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ABSTRACT

MULTI-COLOR VISUALIZATION AND QUANTIFICATION OF SINGLE RNA
TRANSLATION AND HIV-1 PROGRAMMED RIBOSOMAL FRAMESHIFTING IN LIVING
CELLS

Sixty years ago, Francis Crick first stated the central dogma of molecular biology: DNA makes
RNA, RNA makes protein. At that time the central dogma could only be imagined, but over the
past two decades revolutionary advances in fluorescence microscopy have now made it possible
to directly image transcription and translation in living cells and organisms. A key breakthrough
was the discovery and development of GFP, which can be genetically fused to other proteins to
selectively light them up and track their expression in vivo. While this powerful technology can
illuminate mature protein products in live cells, processes like translation remain in the dark. This
is because fluorescent fusion tags take too long to mature and light up. By the time the fluorescence
becomes visible, translation of a nascent protein is over and has long since separated from its
parental RNA strand. This fundamental challenge has made it difficult to visualize, quantify, and
study translational gene regulatory mechanisms in living cells and organisms with fluorescence
microscopy.

To achieve this, nascent chain tracking (NCT) was developed, a technique that uses multi-epitope
tags and antibody-based fluorescent probes to visualize and quantify protein synthesis dynamics
at the single-RNA level. NCT revealed an elongation rate of ~10 amino acids per second, with
initiation occurring stochastically every ~30 seconds. Polysomes contain ~1 ribosome every 200 to
900 nucleotides. By employing a multi-color probe strategy, NCT shows that a small fraction (~5%)
form multi-RNA sites in which two distinct RNAs are translated simultaneously while spatially

overlapping.

il



NCT was then applied to further understand the dynamics of translating RNAs interactions
with ribonucleoprotein (RNP) granules during cellular stress. NCT was used to image real-time
single RNAs, their translational output, and RNA-granule interactions during stress. Although
translating mRNAs only interact with RNP granules dynamically, non-translating mRNAs can form
stable, and sometimes rigid, associations with RNP granules. These stable associations increase
with both mRNA length and granule size. Live and fixed-cell imaging demonstrated that mRNAs
can extend beyond the protein surface of a stress granule, which may facilitate interactions between
RNP granules. Thus, the recruitment of mRNPs to RNP granules involves dynamic, stable and
extended interactions affected by translation status, mRNA length and granule size that collectively
regulate RNP granule dynamics.

Finally, NCT was utilized to quantify the dynamics of multiple open reading frames at the
individual RNA level in a living system. An NCT multi-color imaging modality was used to
investigate ribosomal frameshifting during translation. Frameshifts occur through a ribosomal +1
(-2) or -1 (+2) nucleotide(s) "slip" into another frame and are implicated in both human disease and
viral infections. While previous work has uncovered many mechanistic details about single-RNA
frameshifting kinetics in vitro, very little is known about how single RNAs frameshift in living
systems. Applying multi-frame NCT technology to RNA encoding the -1 programmed ribosomal
frameshift (-1PRF) sequence of HIV-1 revealed that a small subset (~8%) of translating RNAs
frameshift in living cells. This multi-color NCT method also revealed that frameshifting RNA are
preferentially in multi-RNA sites, are translated at about the same rate as non-frameshifting RNA,
and can continuously frameshift for more than four rounds of translation. Interestingly, fits to a
bursty model of frameshifting constrain frameshifting kinetic rates and demonstrate how ribosomal
traffic jams contribute to the persistence of the frameshifting state. These data provide fresh insight
into retroviral frameshifting and could lead to alternative strategies to perturb the process in living

cells.
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Chapter 1

Introduction

1.1 Visualizing translation

The central dogma of molecular biology was first hypothesized sixty years ago: DNA makes
RNA, RNA makes protein [1]. The synthesis of protein encoded by messenger RNA (mRNA), or
translation, is a crucial step of gene expression across all domains of life [2]. Translation is an
energy-intensive process [3] that can be divided into four key steps [4,5]: (i) ribosome search and
recruitment; (i) initiation; (ii1) nascent peptide elongation; and (iv) termination. Each of these steps
is subject to tight regulation by a variety of mechanisms [6,7]. In eukaryotes, the small (43S) subunit
of the ribosome binds to and scans along RNA during the search and recruitment phase [5]. Once a
start codon is located, it initiates and assembles with other factors into the large (80S) elongation
complex capable of decoding mRNA [5]. The 80S ribosomal complex is composed of three sites:
an A site which allows for codons to pair with an anti-codon of the correct aminoacylated tRNA, a
P site where peptidyl transfer occurs from the tRNA at this site to the A site, and finally an E site
where tRNA exit from the complex [8]. Elongation occurs as the ribosome decodes the mRNA one
codon (three nucleotides) at a time to assemble a nascent peptide one amino acid at a time [4]. As
synthesis of the chain is completed, the ribosome terminates at a stop codon and the nascent protein
is released [9].

In vitro and population-based studies have established most of what is known about translation.
Using cell-free, live-cell, single molecule fluorescence resonance energy transfer (smFRET), and
crystallography, these studies have uncovered: the minimal components necessary for translation
[10, 11], translation kinetics [12—17], and different ribosomal rotational states [18]. In addition,
single-ribosome resolution studies have revealed that nascent peptide co-translational folding can
generate forces to release arrested ribosomes from allosteric exit tunnel interactions [19] and

that ribosomes have two distinct active helicase mechanisms to overcome RNA structure during



translation [20]. Deep-sequencing techniques, such as ribosome profiling, are currently used to
achieve sub-codon resolution of initiating and elongating ribosomes [21]. This technique relies on
deep-sequencing of cDNA generated from ribosomal protected RNA fragments. Ribosome profiling
has provided insight into genome-wide translational output, sub-codon positioning of ribosomes on
mRNA, genome-wide translation kinetics [22], and the effects of mRNA isoforms on translational
output [23].

These studies have provided valuable population-based measurements, in vitro single-molecule
kinetics, and sub-codon snapshots to infer translation dynamics. However, these methods cannot be
performed on intact cells, causing spatial information to be lost and the heterogeneity of potentially
key regulatory mechanisms to be obscured in ensemble measurements [24,25]. Without the ability
to directly visualize translation in a living system, dissecting complex translational regulatory
dynamics has been challenging [24,26]. Not only has it been difficult to distinguish different
co-translational regulatory mechanisms from each other, but, more importantly, it has been difficult
to distinguish translational regulatory heterogeneity in general. For example, if the level of a
particular protein product in a cell was measured to be low, it was not clear whether this was due to a
subset of RNA that was translationally regulated differently or was due to RNA being translationally
regulated similarly. Understanding this distinction in a live-cell could help uncover potentially key
regulatory steps or mechanisms that were previously not fully understood using population-based
measurements.

Although labeling of mRNA using viral coat proteins, e.g., MS2 coat proteins and PP7 coat
proteins [27, 28], has been successfully used to study transcription at the single molecule level
[29,30], labeling of nascent peptide chains at translation sites cannot be easily done with fluorescent
fusion tags because they take too long to mature and light up (Figure 1.1). By the time the
fluorescence becomes visible, translation is over and the protein has long since separated from its
parental RNA strand [31]. This fundamental challenge has made it difficult to visualize, quantify,
and study translational gene regulatory mechanisms in living cells and organisms with fluorescence

microscopy.
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Figure 1.1: Fluorescent fusion tags incapable of visualizing translation. Fluorescent fusion tags such as
GFP [shown as a glowing beta-barrel structure; Protein Data Base (PDB) ID: 4KW4] take time to fluoresce
and are not sufficient to observe translation dynamics of a protein of interest (POI). Adapted from [31]. K
Lyon created and contributed to the design of the cartoon schematic.

Despite these challenges, researchers have attempted to develop methods to visualize translation
using fluorescence microscopy. For example, the FIAsH and ReAsH dyes have been used to rapidly
bind and light up tagged nascent proteins and to detect the sites of translation in living cells [32].
However, photobleaching of dyes and non-specific binding limited the signal to noise ratio and
prevented real-time imaging. Some of the signal to noise issues were addressed by recent work
using a 3x repeat tag for signal amplification [33], but solubility issues persist therefore FIAsH and
ReAsH have not been widely adopted. More recently, the Translating RNA Imaging by Coat protein
Knock-off (TRICK) assay was used to image and distinguish translated RNA from untranslated
RNA [26]. In this assay, RNA fluorescence is lost upon the first round of translation. While
useful for imaging the pioneering round of translation, it is not possible to track multiple rounds of
translation.

To address these issues, multiple research groups have developed a methodology to visualize
and quantify single RNA through multiple rounds of translation. The method employed within this

dissertation is nascent chain tracking (NCT) and is based off of work in which I was a co-author



(Appendix A and D). Briefly, NCT relies on repeated non-maturing epitopes encoded in the N-
terminus of a nascent peptide chain. We target these epitopes with fluorescently labeled probes to
mark the nascent chains of elongating ribosomes and combine this with the MS2 system to mark
RNA [27]. This method has enabled other studies of translation heterogeneity and regulation in
living cells [34-36].

In this dissertation, I will highlight a few applications of NCT. In Appendix A, I discuss the
establishment and validation of NCT, of which I was a co-author (see Appendix D for permission
of use). In Chapter 2, I discuss probing translation dynamics using fragmented antibodies (Fabs)
or single-chain variable fragments (scFv), of which is based on a review where I was first author.
In Chapter 3, I discuss the dynamics of mRNA interactions with stress granules, of which I was a
co-author (see Appendix D for permission of use). Finally, in Chapter 4, I discuss the dynamics of
single RNA HIV-1 programmed frameshifting, of which I was first author. A graphical summary of

the main chapters of this dissertation can be seen in Figure 1.2.
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Figure 1.2: Graphical abstract summary of the main chapters of this dissertation. Fab/scFv can label
nascent chains of ribosomes during elongation on individual RNAs. Using this method we established Nascent
Chain Tracking (NCT) which enabled us to study translational heterogeneity (Chapter 2 and Appendix A),
the dynamics of mRINA interactions with stress granules (Chapter 3), and HIV-1 programmed ribosomal
frameshifting (Chapter 4). K. Lyon created and contributed to the design of the cartoon schematic.



Chapter 2

Establishment of Nascent Chain Tracking

For the validation of the Nascent Chain Tracking (NCT) employed in this dissertation, of which
I was a co-author, see Appendix A. The following chapter is based on a review article where I was

first author. !

2.1 Probing translational dynamics in living cells with Fab and

scKv

Recently, five research groups have independently established a methodology to visualize and
quantify single RNA through multiple rounds of translation [37—40]. Remarkably, all solved the
problem in essentially the same way: by using antibody-based probes that bind to repeat epitope
tags. This burst of papers attests to the robustness of the approach, which allowed each group to
bring preformed fluorescence to the growing nascent peptide chain without the need for the chain to
fold, mature, or fluoresce on its own (Figure 2.1).

In general, each group amplified the signal from translation sites by fusing tags encoding tandem
repeats of short, linear epitopes to the N termini of proteins of interest (POIs), as shown in Figure 2.1.
This made it possible to recruit multiple fluorescent antibody-based probes to a single elongating
nascent chain. Since more than one ribosome can translate an RNA at a time (in polysomes), the
amplified signal from a single chain is multiplied by the number of elongating ribosomes, yielding
amplification of amplification. To visualize this, four of the groups used the SunTag system [38—41].
Here, the probe is an scFv derived from a GCN4 antibody and evolved via ribosome display to
tightly bind a 33-amino acid (aa) epitope [42]. This was later adapted for intracellular stability
within yeast [43]. To prevent aggregation in mammalian cells, a protein G (GB1) domain was

further fused to the C terminus of the scFv and the 33-aa epitope was shortened to just 19 aa (in

I'This chapter comes from a review in which I was first author [31].
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Figure 2.1: Imaging gene regulatory dynamics in live cells using antibody-based probes. To success-
fully image live-cell translation dynamics, 30 untranslated region (UTR) stem loops and a repeat epitope tag
need to be encoded into the gene of interest. During transcription, the stem loops will form (gray loops) and
quickly be bound by a coat protein (MS2 or PP7; gray ovals) fused to a fluorescent protein tag (red circle).
This enables the visualization of RNA molecules in living cells. When these marked RNA are translated,
the repeat epitopes (triangles) will emerge from the ribosome and be quickly bound by a fluorescent probe
[antibody fragments (Fabs) or single-chain variable fragments (scFvs); glowing *Y’]. This will quickly
bring light to the growing nascent chain of the protein of interest (POI) while it is being translated. The
co-migration of the red RNA signal and the green nascent chain signal will mark sites of translation. A sample
live-cell image is shown, where the green signal corresponds to Fabs labeling spaghetti monster-tagged lysine
demethylase (KDMS5B) and the red signal corresponds to MS2-labeled RNA. These signals colocalize to
form yellow spots that mark the sites of translation. The green fluorescence time series from the circled
yellow spot in the inset is shown below, along with cartoons depicting how ribosomes might be distributed
along the RNA at the two specified time points. Scale bar 10 ym. Adapted from [31]. K. Lyon contributed to
the design of the cartoon schematics and measured signals from the sample fluctuating translation site that T.
Morisaki acquired.




version 4) [44]. These epitopes are repeated in the SunTag and separated from one another by short
linkers (either 24 repeats [38,40,45] or 56 repeats [41], totaling 571 aa or 1419 aa, respectively).
These linkers allow every epitope in the SunTag to be bound by an scFv, resulting in very bright
fluorescence signals. In a similar but distinct manner, we used the spaghetti monster system to
visualize translation [37]. Here, the antibody-based probes were Fabs that were generated from
classic antibodies, either FLAG or HA [46,47]. The spaghetti monster tag (325 aa) comprised ten
FLAG (8 aa) or HA (9 aa) epitopes distributed throughout a 3D protein scaffold to prevent steric
hindrance between bound Fab or full antibody [48]. In addition to the repeated peptide epitope tag,
a repeated RNA stem loop tag (MS2 [27] or PP7 [28]) was also used by all groups to label and
track the POI-encoding RNA. This was necessary to distinguish nascent peptide chains still being
translated from mature protein, since only the former would colocalize with RNA.

To quantify the kinetics of translation, each group used a variety of experimental approaches.
Despite these differences, there was consistency between the studies, as shown in Table 2.1. An
important parameter was the translation elongation rate. This rate can be measured in several
different ways, exactly analogous to how transcription elongation rates are measured in living cells
using the MS2 RNA labeling system [49-51]. Whether measured by run-off inhibitor treatments
[39—41], photobleaching [37,38,41], fluorescence correlation analysis [37,38], or the tracking of
RNA being translated by single ribosomes [39], all studies concluded that the translation elongation
rate was on the order of 10 aa/sec. Importantly, this rate is close to what has been measured in vitro
and also via ribosome profiling [21,22]. Another key measurable was the number of nascent chains
(i.e., ribosomes) per RNA. Each group measured this by calibrating the intensity of individual
translation sites. Although this number varied more from group to group than did the elongation
rate, the variability diminishes when considering the density of ribosomes along RNA. In this case,
all groups measured about one ribosome every 200-900 nucleotides. By combining this density
estimate with the measured elongation rate, it is possible to calculate the translation initiation time.

Again, there was excellent agreement between studies, being somewhere around 30 sec.



Table 2.1: A comparison of live-cell measurements of single RNA translation Kinetics. Live-Cell Mea-
surements of Single RNA Translation Kinetics. Adapted from [31]. K. Lyon, T. Stasevich.

Feature Ref, [37] [38] [39] [40] [41]
Cell Line U-20S U-20S and | U-20S and | HeLa  and | HelLa
primary HEK?293 primary
hippocampal hippocampal
neurons neurons
Tags Spaghetti 24x SunTag | 5x, 10x, and | 24x SunTag | 32x and 56x
monster 10x 24x SunTag SunTag
FLAG or 10x
HA
Probes Bead-loaded | Stably = ex-| Stably  ex-| Stably  ex-| Stably  ex-
FLAG-Cy3 pressed pressed pressed pressed
or HA-A488 | GCN4 scFv-| GCN4 scFv-| GCN4 scFv-| GCN4 scFv-
Fab GFP GFP GFP GFP
Elongation ~10 aa/sec ~5 aalsec ~3-6 aa/sec ~4 aalsec ~13-18 aa/sec
Rate
Initiation ~30 sec ~50 sec (U-2 | ~30 sec ~20 sec ~15 sec
Rate OS) or ~30
(sec/ribosome) sec (PHN)
Nucleotides | ~200-900 ~700 ~300 ~250 ~600-800
per ribosome

Beyond the basic translation initiation and elongation kinetics that were quantified, different
groups also observed a variety of other unique translational dynamics. One surprising observation
was that RNA being translated can be highly mobile and move about the cell just as rapidly as RNA
that are not being translated [37,38,41]. Since polysomes are so massive, this would suggest that
the mobility is active rather than passive. Indeed, in neurons, many motoring RNAs were observed
to be undergoing translation [38], in opposition to the earlier belief that transcripts are repressed
while being motored to their destination [52]. Another interesting observation that emerged from
different groups was that translation can be organized in higher-order structures comprising two or
more translation sites clustered into small groups [37] or multi-RNA translation sites [41]. Other
forms of spatial organization were also observed, including ER-bound transcripts, which displayed
greatly restricted mobility [40], and neuronal transcripts, which localized to the far edge of distal

dendrites [38].



All groups also perturbed translation using a variety of different treatments, including: (i)
puromycin [53], which caused premature release of the fluorescently labeled nascent peptide
chains; (i1) cycloheximide [37,38], which stalled translation (although the number of ribosomes
per transcript did not notably increase, as anticipated by earlier work in fixed cells [54]); (iii)
harringtonin [40,41], which prevented new ribosome initiation (permitting run-off assays); and (iv)
DTT and arsenic stress, which dynamically altered start codon selection in a burst [40]. The origin
of these diverse observations is not yet clear. Some possibilities include differences in 3” and 5’
untranslated regions (UTRs), codon usage, or the local cellular environment.

Although the SunTag scFv and Fab-based translation imaging systems are similar, they have
distinct advantages and disadvantages. The SunTag scFv can be stably expressed in cells and
even put into an endogenous locus using CRISPR [41]. Thus, imaging could in principle be done
throughout whole transgenic animals or within sensitive cell types (such as neurons [38,40]) that are
difficult to load with Fab. By contrast, Fabs currently offer more flexibility for multi-color imaging
applications because Fabs can be generated from a range of commercially available monoclonal
antibodies [37]. Therefore, it is easy to make orthogonal probes (such as FLAG and HA), whereas an
orthogonal scFv probe that can be used in combination with the SunTag system has been developed

but is much more challenging to design and validate in a living system [55].
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Chapter 3
Quantification of Single RNA Interactions with

mRNP Granules During Stress

The following chapter is based off of work where I was a co-author. 2

3.1 Translation ends prior to interaction with stress granules

and resumes following disassembly

During cellular stress translation is halted for many RNA. These RNAs go on to accumulate in
ribonucleoproteins (RNPs) granules, e.g., stress granules (SGs) and p-bodies (PBs), which helps
ensure translational priority of stress responsive genes [56]. Experiments employing fixed-cell
immunostaining and fluorescence microscopy of fluorescently labeled SG proteins have established
mRNA within stress granules are translationally repressed and that RNA-binding proteins within
SGs have biphasic mobility being either in a diffuse state (mobile, liquid-like) or a bound state
(immobile, nanocores) [57-62]. Although these past studies have shown that mRNAs accumulate
within SGs and are translationally repressed, the dynamics of translating and non-translating
mRNA within and near the granule surface remain poorly characterized. Establishing these general
interaction principles are important as they play critical roles in stress response, maternal mRNA
storage in early development, synaptic plasticity, tumor progression, and neurodegeneration [63—71].

To simultaneously visualize and quantify the exit of single mRNAs from translation and their

dynamic interactions with ribonucleoprotein (RNP) granules in living cells, we adapted the newly

2Chapter 3 is based on the following work [35], of which I was a co-author, with the following author contributions:
S.L.M. and R.P. conceptualized the study; S.L.M., T.M., T.J.S., A.K. and K.L. developed and designed methodology;
T.M. and T.J.S. developed and implemented software; S.L.M. validated findings; T.M., T.J.S., S.L.M. and A.K.
performed formal analyses; S.L.M., A.K., K.L., TM. and T.J.S. performed experiments and/or collected data; R.P.,
T.J.S.,, TM., AK,, K.L. and S.L.M. provided resources; T.M., T.J.S. and S.L.M. provided data curation; S.L.M. and R.P.
wrote the original draft; R.P., S L.M., T.J.S., T.M. and A K. reviewed and edited the drafts; T.M., T.J.S., S.L.M. and
A.K. visualized data; R.P., T.J.S., T.M. and S.L.M. supervised the project; S.L..M. managed and coordinated the project.
See Appendix D for permission of use.
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developed nascent chain tracking technique [37]. The translation of individual mRNAs labelled
with fluorescent MS2 coat protein (MCP-HaloTag with Janelia Fluor 646 (JF646) dye [72]) was
monitored via the binding of fluorescent antibody fragments (Fab conjugated with the Cy3 dye) to
epitopes at the N terminus of the nascent peptide (Figure 3.1A). Thus, translating mRNAs were
labelled with both MS2 coat protein (MCP) and Fab, whereas non-translating mRNAs were only
labelled with MCP. By imaging these constructs in U-2 OS cells stably expressing the stress granule
(SG) marker green fluorescent protein (GFP)-G3BP11 [64], we could examine the translation status
of single mRNAs during arsenite stress in relation to their interactions with individual SGs.

We first imaged cells at a lower temporal resolution (one cell volume every 3 min for 1 h) to
determine the timing of translation repression during stress. To avoid background from single mature
proteins and limit photobleaching, we lowered the laser powers so that only the mRNAs translating
in polysomes were detectable. As the majority of translation output is thought to occur in polysomes,
we considered mRNAs without a detectable associated nascent peptide to be in a translationally
repressed state. The translation of single KDMS5B reporter mRNAs declined following stress, with
SGs forming after 10 min of stress (Figure 3.1B). The interaction of KDM5B mRNAs with SGs
lagged slightly behind SG assembly, with about 30-40% of the mRNAs associating with SGs
40-60 min after the addition of arsenite, which is similar to what is predicted for endogenous
KDMS5B mRNAs from the SG transcriptome (~39%) [73]. Ninety-eight per cent of the KDMS5B SG-
associated mRNAs were translationally repressed, which implies that the repression of translation is
a general prerequisite for the recruitment of mRNA to SGs. Surprisingly, 1-2% of SG-associated
mRNA s retained nascent chains, suggesting that mRNAs can interact with SGs while still associated
with polysomes. To verify these observations, we imaged samples at a higher temporal resolution
(one cell volume every 2 s for 10 min) between 10 and 30 min post-stress, a period when both
translating mRNAs and SGs are observed (Figure 3.1B). This confirmed that most of the mRNAs
entered SGs in a translationally repressed state (Figure 3.1C). Between one and two per cent of the

mRNA s interacting with SGs were associated with nascent chains, but these mRNAs only interacted
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Figure 3.1: mRNAs are translationally repressed before entering SGs and resume translation follow-
ing SG disassembly. a, Single mRNAs with 24x MS2 stem loops in the 3° UTR were visualized with
JF646-MCP (red) and translation was observed by anti-FLAG Cy3-Fab (green) binding to 10x FLAG tags in
the N-terminal KDM5B open reading frame (ORF) in U-2 OS cells that express the SG marker GFP-G3BP1
(blue). Inset, a representative cell (from ten we analysed in detail in b) is shown. Scale bar, 10 um. b,
Simultaneous detection of mRINA localization, translation activity and SG formation in arsenitestressed
cells. Left, normalized number of SGs per cell (that is, fraction of the maximum number of SGs observed
in each cell throughout the stress), fraction of cytoplasmic (Cyto.) non-translating and translating mRNAs,
and fraction of SG-localized translating and non-translating mRNAs. Right, fraction of cytoplasmic or
SG-localized translating or non-translating mRNAs at 40 min post-stress are shown. The mean + s.e.m.
is shown from n = 10 cells collected from three independent experiments. c,d, Representative images of
single mRNAs (red), their translation activity (green) and SG (blue) interactions; scale bars, 1 pm (left); and
graphical representations of the interactions with the intensity of translation foci represented as white-green
(right). c, A representative long-term mRNA-SG interaction (> 3 min) from 82 non-translating mRNAs
tracked from n = 9 cells collected from three independent experiments. d, An example of transient translating
mRNA-SG interactions from 334 translating mRNAs tracked from n = 9 cells collected from three indepen-
dent experiments. e, Growth of SGs over time, as average SG size (upper left) and average SG intensity
(upper right). Growth of individual SGs (lower left) with fusion events shown graphically (t; and t2) and as a
representative time series (lower right; scale bar, 5 ym). Mean + s.e.m. is shown from n = 10 cells collected
from three independent experiments. f, Representative data from a single cell (from n = 4 cells collected from
two independent experiments) showing the resumption of translation after arsenite washout. The number
of translation foci (green) and SGs (blue) during stress (0-70 min) and following washout (80-140 min) are
shown. Taken from [35]. K. Lyon prepared reagents, designed experiments, and performed experiments
contributing to Figure 3.1a-e
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with SGs transiently for a few seconds (Figure 3.1D). Out of a total of 336 interactions detected,
only two transcripts associated with nascent chains interacted with SGs for longer than two minutes.

Translation repression positively correlates with the growth of SGs, which increases throughout
the stress response [57,74,75]. Stress granules grew by both incremental accumulation of material
and SG fusion (Figure 3.1E). Incremental growth dominated during the early phases of stress, up
to ~40 min post-stress, when the number and size of SGs continued to increase, whereas fusion
events dominated at later time points, after ~40 min post-stress, when the number of SGs stopped
increasing but SG size continued to increase. The growth of SGs also correlated with increased
KDMS5B mRNAs in SGs, which is consistent with mRNA recruitment contributing to SG growth.

During recovery from arsenite stress, SG disassembly (quantified as the number of individual
SGs) occurred a few minutes before translation resumed in single cells (Figure 3.1F). We verified
that these translating spots in the recovery phase were bona fide translating mRNAs by observing
their disappearance following puromycin treatment (data not shown). KDM5B mRNAs did not
resume translation until the SGs had dissolved completely, suggesting that SGs must disassemble

before translation resumes during recovery from stress.

