010), finding a moderate effect of decay on ribosomal load. Translation and mRNA
degradation have both received ample attention in the literature, however few have

explored the interaction between mRNA degradation and translation.
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Here we introduce a novel coupled ODE model of mMRNA polysome classes, which
integrates mRNA transcription, 5 mMRNA degradation and translation. Our model despite
not being fit to data can demonstrate biological behavior using empirically derived
parameters. The structure of the model allows for the exploration of protein production
from both capped and uncapped mRNAs undergoing cotranslational decay. Moreover, we
find that genes with a high decapping rate (short half-life) will produce just under half their

protein from decapped transcripts.

3.2 Methods

3.2.1 Model Overview

The model captures some of the basic processes governing mRNA populations:
transcript production, degradation and the process of translation (Figure 3.1 A).
Transcripts can exist in one of two states: capped and decapped which captures the role
of the 5' cap in mRNA protection and translation initiation. Capped transcripts are
translation initiation competent, while decapped transcripts are not. Individual transcripts
in the cell are categorized by an integer number of ribosomes (0, 1, 2, ...,i;nax). The
number of ribosomes on a transcript determines that transcripts polysomal class. The
model seeks to determine how the population of transcripts of a given gene are distributed

between polysome classes and capped and decapped states.
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Figure 3.1: Cartoon Representation of model in biological context.

A) Model overview. Transcripts enter the system into the capped state at class 0 (no ribosomes
bound). They enter the state at rate AUthrough transcription. Transcripts are free to move up and
down polysome classes at rates k for translation initiation and t for elongation/termination.
Transcripts can also be decapped and enter the decapped state at rate . Finally, upon reaching
class 0 in the decapped state transcripts are fully degraded at rate §. B) Probability of finding an
MRNA in each class in the capped state. C) probability of finding an mRNA in each class in the
decapped state. D) Joint probability of finding an mRNA in each class across each state. This reflect
the total protein production potential.
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Transcripts enter into the model as defined by the transcription rate A into the capped state
with no ribosomes, i.e. polysome class 0 (m,). From the m, class a transcript can have
two fates. The transcript can be decapped, thus marked for degradation at rate u and
move into the decapped class mg. Alternatively, a ribosome can initiate translation on the
MRNAs in the capped, ribosome free polysome class O at rate k and be loaded onto the
transcript and move it into capped class m;. Because only one ribosome can occupy a
particular location on the mRNA at any given time, and our model does not track ribosomal
positions, we model translation initiation across polysome classes i = 0 t0 i,,4,, More

generally as,

i ) (1)

K= Ko (1  imax
Where i is the mRNA polysome class, i, IS the maximal ribosomal occupancy on the
transcript. We note i/i,,,, represents, under the assumptions of a uniform distribution, the
probability a randomly chosen codon position is occupied by a ribosome. Correspondingly,
1 — i/imax represents probability a randomly chose codon position, such as the initiation
site is unoccupied. Because, the natural unit for mRNA coding sequence length in our
model is the amount of space the bound ribosome takes when translating it follows that
imax = N¢/9 Where n. is the length of the mRNA's coding sequence in codons and 9
represents the length in codons of space a single ribosome occupies. This attempts to
account for the ribosomal density dependent effects on initiation and is called the density
dependent initiation (DDI) model.

A ribosome on the transcript elongates the peptide and, in turn, terminates at a

rate of t’. Given that the length scale of our model is formulated in terms of ribosome

widths (~9 codons per ribosome width), but most estimates of elongation are at the scale
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of codons, if T, is the average elongation rate of an mMRNA in codons. t" = t./(9 X i;max)
is the per codon elongation rate divided by the length of the protein, and 7 = 7./9 is the
per ribosome elongation rate. As the number of ribosomes on a transcript increase, the
probability of a ribosome being at the end of the transcript also increases. Again, assuming
ribosomes are distributed across a transcript according to a uniform distribution, the

expected ribosome termination rate on a mRNA in polysome class i is simply,

i

(2)

Ty =T+
lmax

Capped transcripts move through rounds of translation initiation and elongation-
termination and distribute along the different polysomal classes. From any polysome class
in the capped state m; the transcript can be decapped at rate p and move into the
decapped state while maintaining the same polysomal class m;. Decapped transcripts
can no longer initiate new rounds of translation, but allow for currently loaded ribosomes
to complete translation. The behavior of the m; classes represents co-translational decay,
a common method of mMRNA decay in eukaryotes (Collart & Weiss, 2020, Hu et al., 2009,
Pelechano et al., 2015). After all ribosomes on a decapped transcript complete translation,
the mRNA is in decapped class 0 and completely degraded at the mRNA clearance rate
8.

The model produces two outputs. First, the total mMRNA in either the capped or
decapped state and therefore the system (Figure 3.1 B-D). Second, the distribution of the
MRNASs across each polysome class. (Figure 3.1 B-D).

We represent each state by a series of coupled ordinary differential equations
(ODEs), one equation for the mRNA population for each polysome class. The functional

form of the capped mRNA sub population is:
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Similarly, the functional form of the decapped mRNA sub population is:

dmg
= Wmo + T xm{—SmB (4)
dmj N 2 i 1 .
——=um; +° m; — T
dt Hifly imax" * imax '
dm; LI i
=um; + T——mj,; — T———mj
qr M \imax "1 “\imax
dm;max _ *
dt = WMMymgy — TMimax

In closing, we note the parameters i,,,,, k, i and t likely vary between genes.
Steady state solutions of the capped transcript population

The model solution for the capped state can be represented in the following form,

- (5)

Dl
=l

Where 7 is a vector of the steady state mMRNA abundances in each polysomal

class. 7 is calculated from by scaling the vector p (where Y, p = 1), which represents the
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Table 3.1: State variables and model parameters for ODE model of mRNA

populations.

Variable i,,,, is in the domain of non-negative integers; all other variables are non-

negative real numbers. The mRNA unit is the number of molecules of mMRNA.

ribosome load of O from the me* class.

Symbol Description Unit
State Variables
m; Abundance of mMRNAs with a ribosome load of i in MRNA
capped state.
m; Abundance of mMRNAs with a ribosome load of i in MRNA
decapped state.
p; Probability of finding an mRNA with a ribosome load of
i in capped state.
p; Probability of finding an mRNA with a ribosome load of
i in decapped state.
Model
Parameters
i Ribosomal load index. Ribosome
imax Maximum number of ribosomes able to bind to mRNA. | Ribosome
Ko Translation initiation rate for capped mRNAs with a 1/s
ribosome load of i = 0.
T Translation completion rate for one ribosome. 1/s
u Decapping rate. 1/s
A Production rate of newly produced, ribosome free, and mRNA/s
capped mRNA to the mg class
8 mMRNA clearance rate of decapped mRNA with a 1/s
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steady state distribution of the mRNA across the polysomal classes, by transcript
production rate A and the decapping rate u. While the individual components of p are
functions of i, i,,4, the translation initiation rate «, the elongation rate t and u, we could
not find a closed form solution. Regardless, it follows that the total abundance of the

capped class m is,
imax ( 6 )
m = Z m; = A/u
i=0
Steady state solutions of the decapped transcript population
The solution for the decapped system is dependent on the underlying distribution

of the capped system and can be represented as:

_Ln (7)

A~k 1 po

Imax lmax

B imax T
We can simplify the model by converting the mRNA quantity m; to the probability p; by eq.
(5). By defining S; as the cumulative probability for mMRNAs found to be in class i and above

as,
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imax ( 8 )

SiZZE
7

Now the solution to eq. (7) becomes,

A A
LA
m1 :;Sl
1A
m; =T;SI
s 1 A
imax = imaxT imax

Note that Sy =1 and Sy = - =S; >--- = S;  highlighting the fact that the steady state

solution for the decapped state s dependent on the distribution of mMRNA polysome
classes of the capped state represented by the cumulative distribution function S;.
The total transcript population in the decapped state m;,; does not have a closed

form solution. However, it can be summarized as follows,

i
ST A A

m*=2mi=—+—Sl+...+_—5i+...+_ Si
= 6 T it ImaxT ™ox
1=

This can be further shortened to:
S- T) (10)

1

- . . =2 1
Where S is a vector of all the cumulative sums and [ is a vector of 1,5, .

lmax

To get the probability distribution of transcripts across the decapped state we can

divide m*/m* which results in,
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1
Po=—%55 (11)
1+?S'l
Si . .
=ﬁ fOF, L= 1, 2, lmax (12)
I(S+SI)

Calculation of the total mMRNA population and its distribution between capped and
decapped states
Drawing on the definitions above, the total abundance of capped and decapped

MRNA polysome classes (M) is defined by,

A 1 1. 2
M:m+m*=—+7\(—+—S-l) (13)
u 6 1

To understand how mRNA is divided between states we start with the probability of finding

an mRNA in the capped state.

~—~
—_
+

ole
+ |~

Then we calculate the odds,

= (14)
oddsg u(%-p%?])

Calculating expected ribosomal load and protein production
The expected ribosomal load for the capped or decapped state calculated,

respectively, by,

imax
MRL = Ez(ribosome) = Z i X p;

i=0

(15)

96



imax
MRL* = E-(ribosome) = Z i Xp;

i=0
Thus, the global mean ribosomal load is,

Total Ribosomal Load = f,, X E,,(ribosome) + (1 — f;;) X E,,*(ribosome) (16)

3.2.2 Numerical Solution Implementation in R

Code to solve the model was written and is freely available as an R package at

https://github.com/rurquidi/Ribosome. To solve the capped subsystem of the model, we

used the solve.tridiag function from limSolve package (v1.5.6) (Soetaert,K 2009). The
decapped solution was obtained by using the capped solutions into eq. (9). Utility
functions, plots and statistics were created using R (v 3.6) (R core team), and data.table

(v1.14.0) (Dowle 2021).

3.2.3 Data Sources

In order to biologically contextualize and illustrate our model's behavior, we used
parameter values derived from the literature. Protein lengths were extracted from the
Ensembl (version 109) and Ensembl plants (version 56) respectively (Yates et al., 2022,
Kinsella et al., 2011, Cunningham et al., 2022). The range of i,,,, is determined from the
distribution of protein lengths obtained from brewer's yeast (Saccharomyces cerevisiae)
and Arabidopsis thaliana. The range of i, IS 48 (36) (mean (SD)) for yeast and 47 (30)
for Arabidopsis (Figure 3.2 A and C). The decapping rate between the capped and
uncapped system was estimated from the protein half-lives from (Presnyak et al., 2015)
for yeast (Figure 3.2 B) and (Sorenson et al., 2018) for Arabidopsis (Figure 3.2 D). We

estimated gene specific p from the half-lives with the following:
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Where t,/, is the half-life. The resulting range of p is from 1.3 x 1073 (1.8 x 1073) (mean

(SD)) for yeast and 1.7 x 10™* (2 x 10~*) for Arabidopsis.

Translation initiation and average elongation rates (x and t.) were obtained for
yeast from Duc and Song 2018. We calculated an average gene specific elongation rate
from the corrected elongations rates. We scale each gene specific initiation rate by

dividing it by the gene specific elongation rate.
initiation to elongation ratio = x’ = . (17)

This simplifies the model behavior to one generalized parameter with a unique response
(Figure 3.2 E). The initiation to elongation ratio ranges from 0.1s* 0.001s™.

The transcriptomic results from (Weinberg et al., 2016) are included in Figure 3.2
F. Since RNA-seq is a relative measure of mRNA quantity, we can only estimate the range
of transcriptional control. To facilitate interpretation, we based all transcription rates
relative to the gene with a median number of counts. This median gene was assumed to
have a transcription rate A =1. In short, reads per kilobase million from Weinberg were
further converted into a log10 fold change based on the median expression level. Figure
3.2 F shows that the absolute range of transcriptional expression ranges just under 5
orders of magnitude. Because transcription rate A acts as a scaling factor throughout the
model and does not affect the distribution of the ribosomes, for simplicity we set A = 1.

Because the mRNA clearance rate § only determines the accumulation of
transcripts in the my class, for simplicity, we set § > t thus m; ~ 0.