3.2 RNAs interact transiently and stably with stress granules

To determine how mRNAs interact with RNP granules, we measured the duration of individual
SG interactions with mRNAs that encoded KDMS5B, H2B or p300 (Figure 3.2A,B). In all three cases,
the probability that a SG-mRNA interaction lasted a set duration of time (that is, the interaction
time survival probability) could be fit by a two-component model with fast interactions on the order
of seconds and slow interactions on the order of many minutes (Figure 3.2C,Figure 3.3A). These
results suggest that mRNAs frequently "sample" SGs and occasionally enter a stable association.

Generally, three parameters influenced the nature of the SG-mRNA interactions. First, we
compared the dynamic interactions of reporter mRNAs containing the KDMS5B ORF (4,632 nt),
the shorter H2B ORF (375 nt) or the longer p300 ORF (8,265 nt) with SGs by determining the

dwell time of mRNAs in SGs and found that mRNA ORF length correlated with the duration of

14



a original b
Y L L R IR o

MEAEENEIANFARE F.X XN

g |
o &
T S8
t= 2505 —10um 23 all MRNA-SG binding
2505 | 2525 | 254s | 284s | 3525 | 3565 gl Sk el
original 2
=
wr

mask ﬁ \ ‘ ‘ ‘ ~t mRNA-;G intera.c.;ilon residl;celime!(;:c)

H2B mRNA KDMS5B mRNA p300 mRNA

Binding time survival probability (%)

0 50 100 150 200

0 50 100 160 200

mMRNA-SG interaction residence time (s)
MR, ;<400nm ®WR;;=400-680nm MR;;=680-860nm Rs; > 880 nm

Figure 3.2: mRNAs interact transiently and stably with SGs. a, Determination of mRINA-SG interaction
times. Representative image (from n = 9 cells expressing KDM5B mRNA that we analysed in detail in c)
showing mRNAs (red) and SGs (blue) (upper left; scale bar, 10 m) and the masked image (upper right)
with a representative mRNA-SG interaction (arrow) shown below (scale bar, 1 ym). b, Survival probability
distribution of mRNA-SG interaction times (red) from one representative cell from n =9 cells expressing
KDMS5B mRNA that we analysed in detail in c. The diagram above the graph depicts representative masked
mRNA (red) and SG (blue) interactions derived from imaging cells at 0.5 frames per second (FPS), with grey
arrows indicating how these interactions are represented graphically below. c, The binding-time survival
probability of H2B (left; data were calculated from 492 tracked SGs from n = 11 cells collected from three
independent experiments), KDM5B (middle; data were collected from 409 tracked SGs from n = 9 cells
collected from four independent experiments) and p300 (right; data were calculated from 824 tracked SGs
from n = 16 cells from four independent experiments) mRNA-SG interactions are shown partitioned by SG
size (legend at the bottom). Adapted from [35]. K. Lyon prepared reagents and performed experiments
contributing to Figure 3.2a-c (for H2B mRNA and KDMS5B mRNA).
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mRNA-SG interaction data in ¢ were fit to a two-component model, resulting in average (£ 90% confidence
interval (CI)) fitted slow and fast mRNA-SG interaction times, tgow (top) and te.s (middle), respectively,
and percentage mRNA bound to SGs in the slow interaction mode ("slow state"). The fitted results are shown
for H2B, KDM5B and p300 mRNAs for a given effective SG radius (RSG) depicted as dotted lines. *P
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once to the collective data set shown in Figure 3.2c. b, The average binding-time survival probability (£
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interactions with large SGs (Figure 3.2C,Figure 3.3A; tg o (H2B) = 1,400 =+ 300 s, tgow (KDMS5B)
= 2,000 % 300 s and tgow(p300) = 3,700 £ 600 s). We also observed that the duration of the
slow interactions and the fraction of mRNAs engaged in slow interactions with SGs for the H2B,
KDMS5B and p300 mRNAs varied depending on the size of the SG. Larger SGs had more and longer
stable interactions with mRNAs than smaller SGs (Figure 3.2C,Figure 3.3A). The observation that
longer mRNAs interact more stably with SGs explains why longer mRNAs were more likely to be
highly enriched in the steady-state SG transcriptome [73,76]. Finally, we observed that KDM5B
and p300 mRNAs still engaged with polysomes, as assessed by the detection of associated nascent
peptides, and could interact with SGs transiently but did not engage in the stable interaction mode
(Figure 3.3E). We did not analyse translating H2B transcripts because they were more difficult to
track due to their dim signals and low numbers per cell, even before stress [37]. Translating mRNAs
in the cytoplasm moved slower than translationally repressed mRNAs (Figure 3.4A), ruling out the
possibility that the transient association of translating mRNAs with SGs was due to faster overall
mobility. Together, these observations suggest that mRNA length, SG size and mRNA translation
status are strongly correlated with mRNA partitioning into SGs, although there are probably other

mRNP factors that influence the dynamics of mRNA-SG interactions.

3.3 mRNAs interact transiently and stably with PBs and traffic

bidirectionally between PBs and SGs

To determine whether other RNP granules also exhibit bimodal interactions with mRNAs, we
examined the dynamics of mRNA interactions with P-bodies (PBs), marked with mRFP-DCP1a
in stressed U-2 OS cells that also expressed the SG marker GFP-G3BP1. We observed that H2B,
KDMS5B and p300 mRNAs all showed rapid and stable interactions with PBs (Figure 3.5A), mRNA
ORF length correlated with the duration of mRNA interaction with PBs, as p300 interacted most
stably with PBs and H2B interacted most unstably with PBs (Figure 3.5A,B), and the degree of
stable interactions for all mRNAs analysed increased with the size of the PB (Figure 3.5A,B).

These observations indicate that mRNAs can dock and undock to SGs and PBs through transient
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Figure 3.4: mRNAs can be rigidly positioned within SGs and/or tethered to them. a, Average mean
squared displacement (MSD; 4+ 90% CI) of cytoplasmic KDM5B mRNAs (fitted diffusion constant (D) =
0.016 + 0.004 zm?s—1), mRNAs with nascent chains (translating RNA; fitted D = 0.011 #+ 0.002 pm?s™1),
SGs (fitted D = 0.003 + 0.0006 mum?s—'), SGs containing mRNAs (fitted D = 0.004 + 0.0004 pm?s~1)
and mRNAs in SGs (fitted D = 10 & 2 nm?s ') from n = 7 cells from two independent experiments; 1,243
mRNAs, 108 mRNAs with nascent chains, 1,049 SGs, and 92 SGs containing mRNAs were analysed, and
3 mRNAs were tracked in three dimensions (3D) within one SG. b, Representative time series (from n = 2
cells collected from two independent experiments) showing three KDM5B mRNAs (top; foci marked by red,
blue and green arrows; scale bar, 1 um) and their 3D positions (bottom; red, green and blue dots) in a SG. c,
Projected two-dimensional positions (top) and relative 3D positions (bottom) of the three mRNAs in b plotted
over time (green mRNA position fixed and blue mRNA oriented relative to green mRNA). The frames in b ty,
to and t3 are indicated (black arrows). The yellow arrows indicate exit and entrance of the red mRNA from
the SG (from n = 2 cells collected from two independent experiments). Adapted from [35]. K. Lyon prepared
reagents and performed experiments contributing to Figure 3.4a-c.

18



interactions and in some cases form a stable set of interactions that "locks" the mRNA into the
granule for prolonged periods. A stable association could be more prevalent on longer mRNAs and
in larger SGs and PBs due to increased sites for additional interactions. This model implies that
the association of an mRNA with a granule can be influenced by cis or trans inputs that modify
either the docking/undocking step or the rate of entry into a stable, locked interaction state, which is
supported by the observation that knockdown of the RNA binding protein LARP1 can reduce the
association of some mRNAs with PBs and SGs [77].

Non-translating mRNAs can accumulate in both SGs and PBs. A general model is that following
translation repression, mRNAs first associate with SGs and then can be sorted for targeting to
PBs [78]. In contrast, it has been proposed that mRNAs move from PBs to SGs following glucose
deprivation in yeast [79]. To determine whether there is a preferred movement of mRNAs between
SGs and PBs, we simultaneously imaged SGs, PBs and KDM5B mRNAs during stress. We
observed mRNA exchange between SGs and PBs in a bidirectional manner (Figure 3.5C,D). These
interactions included cases of mRNAs transitioning from a SG to a PB and back to a different SG
within as little as ~30 s (Figure 3.5C) and instances where the mRNA was localized between a PB
and a SG for a few minutes (Figure 3.5D). Transcripts were considered to be associated with a
SG or PB when they moved with these granules over several frames (or at least 4 s). These rapid
bidirectional movements between SGs and PBs indicate that there is no obligate path for mRNA
movement between these granules, which also demonstrates that an individual mRNA with its
associated proteins is capable of interacting with either SGs or PBs, or exchanges proteins that

enables SG or PB interaction within seconds.

3.4 mRNAs can be rigidly positioned within SGs

It has been proposed that SGs, and other RNP granules, are liquid-like compartments with
components showing rapid diffusion within the compartment [59, 60] and/or contain liquid-like
areas surrounding densely compacted "cores" [57,58]. Those mRNAs that were stably associated

with RNP granules for many minutes adopted the motility of SGs (Figure 3.4A) and could be
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Figure 3.5: mRNAs interact transiently and stably with PBs in stressed cells and traffic bidirectionally
between PBs and SGs. a, Average binding-time survival probability distributions of H2B mRNA-PB (left;
data were calculated from 106 tracked PBs of n = 4 cells from one experiment), KDM5B mRNA-PB (middle;
data were calculated from 137 tracked PBs of n = 7 cells collected from three independent experiments)
and p300 mRNA-PB (right; data were calculated from 244 tracked PBs of n = 16 cells collected from four
independent experiments) for a given effective PB radius (RPB). b, The data in a were fit to a two-component
model, resulting in average fitted fast (middle) and slow (top) interaction times; the percentage of mRNA
bound to PBs in the slow interaction mode are shown. The fitted results are shown (+ 90% CI) for H2B,
KDMS5B and p300 mRNAs for each effective PB radius (legend in a). *P < 0.05, **P < 0.01, ***P < 0.005,
*#*#¥P < 0.001, d.f. = 31; two-sided t-tests. Fitting was performed once to the collective data set shown
in a. ¢, Representative images (top; from n = 6 cells collected from four independent experiments; scale
bar, 1 um) of a single KDM5B mRNA that interacted with four SGs and two PBs. The duration of each
mRNA-RNP granule interaction was plotted (bottom). d, A representative mRNA trajectory (from n = 3 cells
collected from two independent experiments) between two SGs and a PB visualized by plotting the position
of the mRNA, SG and PB over time (right). Example cropped images corresponding to time points t; to t3
are shown (left; scale bar, 1 ym). SGs, blue; mRNA, red and PB, green; the same colour codes apply to
the arrows in c. Taken from [35]. K. Lyon prepared reagents and performed experiments contributing to
Figure 3.5a-d (H2B and KDM5B mRNAs only).
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observed at the surface or embedded within SGs (Figure 3.4B). To examine the liquid-like nature
of SGs, we examined the movement of mRNAS relative to one another within SGs. We observed
two cases where the relative localization of mRNAs, as assessed by quantifying the distance and
angle between three individual KDM5B mRNAs in one SG, remained relatively constant over
time (Figure 3.4B,C), consistent with limited movement of the mRNA within the larger assembly.
Quantification revealed the intra-SG diffusion of mRNAs to be 280 times slower than the SG as a
whole and over 1,600 times slower than free mRNAs within the cytoplasm (Figure 3.4A). These
observations demonstrate that SGs contain solid or gel-like components and mRNAs within large
SGs can be rigidly positioned, with relatively limited movements of mRNAs.

Unexpectedly, we observed two cases where the MCP signal, which represents the 3’ end of a
KDMS5B mRNA, exited the SG and then returned to approximately the same position within the SG
(yellow arrows, Figure 3.6A). This observation suggested that the 3’ end of this mRNA might exit
the GFP-G3BP1-marked portion of the SG while the remainder of the mRNA is still within the SG.
Consistent with the body of an mRNA extending beyond the G3BP1-marked SG, we observed that
endogenous RNAs that localize to SGs (AHNAK and NORAD) are often detected near, but not in,
SGs in U-2 OS cells by single-molecule fluorescence in situ hybridization (smFISH; Figure 3.6A)
with the shorter NORAD RNA (~5 kb) closer to the periphery of a SG than the longer AHNAK
RNA (18 kb). Furthermore, using smFISH probes to the 5’ or 3’ ends of the AHNAK mRNA, we
observed that ~15% of ~1,000 AHNAK mRNAs were at the SG periphery with one end of the
mRNA outside the SG while the other end co-localized with GFP-G3BP1, with an approximately
two-fold bias for the 3’ end to be within the SG (Figure 3.6B). These observations suggest that the
surfaces of these membraneless organelles are not uniform and can have RNP extensions into the
cytosol beyond boundaries as defined by protein components. Such surface extensions could thus
provide a set of interactions to promote the fusion of smaller SGs and docking of SGs and PBs,
which is consistent with our observations of individual mRNAs localizing between a PB and a SG

for several minutes (Figure 3.5D).
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SGs (G3BP1, green) at 60 min post-arsenite stress (left); white circles indicate RNAs clustered near SGs.
The images shown represent data from n = 4 cells collected from one experiment. Scale bar, 0.5 um. The
relative frequency of distances of 50 AHNAK (top right) and NORAD (bottom right) RNAs to the nearest
SG are shown. b, Schematic of AHNAK smFISH probe positions (top). Representative smFISH images
where one end of the AHNAK mRNA was outside the SG while the other end was inside the SG are shown
below. The 5’ probes are indicated in red, 3’ probes in green and SGs in grey; n = 14 cells collected from one
experiment. Scale bars, 1 ym. ¢, Model depicting dynamic mRNA-SG interactions. Translation repression
causes ribosomes to run off transcripts that can then interact transiently with SGs via docking and undocking.
Some transcripts then enter a stable association (lock) with SGs and may engage in multivalent interactions
with other RNAs and proteins. The transcripts may be tethered to the SG surface, possibly facilitating the
growth of SGs or docking of PBs. The transcripts that remain in translation complexes can only transiently
interact with SGs. Adapted from [35]. A. Khong designed experiments, performed experiments, and analyses
for Figure 3.6a-b and R. Parker and S. Moon designed and created the cartoon schematic
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Chapter 4
Live-Cell Single RNA Imaging Reveals Bursts of

Translational Frameshifting

The following chapter is based off of work where I was first author. 3

4.1 Visualization of multiple frames, a useful tool for studying

regulatory translation dynamics

Frameshifting is a fundamental biological process in which a ribosome translating an RNA
"slips" by either +1 (-2) or -1 (+2) nucleotide(s), resulting in the translation of an entirely different
peptide sequence from that point forward. While frameshifting is generally detrimental to protein
fidelity [80, 81], the process effectively creates two distinct proteins from a single RNA [82, 83].
Viruses exploit this aspect of frameshifting to minimize their genomes and to successfully replicate
in host cells [84-89]. Endogenous mammalian frameshifting has also been found to occur at genes
such as the Paternally Expressed 10 (PEG10) and, the polyamine-stimulated frameshifting gene,
Ornithine Decarboxylase Antizyme 1 (OAZ1) [82,90].

A prototypical example of programmed ribosomal frameshifting, a type of frameshifting that
uses unique RNA structures, is the virus HIV-1. This virus has infected over ~70 million people
in the past several years averaging ~5,000 infections per day [91]. HIV-1 utilizes frameshifting
to translate the Gag-Pol proteins from a single viral RNA [92]. This programmed frameshift
of HIV-1 has been extensively studied and characterized using in vitro and population-based

methods. One thoroughly studied example is the -1 programmed ribosomal frameshifting (-1PRF)

3Chapter 4 is based on the following work [36], of which I was first author, with the following author contributions:
Conceptualization, TJS, KL, and BM; Methodology: KL, LA, TM, BM, and TJS; Software, KL, LA, TM, BM, and TJS;
Formal Analysis, KL and LA; Experimentation, KL, TM, and TJS; Computational modeling, LA and BM; Resources,
BM and TJS; Writing, Review, and Editing, KL, LA, TM, BM, and TJS; Supervision, BM and TJS; Funding Acquisition,
BM and TJS.
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of HIV-1. Through rigorous mutational analyses the -1PRF of HIV-1 was found to be comprised
of two specialized RNA elements: a "slippery" sequence followed by a downstream stem-loop
structure [93,94]. Together, these structures are known as a frameshift stimulatory sequence (FSS).
Further characterization of the FSS concluded that it is capable of pausing elongating ribosomes
upstream of its stem-loop structure. Although this pause is necessary for frameshifting, it alone is
insufficient to cause frameshifting [95,96]. The frameshift translational efficiency induced by the
FSS of HIV-1 has been measured to be around 5-10%. This efficiency reflects the percentage of total
-1 mature protein product accumulation and is commonly measured using a luciferase bioluminescent
reporter [85,89,97,98]. These experiments are done by inserting the HIV-1 FSS upstream of a
luciferase encoding region and measuring the bioluminescent ratio of -1 frame to O frame. This assay
has been useful in uncovering trans-acting factors that can influence the frameshifting translational
efficiency of HIV-1 [99] and uncovering that the -1PRF of HIV-1 is functionally distinct from
other -1PRF such as the mammalian gene PEG10 [88]. Recent studies, employing FRET and
ensemble quench-flow, reveal that ribosomes can adopt non-canonical intersubunit rotated states
upon encountering these -1PRF RNA structures allowing a frameshift to be more favored [100, 101].
These non-canonical ribosomal rotational states, which can be amplified by specialized -1PRF RNA
structures, have also been implicated to influence overall translation fidelity [102].

Although the FSS of HIV-1 has been extensively characterized, many basic questions about
frameshifting remain unresolved. In particular, it is not clear how heterogenous frameshifting is
from one RNA to another, nor is it clear if single RNA continuously frameshift in a constitutive
fashion or if instead they frameshift in prolonged bursts, as has been observed for transcription [103]
and translation [38]. Finally, the localization of frameshifting has never been investigated, so it
is not clear if frameshifting occurs all throughout the cell or is instead preferentially localized to
specific sub-cellular regions. Furthermore, in the case of HIV-1 Gag-Pol previous assays have
shown that 5-10% of translated protein product is frameshifted [85, 89,97,98]. Whether or not
this occurs constitutively and with equal probability on all HIV-1 RNA or if instead it occurs on a

specialized subset that are in the right place, at the right time, and with the right factors remains
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to be determined. Therefore, observing HIV-1 frameshifting mechanisms at the single-RNA level
could provide fresh insight into this process and yield alternative strategies to perturb this process in
living cells.

To visualize and quantify single RNA frameshifting dynamics in living cells we designed a multi-
frame tag strategy. This strategy uses multi-frame repeat epitopes, complementary high-affinity
fluorescent probes that selectively bind the epitopes, and multicolor single-molecule microscopy.
This allows us to simultaneously monitor the translation of single RNA into two unique nascent
polypeptide chains encoded in shifted open reading frames. Inserting the HIV-1 FSS into this
construct uncovers unexpected heterogeneity in the production of frameshifted product and impli-
cates a bursty frameshifting mechanism. Besides frameshifting, our technology can now be used to
examine other translational regulatory dynamics, including upstream open reading frame selection,
non-canonical initiation, and ribosomal shunting. In particular, the high spatiotemporal resolution
of our technology makes it possible to detect and quantify even the smallest sub-populations of
translating RNA. Whereas ribosome profiling [21] and single-cell assays [104] can provide detailed
snapshots of the average translational state of a cell, they lack the spatiotemporal resolution required
to capture translation dynamics at the single-RNA level. We therefore anticipate multi-frame nascent
chain tracking will be a powerful tool to dissect complex translational regulatory dynamics in living

cells and organisms.

4.2 Developing a method to monitor single RNA translation in

two reading frames simultaneously

We created a multi-frame (MF) tag to monitor, in living cells, the translation of single RNAs
with overlapping open reading frames (ORFs). The tag builds off earlier technology to visualize
translation using repeat FLAG or SunTag epitopes labeled by fluorescent Fab or scFv, respectively
[25,31]. In the MF tag, FLAG epitopes in the O frame are separated from one another by SunTag
epitopes in the -1 frame. With this arrangement, as shown in Figure A.1A, single RNAs with

ribosomes translating the O frame will produce FLAG epitopes labeled by Fab (green), while those
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with ribosomes translating the -1 frame will produce SunTag epitopes labeled by scFv (blue). Thus,
depending on the chosen frame(s), polysomes will appear all green (all ribosomes translating the 0
frame), all blue (all ribosomes translating the -1 frame), or some combination of the two.

To ensure both frames of the MF tag encode functional proteins and have similar space for
ribosomes, we inserted the first exon of the human GNAS locus downstream of the FLAG and
SunTag epitopes. The GNAS locus contains two overlapping ORFs of roughly equivalent lengths
that encode peripheral membrane proteins in the 0 and -1 frames: XXLb1 and AlexX [105, 106]
(Figure 4.1A). In combination with the epitopes, this arrangement has several advantages: 1) FLAG
epitopes are interspersed between SunTag epitopes. Thus, when FLAG epitopes are translated,
the out-of-frame SunTag epitopes act as linkers between consecutive FLAG epitopes (and vice
versa). This is an optimal arrangement in that additional linkers between epitopes would further
space them out and lower their density within the tag; 2) signals are digital, so frameshifted and
non-frameshifted species are marked by two distinct probes/colors; and 3) epitopes are placed in
nearly equivalent positions, so signals appear at roughly the same time and with similar amplification
when translated with similar kinetics.

As a first application of the MF tag, we focused on -1 programmed ribosomal frameshifting
caused by the HIV-1 frameshift sequence (FSS). We inserted the FSS upstream of our MF tag
and transiently transfected the resulting construct into U-2 OS cells. The FSS contains a slippery
poly-U stretch nine nucleotides upstream of a stem loop. Two to ten hours post transfection, we
observed cells with tens or hundreds of individual RNA diffusing throughout the nucleus and
cytoplasm (Figure 4.1B). Nascent Chain Tracking (NCT) [37] of the RNA revealed a high degree
of RNA-to-RNA heterogeneity, with a subset of RNA labeled by Fab only — indicative of FLAG
epitopes from translation in the O frame — and a smaller subset labeled by both Fab and scFv —
indicative of both FLAG and SunTag epitopes from canonical and frameshifted translation in the 0
and -1 frames, respectively (Figure 4.1B,C).

To confirm these RNA were active translation sites, or polysomes, we performed two exper-

iments. First, we re-imaged cells 12-24 hours after transfection. At these later time points, Fab
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Figure 4.1: A multi-frame tag to image single RNA frameshifting dynamics in living cells. (A) The
multi-frame (MF) tag contains 12 repeated FLAG epitopes in the 0 frame interspaced between 12 repeated
SunTag v4 epitopes in the -1 frame. Depending on which frame is translated, nascent epitopes are labeled by
fluorescent a-FLAG antibody fragments (Cy3-Fab, green Y’) or a-SunTag single chain variable fragments
(scFv-GFP, blue *Y’). Following the repeat epitopes is exon 1 of the GNAS locus, in which the peripheral
membrane proteins AlexX (689 aa) and XXLb1 (690 aa) were placed in the 0 and -1 frames, respectively.
Preceding the multi-frame tag is a multi-frame element (MFE), where the HIV-1 frameshift stimulatory
sequence (FSS) is placed. In this study, the HIV-1 frameshift sequence was used as the MFE. To facilitate
single-RNA tracking, a 24x MS2 stem-loop tag was also placed in the 3> UTR. This tag is labeled by MCP-
HaloTag (with JF646-HaloTag ligand, red). (B) A representative cell ~10 hours after transient transfection
with the multi-frame tag depicted in A. The red circle (labeled *17) highlights a non-translating RNA, the
yellow circle (labeled ’2°) highlights a O-frame translation site (TS), and the white circle (labeled ’3°)
highlights a 0 & -1 TS. Scale bar, 10 ym. (C) Montages showing the temporal evolution of the RNA spots
circled in B. (D) A representative montage showing the loss of signal from the 0 and -1 open reading frames
upon addition of the translational inhibitor puromycin (100 pug/mL). Taken from [36]. K. Lyon created
cartoon schematics, prepared reagents, cloned constructs, performed experiments, and analyses for Figure 4.1.
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and scFv began to accumulate in the cell membrane (Figure 4.2, left panels), as would be expected
if they labeled mature and functional XXLb1 and AlexX proteins [106]. In cells transfected with
the -FSS control tag, little or no -1 frame product accumulation was observed (Figure 4.2, middle
panels), despite this frame encoding a functional protein, as demonstrated by shifting the sequence
by one nucleotide into the O frame (Figure 4.2, right panels). Second, we treated cells with the
translational inhibitor puromycin. Just minutes after treatment, we observed a dramatic decrease
in the number of Fab- and/or scFv-labeled RNA, consistent with the premature release of nascent
chains (Figure 4.1D). Together, these data provide strong evidence that we are able to detect single

RNA frameshifting dynamics with the MF tag.

4.3 Using the multi-frame tag to quantify HIV-1 frameshifting

efficiency

The HIV-1 FSS structure has been previously shown to produce frameshifted protein with an
efficiency of 5-10% based on the dual luciferase assay and similar bulk assays [85, 89,97, 98].
However, it remains unclear how this percentage is established. One possibility is that all RNA
behave more or less the same and their ribosomes frameshift with 5-10% probability. On the
opposite end of the spectrum, it is possible that RNA display a high degree of heterogeneity, so that
just 5-10% of RNA have ribosomes that frameshift with nearly 100% probability. A third possibility
is that frameshifting is common on all RNA, but frameshifted proteins are less stable and degraded
faster than non-frameshifted proteins.