The empirical mean ribosomal load (MRL) for the 850 genes in Duc and Song 2018

was calculated from the mRNA-seq read per kilobase million (NRNA RPKM) and the ribo
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Figure 3.2: Histograms of empirical values of model parameters.

A) Yeast protein lengths. B) Yeast half-life C) Arabidopsis Protein Lengths. D) Arabidopsis Half-
Life. E) Yeast scaled elongation rates (Translational initiation rate/average translation elongation
rate) on a per gene basis. F) Log10 Fold Changes between all transcripts compared to the median
transcript expression in yeast.
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seq footprints (RPF RPKM) from (Weinberg et al., 2016). The following equation was
used.

RPF RPKM;

200
length mRNA;

MRL; = (18)

mRNA RPKM; X

- . 200 . .
Where the gene specific scaling factor ————— corrects for the bias in read
lengthmRNA;

counts due to longer transcripts producing more fragments. The value 200 arises from the
average fragment size of a library prep and can be adjusted according to the experimental

method used.

3.3 Results

3.3.1 Model Presents Steady State Distribution of mMRNAs across Polysome Classes

for each Initiation to Elongation Ratio

The model predicts the abundances of the mRNA in the capped and decapped
states as well as the mRNA's distribution across polysome classes.
Steady state distribution of the capped mMRNA polysome classes

The analytical steady state solution eg. (5) is composed of a vector of probabilities
Pm that an mRNA is in polysome class i and a scaling term (the transcription rate A divided
by the decapping rate p). This solution highlights two separate roles of u. First, the scaling
term A/ p determines total MRNA abundance in the capped state. Second, the vector of
probabilities is a function of the initiation rate k, the elongation/termination rate T and u
and is independent of A. Figure 3.3 A shows the mRNA distribution in the capped state for
four different initiation to elongation ratios «’, for a protein of median length (i, Of 39)
with a low decapping rate (2 x 10~*/s, 99" percentile). To summarize the model results
across a range of parameters a heatmap where each row is the steady state distribution

of mMRNA at a particular k" is shown (Figure 3.3 B). The steady state density in the capped
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Figure 3.3: mRNA distribution in capped state.

A) Distribution profiles for four scaled initiation values i) 2 x 1071 ii) 1.03 x 107 iii) 3 x 1073 iv)
2 x 10™* B) Heatmap of model output across a range of scaled initiation values. Lines represent
slice represented in A). Results produced with i,,,, of 39 and a low decapping rate of 2 x 10™* (99t
percentile). Color bar shows probability of finding mMRNA in particular polysome class.
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system is bounded at class 0 and class i,,,,. When k' « t, the steady state distribution
concentrates at low inear the i =0 boundary. As k' increases, the steady state
distribution moves towards higher i and can be roughly approximated by a truncated
gaussian.
Steady state distribution of the decapped mRNA polysome classes

The decapped state is again scaled by the transcription rate A. The analytical
steady state solution eq. (9) can be understood in two parts: mg and the remaining , = m;
for i>0. my is solely determined by the ratio of the mRNA production rate to the clearance

rate  A/6. The remaining decapped polysome classes depend on the

elongation/termination rate t and the distribution of . Figure 3.4 A shows the mRNA
distribution in the decapped state for i>0 under the same conditions as Figure 3.3, for a
median length protein with a low decapping rate (2 x 10~%). The full range of k" are shown
in the heatmap in Figure 3.4 B. The mRNA distributions are greatest in the i=1 polysome
class and are monotonically decreasing.
Steady state joint distribution for the combined capped and decapped mRNA classes
The full model combines the mRNA distributions from the capped and decapped
states, which is what is measured by most biological assays. Figure 3.5 A shows the
mRNA distribution in the full model for three values of k', for a median length protein with
a low decapping rate (2 x 10~%). The full range of k' are shown in the heatmap in Figure
3.5 B. The system is unimodal at low x'<0.01 when the capped and decapped distributions
overlap around low i (Figure 3.5 A mid and low). As k'>0.01 increases, the full distribution
becomes bimodal (Figure 3.5 A high). The peak at low i representing the decapped

distribution, and the higher gaussian peak representing the capped distribution.
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Figure 3.4: mRNA distribution in decapped state.

A) Distribution profiles for four scaled initiation values i) 2 x 1071 ii) 1.03 x 107 iii) 3 x 1073 iv)
2 x 10™* B) Heatmap of model output across a range of scaled initiation values. Lines represent
slice represented in A). Results produced with i,,,, of 39 and a low decapping rate of 2 x 10™* (99t
percentile). Color bar shows probability of finding mMRNA in particular polysome class.
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Figure 3.5: mRNA distribution in the full model.

A) Distribution profiles for four scaled initiation values i) 2 x 1071 ii) 1.03 x 107 iii) 3 x 1072 iv)
2 x 10™* B) Heatmap of model output across a range of scaled initiation values. Lines represent
slice represented in A). Results produced with i,,,, of 39 and a low decapping rate of 2 x 10~* (99th
percentile). Color bar shows probability of finding mMRNA in particular polysome class.
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3.3.2 Decapping Reduces Ribosomal Loads and Shifts mRNA from the Capped

Polysome Classes to the Decapped Polysome Classes

To explore the role of mRNA stability on mRNA populations we varied the

decapping rate p from the 1%, 50" and 99" percentile values as determined from (Presnyak
et al., 2015). As p increases the distribution of MRNAs changes in two ways.
First, there is shift to lower polysome classes in the capped state (Figure 3.6). This is due
to the mRNAs leaving the capped state at a higher rate and driving the equilibrium towards
lower ribosomal loads. Secondly, as p increases, a larger proportion of the mRNA is found
in the decapped state. This is further explored later in 3.3.3 .

Plants and other multicellular eukaryotes tend to have lower translation initiation x
and elongation rates t as well as slower cell division when compared to single celled
organisms such as yeast. This is highlighted by the current gold standard study of mRNA
half-lives in the model organism Arabidopsis thaliana, where the estimated decapping
rates u estimated are ten to one hundred times lower than those in yeast. To explore the
effect of lower u in Arabidopsis (range: 7.7 x 1076 to 1 x 1073) vs yeast (range 2 x 10~*
to 5.7 x 10~3), we ran the model using the same initiation to elongation ratios as in yeast,
the median Arabidopsis i,,, Of 41. As expected, the lower u results in an mRNA
distribution at higher i (Figure 3.7) and are mostly in the capped polysome classes (Figure

3.10).
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Figure 3.6: Higher decapping rates $\mu$ reduce ribosome load in the capped system in
yeast.

A) Heatmaps for the full model. Left) low u (2 x 10™* /s) Center) median u (1.7 X 1073 /s) Right) u
(5.7 x 1073 /s) B) individual density profiles for low (0.001), mid (0.01) and high (0.1) scaled initiation
values for each p. All results were calculated with i,,,, = 39.
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3.3.3 Decapping Rate and Ribosomal Load Determine Ratio between Capped and

Decapped States

As shown in previous results, higher decapping rates u lead to lower MRL in the
capped state and increase mMRNA abundance in the decapped state. Using eq. (14), we
can determine how much of the mRNA population is in the capped state. We produced
output across all scaled initiation values k' and under the 1%, 50" and 99" percentiles for

decapping rates in both yeast and Arabidopsis (Figure 3.8). We note two patterns. First

as the x’ increases, so does the amount of mMRNA in the decapped class " increases.
Secondly and similarly, higher u shifts mMRNA population from the capped state to the

decapped state as previously seen in Figure 3.6 and Figure 3.7.

3.3.4 At Steady State Protein Production Scales with Coding Sequence Length i,

At steady state the MRL increases with coding sequence length and begins to
asymptote at high initiation to elongation ratio k' (Figure 3.9). Yet the capped state MRL
is always greater than the decapped MRL. The MRL of the whole system is defined by
both capped and decapped MRL in eq. (15) as well as the transcript abundance in each
state as shown in eq. (16). As protein length i,,,, increases, mMRNAs enter the decapped
state at higher polysome classes. Therefore, ribosomes take longer to clear the mRNA,
and thus increase the contribution from the decapped state. For k' = 0.1, the percentage
of the mRNA in the capped class is 99%, 78% and 35% for i,,,, Of 4, 39 and 194

respectively. The i,,,, dependence is captured in the 1/z term in eq. (14).
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Figure 3.8: Percentage of mMRNA in the capped state for arange of decapping rates in yeast
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3.3.5 Decapped State can be a Significant Source of Protein Production

Protein production rate (PPR) is a function of full model MRL x t and plots
normalized to highest possible protein output are shown in Figure 3.10. As the decapping
rate p increases it reduces the capped and uncapped MRL as well as shifting transcript
abundance to the decapped state (Figure 3.10 A). Each of the three cases in Figure 3.10
A, has been broken down into the PPR contributions from the capped and decapped
states (Figure 3.10 B-D). A surprising finding from out model is that when p is high
(5.7 x 1073 /s), 41% of all protein production can arise from the decapped state (Figure
3.10 D). The reason behind this is, despite the MRL of the decapped state being lower
than the capped state, as scaled initiation rises, the shift of mMRNA from the capped

polysome classes to the decapped polysome is enough to offset the lower MRL".

3.3.6 Model Validation

Gene specific MRL eqg. (18) were calculated for the genes analyzed in (Dao Duc &
Song, 2018) and compared to the empirical MRL calculated from raw data from (Weinberg
et al., 2016) (Figure 3.11). Model predictions of MRL showed a significant positive
correlation to empirical MRLs. This result is impressive as the model performs well despite
no model fitting being performed. Model performance is further corroborated with single
molecule imaging analyses. Rescaling ribosome abundances from each single molecule
study to an i, 4, of 39 results in loads of 1, 2.4 and 4 ribosomes per mRNA from (Morisaki
et al., 2016), 3 ribosomes (Yan et al., 2016b), 4 ribosomes (Wang et al., 2016a) and 1.6
(Wu et al., 2016). The single molecule measurements agree with model predictions, as
most transcripts have an MLR of 0-6 for median decapping rate (1.7 x 1073 /s) and k' <

0.01 and i,,4, Of 39.
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Figure 3.10: Estimated average protein production in yeast.

A) Protein production across different decapping rates low p (2.2 x 10™* /s), median p (1.7 x 1073
/s), high u (5.7 x 1073 /s). Total protein production is normalized to the maximal protein production
across all parameters (dimensionless). B-D) Contribution of capped and decapped states to total
protein production. B) Low decapping C) Medium decapping D) High decapping.

112



1.6

1 p=0.5934932 .

12 14

1.0

02 04 06 038

0.0 0.2 0.4 0.6 0.8 1.0
logo[Predicted Mean Ribosomal Load]

log4o[Observed Mean Ribosomal Load]

Figure 3.11: Predicted mean ribosomal loads coincide with observed mean ribosomal loads
from (Weinberg et al., 2016).

Using the 850 genes from (Dao Duc & Song, 2018), decapping rates from (Presnyak et al., 2015)
were mined. Gene specific MRL were calculated and compared to the empircal MRL. Spearman's
p was calculated and found to be significant, pvalue < 10716
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3.4 Discussion

In this study we develop, analyze, and validate a novel coupled ODE model of
MRNA polysome classes which includes the contributions of mRNA transcription, the
initiation, elongation (implicitly), and termination of translation as well as mRNA

degradation through 5' decapping and cotranslational decay.

3.4.1 Model Formulation & Structure

Although our model is only a very simplified description of the mRNA polysome
population and, in turn, protein translation, it studies the interaction of protein translation
with the process of mMRNA degradation, a topic which has been underexplored (Yadav et
al., 2021). The process of translation is dependent on the underlying population of capped,
translationally competent mMRNAs. However, empirical measurements suggest that ~12%
of transcripts are undergoing cotranslational decay (Pelechano et al., 2015). To undergo
co-translational decay, the 5' cap has to be removed and exonucleases trail behind the
last loaded ribosome on a transcript, processing codons as they exit behind the ribosome.
5' decapping is a common pathway in many organisms and accounts for decay; for
example, ~68% of Arabidopsis genes are preferentially degraded through 5’ degradation
(Sorenson et al.,, 2018). Our model includes 5 mRNA decapping followed by
cotranslational decay, permitting the analysis of the decapped mRNA state (called
degradomes in (Ma et al., 2020)), changes in mean number of ribosomes per transcript
MRL for capped and decapped states and the contribution of cotranslational decay to
protein production.