As a first step to quantify frameshifting dynamics at the single-molecule level, we tracked
thousands of individual RNA approximately two to ten hours post transfection with and without
the FSS sequence present (+FSS; (Figure 4.3A-C). We observed all possible combinations of
translation sites (Figure 4.5). In addition, we observed many non-translating RNA as well as mature
protein punctae. These single-color spots served as convenient internal controls that demonstrated
no fluorescence bleed-through at our imaging conditions (Figure 4.5A,B). In the (+FSS cells, we

found 92 (£ 1.3% of translation sites were translating the canonical 0 frame alone, while 6.2
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+ FSS -FSS -FSS (+1 nt)

AlexX

XXLb1

Figure 4.2: Accumulation of mature AlexX and XXLb1 proteins from multi-frame tags. Mature AlexX
(upper) and XXLb1 (lower) membrane proteins accumulate in distinct punctae that coalesce to form elongated
structures that dynamically move within the cellular membrane. These structures are enriched at the top and
bottom of cells and around the edge of the cytoplasm (arrows), consistent with membrane localization. In the
+FSS multi-frame reporter, mature AlexX comes from O frame canonical translation, while mature XXLb1
comes from -1 frameshifting translation. In the -FSS control reporter, only mature AlexX accumulates,
indicating little to no frameshifting. The -FSS (+1 nt) column shows accumulation of XXLb1 when an extra
nucleotide is inserted in the -FSS control reporter following the start codon. This extra nucleotide pushes
XXLbl into the 0 frame, demonstrating it can be expressed. Adapted from [36]. K. Lyon prepared reagents,
cloned constructs, and performed experiments for Figure 4.2.
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(£ 1.1% were translating both the 0 and -1 frames. Only rarely did we observe translation sites
translating just the -1 frame (1.6 (+ 0.5%, Figure 4.5A and C). To ensure these results were not
influenced by the multi-frame tag, we reversed the FLAG and SunTag epitopes in the tag. Repeating
the experiments with the reversed tag yielded the same fraction of translating and frameshifting
RNA (p=0.18 and 0.46, respectively, Figure 4.6), confirming the tag order and/or epitope positioning
did not bias measurements. The consistency also suggests we are able to detect all or nearly all
translation sites with either tag. We then repeated experiments in cells transfected with the control
-FSS construct. In this case, we observed virtually no frameshifting sites (0.9 (+ 0.7%) (Figure 4.3B,
C, and Figure 4.5D). Taken together, these data suggest the FSS alone causes ~8% of translation
sites to frameshift. Finally, we wanted to know if the HIV-1 stem-loop could shift ribosomes into
the +1 (or -2) frame. Although there is a naturally occurring stop codon in the +1 frame of the HIV-1
stem-loop, we designed a new construct without this stop codon in the +1 frame. This construct
revealed a small degree of +1 frameshifting (3.8 £ 1.3% total +1 frameshifting sites) which we
interpret as a slip into the -2 frame (Figure 4.7).

To further characterize the efficiency of frameshifting, we quantified the precise number of
frameshifted versus non-frameshifted nascent chains (or ribosomes) per translation site. To do
this, we imaged a calibration reporter harboring a single FLAG or single SunTag epitope, but
otherwise identical in length and sequence to the -FSS control tag (Figure 4.8). With the calibration
construct, each nascent chain in a translation site is labeled by a single fluorophore. Since the
fluorescence of a single fluorophore can be unambiguously measured via the observation of single-
step photobleaching, the ratio of translation site fluorescence to single-fluorophore fluorescence
provides an estimate for the number of nascent chains (in units of mature protein). After calibration,
we found frameshifting sites with translation in both the 0 and -1 frames had 11.4 (£ 1.6 nascent
chains total, 2.8 (£ 0.5 of which were frameshifted, while 0-frame only translation sites had 6.1 (+
0.2 non-frameshifted nascent chains, and -1-frame only translation sites had 5 (£ 2 frameshifted
nascent chains (Figure 4.3D). Thus, although just ~8% of translation sites contained frameshifted

nascent chains, within these subset of sites, anywhere between 25% (in 0- and -1-frame translation
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Figure 4.3: Quantification of HIV-1 stimulated frameshifting. (A) A schematic of the MF (+FSS) and
control (-FSS) tags. (B) Average image trims of all non-translating RNA sites (no TS), O-frame only
translation sites (0 only), 0- & -1-frame translation sites (0 & -1), and -1-frame translation sites (-1 only),
with their respective merges. (C) The number of RNA detected per cell transfected with either the +FSS MF
tag (60 cells, 3129 total RNA) or the -FSS control tag (49 cells, 3257 total RNA). The pie charts highlight the
percentage of all frameshifting species per transfected cell. The number of detected RNA for each species
is shown above each bar. Error bars represent S.E.M. among cells. (D) The fluorescence intensity (in units
of mature protein) of nascent chains per translation site for the +FSS MF and -FSS control tags. Error bars
represent S.E.M. among RNA. (E) The mean squared displacement (MSD) of tracked RNA species as a
function of time. Error bar represent S.E.M. among RNA. The diffusion coefficient (Drna) was estimated
from a linear fit to the first four timepoints (95% CI). For the +FSS MF tag: no TS (Drna = (1.8 £ 0.09)
x 1072 pm?s1); 0 only (Drya = (1.6 & 0.06) x 1072 pm?s™1); 0 & -1 (Drna = (1.0 £ 0.04) x 1072
,umzs_l); and -1 only (Drna = (0.7 &£ 0.06) x 102 umgs_l). For the -FSS control tag: no TS (Drna =
(1.6 £0.1) x 1072 pm?s~'; and 0 only (Drya = (1.3 £ 0.07) x 1072 pum?s™!). (F) The average distance
(um) of detected translation sites from the nucleus (Error bars represent S.E.M. among RNA). An outline
of a representative cell on the right shows all detected translating RNA within the cell and their measured
distance from the nuclear border (inner curve). P-values are based on the Mann Whitney U test; * p<0.05;
** p<0.01; *** p<0.001; **** p<0.0001. Taken from [36]. K. Lyon prepared reagents, cloned constructs,
performed experiments, and analyses for Figure 4.3.
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Figure 4.4: Frameshifting can be stimulated by an oligo encoding the FSS. (A) Cells were co-transfected
with different concentrations of short oligo RNAs encoding just the frameshift sequence (FSO), a scrambled
FSO sequence (Scr), or the boxB stem-loop sequence (BB), together with either the +FSS MF tag or -FSS
control tag. (B) The percentage of translation sites translating just the 0 frame only (green, 0 only), the 0 and
-1 frames (cyan, 0 & -1), or just the -1 only frame (dark blue, -1 only). Below each plot the concentration of
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p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. Taken from [36]. K. Lyon created cartoon schematics,
prepared reagents, designed experiments, performed experiments, and analyses for Figure 4.4.
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Figure 4.5: A cell with all possible types of translation sites. (A) A sample cell exhibiting all four possible
translation sites (TS): (1) untranslated TS (RNA only); (2) O-frame only TS (0 TS only); (3) 0- and -1-frame
TS (0 & -1); and (4) -1 frame only TS (-1 TS only). Scale bar = 10 pm. These images also demonstrate
no bleed-through of signals. (B) Additional images of mature protein spots, indicated by black arrows,

demonstrating no bleed-through of 0 ORF and -1 OREF signals into the other channels. (C) Scatter plot of 0-

and -1-frame signal intensities (in arbitrary units and units of mature proteins) for all TS detected in cells

transfected with the +FSS MF tag. All signals were semi-manually hand-checked to remove false-positives.

Colors/shapes correspond to the hand-checked identification of the spots: green triangles correspond to 0 TS
only signals, cyan squares to 0 & -1 TS signals, and dark blue diamonds to -1 TS only signals. (D) Same as C
but in cells transfected with the -FSS control tag. Adapted from [36]. K. Lyon prepared reagents, performed

experiments, and analyses for Figure 4.5.
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Figure 4.6: Epitope order in tags has no significant impact on percentage of translating RNA. Left, the
percentage of RNA translating the -1 frame only (dark blue, -1 only), the 0 and -1 frames (cyan, 0 & -1), and
the O frame only (green, O only) for the +FSS MF tag and the +FSS revMF tag (in which FLAG and SunTag
epitopes are reversed). Pie charts show the percentage of translating species per cell. Error bars represent
S.E.M. among cells. Right, box whisker plot of the percent translating species per cell for the +FSS revMF
tag (dark blue points) and +FSS MF tag (light green points). Each point represents one cell. According to the
Mann Whitney U test, there is no statistical difference between the MF and revMF tag frameshifting fractions
(left, p=0.46, n.s.) and % translating species per cell (right, p=0.18, n.s.). Taken from [36]. K. Lyon prepared
reagents, cloned constructs, performed experiments, and analyses for Figure 4.6.
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Figure 4.7: Quantification of HIV-1 +1 (or -2) stimulated frameshifting. (A) Quantification of +1
frameshifting using the +1 +FSS MF tag. The number of RNA detected per cell transfected (17 cells, 698
total RNA). The pie charts highlight the percentage of all frameshifting species per transfected cell. The
number of detected RNA for each species is shown above each bar. Error bars represent S.E.M. among cells.
(B) Quantification of -1 frameshifting using +FSS MF tag and the control tag from Figure 4.3C. K. Lyon
prepared reagents, cloned constructs, performed experiments, and analyses for Figure 4.7.

sites) to 100% (in -1-frame only translation sites). These data support a heterogenous RNA model

in which frameshifting occurs on a small subset of RNA with high probability.

4.4 Characterizing the mobility, location, and local environment

of frameshifting

Given the heterogeneity of observed frameshifting, we hypothesized that the frameshifting state
could be stimulated by a specific sub-cellular environment. To test this hypothesis, we performed a
statistical analysis of all tracks to see if any biophysical parameters correlated with frameshifting.
This revealed frameshifting sites diffuse more slowly than other translation sites or non-translating
RNAs (p<0.05, Figure 4.3E). This could be due to a preference for frameshifting in the peri-
nuclear endoplasmic reticulum, where RNA have been shown to be less mobile and more efficiently
translated [40, 107]. In contrast to this, we did not find a preference for frameshifting RNA to be

closer to the nucleus compared to non-frameshifting RNA (p=0.21, Figure 4.3F).
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Figure 4.8: Calibrating translation site intensity for Figure 4.3D. (A) Schematic of calibration constructs
designed to be of equivalent length to the -FSS control tag. Each calibration construct has either a single
FLAG or SunTag epitope in the O frame translated with AlexX. Since a single epitope is labeled by a single
probe, the number of nascent chains (or ribosomes) within a polysome is approximately the fluorescence
intensity of nascent chain signals in polysomes divided by the fluorescence intensity of a single probe. This
calibration converts fluorescence intensity to units of mature protein. (B) Example trim and intensity trace
showing single-step photobleaching of a single a-FLAG Fab probe conjugated with Cy3. The intensity drop
gives the intensity of a single probe for calibrating nascent chain signals (C) Same as B but for a single
a-SunTag scFv-sfGFP probe. (D) Box and whisker plot showing single a-FLLAG Fab Cy3 probe intensities
compared to polysomes (labeled by the Fab). Each green point represents a single detected spot. (E) Box and
whisker plot showing single a-SunTag scFv-sfGFP probe intensities compared to polysomes (labeled by the
scFv). Each blue point represents a single detected spot. For the box and whisker plots, median is shown by
a white line, mean is shown by a black line, the box indicates 25-75% range, and whiskers indicate 5-95%
range. There is no statistical difference between the ratio of polysome to mean single fluorophore intensity
in D and E (p=0.825, Mann-Whitney U test). (F) A plot comparing signal intensities after calibration. The
cumulative probability distributions for the O-frame signal intensity from the +FSS MF tag (FLAG, light
green line), the O-frame signal intensity from the +FSS revMF tag (SunTag, dark blue line), and the O-frame
signal intensity from the +FSS control tag (FLAG, light green dashed line). The cumulative distributions
from the +FSS MF tags are not statistically different (p=0.42, 2-sample KS test), but both are statistically
different from that of the FSS- control tag (p<le-6, 2-sample KS test). Taken from [36]. K. Lyon prepared
reagents, cloned constructs, performed experiments, and analyses for Figure 4.8.
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Of the parameters we quantified, one of the strongest correlates of frameshifting was RNA signal
intensity. Specifically, sites translating the -1 frame had an average RNA signal intensity that was
nearly 30% brighter than RNA only spots (Figure 4.3B and Figure 4.9A). This was not due to a few
outliers, as >80% of all such translation sites had above average RNA signal intensities (Figure 4.9B).
Since these sites have nearly twice as many nascent chains as other sites (Figure 4.3D), it is likely
they contain multiple translating RNA. To corroborate this, we chose the 50% dimmest RNA
(which are presumably single RNA). In this gated RNA sub-population, the intensity distribution
of the O-frame nascent chains got significantly dimmer for O- and -1-frameshifting sites (p=0.037;
Figure 4.9B). In contrast, the intensity distributions of the O frame only and -1 frame only spots
did not change significantly upon gating (Figure 4.9B, p=0.89 and 0.71, respectively). These data
imply frameshifting sites are ~80% (Figure 4.9B) of the time composed of two (or more) translating
RNA:s, at least one of which is frameshifting.

We wondered if this might be an artifact due to the aggregation of probes. Self-aggregation of
Fab was unlikely as this would cause O-frame translation sites to also be brighter, which was not
the case (Figure 4.3A, p<0.0001). Similarly, it was unlikely to be due to self-aggregation of scFv,
as this would cause O-frame translation sites to be brighter in the reverse MF tag, which was also
not the case (Figure 4.9D, p<0.0001). This left the possibility that Fab aggregate with scFv. To
rule this out, we re-imaged the MF tag without Fab. As frameshifting translation sites remained
brighter than other sites (Figure 4.9E, p<0.0001), we conclude the brighter RNA signal is not a
tagging artifact, but instead represents a propensity for frameshifting sites to associate with other
RNA to form higher-order multimer sites. Indeed, although difficult to capture, we have observed

such multimers dissociate upon puromycin treatment (Figure 4.10).

4.5 Frameshifting can be stimulated by an oligo encoding the

FSS

Unlike experiments with the +FSS MF tag, we did not observe a significant number of transla-

tion sites with increased RNA signal intensity in experiments with the -FSS control tag (compare
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Figure 4.9: Frameshifting sites have brighter RNA signal intensities. (A) Average +FSS MF tag RNA
signals for non-translating RNA (no TS), O-frame only translation sites (0 only), and -1-frame translation sites
(-1 TS). The number of RNA used to generate each average image is shown. The bar graphs below show the
Gaussian fit intensites (normalized to non-translating RNA, i.e. no TS sites, error bars are fitted 95% CI). The
p-values are based on confidence intervals from the fits; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
(B) Left, cumulative distribution of +FSS MF tag RNA signal intensity (arbitrary units, a.u.) for O-frame
only translation sites (green line; 0 only), O- and -1-frame translation sites (cyan line; 0 & -1), -1-frame only
translation sites (dark-blue line; -1 only), and RNA-only sites (black line; RNA-only). Significance (2-sample
KS test) of the differences between the RNA-only sites and the other translation sites are: 0 & -1 (N=62,
p<le-10), 0 only (N=927, p<le-16), and -1 only (N=16, p=0.93). An RNA gate (gray region) was applied
that selects the 50% dimmest RNA-only sites. Middle, cumulative distribution from all RNA (solid lines)
or gated RNA (dashed lines) of the O-frame signal for the four types of sites. Significance before vs. after
gating (2-sample KS test) are: 0 & 1 (Ngated =9, Ntotal = 62, p=0.037), 0 only (Ngated = 367, Ntotal =
927, p=0.89). Right, same as middle but for the -1-frame signal. Significance before vs. after gating are:
-1 only (Ngated = 8, Ntotal = 16, p=0.71), and 0 & -1 (Ngated = 9, Ntotal = 62, p=0.78). (C-E) Same as A
but using different constructs: (C) The -FSS control tag, (D) the +FSS revMF tag, and (E) the +FSS MF tag
imaged without a-FLAG Fab (error bars are fitted 95% CI. Aside from the -FSS control tag, frameshifting
sites (-1 TS) have significantly brighter RNA signals compared to canonical translation sites (0 only). The 0
only and -1 TS RNA signal intensities from C are significantly dimmer than those in A (p<0.01 and p<0.001,
respectively). Taken from [36]. K. Lyon prepared reagents, cloned constructs, performed experiments, and
analyses for Figure 4.9.
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Figure 4.10: Frameshifting site splitting upon puromycin treatment. Max projection of a 13 z-stack
movie showing an example U-2 OS cell expressing the + FSS MF tag and bead-loaded with probes: MCP-
HaloJF646 (Chl red, RNA), FLAG Fab Cy3 (Ch2 green, 0 ORF), and scFv-sfGFP (Ch3 blue, -1 ORF).
Images were acquired every 7 seconds for a total of 217 (of 280) seconds total. Puromycin addition was done
at 105 seconds. This montage depicts a zoom-in from a live cell to accentuate a frameshifting site splitting
(red arrows). Scale bar, 10 um. Adapted from [36]. K. Lyon prepared reagents, performed experiments, and
analyses for Figure 4.10.
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Figure 4.9A to Figure 4.9C, 0 only p<0.01; -1 TS p<0.001). We therefore hypothesized the FSS
sequence could be involved in multimerization. To test this, we co-transfected cells expressing
the +FSS MF tag with a short oligo RNA encoding just the FSS sequence (FSO; frameshift oligo,
Figure 4.4A). Remarkably, this led to a significant increase in the fraction of frameshifting sites
translating just the -1 frame, from 1.6 to 5.6% when 1 g FSO was added (Figure 4.4B, p<0.001),
and up to 9.5% when 4 pg FSO was added (Figure 4.4B, p<0.0001). However, in contrast to
our expectation, the FSO did not significantly impact the RNA signals within frameshifting sites.
Instead, irrespective of FSO concentration, the distributions of RNA signals within frameshifting
(and non-frameshifting) sites remained statistically unchanged (Figure 4.11). For controls, we
repeated experiments, first with non-specific oligos and second with the FSO in cells expressing the
-FSS control tag. In both cases, we did not see a significant increase in frameshifting (Figure 4.4B).
Furthermore, in all experiments the fraction of translating RNA remained statistically constant
(Figure 4.4C), indicating cellular stress was not a factor. We therefore conclude the FSS can some-
how interact with other translation sites to facilitate frameshifting. While it remains unclear if the
interaction is direct or indirect, by itself the interaction does not appear to alter the multimerization

of frameshifting sites.

40



A RNA signal (normalized to non-translating RNA) B RNA signal (normalized to non-translating RNA)
1.6+ — 2 1.0 /WW-V—","‘WH.—C—C ooo]
—_ 82 a
3 % 0.8 o
s 14 506 J
2 g 04 / - +FSS no TS +0 ug FSO
2 124 8 = +FSS no TS +1 ug FSO
2 £02 _/ +FSS no TS +4 ug FSO
= = 4 -4 -FSSno TS +4 ug FSO
£ 1.0 S 0.0lae 4 2l
5 1 2 3 4 5
Z 42‘1~0 — i =0—0—0—0-0—0—0-—0—0-0-0—00
0.8- 5 08
@ U.
QL SQ QL L8 L8 S
SRS IR NP S N P ke
9 04 - +FSS 0 only +0 ug FSO
+0 pg FSO +1 g FSO +4 pg FSO +4 g FSO ke = +FSS 0 only +1 ug FSO
RNA RNA RNA RNA E 0.2 +FSS 0 only +4 pg FSO
3 -
OO0 BBl BRl BRE S -/ gk, 5500 1544 19 750
0 1 2 3 4 5
+FSS MF tag -FSS control tag 210 ~ FamY|
= )//'
§os /
[=]
5 0.6 g
204 - +FSS -1 TS +0 ug FSO
i = +FSS -1 TS +1 ug FSO
202 +FSS -1 TS +4 ug FSO
3 00 - -FSS no TS +4 ug FSO

1 2 3 4 5
Fluorescence Int. (au)

Figure 4.11: RNA signal intensities in FSO co-transfection experiments. (A) Average RNA signals from
non-translating RNA (no TS), O-frame only translation sites (0 only), and all frameshifting translation sites
(-1 TS) when different concentrations (0, 1, and 4 pg) of frameshift oligo (FSO) were co-transfected into
cells with the +FSS MF tag or the -FSS control tag. The bar graph above shows the Gaussian fit intensity
(normalized to non-translating RNA, i.e. no TS sites, error bars are fitted 95% CI). The p-values are based
on confidence intervals from the fits; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. (B) Cumulative
probability distributions from the RNA signal intensities in A (upper plot, no TS RNA; middle plot, O only
RNA; lower plot, -1 TS RNA). A reference curve (red) corresponds to the no TS RNA signal intensities
from the -FSS control tag. In each plot the grayscale curves (black circles, dark gray squares, and light gray
diamonds) are not statistically different from one another according to the 2-sample KS test. Taken from [36].
K. Lyon prepared reagents, designed experiments, performed experiments, and analyses for Figure 4.11.

4.6 Translational output of frameshifted ribosomes

The ~8% of frameshifted translation sites we observed is consistent with previous measurements
of 5-10% frameshifted protein product [85,89,97,98]. All else equal, this implies that frameshifting
alone can explain the steady-state levels of frameshifted protein, without the need for other regulatory
mechanisms, such as protein degradation. To test this hypothesis, we performed a ribosomal run-

off experiment with a doubled +FSS MF tag construct (+FSS 2xMF tag) to increase the signal
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amplification so we could lower the laser powers and thereby eliminate observable photobleaching.
This allowed us to roughly estimate the elongation rates of frameshifted and non-frameshifted
ribosomes. Fits to the post-tag portion of run-off curves yielded similar run-off times (Figure 4.12A
and Figure 4.13). Fluorescence recovery after photobleaching experiments further confirmed these
estimates without the use of drugs (Figure 4.14). Based on these similar post-tag elongation rates
for both non-frameshifting and frameshifting sites, a single round of translation would take ~9
minutes. Accounting for the number of ribosomes per translation site and their relative fractions,
we calculate a cell with 100 RNA would produce ~170 frameshifted protein per hour compared to
~4200 canonical proteins. In other words, frameshifted proteins would account for ~4 + 1% of the
total, in agreement with earlier measurements. Thus, the presence of the FSS sequence alone can be
sufficient to account for the steady-state levels of frameshifted protein in living cells, without the

need for additional regulatory mechanisms, such as protein degradation.

4.7 Evidence for ribosomal traffic jams at HIV-1 frameshifting

translation sites

Despite the similar elongation rates, we noticed a slight but significant delay in the run-off
response at frameshifting translation sites (compare ’Sun sites’ to ’FLAG only sites’ Figure 4.12A,
p<0.001). Given earlier work showing the potential of the FSS to pause ribosomes [98], we
envisioned this delay could be due to a queue or traffic jam of ribosomes upstream of the FSS within
frameshifting sites. As the backed-up ribosomes clear the traffic jam, they replenish the loss of
ribosomes running-off. Only after the traffic jam is fully cleared does the number of ribosomes
beyond the FSS (with labeled nascent chains) begin to decay.

To test this possibility, we added a 10x HA epitope repeat upstream of the FSS in the +FSS MF
tag. We call this new tag the HA MF tag (Figure 4.12B). This served two purposes: first, it allowed us
to monitor both ribosomes upstream of the FSS (translating HA epitopes) and ribosomes downstream
(translating either O-frame FLAG or -1-frame SunTag epitopes); second, the arrangement more

closely mimicked the natural placement of the FSS between the Gag-Pol polyproteins. In particular,

42



A Ribosome run-off from FSS B Ribosome run-off from AUG

+HT +HT . FLAG epitopes

7 o- 4 not labeled in
J_ %:LAG J_ », a-HA Ns experiment
Initiation Inltlatlon 7
—
|—A - o &5
RNA— . RNA-AU |-—--~

S, a-SunTag a-HA T g
1.25 All Ribosomes at: T0 gt All Ribosomes at:
10 AFLAG only sites (217) 02 26750 9 AHAonly sites (128)
= 1.U7 i T AR 50 e -
=] O Sun sites (32) AO o Sun sites (42)
©
£0.75- + \ -
€ B i 0 5%0
5 0.50] T AAA 568
¥ 0.25 < LY
0.00- , = L LLLLLLA NI
0 500 1000 0 1000 2000 3000
Time (sec) Time (sec)
C Single translation site ribosome run-off from AUG
0s 2880s
RNAﬂHHHEHHEEDIHHIBHHBHHEEEEHHH
O 1| I
© Sur [ 55 5 I
5 3
8 25
€ 2
'(:u 1.5 X oo o -
= 1.050-e 0-0-0-0 0.0 o
Bosl ore ° 6% 0004 ¥,
0 1000 2000 3000

Time (sec)

Figure 4.12: Ribosomal run-off at frameshifting and non-frameshifting translation sites. (A) A
schematic showing harringtonine-induced ribosomal run-off from the +FSS 2xMF tag with FLAG (green) and
SunTag epitopes (blue) in the 0 and -1 frames, respectively. The normalized total intensity (a.u.) of nascent
chain signals within non-frameshifting translation sites (green triangles, 217 FLAG only sites initially) and
frameshifting sites (cyan circles, 32 Sun sites initially). Frameshifting translation sites are distinguished by
the presence of a-SunTag scFv. As these sites contain both FLAG- and SunTag nascent chains, the intensity
is the sum of the a-FLAG Fab and a-SunTag scFv fluorescence. There is a small but significant difference
between the run-off of non-frameshifting vs. frameshifting ribosomes (p<0.001 for all timepoints up to
~600 sec, after which the two curves begin to converge to zero intensity, Mann Whitney U test, 19 cells).
(B) Similar to A, but with a modified MF tag with the addition of 10 HA epitopes (orange, HA MF tag)
upstream of the frameshift sequence. The a-HA Fab signals in non-frameshifting translation sites (orange
triangles, 128 HA only sites initially) and frameshifting translation sites (orange circles, 42 Sun sites initially).
Frameshifting translation sites are distinguished by the presence of a-SunTag scFv. The non-frameshifting
and frameshifting HA run-offs were significantly different (p<0.0001 for all timepoints, Mann Whitney U
test, 27 cells). (C) A sample single translation site encoding the modified HA MF tag (shown in B) after
addition of harringtonine. A montage of image trims shows the detected RNA-, HA-, and Sun-signals through
time. Below, the normalized total intensity of the a-HA Fab signal (marking all ribosomes) and the c-SunTag
scFv signal (marking frameshifting ribosomes) is plotted through time. Gray arrows and gray box signify
a burst of frameshifting. Taken from [36]. K. Lyon created cartoon schematics, prepared reagents, cloned
constructs, designed experiments, performed experiments, and analyses for Figure 4.12.
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Figure 4.13: Fits to the post-tag linear portion of ribosomal run-offs. The total intensity of detected
non-frameshifting and frameshifting translation sites decays with time after addition (at t = O sec) of the

translational initiation inhibitor harringtonine. Data is taken fr

om Figure 4.12A. If L2 is the length of the

tagged portion of the open reading frame and L1 is the length of the non-tagged portion, then the linear
(post-tag) portion of the decay begins from approximately L.1/(L.1+L2/2). This portion of the curve provides

an estimate of the elongation rate during the part of the run-off

where no new epitopes are being translated.