In addition to being more biologically realistic, structuring the mRNA population by

its polysome classes (ribosome load) and the status of its 5' cap allows us to understand
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how the rates of MRNA production A, decapping u, protein elongation T, and the clearance
rate 6 of decapped and ribosome free mMRNAs m* shape the steady state distribution of a
gene's mMRNA population across polysome classes and capping state (Figure 3.3-Figure
3.5).

Analytical and numerical solutions show transcription rate A acts as a scaling factor
such that the abundances of all of the mRNA polysome classes are proportional to A. In
other words, the total abundance of the capped and decapped mRNA polysome classes
@ and @m* are simply proportional to A (see (6) where Zﬁfgg" m; =A/pn and (10),
respectively). The fact that the abundance of the entire population of capped and
decapped mRNA is proportional to the transcription rate A is consistent with intuition, as A
increases, so does the abundance of both the capped and decapped populations.
Similarly, the fact that the abundance of the capped mRNA polysome classes declines as
an inverse function of the decapping rate p is also consistent with intuition. Because it is
the ratio of A and p, rather than their individual values, that determine the size of the
capped mRNA polysome classes, our model indicates that there will be an infinite set of
transcription A and decapping rates p that can result in the same population size of capped
MRNA polysomes. All else being equal, this result suggests that these rates could vary
greatly between genes with similar abundances.

The fact that changes in the mRNA transcription rate A only scales, rather than
shapes, the relative distribution of MRNA polysome classes allows us to turn our focus to

how the remaining model parameters, k' = /1, y, and § alter the relative distribution of

the capped and decapped mRNA polysome classes 1 and ", respectively.

For example, focusing on the relative distribution of the capped mRNA polysome

classes 7, our model indicates that it is the ratio of scaled translation initiation k' = K/t to
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decapping p which determines the distribution 1, and thus its mean ribosome load (Figure

3.3). For example, when the initiation rate is much less than the decapping rate $x’/p <

1, the distribution of capped mRNA polysome classes  is greatest in the ribosome free
polysome class i = 0 and declines rapidly with ribosome load i. As x’/p increases, the
distribution of capped mRNA polysome classes shifts away from the lower bound of i =
0, and appears to follow a truncated gaussian distribution. In contrast, it is only at very
high and generally unrealistic values of ¥’/ (i.e. when k > p or 1, so that ¥’ /u > 10) that
we see the peak of the distribution of capped mRNA polysome classes approach i, .-

Shifting our focus to the relative distribution of the decapped mRNA polysome

classes 7", our model provides a number of important insights. Surprisingly, in the special
case of the decapped, ribosome free mMRNA class 1, we find its abundance is decoupled
from the dynamics of the rest of the population. This decoupling has a number of important
implications. For example, the steady state abundance of m; = A/§, depends only on the
ratio of the mRNA transcription rate A to the mRNA clearance rate § eq. (9). If the
transcription rate A of new, capped, but ribosome free mRNAs m, is substantially lower
than the per capita mMRNA clearance rate of decapped, ribosome free mRNAs §, such that
A « 8, then our model predicts that there will be few mRNAs in the g class (Mg « 1).
Because iy has no impact on the rest of the mRNA population, this result allows us to
greatly simplify our analysis further since we need not consider i, nor the parameter 8.
Focusing now on the steady state abundance of the ribosome-occupied, decapped
MRNA polysome classes, i.e. m; where i > 0, we find that the distribution of 7; depends
on the gene specific ribosome elongation rate t (where ‘elongation” includes the

ribosome’s reading of the mRNA's stop codon) and the distribution of capped mRNA m;
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(Figure 3.4). This finding implies that because the density of /1; monotonically decreases
with i, the distribution of decapped mRNA polysome classes is skewed and dominated by
lower polysomal classes. This monotonic decline, coupled with the fact that the decapped
ribosome free polysome class i, does not contribute to protein production, implies that
MRL of the decapped mRNA polysomes must be less than MRL the of the capped mRNA
polysomes. Thus, while the decapped class does contribute to protein production, and
substantially so under low decapping (1 > 5.7 X 1073) or large i,qx. it contribution to the
MRNA population's protein production will always be less than 50%.

The full model combines the distributions of the capped and decapped states and
is equivalent to the entire mMRNA population that is often measured in translational assays.

The full model distribution is strictly unimodal when initiation occurs and x’/u « 1 (Figure

3.6 and Figure 3.7) and the majority of transcripts are in the capped state (Zrﬁ > 217{*),
effectively. The distribution is also unimodal when the k¥’ <« 0.01, meaning that the MRL is
low and near the i = 0 bound. In all other cases the distribution of polysome classes is
bimodal. The high peak arises from the capped state, while the small novel peak comes
from the decapped state. To the best of our knowledge, the only prior model that combines
cotranslational decay and translation, agrees with our findings of decreased MRL when
decapping occurs (Valleriani et al.,, 2010). However, they didn't explore a range of
biologically relevant parameters nor did they analyze the contributions from the capped
and decapped polysome classes separately.

The model formalizes the interplay between mRNA decapping p and initiation
elongation ratio k" and its effect on protein production. By using eq. (16) we can estimate
protein production rate. Shifts in mMRNA between capped and decapped states as well as

changes in MRL control protein production. As expected, increasing p raises the
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proportion of decapped transcripts m* compared to capped transcripts . Increasing the

ratio of initiation to elongation rates k’ also results in an increase of decapped mRNAs .
As «’ increases, the MRL of the capped population \mvechat increases, transcripts enter
the decapped state at higher polysomal classes and thus take longer to reach mg. At high
u this shift in transcripts is enough to shift more protein production to the decapped
polysome classes, but not enough to overtake the capped protein production. One final
consideration is the assumption that the mRNA clearance rate § < A, and therefore mg
will be negligible and won't affect protein production at the population scale. If 7 is small
our current results act as an upper bound of the protein production contribution from the
decapped class.