Therefore, the run-off fit is independent of the frameshifting kinetics that occur upstream of the epitopes.

Curves are normalized to their initial values. Fitted values are

reported with 95% CI. Taken from [36]. K.

Lyon prepared reagents, cloned constructs, designed experiments, performed experiments, and analyses for

Figure 4.13.
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Figure 4.14: Fluroescence recovery after photobleach of frameshifting sites. (A) Fluorescence recovery
after photobleaching (FRAP) experiments were performed at frameshifting translation sites (yellow circle
marks the photobleach spot). The fluorescence recovery of the O-frame signal within these sites was quantified
as a function of time, with sample pre, post, and recovery frames shown above. (B) The average FRAP
recovery time can be fit to estimate the elongation rate. This rate is similar to what was measured with
harringtonine in Figure 4.13. Fitted values are reported with 95% CI. Taken from [36]. K. Lyon prepared
reagents, designed experiments, performed experiments, and analyses for Figure 4.14.
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the HA MF tag includes 368 codons upstream of the FSS compared to just 23 codons with the
original +FSS MF tag. This extra space could theoretically accommodate longer ribosomal traffic
jams (up to ~40 ribosomes), should they occur. We hypothesized that longer ribosomal traffic jams
would lead to longer run-off delays. Consistent with this, ribosomes within frameshifting sites took
much longer to run-off compared to ribosomes in non-frameshifting sites (compare "Sun sites" to
"HA only sites" in Figure 4.12B, p<0.0001), with frameshifted ribosome levels remaining high for
upwards of 3000 s, despite an overall ribosome loss (Figure 4.15 and Figure 4.16). We observed
this trend even at the single-molecule level, where the fluorescence signal intensity of HA (marking
all ribosomes) decreased through time, but the fluorescence signal intensity of SunTag scFv-sfGFP
(marking only the frameshifted ribosomes) remained high compared to the initial signal intensity
throughout the entire imaging session (Figure 4.12C and Figure 4.17). These fluctuations appear to
arise from the stochastic release of stalled ribosomes within the traffic jam and their subsequent
translation of frameshifted epitopes. Such a release can be seen in the single-molecule track at
the ~1000 s time point, when the frameshift signal gets significantly brighter. Although difficult
to capture, we observed this type of dynamic in another single frameshifting RNA track as well

(Figure 4.17).

4.8 Computational modeling of HIV-1 frameshifting bursts at

the single-RNA level

To quantify the kinetics of frameshifting, we developed two candidate models and attempted
to fit each to our four main observations: (i) the percentages of single RNA engaged in O frame,
-1 frame, and both frame translation, (ii) nascent chain intensities in O and/or -1 frames on these
RNA, (iii) the average total ratio of -1 frame to 0 frame protein production; and (iv) run-off kinetics
for original and extended HA constructs. To disentangle effects of single-RNA translation and
aggregation of translating RNA to form translation site multimers, we down-selected to the 50%
dimmest RNA (Figure 4.9B) before fitting items (i) and (ii). We reiterate that gating on the dimmest

RNA led to no significant difference for the intensities of O only or -1 only translation sites, but
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Figure 4.15: Ribosome run-off from the HA MF tag. Ribosome run-off curve showing Sun signal in
HA&Sun sites from the experiment performed in Figure 4.12B. The Sun signal comes from frameshifted
ribosomes that have run past the frameshift sequence (FSS). Error bars represent S.E.M. Taken from [36]. K.
Lyon created cartoon schematics, prepared reagents, cloned constructs, designed experiments, performed
experiments, and analyses for Figure 4.15.
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Figure 4.16: Ribosome run-off from FLAG epitopes in HA MF tag. For completeness, an additional
experiment was performed to generate the ribosome run-off curve from FLAG epitopes in the HA MF
tag. Because we can only image two epitopes at the same time (since RNA is imaged in a third color),
we examined FLAG and Sun epitopes (Sun epitopes were required to distinguish frameshifting and non-
frameshifting sites). The FLAG run-off from this experiment is on the right (green triangles). This curve is
compared to the run-off curve of HA in HA only sites (orange squares) from Figure 4.12B. Both experiments
represent non-frameshifting sites (no Sun signal detected). Error bars represent S.E.M. Taken from [36]. K.
Lyon created cartoon schematics, prepared reagents, cloned constructs, designed experiments, performed
experiments, and analyses for Figure 4.16.
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Figure 4.17: Track of a frameshifting burst at a single translation site. (A) A single frameshifting
translation site encoding the HA MF tag was tracked after harringtonine addition. On the top, a montage
of image trims shows the detected RNA, HA, and Sun signals through time. Below, the normalized total
intensity of the HA Fab signal (marking all ribosomes, orange circles) and the SunTag scFv signal (marking
frameshifting ribosomes, dark blue circles) is plotted through time. At about the fourth timepoint (gray
arrows), another non-translating RNA interacts with the frameshifting RNA, coincident with a burst of
frameshifting signal (Sun). (B) Plots showing the signal to noise ratio of the HA and SunTag signals from
Figure 4.12C (left) and data in A (right). The signal is the average intensity of an inner circle of diameter
four pixels centered on the translation site, while the background is the average intensity of an outer ring
surrounding the inner circle of width twelve pixels. Taken from [36]. K. Lyon prepared reagents, designed
experiments, performed experiments, and analyses for Figure 4.17.
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removed 80% of the 0- & -1-frame translation sites, providing more evidence that these spots are
multiple RNA. Items (iii) and (iv) refer to the total 0 and -1 frame translation and were fit without
gating.

Both models include initiation of ribosomes, codon-dependent elongation of proteins along the
RNA template and ribosomal exclusion to block ribosomes from passing or occupying the same
place on the RNA. The only difference in the two models is the treatment for how ribosomes shift
from the O to the -1 frame. The first model assumes constitutive frameshifting, in which each
ribosome can frameshift at the FSS with a fixed and equal probability. This model could capture
either observation (i) or (ii), but not both simultaneously; frameshifting either led to excessively
large fractions of frameshifting sites or excessively small ribosomal loading, in disagreement with
our observations that a relatively small fraction of RNA frameshift with relatively high ribosomal
occupancies. Even with addition of distinct pauses in elongation at the FSS in both frames, the
constitutive model was unable to fit our data (Figure 4.18 S12).

The second model is inspired by two-state gene models that are commonly used to describe
heterogeneous transcription [108]. In this "bursty" model, RNA stochastically switch between
non-frameshifting and frameshifting states in which either 0% or 100% of ribosomes produce
frameshifted proteins (Figure 4.19A). In the bursty model, the RNA frameshift state is assumed to
switch ON and OFF at rates k., and kg, respectively, and the steady state fraction of RNA in the
ON state is given by f = Ko, /(Kon + Koff)-

To estimate the timescale of switching (k.g), we tracked translation sites for longer periods
of time. To achieve this tracking, we used the brighter +FSS 2xMF tag and changed our imaging
strategy to sample the RNA signal at all time points and the 0 and -1 translation signals once
every fifth time point. This arrangement substantially reduced photobleaching and allowed us to
continuously track and monitor the translational status of single translation sites in 3D for nearly an
hour. Figure 4.19B shows the frameshifting state survival times for the seven translation sites we
tracked in this manner, including one site that frameshifted for longer than 40 minutes (Figure 4.20),

representing at least four rounds of translation at our estimated elongation rate. Remarkably, this
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Figure 4.18: Comparison between the bursting and constitutive models. Model dynamics for the bursting
(A-E) and constitutive models (F-J). Simulations were performed using the best parameter values obtained
from the optimization process. (A,F) A bar graph comparing the measured (black) and best-fit model predicted
(gray) intensity (units of mature protein, u.m.p.) within O-frame (OF), -1-frame (-1F) and O- and -1-frame
(both frames, BF) single RNA translation sites. Error bars represent S.E.M. among RNA. (B,G) A bar graph
comparing the measured (black) and best-fit model predicted (gray) ratio between the total frameshifted and
non-frameshifted signal intensity (FS to non-FS signal ratio). (C,H) A bar graph comparing the measured
(black) and best-fit model predicted (gray) percentage of non-frameshifting (OF), frameshifting (-1F), and
both frames (BF) translation sites. Error bars represent S.E.M. among cells. (D,I) Simulated run-off (solid
lines) from the frameshift sequence (FSS) of all ribosomes in non-frameshifting (gray) and frameshifting
sites (black), plotted with data in Figure 4.12A (triangles and circles). (E,J) Simulated run-off (solid lines)
from the start site (AUG) of all ribosomes in non-frameshifting (gray) and frameshifting sites (black), plotted
with data in Figure 4.12B (triangles and circles). Error bars represent S.E.M. among RNA. (K) Parameter
uncertainty analyses for the bursty model. Optimized parameters: Kini, Kel, Kon, krss, kpgg. Parameter kg
was estimated from the FS-spot survival times and was fixed during the optimization process. Red lines
represent the parameter values reported in the main text. Ellipses represent 90% confidence intervals. (L)
Results of fitting the constitutive and bursting models with the Pattern Search Algorithm using the objective
function (J). Where lower J(0) values are better fits to the observational data. Mean values from 8 independent
optimization processes, error bars represent S.E.M. Significance was calculated using the Mann Whitney U
test. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. Taken from [36]. K. Lyon generated data that was
fit in Figure 4.18.

50



> > - > > z ' ' '
= @ Data
kini ket krss ke ke Bost 1
_8 [ )
f 06 L
o
k k o
on off 204t o
c
-1 ORF =
D o2} ;
n °
[T
% 10 20 30 40
*
kini kel kFSS kel kt Time (min)
100 — D F G
= Data o
1.25
_IModel
= comtmh] |8
x o 5 10
c © S
S g 008 =075
& 50 n £
% P 0.02 T 0.50
= g oo Fo2s
& O
v 0.00 o=
1 0L 0 500 1000 0 1000 2000 3000
OF -1F  BF o9 Time (sec) Time (sec)
E °F H
. x10°3 x10°3
—~ 8 8
g7
=) £6 £6
2 84 84
‘® 3t < o
PCB a2 o a2 H
= o Ubiidrecdnididbiviionnifil ol
0 OF BF BE F 200 400 600 800 1000 200 400 600 800 100012001400
0 -1 - Codon Position Codon Position

Figure 4.19: A model for bursty frameshifting. (A) A schematic of the model: kjy; is the translation
initiation rate, ke is the translation elongation rate, ko, is the rate at which RNA switch to the frameshifting
state, kg is the rate at which RNA switch to the non-frameshifting state, krgg is the pause rate at the FSS
in the non-frameshifting state, kg is the pause rate at the FSS in the frameshifting state, and k; is the
termination rate (assumed equal to k). (B) The survival probability of frameshifting sites through time
(gray dots) is fit with a single exponential decay (black line). (C-G) Simultaneous fit of all data. (C) A bar
graph comparing the measured (black) and best-fit model predicted (gray) percentage of non-frameshifting
(OF), frameshifting (-1F), and both frames (BF) translation sites. Error bars represent S.E.M. among cells.
(D) A bar graph comparing the measured (black) and best-fit model predicted (gray) ratio between the total
frameshifted and non-frameshifted signal intensity (FS to non-FS signal ratio). (E) A bar graph comparing
the measured (black) and best-fit model predicted (gray) intensity in units of mature protein (u.m.p.) within
non-frameshifting (OF), frameshifting (-1F), and both frames (BF) translation sites. Error bars represent
S.E.M. among RNA. (F) Best-fit model (solid lines) of the data from Figure 4.12A. Error bars represent
S.E.M. among RNA. (G) Best-fit model prediction of the data from Figure 4.12B. Error bars represent S.E.M.
among RNA. (H) The predicted ribosomal occupancy along the MF tag is shown. The positions of the FSS
(red), FLAG (green), and SunTag (blue) epitopes are shown in color. (I) The predicted ribosomal occupancy
along the HA MF tag is shown. The positions of the FSS (red), HA (orange), FLAG (green), and SunTag
(blue) epitopes are shown in color. Taken from [36]. K. Lyon created cartoon schematic and generated data
that was fit in Figure 4.19.
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frameshifting translation site associated with another for a large part of the 40-minute imaging
window. This supports the notion that the brighter RNA signal intensity at frameshifting sites comes
from more than one RNA. From the frameshift state survival times, we fit the rate of (k.g) to be
~0.0013 (sec™') (Figure 4.19B), corresponding to an average frameshift persistence time of 1/(kg)

~12.8 min.
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t=1200s

Figure 4.20: Single frameshifting RNA track persisting for >35 minutes. A sample frameshifting trans-
lation site encoding the +FSS 2xMF tag was tracked for >35 minutes. Left shows the cell at the 1200 second
time point. The zoom shows the channels separated to highlight two frameshifted RNA that split from a
single translation site. On the right, the position of the spot is plotted through time. Taken from [36]. K. Lyon
designed experiments, performed experiments, and analyses for Figure 4.20.

Using this constrained value for (k.g), we then fit to find the remaining parameters (koy),
(Kini), (ke1), (krss), and (kfgg) (Table 4.1), with which the bursty frameshifting model could
simultaneously reproduce all of our observations (Figure 4.19C-G), in contrast to the constitutive
model (Figure 4.18). From these parameters, we calculate 1/(k,,) ~170 min, meaning that RNA
encoding the HIV-1 frameshift sequence switch to a frameshifting state rarely, on the timescale of a
few hours (Table 4.1, 1/(k,,)). Once an RNA is in the frameshifting state, it remains there for ~13
mins on average (Table 4.1, 1/(kog)), occasionally lasting up to an hour or more. We also predicted
an elongation rate of ~3 aa/sec for both non-frameshifting and frameshifting sites. This is slower
than previous results using autocorrelation (Figure A.4F). The discrepancy between the elongation
rates may be due to cell-to-cell heterogeneity in stress levels. Once the translation initiation inhibitor,
harringtonine, is added it stresses cells further. This could lead to slower responses whereby the

elongation rate of ribosomes is slowed or stalled completely in cells that are too stressed. To confirm
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the slower rates were due to harringtonine treatment, we repeated the harringtonine run-off with
FLAG SM-tagged KDM5B and measured a slower elongation rate of ~3 aa/sec (data not shown).
To account for the different run-off delays seen at frameshifting and non-frameshifting sites
(Figure 4.19F,H), the model required elongation pauses of 1/(kpss) ~43 s at non-frameshifting
sites and 1/(k}gq) ~72 s at frameshifting sites. We explored if codon usage could also explain the
differences in run-off times. However, according to the codon adaptation index [109, 110], which is
related to the speed at which each codon is translated in the simulation, there is no notable difference
between the 0 and -1 frames (Figure 4.21). Moreover, the distinct pauses predicted by the model are
comparable to those previously measured using in vitro and in vivo bulk assays [95, 101].

Table 4.1: Bursty frameshifting model parameters from simultaneous fit. Best fit bursty frameshift
model parameters. Adapted from [36]. L. Aguilera, B. Munsky, T. Stasevich, K. Lyon.

Bursty frameshifting model parameters from simultaneous fit
Ribosome elongation rate (k) 3 4+ 0.15 aa/sec
Ribosome initiation rate (k;,;) 0.0244 + 0.0015 sec™*
Switching on rate to frameshifting state (k) 9.6x10-5 £ 7.8x10-5 sec™*
Switching off rate from frameshifting state (ko) 1.3x10-3 4 3.5x10-4 sec™!
Pause rate at FSS in non-frameshifting state (kpsg) 0.0234 + 0.0012 aa/sec
Pause rate at FSS* in frameshifting state (kjgq) 0.0139 £ 0.0011 aa/sec
Calculated quantities for bursting model with HA MF tag
Fraction of frameshifted RNA 7T+ 5%
Average time in the non-shifting state (b) 170 £+ 140 min
Average burst time in the shifting state (b*) 12.8 £+ 3.5 min
Number of ribosomes to initiate in a shifting state (r}) 19+5
Number of ribosomes to initiate in a non-shifting state (r;) 250 + 200
Time for a ribosome in shifting state to clear the FSS (7449) 75 + 6 sec
Time for a ribosome in non-shifting state to clear the FSS (7pgg) | 46 &= 2 sec
Note: Formulas given in the methods.

Because the estimated average pause time, 1/kj.qq, is greater than the average initiation time,
1/kiy; , ribosomes could initiate faster than they clear the FSS with an excess rate of ki, — kjgg =
0.011 per second and create upstream traffic jams in frameshifting sites. These traffic jams would
continue to build for as long as the RNA remains in the frameshifted state, or approximately 1/k.g

= 12.8 min on average. Occasionally, traffic jams can extend all the way back to the start codon, as
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Figure 4.21: Codon usage plays a minor role in traffic jam formation. The codon adaptation index (CAI)
for the O frame (top) and -1 frame (bottom) of the +FSS multi-frame tag. The y-axis shows the CAI calculated
using the codon frequency in the human genome. The x-axis shows the length of the genes, in codons. In
the plots, rare codons have low CAls and common codons have high CAls. The vertical red line represents
the location of the frameshift sequence (FSS). Similar CAls are obtained for the sequences in the 0 frame
(CAlgr =0.76) and the -1 frame (CAI_ir = 0.74). Taken from [36]. K. Lyon created cartoon schematics
and was involved with conception of Figure 4.21.
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seen in a sample simulations (Figure 4.22). Moreover, due to the long time it can take to clear traffic
jams, frameshifting can persist for hours following the global shut down of translation initiation
(with harringtonine, for example), as can be seen in simulations of the best-fit model Figure 4.22
and consistent with what we observed in Figure 4.12C and Figure 4.17. Thus, the final bursty
model suggests a mechanism by which frameshifting can persist for long periods in the absence of

translation initiation.

HA multi-frame tag

WM

Time (3000 sec)

Intensity

FSS (0F)
o 3 1401s

Figure 4.22: Sample simulation of best-fit bursty model with large ribosomal traffic jam. A best-fit
bursty model simulation of a translation site encoding the HA MF tag. On the top, the simulated intensity of
the site is tracked through time, with green showing signal from FLAG epitopes downstream of the FSS, blue
showing signal from SunTag epitopes downstream of the FSS, and cyan showing signal from HA epitopes
upstream of the FSS. On the bottom, individual ribosomes (gray dots) are shown moving along the reporter
(gray line), with green, blue, and cyan squares marking the positions of FLAG, SunTag, and HA epitopes,
respectively. As the ribosomes move along the repeat epitopes, the translated nascent chains appear as green
(FLAG-tagged nascent chains), blue (Sun-tagged nascent chains), and cyan (HA-tagged nascent chains) dots
that increase in size as more epitopes are translated. When the RNA is in the non-frameshifting state, the FSS
is labeled "FSS(OF)’ in green; when the RNA is in the frameshifting state, the FSS is labeled "FSS(-1F)’ in
blue. The simulated time is shown to the right of the reporter. A large ribosomal traffic jam is created when
the RNA switches into the frameshifting state. Adapted from [36]. L. U. Aguilera and B. Munsky performed
simulations and modeling to create Figure 4.22.
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Chapter 5

Discussion

In this dissertation, I have discussed the establishment and validation of the Nascent Chain
Tracking (NCT) method. This method was utilized in this dissertation to visualize and quantify
individual RNA translation interactions with stress granules and individual RNA HIV-1 programmed
frameshifting in living cells. In the following chapter, I will further explore the results presented
in this dissertation. I will discuss the considerations of using antibody-based probes to study
single-RNA translation, the observed dynamic interactions between RNA and stress granules, and

finally I will discuss the dynamics of single RNA HIV-1 programmed ribosomal frameshifting.

5.1 Considerations of antibody-based probes for the study of

active translation

Translation is a key process within the central dogma and is crucial for cellular viability, function,
and development. Thus, it is critical that translation is well regulated and maintained for every
cell type. Misregulation of translation can lead to the progression of disease states [80]. To truly
understand biologically relevant regulation dynamics of translation, in vivo based single-RNA
investigations are needed. Regulation dynamics of individual translating mRNA are of particular
interest because these regulatory dynamics could drastically affect a cells fate, similar to how
single-mRNA transcriptional dynamics can dramatically affect cell fate [111,112].

To successfully image translational gene regulatory dynamics in living cells, a probe must be
able to distinguish unique peptides irrespective of whether they are fully folded or mature. Fabs and
scFvs both fit this criterion and have been successfully used for these purposes [37—41]. Both Fabs
and scFvs can bind short peptide epitopes with high specificity, similar to the full antibodies from
which they are derived. In addition, Fabs and scFvs have two key advantages over full antibodies

for live-cell imaging purposes: (i) their small size; and (i1) their monovalency [113, 114]. First,
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their small size allows them to quickly and efficiently access target epitopes in the complex and
crowded cellular environment. For example, Fabs in living cells can pass through the nuclear pore
and immediately bind target proteins within the nucleus [114]. By contrast, full antibodies cannot
pass through the nuclear pore and, therefore, require cell division and nuclear envelope breakdown
to access the nucleus [114]. Second, their monovalency prevents aggregation and interference.
This is because Fabs and scFvs have a single binding domain that transiently binds only one target
epitope at a time. By contrast, full antibodies are multivalent and, therefore, can bind multiple target
epitopes at a time with high avidity. This means that target epitopes can not only be blocked for an
extended period, but may also form aggregate chains of "-target-antibody-target-antibody-" [114].

While Fabs and scFvs are both derived from full antibodies, there are key differences in their
production and form (Figure 5.1). Briefly, Fabs are generated directly from an antibody [115],
whereas scFvs are genetically encoded Fab "mimics" [116]. To generate a Fab, the constant Fc
base of a Y-shaped immunoglobulin (Ig) is digested away. This leaves two separate and identical
"sticky" epitope-binding arms, Fabs, each approximately 50 kDa (or approximately one-third the
weight of the full Ig). There are commercial kits for generating Fabs from Ig [117]; thus, it is
relatively straightforward to make Fabs, but can be expensive. After the digestion is complete,
each Fab is a heterodimer comprising one constant and one variable portion of the heavy and
light chains from the parental Ig. These chains are held together by disulfide bonds and residual
electrostatic interactions [118]. For live-cell imaging, Fabs are typically conjugated with small

synthetic dyes [119].
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Figure 5.1: Antibody fragments (Fabs) and single-chain variable fragments (scFvs) IgG origins. Im-
munoglobins (Igs) comprise heavy (blue ovals) and light (pink ovals) chains. IgG binding to a target is
facilitated by the heavy (VH) and light chain variable regions (VL). Fab fragments can be generated by
digesting any commercially available IgG. Fabs retain their ability to bind the targets of IgG and can be
conjugated with a small synthetic dye. Fab with a conjugated dye is approximately 50 kDa in size. By starting
with the cDNA of the heavy and light variable regions of an IgG, they can be cloned into a plasmid vector
to create an scFv. This allows variable regions to be connected by a polypeptide linker and even fused to a
fluorescent protein, such as GFP [glowing beta-barrel structure; Protein Data Base (PDB) ID: 4KW4]. Once
the scFv is fused to a GFP, their collective size is also approximately 50 kDa. Taken from [31]. K. Lyon
created and contributed to the design of the cartoon schematics for Figure 5.1.

For an scFv, the variable regions of the heavy and light chains of a Fab are genetically linked
via the N and C termini in a single chain [120]. The flexible linker acts in place of both the constant
regions and the disulfide bond in Fabs. For live-cell imaging, scFvs are typically fused to fluorescent
proteins [121], resulting in a probe that is comparable in size to a fluorescently conjugated Fab. One
point to keep in mind is that scFvs are often unstable and insoluble in the cytoplasm of cells, in
part because antibodies are naturally folded in a different environment, the endoplasmic reticulum

(ER). In combination with the unnatural linker and fluorescent fusion tag, this makes it challenging
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to engineer a functional scFv for intracellular expression [42,43, 122]. For this reason, there are
only a limited number of usable scFvs for live-cell imaging purposes [44,121, 122]. However, a
strategy implemented by the Stasevich lab has overcome many of the challenges associated with
probe development by using a diverse set of scFv scaffolds. These scaffolds have been proven to
fold properly and function within the reduced cytoplasm of living cells. Onto these scaffolds, they
loop-grafted all six complementarity determining regions (CDRs) from an epitope specific antibody
(HA) [123]. Nevertheless, once a functional intracellular scFv is generated, it is a more convenient,
inexpensive, and reliable (no lot-to-lot variability [124]) probe than a Fab because the parental
antibodies are no longer required.

Before imaging, Fabs and scFvs have to first be introduced into living cells. Since scFvs are
genetically encoded, they can be transiently or stably expressed inside living cells or even whole
organisms. By contrast, Fabs are not genetically encoded and, therefore, need to be physically
loaded. Bead-loading is one of the simplest and most efficient way to load Fab into a living
cell [114,125-127]. This technique can load thousands of cells in a few seconds with less than a
microgram of Fab. Other methods to get Fabs into cells include microinjection [37], electroporation
[128], and, most recently, treatment with the pore-forming bacterial enzyme streptolysin O (SLO)
[129]. All of these techniques are variations on the same theme: permeabilizing the membrane of
cells so that purified Fabs can get in. Therefore, care should be taken to ensure cells remain healthy
after loading.

While Fabs and scFvs offer unique advantages for imaging translational and post-translational
gene regulatory dynamics in living cells compared with fluorescent fusion tags, they also suffer
from several unique limitations that can make quantification difficult. Most of these limitations
arise from the background signal from freely diffusing probes that are not bound to targets. This is
necessary in antibody-based imaging because unbound probes are always present to quickly label
newly made targets which are made during translation.

To mitigate artifacts that might arise from background signals, it is important to maintain an

appropriate probe to target epitope ratio. The ratio of probe to target is specific, and dependent
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on the desired assays application. For translational imaging, it is generally necessary to keep the
concentration of probes higher than the concentration of targets. An appropriate concentration can
be estimated from the number of target epitopes per cell using quantitative western blots [119]. In
this method, a high background signal is less problematic because it is easily overcome by adding
more repeat epitopes in the tag to amplify the signal above the noise. Therefore, it is more important
to ensure there is an excess of free probe to quickly label the nascent peptides being translated.
To illustrate, when single-RNA translation was imaged with the spaghetti monster repeat epitope
tag, imaging was best between 2 to 10 hours after transient transfection of the construct. After 24
hours of expression, Fab was soaked up by all the mature tagged protein, making the new nascent
peptide chains being translated more difficult to detect [37]. One way to address this issue is to fuse
a degron to the tagged protein so that it is quickly degraded [38]. In this way, the probe to target
ratio can be maintained at high levels indefinitely.

A related problem with live-cell imaging using antibody-based probes is interference from
the epitope tag, the probe, or both. Since the epitopes are exogenous and not bound by other
endogenous proteins, competitive interference is not an issue while imaging translation. However,
the large number of probes recruited to the repeated epitope tags can create a large macromolecular
complex on the order of megadaltons. It is easy to imagine that this large, unnatural complex would
somehow interfere with normal translation. So far, this does not appear to be the case, because
there is agreement between translation rates measured with repeat epitope tags of different sizes,
including a 5x, 10x, 24x, 32x, and 56x SunTag [38—41] and a 10x FLAG or HA spaghetti monster
tag [37]. In fact, the largest (56x SunTag) and one of the smallest (10x spaghetti monster) tags
both gave relatively fast elongation rates (15-18 aa/sec and 8-12 aa/sec, respectively), whereas
medium-sized tags had lower rates (3-6 aa/sec), suggesting little correlation between tag size
and measured translation kinetics. Nevertheless, tags and probes may still interfere with normal
transcript and/or protein behavior. As an example, when a 56x SunTag was inserted into the 5’ end
of one of the endogenous alleles encoding RNA polymerase II, even though transcripts appeared

and were translated, the tagged polymerases were unable to enter the nucleus [41]. Thus, depending
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on the specific application, it is important to check multiple tag sizes and their positioning within
genes to properly assess whether tags interfere with the dynamics being measured.

Regardless of the challenges, we have successfully established nascent chain tracking (NCT),
a multi-color method to visualize translation of multiple different reading frames on single RNA
within living cells and in real-time. By imaging translation, a core process within the central
dogma, with spatial and temporal precision, we expect NCT will positively contribute to the study
of translational gene regulatory dynamics. Using this, we were able to measure the following on
individual RNA: 1) the average number of ribosomes within polysomes (given the length of a gene,
1 ribosome every 200 to 900 nucleotides), ii) the average elongation rate (3-10 aa/sec, depending on
the gene), ii1) the average initiation rate (initiate stochastically every 30-60 seconds), and iv) the

formation of mutli-RNA translation sites (~5% form such sites).

5.2 A general mechanism for RNA-granule interactions

Applying the NCT methodology to the study of stress granules, we demonstrated that mRNAs
interact with SGs and PBs in both stable and transient ways. In model assemblies, the exchange rates
of components are related to both the strength of individual interactions and the valency, with more
stable interactions occurring at higher valencies [130]. This suggests that the transient interactions
with SGs or PBs represent a low-valency interaction mode but provide a docked state whereby
mRNPs can form additional interactions with SG components to perhaps enter a stable locked
state with higher valency (Figure 3.6C). Higher valency would be expected on longer mRNAs
and larger SGs or PBs, providing an explanation for why longer mRNAs and larger RNP granules
have more stable RNA-granule interactions. Our experiments provide clear evidence that mRNAs
stably associated with SGs are translationally repressed, although mRNAs that are associated with
polysomes can transiently interact with SGs. One hypothesis is that the 3’ untranslated region
(UTR) and/or partially exposed coding regions may be sufficient to form transient protein-protein or
RNA-RNA interactions, but a fully exposed coding region is required to make sufficient interactions

for stable SG association. This work identifies the docking and locking steps as two distinct steps in
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RNP association with any RNP granule that can be modulated to affect RNA-granule association.
We propose this bimodal nature of RNA-granule interaction as a general principle of any self

organized RNP granule where RNP recruitment requires entry into a multivalent state.

5.3 Aspects of single RNA -1PRF of HIV-1 dynamics revealed

by NCT

We employed a modified NCT tagging technology to study HIV-1 programmed ribosomal
frameshifting, an aberrant form of translation. Frameshifting is a common tactic used by viruses to
minimize their genomes for faster, more efficient replication in host cells, effectively getting two
viral proteins for the price of one viral RNA. While the general architecture of frameshift sequences
is well characterized and the dynamics of frameshifting have been measured with single-nucleotide
precision in vitro, frameshifting has not been directly observed in a living system until now. To
achieve this, we created a multi-frame repeat epitope tag that can light up single RNA translation
sites in different colors depending on which open reading frame is being translated. Together
with sensitive single-molecule microscopy and computational modeling, we have demonstrated
six aspects of HIV-1 frameshifting: (i) frameshifted proteins originate from a small subset of RNA
that frameshift with high efficiency; (ii) frameshifting occurs in bursts on single RNA that can
last for several rounds of translation; (iii) ribosomes that frameshift are paused for longer at the
frameshifting sequence than ribosomes that do not frameshift; (iv) pauses at the frameshift sequence
induce ribosomal traffic jams that can maintain the production of frameshifted proteins despite
global inhibition of translation; (v) frameshifting RNAs have reduced mobility and are often found
in multi-RNA translation sites; and (vi) frameshifting can be stimulated by an oligo encoding the

FSS. Figure 5.2 summarizes our findings.
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Figure 5.2: Summary of observed bursty frameshifting dynamics. (i) In contrast to constitutive
frameshifting, in which all RNA behave the same, bursty frameshifting leads to heterogeneity between
RNA. (ii) A state of persistent frameshifting is initiated with rate k,,, and leads to relatively large bursts of
frameshifted ribosomes translating the RNA. (iii) While in the frameshifting state, ribosomes experience
a longer pause at the frameshift site. (iv) Increased pausing in the frameshifting state leads to traffic jams
upstream of the frameshift site. (v) Frameshifting RNA have reduced mobility and are often found in
multi-RNA translation sites. (vi) Frameshifting can be stimulated by an oligo encoding just the frameshift
sequence. Taken from [36]. K. Lyon created and contributed to the design of the cartoon schematics for
Figure 5.1.

In contrast to constitutive frameshifting on any RNA, our data indicate that frameshifting occurs
in bursts on a subset of RNA. Bursty expression has been demonstrated by others, both at single
transcription sites as well as at translation sites in bacteria [103] and eukaryotes [38]. The origin of
frameshifting bursts is difficult to pinpoint. It is tempting to speculate that there is a unique structure
the RNA takes that enhances frameshifting, particularly given the distinct pause times in our best-fit
model. How this precisely occurs remains unclear, but our observation that the FSO (frameshift
oligo) alone can stimulate frameshifting may offer some clues. In particular, this observation is
consistent with the recently discovered repressor of frameshifting, shiftless [131]. Shiftless is
thought to directly bind the FSS sequence and cause frameshifted ribosomes to be prematurely

released. The FSO would presumably sequester shiftless and thereby indirectly lead to an increase
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in frameshifting globally. More generally, the destabilization or unbinding of shiftless from the FSS
could therefore be responsible for the bursts of frameshifting we observed. These possibilities will
be interesting to explore in the future.

According to our best-fit model, pauses always occur at the frameshift sequence, with longer
pauses associated with frameshifting RNA compared to non-frameshifting RNA. Pausing is therefore
only a weak predictor of frameshifting, as others have shown [96, 132]. Nevertheless, the longer
pauses associated with frameshifting suggest the frameshift sequence may adopt more than one state
or structure, similar to what has been shown in vitro with sequences encoding pseudoknots [133].
Longer pauses result in longer ribosomal traffic jams. Our model predicts these jams can extend
all the way back to the initiation site, involving up to ~40 ribosomes, as shown in Figure 4.191.
Our model predicts an elevated ribosomal occupancy as far back as ~400 codons from the FSS,
a length that coincides almost perfectly with the length of the FSS-upstream sequence in HIV-1
Gag-Pol. This is not unprecedented, as ribosome profiling experiments have also found evidence
for relatively high ribosomal densities as far back as the start codon of the gag protein [134]. These
data suggest the strength of the HIV-1 pause may have evolved to, on occasion, produce the longest
possible traffic jams. As clearance of these traffic jams takes time, frameshifting can persist on
RNA for hours despite a global shut-down of translation initiation. In effect, the traffic jam acts like
a battery that continually fuels the production of downstream frameshifted protein. This unique
mechanism would allow viral proteins to continue to increase in numbers during cellular stress. An
open question is how these long traffic jams manage to evade protein quality control [135, 136],

which recently was shown to target the interface of di-ribosomes collisions [137].
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Chapter 6

Future Perspectives

Nascent Chain Tracking (NCT) is a powerful tool that is capable of visualizing and quantifying
unique translational regulatory dynamics at the single-RNA level, such as frameshifting, highlighted
in this dissertation. NCT is now well established and characterized. It can therefore be immediately
employed in a variety of other contexts. In this chapter I will discuss general implications of single
RNA HIV programmed ribosomal frameshifting dynamics, +1 programmed ribosomal frameshifting,
endogenous programmed ribosomal frameshifting, and finally, other unique translational regulatory
dynamics. Within these sections I will explore experiments that can be done with NCT, their

potential results, and relevance.

6.1 General implications of single RNA HIV programmed ri-

bosomal frameshifting dynamics

Although there are structurally different RNA which induce -1 programmed frameshifting
(-1PRF), they all share the same underlying mechanisms of a ribosomal pause and then a shift in
the open reading frame during translation. All -1PRFs share a X XXY YYZ heptameric sequence
or "slippery" sequence, where X is any nucleotide; Y is A or U; and Z is A, U, or C. In the 0 frame
the codons are read as XXY YYZ and in the -1 frame as XXX YYY. The slippery sequence is
where the frameshift occurs and is adjunct to another structured element downstream, either being a
stem-loop or a pseudoknot [94].

How to target -1PRFs specifically has been a central question in the field of -1PRFs [80]. This
inspired researchers to find small molecule modulators that would affect the viral -1PRF structure
of HIV-1, but would not affect the structurally different endogenous -1PRF of PEG10 [88]. Despite
these distinct responses, the generic -1PRF mechanisms are the same for the viral -1PRF of HIV-1

and the endogenous -1PRF of PEG10. It was discovered recently that an interferon-stimulated
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repressor, shiftless, binds to a broad-spectrum of -1PRF inducing structures [131]. This would
imply -1PRFs share a unique feature that allows them to be broadly targeted by shiftless. Together,
this would argue that the model of bursty frameshifting presented in this dissertation may be broadly
applicable. This could be validated by visualizing and quantifying another -1PRF, such as the -1PRF
for PEG10, using NCT.

Viruses that employ the -1PRF genetic recoding mechanism, such as HIV-1, rely on a specific
ratio of canonically translated product (Gag) to frameshifted translated product (Gag-Pol). If this
ratio is disrupted, it can have profound defects on viral replication. The observations and model
of -1PRF of HIV-1 presented in this dissertation will help guide future therapies to better target
the subset of frameshifting RNAs. The bursty behavior of frameshfiting we observed suggests
frameshifting RNA undergo a unique change in either their structure or bound factors. According
to our best fit model, these changes are transient. By targeting these changes, new therapeutics
can be developed to fight viral -1PRF frameshifting. Here, imaging the MF tag will be a powerful
approach to rigorously test new therapeutics.

Because RNA encoding the -1PRF of HIV are mostly (>90%) non-frameshifting RNA, it could
be most RNA adopt a structure that does not efficiently pause ribosomes. In contrast, frameshifting
RNA may take on a structure that efficiently pauses. This would lead to di-ribosome collisions.
This is in agreement with our measurements of distinct pauses at non-frameshifting RNA versus
frameshifting RNA (Figure 4.1) and our observations that frameshifting RNA are more likely to
induce ribosomal traffic jams (Figure 4.22). We also found frameshifting sites are often composed of
more than one RNA. As shown in Figure 4.9B, the -1 frame signal within multi-RNA frameshifting
is the same as within single RNA sites, whereas the 0 frame signal is reduced by nearly a factor of
two. Thus, the other RNA in multi-RNA frameshifting sites is most often a non-frameshifting RNA.

Although the origin of multi-RNA frameshifting sites is not yet clear, one possible explanation is
the additional non-frameshifting RNA somehow shields the frameshifting site from quality control
surveillance. This would argue that the frameshift stimulatory sequence (FSS) of the -1PRF HIV

can affect global ribosomal fidelity when collided ribosomes are involved and may be a general
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mechanism shared by all viral -1PRFs. Although co-transfecting the frameshift sequence oligo
(FSO) did not affect multi-RNA associations at frameshifting sites, at least according to RNA signal
intensity, it did slightly increase frameshifting in cells expressing the control tag (Figure 4.4). This
slight increase is not significant when compared to the addition of no FSO in cells expressing the
control tag. However, this effect may be amplified and become more significant if more than 4 ug
of FSO is co-transfected into cells with the control tag. If co-transfecting more FSO does increase
overall frameshifting in cells expressing the control tag, this would suggest that the FSO may have
an uncharacterized trans-acting effect that may interfere with quality control surveillance. -1 PRFs
would then arise from both from traditional cis-acting effects as well as trans-acting effects. In
support of this, HIV-1 RNAs are known to dimerize through interaction via their long terminal
repeats (LTRs) located at either end of the RNAs [138]. Thus, these dimerized RNA may translate
together and this trans-acting effect may allow both frameshifting RNA to successfully evade
translational quality control within host cells.

Understanding the origin of the interactions between RNA in frameshifting sites is now important
because it could reveal a common structure -1PRF RNAs take to bind di-ribosome collision
interfaces and hide these interfaces from host cell quality control factors, such as ZNF598 and
RACKI1. This type of feature would likely be general and utilized by a broad-spectrum of -1PRF
RNA. This is implied because, despite any structural differences, pausing is necessary for a -1PRF
to occur. This pausing would ultimately lead to ribosomal traffic jams upstream that would then
result in di-ribosome collisions. These collisions would need to be hidden from translational quality
control factors for successful translation of the -1 frame. To test if FSSs of -1PRFs are capable of
interfacing with di-ribosome collisions, native gels and structural studies could be carried out using
either Electrophoretic Mobility Shift Assays (EMSAs) or cryoEM with purified components. An
EMSA could be done by adding radiolabeled viral FSSs in the presence of purified di-ribosome
collisions. If indeed the viral FSSs interact with the structure, then a shift will be seen as more
di-ribosome is titrated into the assay. Furthermore, EMSAs could access whether quality control

factors compete directly for the same interface as the FSSs. This could be done by adding in purified
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shiftless, ZNF598, RACKI1 or some combination. If competitive, then a shift back down in size
would be seen. If no such shift occurs when the quality control factors are present, then the FSSs
could be binding to the di-ribosomes allosterically. Structural studies could further uncover the
exact type of interactions between the FSSs and the di-ribosome collisions. This could be revealed
with cryoEM using purified mRNA harboring di-ribosome collisons together with viral FSSs.

A second, alternative explanation for the presence of additional non-frameshifting RNA within
frameshifting sites is the notion of a translational quality control "hub." From our results, it is not
clear if -1PRF causes RNA multimerization or if instead the RNA multimerization is a consequence
of another tangential process induced by frameshifting, such as ribosome collisions. To test this, the
-1PRF FSS could be removed within the MF tag and replaced with a structured stem-loop sequence
capable of pausing ribosomes. If these multi-RNA associations are induced only by ribosomal
traffic jams, then the RNA signal intensity of translating sites would be as bright as non-translating
sites. Another way to test this would be to use the MF tag with the HIV-1 FSS in combination with
sub-inhibitory concentrations of the elongation inhibitor emetine. Presumably, these sub-inhibitory
concentrations would cause the elongation rate of ribosomes to slow enough to avoid the formation
of traffic jams upstream of the pause induced by the -1PRF FSS. This type of strategy was used in
recent work to understand di-ribosome collisions in the context of quality control surveillance [137].
Quantifying the RNA signal intensities using either of these strategies would provide insight into
whether or not the multi-RNA association is the direct result of -1PRF or if, instead, it is only a
consequence of ribosomal traffic jams.

It has been speculated that ribosomes can sense the status of nascent chains and thereby act as
regulatory hubs for the recruitment of quality control factors [139]. Ribosomes that recruit similar
quality control machinery may assemble into larger hubs, similar to ATP-dependent SG fusion
events, as shown in this dissertation (Figure 3.1e). Quality control factors, such as ZNF598 or
RACKI1, have been shown to target di-ribosomal collisions, which would likely occur within the
large traffic jams induced by the -1PRF pause. The newly discovered frameshift repressor shiftless

would also likely accumulate in these hubs [131]. One quick way to test if shiftless is directly
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involved would be to induce more shiftless expression by adding interferon to cells expressing the
MF tag. Depending on the timescale for induction of shiftless, we may see frameshifting sites
assemble together in real-time. To further distinguish the effects of multimerization, NCT could
be used to track frameshifting sites and measure the RNA signal intensities in cell lines that have
either ZNF598, RACKI1, shiftless or some combination of the three knocked out. If any of these
proteins are involved with the multimerization of frameshifting sites, then the RNA signal within
frameshifting sites should become similar to non-frameshifting sites. Investigating this further could
provide some hints of how quality control distinguishes, targets, and assembles RNA with large

ribosomal traffic jams together.

6.2 +1 ribosomal programmed frameshifting

Unlike -1PRF, which involves a generic slippery site and pause site, +1 programmed ribosomal
frameshifting (+1PRF) signals and mechanisms appear to be case-specific [140]. Despite this,
+1PRFs all share a slippery sequence with a rare codon that is important to shift the open reading
frame by +1 nucleotide, toward the 3’ direction of the mRNA. Studying single viral RNA could
help clarify case-by-case mechanisms and help identify new strategies to perturb these processes.

Recently, the endemic influenza A virus (IAV), a virus that infects ~49 million people per
year, was shown to harbor a +1PRF that is important for the expression of an endonuclease which
represses host cellular gene expression [141-143]. The +1PRF of IAV was found to have unique
sequence motifs that influence the +1 frameshift efficiency. This is an interesting development
because canonical +1 frameshifting in bacteria or yeast is thought only to be induced by a rare
codon whose tRNA is limiting within the slippery sequence. In addition, these unique sequence
motifs were found to be upstream of the +1 frameshift slippery sequence, whereas such sequence
motifs for -1 frameshifts are downstream of the slippery sequence. This suggests that the upstream
structures in +1 frameshifts may interact with the back of ribosomes to provide a barrier that makes
a +1 nucleotide frameshift more favorable, similar to the downstream -1 frameshift structures that

interact with the front of ribosomes. Because the barrier for +1PRFs is not a structure the ribosome
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needs to unwind and translate through, the pause induced by +1 frameshifting may be much shorter
than that of -1 frameshift pauses.

Using the MF tag to visualize, quantify, and ultimately model the IAV +1PRF could reveal that
the pause for +1 frameshifting is not as extreme as -1PRFs and therefore does not induce ribosomal
traffic jams. This could also mean that +1 frameshifting sites do not multimerize, which would
support distinct mechanisms for +1 frameshifts versus -1 frameshifts, as other have concluded with
in vitro assays [140].

Another interesting +1 frameshifting mechanism that could be investigated immediately with
the MF tag is the polyamine-stimulated +1 ribosomal frameshift found at the endogenous eukaryotic
gene OAZ1. When polyamine concentrations are elevated, a +1 nucleotide frameshift directs
ribosomes to translate an inhibitor of polyamine synthesis [90]. Structures important for this +1
frameshift are upstream and downstream of the slippery sequence, with the upstream sequences
being more important for the overall +1 frameshift and the downstream sequences being more
relevant for the inducibility of the +1 frameshift efficiency. Consistent with the idea that +1
frameshifts are mechanistically different from -1PRFs, it was found that +1 frameshifts did not
produce pauses detectable with in vitro toe-printing assays [144]. Therefore, visualizing +1PRFs
with the MF tag may reveal there to be no observable multi-RNA associations at +1 frameshifting
sites.

By visualzing +1PRFs at the individual RNA level, multimerization of frameshifting sites can
be directly tested and distinct mechanisms can be worked out on a case-by-case basis. Any common
features observed would furthermore help constrain general models for +1PRFs and possibly lead
to new strategies to perturb the +1PRF of IAV. In addition, understanding this +1 inducible system
at the single RNA level could help with pharmaceutical and biotechnology applications, wherein

two proteins or enzymes could be encoded and induced on one mRNA.
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6.3 Endogenous -1 ribosomal programmed frameshifting

Nearly ~10% of eukaryotic genes are predicted to harbor a slippery sequence as well as
downstream structures to induce a -1PRF. While viral -1PRFs direct ribosomes to translate a -1
open reading frame to create a fusion polyprotein, nearly all endogenous -1PRFs appear to direct
ribosomes to a premature termination codon [140]. This suggests that most cellular -1PRFs are
present to regulate gene expression on specific mRNA through the nonsense-mediated decay (NMD)
pathway. In this sense, targeting the general mechanism of -1PRF as a viral therapeutic could
be detrimental to not only the virus, but also the host cell. However, because of the diversity of
structures and sequences used to pause and "slip" ribosomes at these endogenous mRNA, it is likely
that the -1PRF signals could be regulated specifically. In support of this, it has been shown that
viral -1PRFs can be specifically targeted and their -1 frameshift efficiency effected differently than
that of endogenous -1PRFs with the use of small molecule modulators, presumably because of
different structures used to induce the ribosomal pausing [88]. By characterizing endogenous -1PRF
using the multi-frame (MF) NCT technology presented in this dissertation, distinct features could
be revealed and these could lead to more specific targeting of -1PRFs overall.

An interesting observation on the specific regulation of cellular -1PRFs comes from the mam-
malian gene CCRS. This gene encodes a cytokine receptor that has a strong predicted -1PRF
signal within the coding region directing ribosomes to a premature termination codon. The -1PRF
efficiency of CCRS can be enhanced by small miRNAs that can interact specifically with the -1PRF
structure of CCRS [80]. Upregulation of the -1PRF of CCRS5 destabilizes the CCR5 mRNA via
the NMD pathway, leading to an overall reduction in the cytokine receptor within the cellular
membrane. This effect could be exploited by viruses during infection. Visualizing the -1PRF of
CCRS using the MF NCT tag would help further characterize this modulation and lead to a better
understanding of miRNA targeting of -1PRFs. Since miRNAs target the -1PRF signal of the CCRS
sequence directly and enhance its frameshifting, then performing NCT using the MF tag would

help characterize the dynamics of miRNA action. For example, miRNA may enhance frameshifting
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either by extending the length of frameshifting bursts or altering their frequency. These possibilities
will be easy to distinguish via tracking mRNA encoding MF-tagged CCRS.

Similar to CCRS, the MF NCT tag can immediately be used to study another interesting
endogenous -1PRF. Unlike most endogenous -1PRFs, which cause a premature termination codon,
the -1PRF of PEG10 encodes a polyprotein homologous to the Gag and Pol of HIV-1 [82]. PEG10
is a mammalian gene that is a potent cell growth regulator that promotes cell-cycle progression.
Upregulation of PEG10 has been shown to promote the progression of lethal cancers types [145,146].
For that reason, understanding unique characteristics of this endogenous -1PRF could aid in
the development of drugs targeting it or other alternative strategies to specifically perturb its
frameshifting. Like CCRS, NCT on PEG10 would be useful to better understand PEG10 regulation.
Overall, more single-molecule observations of different types of -1PRF are now needed, not just to
better understand -1PRF dynamics, but also to guide the design of more specific targets of viral

-1PRFs that will not impact endogenous -1PRFs. [80].

6.4 Unique translational regulatory dynamics that can be stud-

ied with multi-color NCT

Beyond frameshifting, any other non-canonical translation process involving more than one
open reading frame can be investigated with NCT using the MF tag. Possible applications include:
start-codon selection, leaky scanning, ribosomal shunting, and general translation fidelity.

In fact, another paper using a similar MF tag was used to examine upstream and downstream
open reading frame selection [147]. Like us, the authors also saw a high degree of heterogeneity
between translating RNAs with bursts of translation initiation in multiple open reading frames,
similar to the bursts of frameshifting we observed at the HIV-1 frameshift sequence. Translational
heterogeneity may therefore be far more common than originally thought, particularly when it
comes to non-canonical translation.

To extend these observations, the MF tag could be used to help better predict non-AUG transla-

tion initiation and verify non-AUG translation initiation events. One current central question in this
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field is whether it is possible to predict non-AUG translation initiation at any given transcript. Al-
though non-AUG translation initiation is thought to represent errors involving initiation machinery,
there is growing evidence that non-AUG translation initiation is important for a number of cellular
and viral genes and that misregulation can lead to cancer and neurodegeneration [148]. Traditional
assays do not have the sensitivity required to give further insight into the underlying mechanisms
involving non-AUG initiation. Using the MF NCT tag, we could provide such insight even if these
events are rare. By placing a canonical start codon near a downstream non-AUG start codon, we can
begin to observe in what specific contexts it is preferentially initiated. This context is important for
diseases like Huntingtin, where large CAG expansions induce Repeat-Associated Non-AUG (RAN)
translation initiation, which leads to a progression of the disease. By imaging and quantifying these
events in a live cell, in combination with computational modeling, we could better predict non-AUG
translation initiation events on any transcript.

Ribosomal shunting is a recently observed translational phenomenon whereby ribosomes trans-
late a small upstream open reading frame (UORF) and terminate near a large structured region.
This large structured region is bypassed by ribosomes that terminate at the uORF and subsequently
"shunt" onto a canonical start site downstream of the large structured region [149]. Shunting has
been shown to be used by mammalian genes and viruses, such as human papillomavirus. Due to the
complexity of the large structured region, ribosomal shunts are thought to be regulated by many
trans-acting factors [150]. A question still unknown is what trans-acting factors help stimulate
this process in the viral and cellular contexts. A multi-color NCT approach to understand this
mechanism further could be achieved by encoding small epitope tags in both the uORF and the
downstream coding sequence. This would not only allow the visualization of ribosomal shunting,
but provide a way to perform immunoprecipitations of the upstream and downstream ribosomes
and thereby reveal the trans-acting factors involved in either the cellular or viral processes. This
would also help guide biotechnological and pharmaceutical applications or shunting. Dissecting

the translational mechanisms involved in shunting would help the general understanding for stress
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induced genes and help reveal alternative treatments for viruses that employ this mechanism, such
as human papillomavirus.