A unique property of our model is that it can differentiate the individual
contributions of the capped and decapped states to protein production. A surprising
prediction from our model is that genes with high decapping rates (e.g. p ~5x 1073 ora
half-life of ~ 120 sec) has almost (but never more than) half of its protein production
coming from the decapped mRNA polysome classes (Figure 3.10). The high protein
production from the decapped polysome classes suggests that mRNAs with high
decapping rate can produce more protein than would be expected based on M = A/u

alone.

3.4.2 Model Validation

In addition to studying the general behavior of our model, we validate this behavior
using empirically based parameter values. In general, we find that our model's predictions
of mRNA distributions, when parametrized with biologically relevant values, are highly

consistent with a wide range of empirical data. For example, we predicted MRL using
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empirical values for the ratio of initiation to elongation rates k' (Dao Duc & Song, 2018)
and decapping rate p (Presnyak et al., 2015) and compared them to the empirical MRL
from (Weinberg et al., 2016) and found a strong correlation despite having performed no
additional model fitting (Figure 3.11). This supports the idea that the model is a useful
representation of the complex processes underlying protein production.

The k' estimates utilized are only for highly translated genes (16% of all detected
genes), and most others would fall in a range of ¥’ < 0.01 (Dao Duc & Song, 2018). Taking
the overall low ' values, our model predicts that a median length protein of i,,,, =39
(351aa) would have 10 or fewer ribosomes loaded, which agrees with the predominance
of low polysomes (<10) seen in polysome gradient traces (Dasgupta et al., 2023,
Lokdarshi et al., 2020b). By the same logic, we find that single molecule measurements
of translation (Morisaki et al., 2016, Wang et al., 2016a, Wu & Jaffrey, 2016, Yan et al.,
2016b) all fall in the same low polysome range. Finally, the fraction of mMRNA predicted in
the capped and decapped class are consistent with population wide estimates where
~12.6% off all transcripts are undergoing cotranslational decay (Pelechano et al., 2015),
Figure 3.10). It stands to reason that many transcripts will be largely in the capped state,

however some may have a significant population of decapped transcripts.

3.4.3 Model Limitations, Extensions and Future Work

Our model's assumptions about the process of MRNA decapping, the continued
translational competence of transcript ribosomes bound prior to decapping, and
degradation of mRNA solely from the decapped and ribosome free class mg closely
resembles the biological process of co-translational mMRNA decay. While the existence of

co-translational mMRNA decay is well established (Pelechano et al., 2015, Sorenson et al.,
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2018), other mechanisms exist with different outcomes for translation. 3' decay prevents
bound ribosomes from completing translation and would send all transcripts into the mg
class. Mechanisms utilizing endonucleolytic decay due to no-go decay or nonsense-
mediated decay would potentially allow ribosomes downstream of the cleavage site to
terminate but not those upstream (Collart & Weiss, 2020, Merchante et al., 2017, Urquidi
Camacho et al., 2020). Thus, depending on the site of the endonucleolytic decay a

transcript in m; would end up in m] where j < i.

Currently there is debate about the contributions of the protective effects of
ribosome association vs. ribosome stalling to mRNA transcript stability. While our model
currently does not include the protective effects of translation or stall prone codons, it
should be possible to include this. The protective effects of ribosomal loading could be
modeled by making the decapping rate u a function of i, e.g. (1 — i/iqy)- Otherwise one
could have a higher decapping rate for m, and a lower decapping rate for the other
polysomal classes. The protective effects of translation on decapping could also increase
per ribosome, but eventually at high MRL could trigger ribosome-associated decay
pathways through ribosomal collisions, so ¢ would be a non-monotonic function of i. This
would require analysis on an individual transcript basis. Our model does not consider
codon-specific effects such as pausing sites, difficult to fold regions of a protein, or codon
usage, or protein quality control. (Wu & Bazzini, 2023). Pausing sites could be addressed
by splitting each polysome class into two regions and could approximate a ribosome flow
model of only two regions, a 5' and 3', split by the pausing site. In summary, current models
of translation focus mainly on the behavior of the average transcripts. However, this
ignores the changing population of MRNAs necessary for protein production. Developing

a more guantitative understanding of how different factors affect a gene's mRNA stability
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and, in turn, protein expression, is relevant to a wide range of applied molecular biology
(e.g. the efficient expression of heterologous genes and mRNA vaccines) (Cheng et al.,

2023).
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Appendix

In this section we present the matrix vector formulation of the model used to obtain
both the analytical and numerical solutions in the main text. Additionally, we describe the

analytical solution to the capped system.

Matrix-vector Formulation of ODE System

It is frequently useful to work with the matrix-vector formulation for a system of ODE. In
this model, the dynamics of the decapped and capped mRNASs can be represented as,
M’ =FM +B

where M € R%(Umax*1) js a vector of all state variables, ordered here as my, My, ..,

*

m; ., My, Mj, .., M , M’ is the vector containing the first derivatives of M with respect
max max

to time, F € R2(max*D*2(imax+1) s the matrix representing the full model, and B €
R2(max*1) js the vector of A as the first component and Os otherwise. Using the functional
forms presented above, matrix formulations are provided next.

As opposed to explicitly listing elements of the full model matrix-vector
representation we found that it is more convenient to utilize the block structure that
emerges in this system and explicitly provide the block components. The matrix F is block

lower-diagonal and can be represented as,

F=(u #)
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The upper-left block, U, corresponds to the capped state variables. The upper-right block
is a matrix of all zeros, 0 € Rimax*1Ximax+1 Using I to represent the iy, + 1 X imax + 1
identity matrix, the lower-left block is p = ul, a diagonal matrix with the constant x on the
diagonal and Os elsewhere. The lower-right block, R, corresponds to the decapped state
variables.