Finally, one highly debated topic that NCT could be applied to is the study of nuclear translation.
Ribosomes are large ribonucleoproteins, made up of RNA and proteins, that assemble in the
nucleolus, a dense region in the nucleus where rRNA is transcribed. The active form of the ribosome
is thought to be present in the cytoplasm, where the bulk of translational co-factors are found and
where the maturation steps of the ribosome exclusively occur [151]. However, because the ribosome
is made up of RNA and proteins, it is easy to imagine that some ribosomal proteins may need to
be co-translationally folded with rRNA during ribosome biogenesis. Co-translational folding and
assembly has been shown for many other large proteins [152] and could be potentially the case for
the ribosome. If true, some ribosomal proteins may harbour zipcodes in the untranslated region
(UTR) which direct them to the nucleolus. Zipcodes are unique structured RNA sequences that are
bound by proteins that shuttle the RNA to a specific site in the cell, a well studied example being
the beta-actin zipcode [153]. To test this, different 3 UTRs of ribosomal proteins could be inserted
into the 3° UTR of a NCT reporter mRNA. Nuclear translation could then be confirmed by using a
multi-color approach of marking a clear nuclear boundary, an mRNA of interest, and the nascent
peptides of elongating ribosomes. This could reveal a unique zipcode structure or sequence needed
to bring mRNA to the nucleolus for translation. The dynamics of this process would likely differ
from their cytosolic counterparts in mobility and kinetics due to the the density of the nucleolus and
limited translation factors, respectively.

Other theories for nuclear translation involve non-sense mediated decay (NMD) and immuno-
surveillance. NMD is used for detection of mRNAs which have a premature stop codon. Briefly,
splicing machinery present at sites of splicing on a nascent mRNA are "knocked-off" by the first
successful round of translation. If splicing machinery is not removed upon the first round of
translation, then the mRNA is shuttled to the NMD pathway, where it is ultimately degraded [154].
There are studies that suggest the initial round of translation, which removes splicing machinery on

nascent mRNA, occurs in the nucleus [155-157]. Likewise, another plausible argument for nuclear
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translation is in the context of immunosurveillance, which involves specialized ribosomes referred
to as "immunoribosomes," which are localized in the nucleus. Immunoribosomes translate short
defective ribosomal products (DRiPs), from either exonic or intronic RNA, and then transfer the
DRiPs to MHC class I molecules that are involved in displaying the DRiPs on the cell surface to
enable T cell immunosurveillance [158]. To test this, a multi-color construct encoded with one
repeated epitope within an exon and another distinct repeated epitope within an intron would need
to be used. With such a construct, if an immunoribosome does exist, then it would result in intronic
translation events occurring exclusively within the nucleus, while the exonic translation events
would be found more often in the cytosol. This result would be interesting as it would support the
idea that there may be sub-classes of ribosomes that are not as processive as cytosolic counterparts.

Another strategy to test if nuclear translation can even occur would be to tether canonically
capped mRNA in the nucleus. Tethering mRNA in the nucleus could be done using the LambdaN-
BoxB system. This is done by encoding BoxB stem-loops into the 3’ UTR, along with MS2
stem-loops for visualization. In combination with a histone-LambdaN fusion, newly translated
mRNAs with the BoxB stem-loops would bind histone-LambdaN in the nucleus and thereby be
captured before nuclear export. NCT on this construct would allow one to directly visualize whether
or not mRNA tethered within the nucleus are still translating. If so, this could shed insight into the
kinetics of immunoribosomes.

In summary, as illustrated here, NCT has many potential applications that will shed light on
canonical and non-canonical translation. It should therefore become a powerful tool for dissecting

complex RNA regulatory dynamics in a variety of important contexts.
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Appendix A
Real-time Quantification of Single RNA Translation

Dynamics in Living Cells

The following appendix chapter is based off of work where I was a co-author. *

A.1 Developing a method to visualize translation

To allow for the study of translation at the single-RNA level in real-time with fluorescence
microscopy, we developed a system based on bright photostable small-molecule dyes, antibody-
based probes, and multi-epitope protein tags. First, a plasmid encoding the large nuclear protein
KDMS5B, N-terminally tagged with a 10x FLAG tag (refer to as the spaghetti monster, SM) [48]
and containing a 24x MS2 tag [27] in the 3’ untranslated region (UTR) (Figure A.1A), was
created to validate this system. The idea was that nascently translated FLAG SM tag permits
high avidity for binding of fluorescently labeled fragments of antibody to FLAG (anti-FLAG Fab),
whereas the MS2 stem-loop repeats allowed visualization of RNA with labeled MS2 coat protein
(MCP) [48,49] (Figure A.1B). Transient transfection of this plasmid was done into U-2 OS cells that
were subsequently bead-loaded with Cy3-labeled anti-FLLAG Fab and Halo-tagged MCP [labeled
with the far-red JF646 fluorophore [72]. Twenty-four hours after transfection, MCP marked RNA in
the cytoplasm and Fab marked KDMS5B in the nucleus, suggesting that neither the FLAG SM tag nor
the presence of Fab interfered with RNA and KDMS5B production and localization (Figure A.1C).
To determine if Fab could mark nascently translated FLAG SM-tagged KDMS5B, we imaged ~6

hours after transfection. At this time, Fab was diffuse suggesting that very little KDMS5B had been

4The following appendix chapter is based on the following work [37], of which I was a co-author, with the following
author contributions: T.M. and T.J.S. planned, analyzed, and carried out all experiments except for microinjections.
T.J.S., TM., and K.L. wrote the manuscript. K.L. helped with plasmid construction and transfections, cell culture,
analysis, Western blotting, and figures. K.F.D. and J.G.D. performed microinjections. B.P.E. provided guidance for
the multicolor single-molecule microscopy. Z.Z. purified Halo-MCP. L.L.L. and S.V. provided HA and FLAG SM
constructs. L.D.L. and J.B.G. provided fluorophores. T.L. provided help with experimental design. See Appendix D for
permission of use.
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synthesized (Figure A.1D). Fab also colocalized and co-moved with many MCP-labeled RNAs in the
cytoplasm (Figure A.1D and E). These co-moving spots displayed RNA-like diffusivity, were stably
persisting for >2 hours and were present in the cytoplasm of cells that were both transfected with
FLAG SM-tagged KDM5B and bead-loaded with Fab. To confirm if these co-moving protein-RNA
spots were bona fide translation sites we treated cells with 50 pg/mL of puromycin, an inhibitor
of translation that releases nascent chains from ribosomes [159]. Within minutes of drug addition,
the number of co-moving spots decreased rapidly (Figure A.1F and G). By tracking the co-moving
spots, we could see the disappearance of Fab-labeled protein, despite the persistence of the RNA
(Figure A.1F and G).

KDMS5B has a large coding region (1544 codons or amino acids) allowing more ribosomes to
occupy the transcript and amplify the nascent chain signal, therefore translation should be relatively
easy to detect. To test whether we could detect translation of smaller transcripts encoding smaller
proteins, we constructed two plasmids (Figure A.2A) encoding either S-actin (374 amino acids)
or the core histone H2B (125 amino acids). As with KDM5B, neither the FLAG SM tag nor Fab
disturbed the localization of these proteins (Figure A.2B and C). Furthermore, we could again
observe translation sites ~6 hours after transient transfection (Figure A.2D), indicating that this
system is useful for visualizing translation of protein coding genes of varying sizes with fluorescence

microscopy.

A.2 Biophysical characteristics of translation

To better understand the dynamics and biophysical characteristics of these single translation
sites we tracked them using a technique we refer to as nascent chain tracking (NCT). NCT is
based on a custom written Mathematica code, more details can be found in B.3.6. With NCT, we
followed individual H2B, -actin, and KDMS5B translation sites for thousands of seconds in full
cell volumes (300 timepoints x 2 colors x 13 z planes = 7800 images per movie). We lowered
laser powers to focus exclusively on translation sites rather than on fully translated single protein

products (which can interfere with tracking). As shown in the inset of Figure A.2D, this allowed us
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Figure A.1: A system for imaging single RNA translation kinetics. (A) Plasmid encodes KDM5B with an
N-terminal 10x FLAG SM tag followed by a 24x MS2 tag in the 3’ UTR (aa, amino acids). (B) Schematic of
the system. RNA (red) is marked by MCP (labeled with JF646) that binds to repeated MS2 stem loops in the
3’ UTR; protein (green) is labeled by Fab (conjugated to Cy3) that binds to peptide epitopes in the N terminus.
(C) A deconvolved image showing that the FLAG SM-tagged KDMS5B protein ('SM-KDMS5B’) localizes
to the nucleus, whereas its mRNA localizes to the cytoplasm 24 hours after transfection and bead-loading
with Fab and MCP. (D) Six hours after transfection, FLAG SM-tagged KDM5B colocalizes with mRNA
in punctae (arrows). (E) Example co-movement of FLAG SM-tagged KDMS5B and mRNA punctae circled
in yellow in (D). (F) Addition of puromycin (50 pg/ml) leads to a loss of the FLAG SM-tagged KDM5B
signal in punctae; this does not occur in control cells loaded with vehicle. (G) Quantification of the loss of
the FLAG SM-tagged KDMS5B signal from punctae (lower green curve) in a single cell as a function of time
after addition of puromycin (which takes effect at O s), compared with the signal from a control cell (upper
gray curve). Curves are normalized to pre-puromycin levels. Scale bars, 10 ym. Taken from [37]. K. Lyon
contributed to the quantification of Figure A.1G
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Figure A.2: Biophysical characteristics of canonical translation sites. (A) Plasmids encoding [S-actin
(SM-$-actin) and H2B (SM-H2B), analogous to the FLAG SM-tagged KDM5B construct in Figure A.1A. (B
and C) Deconvolved images showing that SM-$3-actin [(B), green] and SM-H2B [(C), green] localize to the
cytoplasm and nucleus, respectively, whereas their RNAs (red) both localize to the cytoplasm 24 hours after
transfection and bead-loading with Fab and MCP. (D) Six hours after transfection, SM-{-actin translation
sites can be seen (arrows) and tracked (yellow circle and inset). (E and F) Quantification of the frequency
(E) and intensity (F) of translation sites. Normalization to the number of ribosomes is shown on the right
axis in (F) (a.u., arbitrary units). (G) Measured mean squared displacements (MSD) of tracked polysomes
as a function of time. (H) Histograms of the Gaussian fit distances between RNA and protein in tracked
polysomes. Error bars show S.E.M. Scale bars, 10 um. Taken from [37]. K. Lyon prepared reagents, cloned
constructs, and performed experiments contributing to Figure A.2C-H.
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to accurately compare (i) the appearance frequency and brightness, (ii) the mobility, and (iii) the
size of polysomes at translation sites. Of these parameters, frequency and brightness varied the
most, tending to increase with construct length. We detected the translation of 86 4- 2% of KDMS5B
RNA but just 19 4 4% of [-actin RNA and 4 + 1% of H2B RNA (error, S.E.M.) (Figure A.2E).
Furthermore, KDMS5B translation sites, as marked by Fab, were over 1.5 times as bright as 3-actin
sites, which themselves were nearly 1.5 times as bright as H2B sites (Figure A.2F).

This difference of brightness at translation sites was most likely due to a difference in the number
of nascent peptide chains per RNA (interpreted as number of ribosomes per RNA), as would be the
case for larger polysomes on larger transcripts [160]. To determine the number of nascent chains
that exist per site, we calibrated fluorescence by imaging a new [-actin plasmid containing a single
1x FLAG tag rather than the 10x FLAG SM tag (Figure A.3A). With this plasmid, only one Fab
can be bound per peptide chain, allowing a direct comparison between translation site fluorescence
and single Fab fluorescence. By imaging cells transfected with this plasmid at high laser powers,
both single Fabs and translation sites could be detected and tracked (Figure A.3B and C), revealing
translation sites to be on average 3.1 = 0.5 times as bright as single Fabs (Figure A.3D). Therefore,
we estimated 3.1 4+ 0.5 nascent peptide chains per S-actin translation site, 2.1 + 0.4 per H2B site,
and 5.1 = 0.9 per KDM35B site (Figure A.2F, right axis). Combining these data and assuming one
ribosome per nascent chain, we conclude that detected canonical translation sites can contain as few
as one ribosome every 900 RNA bases or as many as one ribosome every 200 RNA bases.

In addition to differences in their brightness, NCT also exposed differences in the mobility of
translation sites. We quantified this by measuring the mean squared displacement (MSD) of tracked
translation sites as a function of time. For the nuclear proteins H2B and KDMS5B, mobility was
modeled well by diffusion. Not only did MSD increase linearly with time for at least 20 s, the
H2B translation sites with less ribosomes and smaller transcript size moved significantly faster than
KDMS3B translation sites that had more ribosomes and a larger transcript length (Figure A.2G). In
contrast, 3-actin translation sites displayed constrained diffusion, with jump sizes that were initially

between those of KDMS5B and H2B (consistent with ribosomal number and transcript length) but,
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Figure A.3: Calibrating fluorescence intensity for experiments in Figure A.2F. (A) Schematic showing
a 1x FLAG tag construct (bottom) designed to estimate the number of ribosomes (gray circles) per polysome
since only one Fab (green *Y’ shapes) can bind per ribosome. This provides a lower-bound estimate for
the number of ribosomes because the single FLAG sites may not be saturated by Fab. (B) When the 1x
FLAG plasmid is transfected into cells bead-loaded with MCP (red, for labeling mRNA) and Fab (green, for
labeling the 1x FLAG tag) and imaged at high laser powers, single Fab could be seen alongside polysomes
(marked by arrows). (C) A representative time series showing the intensity of a single detected Fab through
time. This time series shows the location of the spot prior to the single Fab appearing (frame ~70) and after
the Fab photobleached in one step (frame ~78), indicating a single fluorophore. The height of the signal
above background was used to calculate the average single Fab intensity. Bottom are images of the single
Fab fluorescence shown in the time series. (D) The average single Fab intensity (white bar) compared to
polysome intensity (gray bar) reveals approximately 3.1 4 0.5 Fab per 8-actin polysome, indicating 3.1 +
0.5 ribosomes per polysome. Data are normalized to signal from single Fab. Error bars show S.E.M. Scale
bar, 10 pm. Taken from [37]. K. Lyon contributed to the quantification of Figure A.3B-D.
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ultimately lagged behind both at longer times. This constrained movement of 3-actin could be due
to interactions with cytoplasmic binding partners (other 3-actin proteins or chaperones). Despite
these trends, there was substantial variability in mobility between RNA, sometimes rapidly moving
KDMS5B translation sites (up to 6 zm?/s) and nearly immobile H2B translation sites (~0.01 gm?/s.
This made it nearly impossible to identify a translated RNA based on mobility alone, implying that
the translation machinery only weakly alters RNA movement in our system. Unlike their brightness
and mobility, the size of polysomes at translation sites was less variable between constructs. To
quantify sizes, we measured the distance between the 3’ UTR of polysomal RNA (labeled with
MCP) and the nascent peptide chains (labeled with Fab). The fluorescence from polysomes was
within diffraction-limited spots, so we determined their mean positions with super resolution by
using Gaussian fitting. According to hairpin models of polysome organization [161], this distance
should grow as the length of the RNA unwinds, presumably while being translated. Instead, we
found that the distance was shortest in KDMS5B polysomes, typically around 65 nm, compared
with 85 nm for H2B and 105 nm for S-actin (Figure A.2H). This suggests that the polysomes that
we imaged at translation sites are organized in a globular shape rather than an elongated shape,

consistent with recent atomic force microscopy images [162].

A.3 Quantifying translation site Kinetics

Having measured the basic biophysical properties of translation sites, we next focused on
translation kinetics. In particular, we wondered how the number of ribosomes at translation sites is
controlled. This number reflects a balance between incoming and out going ribosomes and therefore
depends on the ribosome elongation rate. One way to non-invasively estimate this rate is to examine
the correlation of fluctuations in NCT data by means of fluorescence correlation spectroscopy
(FCS), similar to how transcription elongation rates have been measured by using MS2 fluorescence
fluctuations [163]. However, if Fabs bind nascent chains on the time scale of the elongation times
their dynamics would contribute to the fluctuations and would distort the FCS measurements. To

ensure this was not the case, we measured how quickly Fabs bind nascent chains by microinjecting
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them into cells transfected 6 hours prior with our KDMS5B construct and preloaded with MCP. Just
3 s after microinjection (as soon as we could image), many translation sites were labeled by Fab,
implying that the binding time is less than 3 s (Figure A.4A and B). To measure the lifetime of Fab
binding, we performed fluorescence recovery after photobleaching (FRAP) experiments in cells
transfected with the H2B construct and bead-loaded with Fab and MCP 24 hours prior. We chose
H2B, because it is known to remain bound for hours [164, 165], so any fluorescence recovery on
the time scale of minutes would be exclusively due to Fab turnover. As Figure A.4C shows, there
was little FRAP recovery in 4 min, implying that most Fabs are bound much longer. These binding
kinetics (Figure A.4D) make Fabs ideal tools for measuring translation elongation times on time
scales ranging from ~10 s to ~5 min.

Knowing the limits of Fab, we analyzed the fluorescence fluctuations of translation sites by
extracting their intensity time series from NCT tracking data. We began with KDMS5B translation
sites, because these were the brightest and most numerous. The intensity of translation sites
fluctuated with time (Figure A.4E), reflecting changes in the number of elongating ribosomes. From
each intensity time series, the correlation curve was computed, details found in B.1.10, and averaged
these together. There was significant heterogeneity among RNAs, but the average correlation curve
revealed a clear linear drop to zero at 149 £ 20 s (Figure A.4F). In direct analogy to transcription
correlation analyses [163], the time at which the correlation is zero marks the total elongation
dwell time. To confirm this, we treated cells with 100 pg/ml of cycloheximide to stall translation.
As expected, the correlation disappeared (Figure A.5). To corroborate these measurements, we
performed FRAP on KDMS5B translation sites. We intentionally photobleached a large section of
the cytoplasm, where many translation sites were present (Figure A.6). By tuning the powers of the
photobleaching laser, we could selectively photobleach just the Fab, leaving the RNA signals. This
allowed us to monitor the fluorescence recovery of the relatively slower-moving translation sites.
On average, translation sites recovered 80 to 90% of their fluorescence in 125 to 180 s, although
there was again significant heterogeneity among RNAs, just as with FCS. Nevertheless, the average

recovery time was on the same time scale as the FCS measurements. Given this consistency, we
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Figure A.4: Quantifying the kinetics of tracked translation sites. (A) Sample cell transfected with FLAG
SM-tagged KDM5B and loaded with MCP before Fab microinjection. Many RNAs (red) can be seen. Their
fluorescence does not bleed into the green channel (inset). (B) Three seconds after microinjection, Fabs
(green) co-localize with mRNAs (arrows and inset). The site of microinjection can be seen on the right
(bright green smear). (C) Sample FRAP experiment on a cell transfected with SM-H2B and bead-loaded with
MCP and Fab 24 hours earlier. There is little recovery in 200 s (lower curve; int., intensity). Error bars show
S.E.M. (D) A cartoon of results from (A) to (C) showing fast on rates and slow off rates for Fab (green Y’
shapes) binding to SM epitopes (triangles) as they emerge from a ribosome (circle) translating RNA (thick
line). (E) The intensity of a tracked FLAG SM-tagged KDMS5B translation site (yellow circle and inset) can
be measured as a function of time. The cartoon below shows how movement of ribosomes along RNA and
the emergence of elongating peptide chains can produce intensity fluctuations at the indicated times t1, t2,and
t3 (AAA, poly-A tail). (F) The average correlation curves calculated from intensity fluctuation data for each
construct (error bars show S.E.M.; G, autocorrelation function). The time at which the correlation hits zero
can be obtained from fits (dashed lines) to estimate the elongation dwell time. (G) Calculated elongation
rates (amino acids per second) from fits in (F) (error bars show 95% confidence intervals). Scale bars, 10 pm.
Taken from [37]. K. Lyon prepared reagents, performed experiments, and contributed to the quantification of
Figure A.4A-D.
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next performed FCS on the shorter $-actin and H2B constructs. Again, the correlation curves were
linear and went to zero at distinct elongation dwell times. As expected, the dwell times decreased
with transcript length, being 32 + 9 s for (-actin and just 16 £ 7 s for H2B (Figure A.4F, lower
panels). Importantly, for all constructs, the correlation remained zero at times greater than the dwell
time. This implies that initiation is random, so there is no memory between initiation events, similar
to transcription initiation [163] and in contrast to bursting [166, 167]. To calculate the elongation
rate, we divided the length of the encoded protein by the elongation dwell time of each construct.
The calculated rates were all within error (Figure A.4G), yielding a single consistent elongation
rate of 10 4 2.3 amino acids/s, which is fairly close to what has been measured for genome-wide
ribosomal profiling (5.6 amino acids/s) [21,22]. The difference could be due to differences in RNA

codon usage of these specific transcripts [45].
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Autocorrelation of experimental data
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Figure A.5: Loss of correlation after treatment with cycloheximide. Cells expressing SM-KDM5B were
treated with 100 pg/ml cycloheximide to stall elongation. This resulted in a loss in the autocorrelation seen in
Figure A .4F. Taken from [37]. T. Morisaki designed experiments, performed experiments, and analyses for
Figure A.5

With a consistent elongation rate, we can unify these observations. First, assuming KDMS5B
elongation occurs at 10 £ 2.3 amino acids/s, a new ribosome would have to initiate on average

every 30 £ 9 s to maintain the measured 5.1 + 0.9 ribosomes per translation site.

A.4 Translation sites can form multi-RNA sites

One advantage of using Fab to mark translation sites is the large number of high-affinity antibod-
ies for multi-color applications. To demonstrate this, we generated new Fabs from hemagglutinin
(HA) antibodies and labeled these with Alexa488 (A488) dye. In parallel, we engineered a new
KDMSB construct with a 10x HA SM tag (HA-KDM5B) [48] to complement FLAG SM-tagged
KDMS5B (hereafter, FLAG-KDMS5B), as shown in Figure A.7A. As a first application of this tech-
nology, we wanted to test whether translation sites can interact with each other to form higher-order
structures that can translate two distinct RNAs at the same time. For this, we cotransfected cells

with HA- and FLAG-KDM5B and bead-loaded them with MCP and anti-HA and anti-FLAG Fab.
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Figure A.6: Fluorescence recovery after photobleach of SM-KDMS5B translation sites. (A) Cartoon
depicting a FRAP experiment on SM-KDMS5B. Initially Fab (green Y’ shapes) fully label the nascent chains
emerging from the ribosomes (gray circles) that make up the translation site (RNA shown as thicker line).
Upon photobleaching, translation site fluorescence only recovers to its original value when photobleached
ribosomes are replaced by newly initiated ribosomes. (B) A sample FRAP experiment in cells transiently
transfected with SM-KDMS5B and bead-loaded with MCP (red) and Fab (green) 6 hours earlier. The FRAP
laser power was adjusted to only bleach the Fab. The image on the left shows the cell before FRAP. The
middle image shows the cell immediately after photobleaching the area enclosed by the yellow box. The
right frame shows the cell 200 seconds after FRAP. Insets are zoomed images of the polysome within the
indicated white box. Although the Fab fluorescence photobleached, it recovered within 200 seconds. (C)
Quantification of FRAP experiments like the one shown in B. The fitted 80% and 90% recovery times are
shown (tg0 and £90 dashed lines). The polysome fluorescence recovery was normalized to the intensity of an
unbleached translation site in the same cell (dark gray curves in the examples in the inset). Depending on
the polysome, recoveries could be somewhat variable, as demonstrated by the faster (left) and slower (right)
recoveries in the inset. Error bars represent S.E.M. Scale bar, 10 pm. Taken from [37]. T. Morisaki designed
experiments, performed experiments, and analyses for Figure A.6
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As anticipated, cotransfected cells contained two types of translation sites in equal fractions (Fig-
ure A.7B-E), one type labeled by anti-HA Fab (HA-KDMS5B), and the other labeled by anti-FLAG
Fab (FLAG-KDMS5B) (Figure A.7B). For the most part, there was little interaction between the two,
providing direct evidence that the vast majority of KDMS5B translation sites act independently of one
another. However, a small fraction (~5%) of KDMS5B translation sites formed complexes that co-
moved for hundreds of seconds (Figure A.7C and D) and that produced both HA- and FLAG-tagged
nascent peptide chains. By measuring the distance between the nascent HA and FLAG chains, we
found the complexes to be roughly twice the size of a single translation site polysome (Figure A.7F),
suggesting that the component translation sites remain compartmentalized. These complexes could
reflect a general strategy to assemble higher-order complexes co-translationally [41] or co-regulate

the expression of two genes.
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Figure A.7: Canonical translation sites can associate. (A) Complementary plasmids for imaging the
translation of FLAG-KDMS5B (green) and HA-KDMS5B (blue). (B) Sample tracks from a cell expressing
FLAG- and HA-KDMS5B that was bead-loaded 3 hours earlier with MCP and anti-FLAG and anti-HA Fab.
A translation site (circled) harboring both FLAG- and HA-KDMS5B translation sites is tracked in (C). (D)
The fluorescence from the spot in (C) (cropped and centered on mRNA) shows strong spatial overlap of
FLAG- and HA-KDMS5B. (E) The percentage of FLAG- and HA- KDMS5B RNA single translation sites and
the percentage of RNA in multi-RNA site. Error bars show S.E.M. (F) The Gaussian fit distance between
the colocalized FLAG- and HA-KDMS5B in the circled spot in (B) as a function of time. The distribution
of these distances is shown on the right. It peaks at ~130 nm, twice the distance reported in Figure A.2H
between KDM5B nascent chains and RNA in a single translation site (~65 nm, dashed line). Taken from [37].
K. Lyon prepared HA and FLAG Fab reagents contributing to Figure A.7B-F.
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Appendix B

Experimental Material and Methods

B.1 Methods For Appendix A

B.1.1 Plasmid construction

The coding region of the spaghetti monster 10X FLAG-tag (SM) [48] was obtained by poly-
merase chain reaction (PCR) of a pCAG_mRuby2_smFP_FLAG (#59760, Addgene; mRuby2-
based) template, using the following primers: 5’-GAG GAG GAG GCG GCC GCC ACC ATG GAC
TAC AAG GAC GAC GAC GAC AAA GG-37; 5°’-CTC CTC CTC CTG CAG TGA ACC TCCTCC
ACC TGA TCC ACC GCC TCC CTT ATC ATC ATC ATC CTT GTA ATC C-3’. The PCR product
was flanked by Notl and Pstl, and fused to the N terminal of beta-actin followed by the beta-actin
zipcode and 24 MS?2 stem loops in the 3’ UTR [26] to obtain SM-beta-actin. The beta-actin coding
region of SM-beta-actin was then digested out with Pstl and Nhel to construct SM-KDMS5B and
SM-H2B. For SM-KDMS5B construction, the following oligo DNAs were annealed and inserted
between Pstl and Nhel of digested SM-beta-actin to introduce AsiSI and Pmel sites: 5°-GGC GAT
CGC CAT GGC CGT TTA AAC G-37; 5’-CTA GCG TTT AAA CGG CCA TGG CGA TCG CCT
GCA-3’. This product was then digested with AsiSI and Pmel, and replaced by the coding sequence
of KDMS5B acquired by digesting pFN21AAE9635 (Kazusa DNA Res. Inst.) with AsiSI and Pmel.
For SM-H2B construction, the H2B coding region was PCR amplified from GFP-H2B (#11680,
Addgene) using the following primers: 5’-GGG GCG GCC GCC ACC ATG CTG CAG CCA GAG
CCA GCG AAG TCT GCT CCC G-3’; 5°-GGG GCT AGC CTA CAT ATG CTT AGC GCT GGT
GTA CTT GGT GAT GGC CT-3’. The PCR product was flanked by Pstl and Nhel, and inserted
between Pstl and Nhel of digested SM-beta-actin. HA-KDMSB was constructed via HA-beta-actin
because of the availability of unique restriction enzyme sites. To obtain HA-beta-actin, the coding
region of spaghetti monster 10X HA-tag was PCR amplified from pCAG_smFP_HA (#59759,
Addgene, GFP-based) using the following primers: 5’-GGT TCG GCT TCT GGC GTG TGA
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CC-3"; 5’-CTC CTC CTC CTG CAG TGA ACC TCC TCC ACC TGA TCC ACC GCC TCC AGC
GTA GTC CGG GAC ATC GTA CGG GTA ACC G-3’ and replaced into the coding region of 10X
FLAG-tag of SM-beta-actin by using Notl and Pstl. The beta-actin coding region was then replaced
with the KDMS5B coding region to construct HA-KDMS5B following the same manner described

above.