The matrix U iS ipygy + 1 X iner + 1 dimensional and is tri-diagonal with non-zero

entries on the diagonal, super-, and sub-diagonals,

1
—(ro + 1) T-
lmax
2
Ko —(T +K0(1— )+u> T-
U= lmax . max lmax
i—1
Ko (1 - ( )>
lmax
1 1 i+1
—(T_ +K0(1—, )+y) T-
lmax lmax lmax
i -1
Ko (1 —(mflx—)> -+
lmax

In U, all blank entries are 0.
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The matrix R is the lower-right block in the block lower-diagonal matrix F,

1
-5 T-
lmax
1 2
—T- T~
lmax lmax
R = .
{ i+1
—T- T~
lmax lmax
lmax
lmax

R is upper-diagonal with only non-zero entries on the diagonal and the super-diagonal.

Capped Subsystem Matrix-vector Representation

As a group the capped subsystem decouples from the decapped subsystem, as such the
capped subsystem can be solved independently of the decapped subsystem. The matrix-

vector formula representing the capped subsystem is,
m =Um+b
where m € Rimax*1 js the vector of capped state variables ordered m,, ...,mimax,ﬁ’) is the

vector containing the first derivatives of 7 with respect to time, U € Rimax*1Ximax*1 jg the

matrix representing the capped subsystem, and b € Rimax*1 s the vector of A as the first

component and Os else.

Capped State Steady-state Solution

The capped system can be split into two components: Total transcripts in the capped state
and how the transcripts are distributed across polysome classes. From manual exploration
of model solutions of the capped state at low i,,,, values. We discovered that the capped

class transcript number is determined by 1/ p.
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imax
A
2_Sm
H i=0
The solution to the system, as presented previously, can be expressed in the determinant-

adjoint form:

— 1 . 7

As b is [A000 ... 0]. Only the first column of the adjoint matrix contributes to the result.
Adj[U]b = Ad
and

lmax

§ a, = Qgot

i=0

With this we can factor our solution into two parts: 1) the total transcript abundance and
2) The distribution of transcript across the polysome classes.

_ Ao @

"= det[U] ato;

Where,

a

=P
Aot "
The vector p,, sums to one and contains the probabilities of finding and mRNA in each

class in the capped state. Now we are left with,

QAtot S

M= " et Pm

If we sum across all classes to get the total MRNA population we find,
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We finally arrive at,

lmax lmax

i=0 i=

Zm.z_ Aot 1B = — Aot 1=
l s det[U] Pm = ™ Get[U]

_ Qtot
det[U]

Tl

mz;ﬁm

The terms on the left-hand side of the equation represent the total transcript population.

The right-hand side is the vector of probabilities, one entry for each class and is a function

of k, 7, and u.
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Chapter 4: Conclusions
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4.1 Overview of Results

In this thesis | have used bioinformatic and mathematical approaches to address
the regulation of protein synthesis both in-planta and through mathematical modeling. In
the second chapter we have contributed to the molecular and biochemical characterization
of single-gene and double-gene knockout mutations of the ribosomal protein of the small
subunit 6 (eS6), which were then genetically complemented with transgenes expressing
phosphodeficient and phosphomimic versions of eS6. Single-gene knockouts of either
eS6A or eS6B resulted in severely stunted growth, which was fully rescued by the
phosphodeficient and phosphomimic alleles. Double eS6 mutants (rps6a rps6b), which
are themselves lethal, were also substantially rescued by a phosphorylation-deficient
allele, (eS6A55>A) with little residual growth defect (Dasgupta et al., 2023, Dasgupta,
2023). Polysome profiles, a technique to measure the association of ribosomes with
transcripts, were quantified using an in-house script. This allowed for the careful
quantification and comparison of a large number of transgenic lines created by Ramya
Enganti and Anwesha Dasgupta (Enganti, 2018, Dasgupta, 2023) with gradients
performed by Sung Ki Cho (Enganti et al., 2018a) and Anwesha Dasgupta (Dasgupta et
al., 2023). Surprisingly, no differences in global translational behavior were observed in
the transgenic lines, despite some, like eS6A*¢S>A (phosphonull) showing a growth delay
at the seedling stage. The single-knockout rps6a and rps6b mutants both had an excess
of 60S large ribosomal subunits as compared to wild type. We infer from this that the eS6
mutants have a defect in 40S biogenesis, and the plant does not have a fully effective
mechanism to align the rate of production of the 60S to match the slow rate of production
of the 40S. However, the upregulation of global translation in response to light was

unchanged in the mutants. Dasgupta 2023 found that P-deficient plants mostly recued
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single mutant growth defects, however they retained a pointed leaf phenotype in young
leaves, a phenotype characteristic of many ribosomal protein mutants. In an attempt to
identify specific cellular defects in the P-deficient plants, the single mutants, as well as
double-mutants harboring either a phospho-deficient eS6 or a phospho-enabled eS6,
were further characterized by both RNA-seq and proteomics. We found moderate but
significant changes to the transcriptomes and proteomes of the single mutants
encompassing the ribosome and the machinery of ribosomal biogenesis, the chloroplast,
photosynthesis and, in particular, the two reaction centers PSI and PSII. The chloroplastic
results agreed with the chlorotic phenotype and lowered quantum efficiency of the single
mutants. Only small changes were observed in the phosphonull line, indicating that eS6
phosphorylation is not essential for plant survival. This is in line with the mild transient
phenotype of the phosphonull plants.

In the third chapter we take a more abstract approach to understand translational
regulation by using a simple but novel model integrating translation with mRNA
degradation. We describe two states, a translationally competent state composed of
capped transcripts and an uncapped state where transcripts are cotranslationally
degraded. Through exploration of our model we find that degradation, as expected, has
major impacts on transcript population size, transcript fate, ribosomal load and protein
production. Our model shows good correlation to empirical data, despite not being fit to
data. Increasing the decapping rate causes lower ribosomal loads and shifts the transcript
population towards a decapped state. While this lowers total protein output compared to
genes with equal translational initiation rates and lower decapping rates, we find that
highly unstable transcripts might make up to half of their protein while undergoing

cotranslational decay.
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In this chapter | seek to expand on some of these results and propose the next

steps.