B.1.2 Fab generation and dye conjugation

Pierce mouse IgG1 preparation kit (Thermo Scientific) was used to generate Fab according
to the manufacturer’s instruction. Briefly, immobilized ficin in the presence of 25 mM cysteine
was used to digest FLAG (Wako, 012-22384 Anti DYKDDDDK mouse IgG2b monoclonal) and
HA (Sigma-Aldrich, H3663 HA-7 mouse IgG1 monoclonal; required clean-up with NAb Protein
A column (Thermo Scientific)) antibodies to create Fab. Fab were separated from the Fc region
using NAD Protein A column. After elution Fab were concentrated to 1 mg/ml and conjugated to
either Alexa Fluor 488 (Alexa488) or Cy3. Alexa488 tetrafluorophenyl ester (Invitrogen) or Cy3
N-hydroxysuccinimide ester (Invitrogen) were dissolved in DMSO and stored at -20 °C. 100 ug of
Fab were diluted into 100 p1 of 100 mM NaHCO3 (pH 8.5). 1.33 ul of Cy3 or 5.33 ul Alexa488 was
added to this solution and incubated with end-over-end rotation for 1-2 hours at room 2 temperature.
The conjugated Fab were then eluted from a PBS pre-equilibrated PD-mini G-25 desalting column
(GE Healthcare) that removed unconjugated dye. Conjugated Fabs were then concentrated using an
Ultrafree 0.5 filter (10k-cut off; Millipore) to 1 mg/ml. The Fab to dye ratio was calculated using
the absorbance at 280 and 495 or 550 nm, and using the extinction coefficient of Fab with the dye
correction factor at 280 nm provided by the manufacturers (0.11 or 0.08 for Alexa488 and Cy3,
respectively). The degree of labeling was calculated using the following formula:

DOL = (Cezztein ) ! ) (B.1)

€dye (Aratio,measured*CF)_l

Only Fab with DOL of ~1 were used in experiments.
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B.1.3 MCEP purification

His-tagged MCP was purified with Ni-NTA-agarose (Qiagen) following the manufacturer’s
instructions with minor modifications. Briefly, the bacteria were lysed in a PBS-based buffer
containing a complete set of protease inhibitors (Roche), binding to the Ni-NTA resin was carried
out in the presence of 10 mM imidazole. After washing with 20 and 50 mM imidazole in PBS, the
protein was eluted with 300 mM imidazole in PBS, and directly used for experiments. The rest was
dialyzed against a HEPES-based buffer (10% glycerol, 25 mM HEPES pH 7.9, 12.5 mM MgCl.,
100 mM KCI, 0.1 mM EDTA, 0.01 % NP-40 detergent, and 1 mM DTT) and stored at -80 °C after

snapfreezing by liquid nitrogen.

B.1.4 Cell culture, transfection, and bead-loading

U-2 OS cells were grown in DMEM (Thermo Scientific) supplemented with 10% (v/v) FBS,
1 mM L-glutamine and 1% (v/v) Penicillin-streptomycin. Prior to experiments, cells were plated
into a 35 mm MatTek chamber (MatTek) and transiently transfected using Lipofectamine 3000
(Thermo Scientific) according to the manufacturer’s instructions. 2-3 hours after transfection, cells
were bead-loaded with fluorescently labeled Fab and purified MCP-HaloTag protein as previously
described [119, 127]. Briefly, 100 pg/ml of fluorescently labeled Fab and 33 pg/ml of purified
MCP-HaloTag protein were prepared in 4 ul of PBS. After removing DMEM, this 4 ul solution
was pipetted on top of the cells and ~106 um glass beads (Sigma Aldrich) were then evenly
distributed over the cells. The chamber was then tapped firmly 6 times, and DMEM was added
back to the cells. 2 hours after bead-loading, the cells were washed three times with phenol-red-free
complete DMEM to remove glass beads, and 200 nM of JF646-HaloTag ligand (a cell permeable
fluorogenic ligand [72]) was added to label MCP-HaloTag protein. After 30 min of incubation, the
cells were washed three times with phenol-red-free complete DMEM to remove the unliganded
fluorophores. Cells were immediately imaged for translation experiments, whereas cells were
incubated an additional 18 hours before imaging for testing localization of constructs and SM-H2B

FRAP experiments.
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B.1.5 Single molecule tracking microscopy

To track single molecule mRNA translation events, we used a custom-built widefield fluores-
cence microscope with a highly inclined illumination scheme [168] based on a previously described
design [169]. Briefly, the excitation beams, 488, 561 and 637 nm solid-state lasers (Vortran), were
coupled and focused on the back focal plane of the objective (60X, NA 1.49 oil immersion objective,
Olympus). The emission signals were split by an imaging grade, ultra-flat dichroic mirror (T6601pxr,
Chroma) and detected by two aligned EM-CCD (iXon Ultra 888, Andor) cameras by focusing
with 300 mm tube lenses (this lens combination produces 100X images with 130 nm/pixel). Live
cells were placed into a custom-built incubation chamber at 37 °C and 5% CO2 on a piezoelectric
stage (PZU-2150, Applied Scientific Instrumentation). The focus was maintained with the CRISP
Autofocus System (CRISP-890, Applied Scientific Instrumentation). The lasers, the cameras, and
the piezoelectric stage were synchronized by an Arduino UNO board (Arduino). Image acquisition
was performed using open source Micro-Manager software [170]. For two-color single molecule
tracking, the far-red signal from mRNA visualized with MCP-Halo-JF646 and the red signal from
elongating protein visualized with Cy3-FLAG-Fab were simultaneously imaged by the two cameras
without any time delay. Note that all colors we describe in the text and we show in the figures are
based on the color of excitation lasers, namely mRNA in red (JF646) and protein in green (Cy3).
Imaging size was set to 512 x 512 pixels? (66.6 x 66.6 um?), and exposure time was selected as
53.64 msec. The readout time of the cameras from the combination of our imaging size and the
vertical shift speed we selected was 23.36 msec, resulting in our imaging rate of 13 Hz (70 msec
per image). The excitation laser lines were digitally synched such that they illuminate the cells
only when the camera is exposing in order to avoid any excess observational photobleaching. To
capture the whole thickness of the cytoplasm of U20S cells, 13 z-stack of step size 500 nm (6 pm
in total) were imaged using the piezoelectric stage, resulting in our total cellular imaging rate of
1 Hz (1 sec per volume). Laser power was set to 160 W and 340 W at the back focal plane of
the objective for 561 nm and 637 nm, respectively, throughout experiments. With this relatively

weaker laser power setting, only signal from more than one SM could be detected which allowed us
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to (1) avoid detecting already translated single protein products, (2) image only polysomes, and (3)
reduce excess observational photobleaching. For single-FLAG experiments were performed with
1.5 mW of 561 nm to visualize single fluorophore molecules. KDMS5B fluorescence correlation
spectroscopy (FCS) experiments were carried out with 50 W and 170 4W of 561 nm and 637 nm,
respectively (this was possible because KDMS5B polysomes are relatively bright).

For three-color experiments, the far-red signal of mRNA was imaged on one camera, and the red
and the green signal of proteins visualized by Cy3-FLAG-Fab and Alexa488-HA-Fab, respectively,
were imaged on the other camera. Note again that all colors described in the text and figures are
based on the color of excitation lasers as mentioned above, namely mRNA in red (JF646), FLAG-
protein in green (Cy3), and HA-protein in blue (Alexa488). Image acquisitions were performed
with the same conditions described above, except that an additional 70 W of 488 nm laser was
used to excite Alexa488, and that Cy3 and Alexa488 signals were imaged alternatively. For this, the
piezoelectric stage was moved to the next position every 2 images (Cy3 and Alexa488), resulting in
our imaging rate of 0.5 Hz (2 sec per volume in 3 color). With these settings, there was only a 77

msec time delay between the alternating Cy3 and Alexa488 image acquisitions.

B.1.6 Particle tracking

Collected images were first pre-processed with Fiji [171]. Briefly, the 3D images were projected
to 2D images by a maximum intensity projection, background subtracted, and corrected for obser-
vational photobleaching (using the built-in Bleach Correction tool). Pre-processed images were
then analyzed by a custom-written Mathematica (Wolfram Research) routine to detect and track
particles. Specifically, 3-frame rolling average movies were created and the averaged images were
processed with a band-pass filter to accentuate particles so their positions could be detected using
an appropriate threshold intensity value. Detected particles were linked through time by allowing a
maximum displacement between consecutive frames of 3 pixels corresponding to 390 nm in length.
Tracks lasting at least 25 seconds were selected and the precise coordinates and intensity of each

particle were determined by fitting (using the built-in Mathematica routine NonlinearModelFit) the
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original, pre-processed images to 2D Gaussians of the following form:

Cx=x)? v-y)?

I(x,y) = Ipg + L 7~ 7 (B.2)

where Ip¢ is the background fluorescence, I the particle intensity, and (g, yo) the particle
location. For fitting, o and o, were fixed at o = oy, = 1.5 pixels (195 nm), values determined
by fitting diffraction limited spots acquired from images of 200 nm diameter beads (Tetraspeck,
Molecular Probes/Thermo-Fisher) taken with the same imaging conditions. Fitted parameters
were saved for each track for further analysis, along with 95% confidence intervals of the fitted
parameters. The offset between the two cameras was registered using the built-in Mathematica
routine FindGeometricTransform to find the transform function that best aligned the fitted positions
of 200 nm diameter Tetraspeck beads evenly spread out across the image field-of-view. Note that we
did not register the images, but only the fitted positions in order to avoid introducing any distortion
into images. This is why a slight offset can be observed between the red and the green particles
even though they are supposed to be in the same diffraction limited spots from our calculations. The
only exceptions being the mRNA-centered cropped images showing particles in Figure A.1F and

Figure A.7D, where the protein image has been corrected by the transformation function.

B.1.7 Puromycin treatment

Cells transiently-transfected with SM-KDMS5B, bead-loaded with Cy3-conjugated a-FLAG
Fab and MCP-HaloTag protein (labeled with JF646-HaloTag ligand) were imaged as described
above, except that a 6.5 second interval was introduced every 13 frames (every one volume). After
acquiring 10 time points of pre-treatment images, cells were treated with a final concentration of
50 pg/ml puromycin. After treatment, the cells were imaged under the same settings used for the
pre-treatment imaging. For the control, the same experiments were performed except that the cells

were treated with the vehicle of puromycin (H2O). The number of detected polysomes (co-moving
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SM-KDMS5B and mRNA labeled by Fab and MCP, respectively) was then normalized by the average

number of polysomes detected during pre-treatment and plotted as a function of time.

B.1.8 Micro-injection

Cy3 conjugated a-FLAG Fab were micro-injected into cells transiently-transfected with SM-
KDMS5B, bead-loaded with MCP-HaloTag protein alone (without Fab), and labeled with JF646-
HaloTag ligand. Fab was diluted into Injection Buffer (IB: 10 mM Na2HPO4, pH 7.4, 100 mM KClI,
and 1 mM MgCl2) and loaded into a final needle concentration of 0.1 mg/ml (Eppendorf, Femtotips
II). Transiently-transfected and beadloaded cells were identified by their characteristic MCP punctae
in the far-red channel. These were then micro-injected with a FemtoJet II Injector (Eppendorf) on
an inverted Nikon TE-2000 microscope equipped with a 100X, NA 1.42 oil immersion objective
(Nikon) and a Photometrics HQ2 camera (Roper Scientific) after acquiring a preinjecting image.
Immediately after the injection, two-color (543 nm and 646 nm) timelapse imaging (at 1 Hz) was

manually started. The earliest time point achievable was ~3 seconds after the injection.

B.1.9 Fluorescence recovery after photobleaching (FRAP)

For examination of koff of Cy3-FLAG-Fab, FRAP experiments were performed on cells tran-
siently transfected with SM-H2B and bead-loaded with Cy3 conjugated a-FLAG Fab using a Zeiss
LSM 880 confocal microscope equipped with a 63X, NA 1.40 oil immersion objective (Carl Zeiss).
After acquiring 5 pre-bleach images (265 x 256 pixels?; pixel size = 263 nm) every 5 seconds, half
of the nucleus was photobleached using 100% 561 nm laser illumination. The fluorescence recovery
in the photobleached region was then monitored for 50 frames under the same settings used for
pre-bleach imaging. Cell movement was corrected using the StackReg ImageJ plugin [172]. After
subtracting background and correcting for observational photobleaching, the average fluorescence
intensity in the photobleached region was plotted as a function of time.

For examination of translation elongation, FRAP on SM-KDMS5B polysomes was performed on
the LSM880. Cells transiently-transfected with SM-KDMS5B and beadloaded with Cy3-conjugated
a-FLAG Fab and MCP-HaloTag protein (labeled with JF646-HaloTag ligand) were imaged every
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12.8 sec in z-stacks containing 10 planes with a step size of 500 nm (265 x 256 pixels?; voxel size =
166 x 166 x 500 nm). After acquiring 5 pre-bleach images, a fraction of the cytoplasm containing
several translation sites was photobleached using 561 nm laser illumination, such that only the
signal from Fab was photobleached, not mRNA. Subsequently cells were imaged for 30 frames (6.4
min) with the same settings used for pre-bleach imaging. Collected 3D images were then projected
to 2D images by a maximum intensity projection. Translation sites were tracked manually following
the mRNA signals and the fluorescence intensity of Cy3 was measured. The control translation
sites that were not photobleached were also tracked, and their Cy3 intensities were used to correct
observational photobleaching. This introduced some additional noise into our measurement, making
it difficult to precisely determine the full recovery time. To approximate this time, we averaged
the photobleach corrected curves and fit with a single exponential to estimate the 80% and 90%

recovery times.

B.1.10 Fluorescence correlation spectroscopy (FCS)

SM-H2B, SM-beta-actin, and SM-KDMS5B were transfected into cells that were subsequently
bead loaded 3 hours later with MCP-HaloTag (labeled with JF646-HaloTag ligand) and Cy3-
conjugated a-FLAG Fab. 3-6 hours after bead-loading, single polysomes were imaged in two colors
(mRNA and protein) and tracked for 300 time points total at 1, 1/3, or 1/10 Hz, respectively, as
described above. The mRNA intensity signal was stable and relatively easy to track, so its position
was used as a starting guess for fitting the protein signal with a Gaussian. This allowed us to
measure protein intensity in polysomes even if the intensity dropped below background levels. This
resulted in an intensity time series that was stored for each tracked polysome. These were processed
individually as follows: First, any detectable decay in polysome intensity due to unintentional
photobleaching while imaging was corrected for by dividing out fits to an exponential decay. This
yielded a new intensity time series I(t) without decay that was re-normalized to the average intensity
of the original time series and stored. Second, the intensity fluctuations about the average intensity

01(t) are also stored. Third, the auto-correlation curves G(7) were generated from these time series
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using the following formula:

oI(t)d T
G(r) = i) (B.3)

where the brackets represent an average of the time series data over the discrete time points t in
the time series and 7 is a discrete time shift in units of the discrete t (using the built-in Mathematica
function ListCorrelate). Fourth, for fitting, data was binned so as not to overweight the end of the
autocorrelation compared to the beginning (where most of the change occurs). Specifically, the
first 8 data points in G(7) were not binned, points 9-24 were in bins of length two (i.e. (9,10),
(11,12), (13,14), ..., (23,24)), time points 25-56 were in bins of length four (i.e. ((25,26,27,28),
(29,30,31,32), ..., (53,54,55,66)), time points 57-120 were in bins of length 8 (i.e. (57, 58, 59, 60,
61, 62, 63, 64), (65, 66, 67, 68, 69, 70, 71, 72), ... (113, 114, 115, 116, 117, 118, 119, 120)), and so
on. The average value of 7 and G(7) in each bin was calculated and stored for subsequent fitting.
To fit the elongation dwell time T (the average time it takes a ribosome to translate the protein) from
the measured auto-correlation, the following formula was applied [163]:

G(r) = TETH(T — 1) (B.4)

cT?

where c is the translation initiation rate and H(t) is the Heaviside step function equal to 1 for t >
0 and zero otherwise. This is an approximation of the exact correlation function that was derived
in [163] to describe MCP intensity fluctuations due to transcription at a gene with repeated MS2
stem loops in the 5 UTR. The approximation is valid when the gene is long compared to the
MS?2 stem loop tag. Due to the analogies between our Fab-based peptide labeling system and the
MS2-based RNA labeling system and between transcription and translation, the model is directly
applicable to our experimental data. For shorter proteins, like H2B, the approximation is not as good

because translation of the epitopes in the tag contribute more to G(7). Nevertheless, fits still provide
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a reasonable upper bound on the elongation dwell time. Fitting was performed with Mathematica

using the built-in function NonlinearModelFit. Error bars show the 95% confidence intervals.

B.2 Methods For Chapter 3

B.2.1 Cell culture

U-2 OS cells stably expressing the SG marker GFP-G3BP1 and the PB marker mRFP-DCP1la (a
gift from the Kedersha lab [64]) were maintained in DMEM supplemented with 10% fetal bovine
serum and 1% streptomycin/ penicillin. Cells harbouring the GFP-G3BP1 SG marker alone were
isolated by cell sorting of the GFP-G3BP1 and mRFP-DCP1 mixed cell pool (BioFrontiers Institute
Flow Cytometry Core). U-2 OS cells were validated by STR (short tandem repeat) profiling and

morphological assessments.

B.2.2 Fab generation and dye conjugation

As described above, (B.1.2).

B.2.3 MCEP purification

As described above, (B.1.3).

B.2.4 Nascent chain tracking

Nascent chain tracking was done essentially as described by Morisaki and colleagues [37].
Briefly, a plasmid expressing a reporter mRNA encoding the FLAG spaghetti monster tag N-
terminal to H2B (Addgene plasmid no. 81082), KDM5B (Addgene plasmid no. 81084) or p300
OREFs, followed by the 3° UTR of beta-actin with 24x MS2 stem loops, was either transfected into
cells 2 h before bead-loading or into cells together with purified Fab and/or MCP. Fluorescently
labelled Fab (100 pg ml~—!) and/or purified MCP-HaloTag protein (33 pg ml—!) in 4 ;1 PBS were
bead loaded. Cells were incubated for 2-3 h in DMEM lacking phenol red with 10% fetal bovine

serum, 1% streptomycin/penicillin and 1% glutamine before imaging. Cells were incubated for 30
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min in the presence of JF646-HaloTag ligand to label the MCP-HaloTag protein and washed three

times immediately before imaging.

B.2.5 Imaging Conditions

To track single mRNAs and their translation status with RNP granules, we used a custom-built
widefield fluorescence microscope with a highly inclined illumination scheme [37,168]. Briefly, the
excitation beams, 488, 561 and 637 nm solid-state lasers (Vortran), were coupled and focused on the
back focal plane of the objective (x60 numerical aperture 1.49 oil immersion objective, Olympus).
The emission signals were split by an imaging grade, ultra-flat dichroic mirror (T660lpxr, Chroma)
and detected by two aligned EM-CCD (iXon Ultra 888, Andor) cameras by focusing with 300 mm
tube lenses (this lens combination produces 100x images with 130 nm pixel ~!).

Live cells were placed into an incubation chamber at 37 °C with 5% CO2 (Okolab) on a
piezoelectric stage (PZU-2150, Applied Scientific Instrumentation). The focus was maintained
with the CRISP Autofocus System (CRISP-890, Applied Scientific Instrumentation). The lasers,
cameras and piezoelectric stage were synchronized by an Arduino Mega board. Image acquisition
was performed using the open source Micro-Manager software (1.4.22) [170,173]. The imaging
size was set to 512 x 512 pixels? (66.6 x 66.6 ym?) and the exposure time was selected as 53.64 ms.
The readout time of the cameras from the combination of our imaging size and the vertical shift
speed we selected was 23.36 ms, which resulted in an imaging rate of 13 Hz (70 ms per image).
The excitation laser lines were digitally synced so that they illuminated the cells only when the
camera was exposing, to avoid any excess observational photobleaching. The far-red signal of
mRNA visualized by JF646-MCP was imaged on one camera and the red signal of translation
(or PBs) visualized by Cy3-FLAG-Fab (or mRFP-DCP1) and the green signal of SGs visualized
by GFP-G3BP1 were imaged on the other camera. Cy3/mRFP and GFP signals were imaged
alternately. To minimize the bleed through, the JF646 signal was simultaneously imaged with the
GFP signal. We also employed a filter wheel (HS-625 HSFW TTL, Finger Lakes Instrumentation)

equipped with a filter for Cy3 and mRFP (593/46 nm BrightLine, Semrock), and for GFP (510/42
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nm BrightLine, Semrock). The filter position was changed during the camera read-out time (23.36
ms) by the Arduino Mega board.

To capture the entire thickness of the cytoplasm of U-2 OS cells, 13 z stacks of step size 500 nm
(6 pm in total) were imaged using the piezoelectric stage so that the z position changed every two
images (Cy3 and GFP). This resulted in our total cellular imaging rate of 0.5 Hz (2 s per volume).
For Figure 3.1b,e, the cells were first imaged at a single time point with 13 z stacks before arsenite
addition (Time point 0). Arsenite was then added (0.5 mM) and after 10 min cells were imaged
every 3 min with 13 z stacks per time point for up to 60 min. For Figure 3.1f, image acquisitions
were performed with the same conditions described above, except that the cells were washed with
fresh media ten times at 70 min post-stress. Ten minutes after washout, cells were imaged again
every 3 min with 13 z stacks per time point for another 60 min. For all other figures, the cells were
imaged continuously at 0.5 Hz with 13 z stacks per time point for 10 min beginning between 10
and 30 min post-stress (when SGs were visible). Note that all of the colours described in the text
and figures are based on the colour of excitation lasers as mentioned above, namely mRNA in red
(JF646), translation or PB in green (Cy3 or mRFP) and SG in blue (GFP). Following this colour
scheme, purple corresponds to mRNA (red) in SGs (blue), whereas yellow corresponds to mRNA in

PBs and brown corresponds to translating mRNAs in SGs.

B.2.6 Analysis of SG formation, mRNA localization and translation

Single particle detection was performed on XY maximum projections of the stacks to detect
mRNA, translation and SGs, using custom Mathematica code (version 11.2.0.0). Briefly, for each
image channel, a bandpass filter was used to highlight particles within a given size range and
the resulting image was binarized using a reasonable threshold to create a mask of the cell in
which the vast majority of mRNA, translation or SGs were detectable. The Mathematica command
ComponentMeasurements was then used to measure the intensity-centroid position, area, total
intensity and convex vertices of each masked object, either mRNA, translation or SGs. The precise

coordinates (super-resolved locations) of mRNAs and nascent peptides were determined by fitting
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(using the built-in Mathematica routine NonlinearModelFit) the original, pre-processed sub-images

of the detected particles to two-dimensional Gaussians of the following form:

_x=x0)? _ (v-y)?

I(x,y) =Ipg + 1L 7~ 7 (B.5)

where Iq is the background fluorescence, I is the particle intensity, oy, oy are the spreads of
the particle and xg, yo represent the particle location. The offset between the two cameras was
registered using the built-in Mathematica routine FindGeometricTransform to find the transform
function that best aligned the fitted positions of 200 nm diameter Tetraspeck beads evenly spread out
across the image field-of-view. Translating mRNAs were found by selecting mRNAs that colocalize
with a translation signal location within 390 nm of the mRNA. Messenger RNAs within the SGs
were found by selecting mRNAs within the detected SG-masked regions. The number of translating
mRNAs in the cytosol or SGs, and the number of non-translating mRNAs in the cytosol or SGs were
counted and divided by the total number of mRNAs at each time point to determine the fraction of
each population throughout the time course during stress. The number of SGs was renormalized
to the fraction of the maximum number of SGs detected in the cell at a single time point. As the
timing of the beginning of SG formation varies from cell to cell, all of the the curves were aligned
first before averaging the data from different cells. This alignment was done as follows. First, the

SG formation curve was fit with the following equation:

Ns¢ = A x tanh(B x t — C) (B.6)

where NSG is the number of SGs, A, B and C are normalization factors, and t is the frame
number. Then, from the fitted results, all of the single-cell curves were shifted so that their values at

10% of their maxima were aligned. These aligned curves were then averaged.
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B.2.7 Analysis of mRNA interactions with SGs and PBs

The location and the area of mRNA, SGs and PBs were detected and tracked as described above.
The effective radius was then calculated from the area as the radius of an equivalent-area circle.
Although the effective radius is an acceptable approximation of the size of the object, it can be
influenced by the brightness of the object as it is calculated from a binarized mask. Thus, small
objects that are extremely bright (particularly PBs) may have effective radii that are a bit larger than
they are in reality. The option ’CornerNeighbors AES False’ was used to prevent the detection of
any SGs or mRNAs that may have been clipped near the edge of the image frame. From these tracks
and the binarized masks, the presence or absence of mRNA inside tracked SGs or PBs could be
easily determined by the overlap of mRNA masks with the tracked SG or PB mask. The length of
consecutive frames for which a tracked SG or PB mask had an overlapping mRNA mask was then
set as equal to the length of the interaction time. Interactions that lasted for less than two frames
(1 s) were ignored, as they could be influenced by imaging noise. If more than one mRNA mask
overlapped with a SG or PB mask, it was counted as a single interaction (as most of the time these
mRNA masks themselves overlapped, thus making it difficult to know how many mRNAs were
actually present). This tends to slightly underestimate the number of long interactions. Finally,
to validate our image analysis pipeline, we manually assessed the interaction times of individual
KDM5B mRNAs in SGs and PBs using Fiji [171]. In all cases, manual measurements agreed well
with the image analysis results in Mathematica.