4.2 The Role of Cytoplasmic Translation on the Chloroplast

Chlorosis, delayed development, and stunted growth are all common phenotypes
of ribosomal and translational mutants (Chapter 2). Proper chloroplast development is
essential for plant growth. Plants with knock outs in the chloroplastic RNA polymerases or
sigma factors also show chlorosis due to defects in chloroplast development (Jan et al.,
2022). Chloroplast related phenotypes seen in rps6 mutants could simply be due to
reduced total protein production in translational mutants and the high cytoplasmic protein
demand of the chloroplast. However, careful analysis of datasets from three of my
projects, two not presented in this thesis, suggest a deeper link between the chloroplast
and cytoplasmic translation.

Previous work published by the lab explored the role of the sole known eukaryotic
initiation factor 2 alpha (elF2a) kinase in plants, General Control Nonderepressible 2
(GCN2) on the transcriptome and translatome (Lokdarshi et al., 2020a). GCN2 knock outs
were produced and gcn2 and WT plants were treated with the herbicide chlorsulfuron or
mock conditions. Through a series of genetic and chemical interventions, it was
determined that chloroplastic reactive oxygen species (ROS) production (and not
peroxisomal nor mitochondrial ROS) was responsible for GCN2 activation under high light
and herbicide stresses. The molecular underpinnings of these results were explored
through microarray transcriptomes and translatomes. The resulting analysis showed a
small but biologically relevant set of genes where translationally repressed by GCN2 under

chlorsulfuron treatment. Gene set enrichment analyses indicated that photosynthesis and
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ribosomal genes were preferentially targeted by GCN2 regulation. These included nuclear
encoded PSI and PSIl subunits, cytochrome, plastoquinone and ferredoxins. It is
important to note that chloroplastic probes on microarrays (the method employed at the
time) are not trusted and thus we cannot comment on any chloroplastic encoded genes.
To the best of our knowledge, Lokdarshi 2020 is the first omics level proof of cytoplasmic
translational regulation of gene expression for the chloroplast.

In chapter 2 we’ve established that the single eS6 knockouts, rps6a and rps6b,
have an increase in ribosomal gene production and defects in photosynthesis, specifically
with PSII and PSI. Because no translatome data was collected, we cannot directly make
claims of translational regulation. However, the patterns observed in the changes to PSI,
PSII are similar to those observed in gcn2, and are found at the proteomic level as well.
eS6 has been implicated as being important for translation reinitiation (Mancera-Martinez
et al., 2021) after the ribosomes had translated and upstream open reading frame (UORF).
GCNZ2 and eS6 have proposed roles in translational regulation through uORFs. (Mancera-
Martinez et al., 2021, Dever et al., 2016). Therefore, translational regulation through
UORFs may be one way that GCN2 and eS6 regulate translation of chloroplast-bound
proteins. UORFs are also enriched in nuclear encoded chloroplastic genes (chapter 2)
providing an increased opportunity for translational regulation.

The most direct evidence for cytoplasmic translational control of plastid bound
protein gene expression arises from circadian ribo-seq (Urquidi Camacho in preparation)
and microarray datasets (Missra et al., 2015). In both datasets either WT Arabidopsis
thaliana, or plants overexpressing the dawn circadian clock gene CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1l) were sampled at dawn (ZTO0), day (ZT6), evening (ZT12) and

night (ZT18). Transcriptomes (microarray and RNA-seq) and translatomes (microarray
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Figure 4.1 Sources of evidence for cytoplasmic regulation of chloroplastic gene expression.
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and Ribo-seq) were obtained. In the Missra dataset, PSII assembly, plastid stroma and
protein targeting to plastid all showed changes in peak translation times between the
genotypes. In the ribo-seq dataset an orthogonal but complementary approach to
collecting data on diel and clock-controlled translation was employed. Here a core set of
genes that are under translational control in both WT and CCA1 overexpressing lines were
identified. Among them were genes encoding light harvesting complex proteins, protein
import, membrane protein degradome proteins and metabolic proteins. What is not known
about these genes is what mechanism is responsible for the translational control. uUORF-
stimulated reinitiation, MRNA sequestration, or preferential targeting of the mRNAs to
membrane bound organelles could all be mechanisms. Further investigation is needed.
Figure 1 summarizes the current OMIC level evidence between cytoplasmic translation
and chloroplastic gene expression from the von Arnim lab. Additionally, ribosomal protein
uL23 has been shown to be necessary for protein targeting to the chloroplast (Kim et al.,
2015). The evidence above supports a role for translational control in chloroplastic gene
expression. While reduced protein production could be an explanation for the chlorosis
seen in rps6a and rps6b single mutants, it does not explain the GCN2 or CCA1 dataset
results.

Protein turnover is high in the chloroplast, especially of the PSIl D1 and D2
subunits (Li et al., 2017) due to light and ROS damage. This requires constant repair and
assembly of PSII complexes. While the PSII D subunits are encoded in the chloroplast,
the assembly and repair machinery is nuclear encoded. A deficit in the expression of these
genes in the chloroplast might lead to chlorosis. Chloroplasts are well known for their
diverse and complex retrograde and anterograde signaling mechanism (Jan et al., 2022).

Cytoplasmic translational control might provide yet another way chloroplasts may regulate
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their gene expression. However, the ubiquity of chloroplastic terms across very different
datasets, and their associated phenotypes argue for some degree of translational control

in chloroplastic gene expression.

4.3 Future Work

There are numerous avenues for future work from these projects. For the eS6
mutants and the plants harboring phospho-deficient eS6, the translatome dataset is
necessary to understand which if any mechanistic impacts this signaling event may have
on the translational landscape. For the phosphonull, a time point earlier than 12 days after
germination should be chosen to maximize the amount of tissue showing the "pointed-
leaf" growth phenotype. Regarding the model, it still has to be fit to experimental data in
order to derive gene-specific parameters for maximal ribosome load, and rates for marking
for degradation etc. Extensive efforts to fit the model to microarray data from a polysome
profiling experiment have revealed that this is not an easy task. However, new datasets
such as our ribo-seq data may allow for a fresh start. There is also a paired transcriptome,
translatome and proteomic dataset (Blevins et al., 2019) with the advantage of providing
three paired datasets to estimate the model parameters, and their predictive ability of the
proteome. Also of interest is to extend the model to cover other forms of mMRNA

degradation or ribosomal pausing sites.
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