To calculate the probability of an interaction lasting a certain amount of time (that is the survival
probability of the interaction), we counted the fraction of tracks that lasted longer than N seconds,
with N ranging from 6 to 300. A curve of the fraction of tracks versus time was then fit to a double
exponential curve of the form Ae~*/t + Be~"/t2, The data was then renormalized according to the
fit so tt that at t = 0 s the fraction was 100% (that is A + B = 100). The renormalized data represents
the survival probability versus time and is displayed in the plots in the main text along with the

fitted fast interaction time t, slow interaction time t, and the slow fraction B/(A + B). The 90%
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CI was calculated for the fitted values, from which the s.d. was estimated. From the s.d. and fitted

mean values from each fit, effect size and P values between fits were calculated.

B.2.8 Analysis of MSD and 3D movement of mRNAs within SGs

The MSD was calculated using the tracked mRNA super-resolved locations for mRNA in the
cytoplasm or in SGs. The MSD of mRNA inside SGs was calculated by dividing the MSD of the
position of one mRNA with respect to the other by a factor of two. The MSD of SGs was calculated
using the intensity-centroid of the SG. The 3D coordinates of mRNAs were determined by fitting
(using the built-in Mathematica routine NonlinearModelFit) the original, pre-processed sub-image

stacks of the detected particle to 3D Gaussians of the following form:

Cxx0)? -yp)?  (z—z)?

I(x,y) = Ipc + L 25 >3 27 (B.7)

The convex vertices of SGs and the locations of mRNAs were plotted. For these analyses,
mRNA spots were linked to the nearest neighbour mRNA in the consecutive frame. With the sparse
mRNA density in the analysed SGs and the high temporal imaging frequency, it is unlikely that
different mRNAs will be linked frame to frame. Additionally, the quality of automated tracking was

validated by eye to ensure proper tracking.

B.2.9 Sequential immunofluorescence and smFISH

The protocol was performed as described previously [73]. Briefly, U-2 OS cells were seeded on
sterilized coverslips in six-well tissue-culture plates. At ~80% confluency, the media was exchanged
with fresh media 60 min before stress. Cells were then stressed with the addition of sodium arsenite
(0.5 mM) for 60 min. Media was then removed and cells were washed with pre-warmed PBS.
Cells were fixed for 10 min at room temperature with 500 ul 4% paraformaldehyde. After fixation,
cells were washed twice with PBS, permeabilized in 0.1% Triton X-100 in PBS for 5 min and

washed once with PBS. Coverslips were transferred to a humidifying chamber and cells were
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incubated in 5 ug ml_; mouse a-G3BP1 antibody (ab56574, Abcam) in PBS for 60 min at room
temperature. The coverslips were next transferred to a 6-well plate and washed three times with
PBS. The coverslips were then transferred back to the humidifying chamber and incubated in goat
a-mouse FITC-conjugated antibody in PBS (1:1,000 dilution; ab6785, Abcam) for 60 min at room
temperature. The coverslips were transferred to 6-well plate and washed three times with PBS.
Antibodies that were bound to cells were fixed on cells by incubating the coverslips with 500 pl 4%
paraformaldehyde for 10 min at room temperature.

After immunofluorescence, smFISH was performed as described previously [73] which was
adapted from the protocol provided by Biosearch Technologies website [174]. Biosearch Technolo-
gies Stellaris Buffers were also used (SMF-HB1-10, SMF-WA1-60 and SMF-WB1-20). Specific
smFISH probes were created by Biosearch Technologies. The probes to the 5° end of the AHNAK
mRNA and for NORAD were described in [57]. Imaging was performed using a widefield DeltaVi-
sion Elite microscope with a AU 100 objective and a PCO Edge sCMOS camera and softWoRx.
The images shown in Figure 3.6a were deconvolved and maximum intensity projections made from
at least 30 z stacks to span the entire cell using Fiji [171]. Figure 3.6b shows images from a single z

plane.

B.2.10 Image analysis with Bitplane Imaris analysis software

Image analysis of SGs and smFISH spots was conducted using Bitplane Imaris analysis software
(8.4.1) as described previously [73]. To measure the distances between smFISH spots to the nearest
SG, smFISH diffraction limited spots and SGs were first identified by Imaris imaging software
using the spot and cell component, respectively. Recognition of the smFISH diffraction limited
spot by the spot component was determined using the following parameters: diameter, 0.2 zm and
thresholding, manually determined for each image. Recognition of SGs (G3BP1 staining) by the
cell component was determined using the following parameters: minimum size, > 1 voxel) and

thresholding, manually determined for each image. A measuring tool (measuring points) was then
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manually applied to measure the distance between the centre of the spot and the surface of the SG.

This was applied to 50 individual NORAD or AHNAK RNAs as described in Figure 3.6a.

B.2.11 Statistics and reproducibility

For live cell imaging, all experiments were performed with at least ten cells collected from three
or four independent experiments to account for cell-to-cell variability. Images were discarded if
they were of insufficient quality to accurately analyse. The number of images that were deemed
to be of sufficient quality for inclusion in each analysis are described below. For the mRNA-SG
interaction experiments: H2B, data were calculated from 492 tracked SGs from 11 cells collected
from 3 independent experiments; KDMS5B, data were calculated from 409 tracked SGs from 9
cells collected from 4 independent experiments; p300, data were calculated from 824 tracked SGs
from 16 cells from 4 independent experiments. For mRNA-PB interaction experiments: H2B,
data were calculated from 106 tracked PBs of 4 cells from 1 experiment; KDMS5B, data were
calculated from 137 tracked PBs of 7 cells collected from 3 independent experiments; p300, data
were calculated from 244 tracked PBs of 16 cells collected from 4 independent experiments. For
fixed cell experiments, each cell was considered as an independent biological replicate. The smFISH
experiments were performed once to detect AHNAK and once to detect NORAD and the distance
of 50 AHNAK or 50 NORAD RNAs from the nearest SG was determined in four cells each. The
analysis of AHNAK 5’ and 3’ ends within SGs and outside SGs was performed using data from one
experiment, with 153 mRNAs analysed in 14 cells.

For live-cell imaging experiments, the s.e.m. representing variation between individual cells was
calculated, except for Figure 3.3a and Figure 3.5b. Figure 3.3a and Figure 3.5b were created using
the fitted results from the plots in Figure 3.2¢ and Figure 3.5a, respectively. Each bar represents a
fitted value and each error bar represents a 90% CI of the fit, calculated using Mathematica’s built-in
function NonlinearModelFit. The d.f. of the fits was 44 and 31 for Figure 3.3a and Figure 3.5b,
respectively. The s.e.m. was calculated from the 90% confidence intervals (that is the 90% Cls were

divided by 1.645), from which the two-sided t-test was performed and the P values were calculated.
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B.3 Methods For Chapter 4

B.3.1 Plasmid construction

The HIV-1 frameshift sequence (FSS) followed by either the multi-frame (MF) tag or the reverse
multi-frame (revMF) tag were synthesized by GeneArt gene synthesis service (Thermo Fisher
Scientific). The gene fragments were flanked by Notl and Nhel and fused upstream of the beta-actin
zipcode and 24x MS2 stem loops in the 3’ UTR of plasmid pUB_smFLAG_ActB_MS2 (Plasmid
#81083, addgene) to obtain the FSS-MF and FSS-revMF, respectively. To double the MF tag, the
MF tag region was digested out from FSS-MF with Xbal and Agel, and then ligated into FSS-MF
flanked with Nhel and Agel. The open reading frame encoding human XXLb1/AlexX [105, 106]
was amplified from U-2 OS cells cDNA with the primers: 5’- GTT GTC ATA TGG GCG TGC
GCA ACT -3’; 5°- GAT GTA GCT AGC CTA GAA GCA GCA GGC GGT G -3’. The amplified
XXLbl1/AlexX was flanked with Ndel and Nhel, and then inserted into the C-terminal region of the
FSS-MF, FSS-2xMF and FSS-revMF to obtain FSS-MF-AlexX (i.e. the +FSS MF tag), FSS-2xMF-
AlexX (i.e. the +FSS 2xMF tag), and FSS-revMF-AlexX (i.e. the +FSS revMF tag), respectively.
To produce smHA-FSS-MF-AlexX (i.e. the HA MF tag), the spaghetti monster HA (smHA) [48]
was flanked with Notl and Pstl, and then inserted into the N-terminal region of FSS-MF-AlexX.
For the control constructs, FSS was removed using Kpnl and Xbal. To keep the same frame for
MF and AlexX, the following sequence was ligated between Kpnl and Xbal to obtain MF-AlexX
(i.e. the -FSS control tag): 5’- GGT ACC GGG AAT TTT CTT CAG AGC AGA CCA GAG CCA
ACA GCC GCA CCG TTT CTA GA -3’. To shift the -1 frame into O frame for MF and AlexX, the
following sequence was ligated between Kpnl and Xbal to obtain MF-AlexX (the -FSS(+1nt) tag):
5’-CGG GAA TTT TCT TCA GAG CAG ACC AGA GCC AAC AGC CGC ACCGTT CT -3°.

scFv-sfGFP was amplified from pHR-scFv-GCN4-sfGFP-GB1-dWPRE (Plasmid #60907, ad-
dgene) using primers: 5’- GCG CGC ATA TGA TGG GCC CCG ACA TC -3’; 5’- GCC GGA ATT
CGC CGC CTT CGG TTA CCG TGA AGG T -3’. The amplified scFv-stGFP was flanked with
Ndel and EcoRI, and then inserted into a pET21 vector backbone for expression and purification

from E.coli.
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For HA MF tag experiments, the HA epitope encoded in the scFv-sfGFP plasmid (Plasmid
#60907) from Addgene was removed by site-directed mutagenesis with QuikChange Lightning
(Agilent Technologies) per the manufacturer’s instruction using primers: 5’- CCT CCG CCT CCA
CCA GCG TAA TCT GAA CTA GCG GTT CTG CCG CTG CTC ACG GTC ACC AGG GTG
CCC -3’; 5’- GGG CAC CCT GGT GAC CGT GAG CAG CGG CAG AAC CGCTAG TTC AGA
TTA CGC TGG TGG AGG CGG AGG -3'.

B.3.2 Fab generation and dye conjugation

As described above, (B.1.2).

B.3.3 MUCP and scFv-sfGFP purification

His-tagged MCP or scFv-stGFP was purified over a Ni-NTA-agarose (Qiagen) per the manufac-
turer’s instructions with minor modifications. Briefly, bacteria were lysed in a PBS-based buffer
with a complete set of protease inhibitors (Roche). Binding to the Ni-NTA resin was done in the
presence of 10 mM imidazole. The resin was washed with 20 and 50 mM imidazole in PBS. The
protein was then eluted in 300 mM imidazole in PBS. The eluted his-tagged MCP was dialyzed in a
HEPES-based buffer (10% glycerol, 25 mM HEPES pH 7.9, 12.5 mM MgCl,, 100 mM KClI, 0.1
mM EDTA, 0.01 % NP-40 detergent, and 1 mM DTT), snap-frozen in liquid nitrogen, and stored at

-80C.

B.3.4 Cell culture, transfection, and bead-loading

U-2 OS cells were grown using DMEM (Thermo Scientific) supplemented with: 10% (v/v) FBS,
1 mM L-glutamine and 1% (v/v) Penicillin-streptomycin. Before experiments, cells were plated on
a 35 mm MatTek chamber (MatTek) and DNA was either transiently transfected with Lipofectamine
LTX (Thermo Scientific) per the manufacturer’s instructions or transiently transfected via bead-
loading. As described previously [25, 114], bead-loading involved the following six steps: First,
100 pg/ml of fluorescently labeled Fab, 250 pg/ml of purified (GCN4) scFv-sfGFP and 33 pg/ml of

purified MCP-HaloTag protein were mixed with PBS to a final volume of 4 pl. Second, in a cell
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culture hood, DMEM was aspirated from the MatTek chamber and the 4 ;1 mix was pipetted on top
of cells. Third, ~106 pm glass beads (Sigma Aldrich) were evenly sprinkled over the cells. Fourth,
the chamber was tapped carefully ~10 times on the cell culture hood bench top. Fifth, DMEM
was immediately added back to the cells. Sixth, cells were returned to the incubator for at least
an hour to recover from the loading procedure. In most experiments, we also bead-loaded DNA,
which we added to the initial 4 ;1 mix (so that DNA had a final concentration close to 1 mg/ml).
On occasion, DNA was transiently transfected ~2 hours before bead-loading. Around one hour
before experiments began, bead-loaded cells were washed with phenol-red-free complete DMEM to
remove glass beads, and 200 nM of JF646-HaloTag ligand (a cell permeable fluorogenic ligand [72])
was added to label MCP-HaloTag protein. After 30 mins of incubation, cells were washed three
times using phenol-red-free complete DMEM to remove any unconjugated fluorophores. Cells were

then immediately imaged for experiments.

B.3.5 Single molecule tracking microscopy

To track single molecule translation sites, a custom-built widefield fluorescence microscope
based on a highly inclined illumination scheme [168] was used [37]. Briefly, the excitation beams,
488, 561 and 637 nm solid-state lasers (Vortran), were coupled and focused at the back focal plane
of the objective lens (60X, NA 1.49 oil immersion objective, Olympus). The emission signals were
split by an imaging grade, ultra-flat dichroic mirror (T660lpxr, Chroma) and detected using two
EM-CCD (iXon Ultra 888, Andor) cameras via focusing with 300 mm tube lenses (producing 100X
images with 130 nm/pixel). With this setting, one camera detected far-red signals and the other
detected either red or green signals. Far red signals were detected with the 637 nm laser and the
731/137 nm emission filter (FF01-731/137/25, Semrock). Red and green signals were separated by
the combination of the excitation lasers and the emission filters installed in a filter wheel (HS-625
HSFW TTL, Finger Lakes Instrumentation); namely, the 561 nm laser and 593/46 nm emission
filter (FFO1-593/46-25, Semrock) were used for Cy3 imaging, and the 488 nm laser and 510/42

nm emission filter (FF01-510/42-25, Semrock) were used for sfGFP or A488 imaging. Live cells
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were placed into a stage top incubator set to a temperature of 37°C and supplemented with 5% CO2
(Okolab) on a piezoelectric stage (PZU-2150, Applied Scientific Instrumentation). The focus was
maintained using the CRISP Autofocus System (CRISP-890, Applied Scientific Instrumentation).
The lasers, the cameras, the filter wheel, and the piezoelectric stage were synchronized via an
Arduino Mega board (Arduino). Image acquisition was done with open source Micro-Manager
software [170]. Imaging size was set to 512 x 512 pixels? (66.6 x 66.6 ;m?), and exposure time was
set to 53.64 msec. Readout time for the cameras from the combination of our imaging size, readout
mode, and the vertical shift speed was 23.36 msec, resulting in an imaging rate of 13 Hz (70 msec
per image). The excitation laser lines were digitally synched to ensure they only illuminated cells
when the camera was exposing in order to avoid excessive photobleaching. To capture the entire
volume of the cytoplasm of U-2 OS cells, 13 z-stacks with step size of 500 nm (6 xm in total) were
imaged using the piezoelectric stage such that the z-position changed every 2 images (one image for
Cy3 and one for stGFP/A488 + JF646). The position of the filter wheel was changed during the
camera readout time. This resulted in a total cellular imaging rate of 0.5 Hz (2 sec per volume for
3-colors). Note that all colors described in the text and that are shown in the figures are based on the

color of the excitation laser: RNA in red (JF646) and protein in green (Cy3) or blue (sfGFP/A488).

B.3.6 Particle tracking

Images were first pre-processed using either Fiji [171] or a custom-written batch processing
Mathematica code (Wolfram Research) to make 2D maximum intensity projections from 3D images.
Pre-processed images were then analyzed with a custom-written Mathematica code to detect and
track particles. Specifically, particles were emphasized with a band-pass filter so the positions could
be detected using the built-in Mathmatica routine ComponentMeasurements "IntensityCentroid".
Detected particles were linked through time by allowing a maximum displacement of 5 pixels be-
tween consecutive frames. Particle tracks lasting at least 5-10 frames were selected and their precise
coordinates were determined by fitting (using the built-in Mathematica routine NonlinearModelFit)

the original 2D maximum intenstiy projected images to a 2D Gaussians of the following form:
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_ (x—x¢)? _ (v=y0)?

I(x,y) =Ipg +1. 7~ 7 (B.8)

where Ipg is the background intensity, I the particle peak intensity, (o, oy) the spread of the
particle, and (xq, yo) the particle location. The offset between the two cameras was registered
using the built-in Mathematica routine FindGeometricTransform to find the transform function that
best aligned the fitted positions of 100 nm diameter Tetraspeck beads evenly spread out across the
image field-of-view. We did not register the images, but only the fitted positions in order to avoid
introducing any distortion into images. This is why a slight offset can be observed between the red
and the green/blue particles even though they are within a diffraction limited spot, according to our
registration.

For visualization and some quantification, average intensity image trims were created by
averaging images of all detected particles of a given species (each centered by their intensity
centroid). To compute the average RNA signal intensity in a translation site (see Figure 4.9 and
Figure 4.11), the average image trims of RNA were fitted to the equation above. The average
intensities were calculated by integrating the fitted Gaussian. Fits were susceptible to noise, so we
also used an alternative strategy to determine the average intensity of translation sites and RNA that
was robust to noise (in all Figs aside from Figure 4.9 and Figure 4.11). Specifically, the intensity
of centered images of RNA or translation sites was calculated to be the average intensity within
a centered radial spot of four pixels in diameter minus the average background intensity from a

centered ring with an outer diameter of twelve pixels and an inner diameter of eight pixels.

B.3.7 Calibrating translation site intensity

To calibrate the nascent chain intensity signals within translation sites to units of mature protein
(i.e. to units that are roughly equivalent to the number of nascent chains or ribosomes within the
translation site), two new calibration constructs were cloned. The calibration constructs are nearly

identical in length and sequence to the original -FSS control construct (which lacks the frameshift
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sequence), but each harbors just a single epitope in the O frame: either a single FLAG epitope or a
single SunTag epitope. In this way, each nascent chain in a translation site is labeled by just one
fluorophore (from a single anti-FLAG Fab or a single anti-SunTag scFv). Thus, the intensity of a
translation site will be equal to the number of nascent chains multiplied by the intensity of a single
fluorophore. Because the intensity of a single fluorophore can be unambiguously measured via the
observation of single step photobleaching, it is possible to estimate the number of nascent chains
(or ribosomes) per translation site, i.e. convert the intensity signal into units of mature protein, as
shown in Figure 4.8.

To clone the calibration constructs, the FSS was removed from both the MF tag and the revMF
tag using Kpnl and Xbal digestion. Second, small oligos encoding a single SunTag epitope and
single FLAG epitope were ligated between Kpnl and Xbal of the MF tag and the revMF tag
constructs, resulting in the 1XSunTag-MF and 1XFLAG-revMF constructs, respectively. The
amplified XXLb1/AlexX was flanked with Ndel and Nhel and then inserted into the C-terminal
region of the 1XSunTag-MF and the 1 XFLAG-revMF to obtain the 1XSunTag-MF-AlexX and
1XFLAG-revMF-AlexX calibration constructs. By design, these two constructs can be imaged in
the same imaging session in separate dishes to directly compare 1X epitope (FLAG or SunTag)
fluorescence to 12X epitope fluorescence in the MF or revMF tags (Figure 4.8A).

To calibrate translation site fluorescence intensity, cells transfected with the calibration constructs
and bead-loaded with either anti-FLAG Fab (Cy3) or anti-SunTag scFv (sfGFP) were imaged in
a single plane at high laser powers (50 mW for 561nm and 100mW for 488nm laser). A short
movie was acquired, after which cells were continually imaged (without acquiring a movie) to
photobleach them to the point at which single probe fluorescence could easily be detected by single-
step photobleaching. At this point, a second short 250-frame movie was acquired. The intensity of
polysomes (verified by the presence of an RNA signal) from the the first frame of the first movie was
then measured (as described in the *Particle tracking’ section above) and compared to the plateau
intensity of a single probe just prior to single-step photobleaching. Examples of this procedure are

shown in Figure 4.8B,C. We performed calibration in this way to ensure at the beginning of the
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movie the epitopes would be close to saturation. Had we started from a lower concentration of probe
(although this would enable single probe tracking without the need for photobleaching), the epitopes
in polysomes would be less saturated, which would lead to an underestimate of the polysome
fluorescence. From these measurements, the average number of nascent chains (or ribosomes) in a
translation sites can be estimated from the intensity ratio of polysomes to single probes. Assuming
the two calibration tags harbor the same number of ribosomes per translation site, their intensity
ratios provide the conversion of the intensity of the MF tag or revMF tag to units of mature protein

(see Figure 4.8A).

B.3.8 Translation site species identification

After RNA particles were identified and tracked using the custom Mathematica code described
above, an average centered image of the first five frames from each track was created for RNA
(JF646), 0 ORF (FLAG-Cy3 in the +FSS MF tag), and -1 ORF (scFv-sfGFP in the +FSS MF tag).
The trims were then hand checked to remove any trims with artifacts, e.g., smears or non-diffraction
limited spots. Next, a custom Mathematica code was used to detect particles in the 0 ORF or -1 ORF
trim channels, sorting the spots into RNA only, O frame translation sites (O TS only), O and -1 TS,
and -1 only TS. For all cases, RNA always had to be present. Finally, frameshifting translation sites
(the 0 and -1 TS or the -1 only TS) were validated by eye, to further remove artifacts. For example,
RNA that briefly colocalized with a mature protein punctae were removed at this stage. After all
sites were validated, the total count of each type of species was used to determine the percentage of

non-translating RNA (no TS), O frame translation sites (0 TS), 0 and -1 TS, and -1 only TS.

B.3.9 Puromycin treatment

To confirm active translation elongation, puromycin (Sigma Aldrich) was used to release nascent
chains from elongating ribosomes, leading to a rapid loss of nascent chain signal at translation
sites. Bead-loaded cells with visible translation sites were imaged at a rate of one volume every
seven seconds. After acquiring 16 pre-images, cells were treated with a final concentration of 100

pg/ml puromycin and continuously imaged for an additional 100 time points. As a control, the
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same imaging conditions were performed except that the cells were treated with vehicle (H20).
In this case, nascent chain signals did not disappear (data not shown). Both frameshifting and
non-frameshifting translation sites were monitored through time using the tracking code described

above.

B.3.10 Oligo FSS RNA co-transfection

Uncapped RNA oligos containing the FSS from HIV-1 (FSO), a scrambled form of the FSO
sequence (Scr), or the boxB stem-loop sequence (BB) were synthesized from IDTDNA with the
following RNA sequences, respectively: 5°- UUU UUU AGG GAA GAU CUG GCC UUC CCA
CAA GGG AAG GCC AG -3’, 5’- GAC GAA CUC AGG AUC GCC UUA GCG GAG UcCU
UAU UGA AUG GC -3’, or 5’- AUU CCU GGG CCC UGA AGA AGG GCC CCU CGA CUA
AGU CCA AC -3’. Co-transfection of FSS-MF-AlexX and the RNA oligo was carried out via
bead-loading, as described above. Briefly, 1 ug plasmid FSS-MF-AlexX construct DNA, 100
pg/ml of fluorescently labeled Fab, 250 pg/ml of purified (GCN4) scFv-sfGFP or 1 pg of (GCN4)
scFv-sftGFP plasmid, 1 or 4 ;g of RNA oligo, and 33 pg/ml of purified MCP-HaloTag protein were

mixed with PBS to a final volume of ~4 ul of PBS.

B.3.11 Ribosome run-off experiments and fits

To measure the average elongation rate, harringtonine (Cayman Chemical) was used to block
translation initiation and iduce the run-off of all actively elongating ribosomes, leading to a gradual
loss of nascent chain signal at translation sites. Bead-loaded cells with visible translation sites were
imaged as described above except that cell volumes were acquired every 60 or 120 seconds. Laser
powers were lowered (the 488 nm laser from 500 W to 150 W (3.3 times lower), the 561 nm
laser from 900 W to 500 pW (1.8 times lower), and the 647 nm laser from 1.5 mW to 1 mW
(1.5 times lower)) to eliminate observable photobleaching of the green (Cy3 conjugated Fab) and
blue (SunTag-scFv-sfGFP) channels. After acquiring 5 pre-images, cells were treated with a final
concentration of 3 pg/ml Harringtonine and continuously imaged for 30 more time points. As a

photobleaching control, cells with translation sites were imaged with the same image settings and
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number of frames, revealing no loss of nascent chain signal (data not shown). After experiments,
the intensities of translation sites were measured as described above. The intensity of all translation
sites in each frame (and in all cells) were then totaled to produce the run-off curve. Run-off curves
were normalized to the mean of the total intensity of the first four time points after treatment of
harringtonine began. These curves were then fit to a linear regression to roughly estimate run-off
times (see Figure 4.13). The linear portion of the run-off decay begins when the normalized run-off
intensity reaches a fraction fj:

fo = —1_ (B.9)

— Li+L2/2

where L1 is the length of untagged portion of the open reading frame and L2 is the length of the
tagged portion (i.e. the length of the repeated epitopes), as described [25]. The linear portion of the
decay was then interpolated to background levels to estimate the run-off time Rr. The elongation
rate k. was calculated as follows:

e (B.10)

B.3.12 Fluorescence recovery after photobleaching (FRAP)

To confirm elongation rates of frameshifting translation sites, FRAP experiments were performed.
Bead-loaded cells with visible translation sites were imaged once every 10 seconds, with an
intentional photobleach at frame 10. The photobleach was performed with a 405 nm laser focused
to a spot roughly 5 pm in diameter and operating at a minimal power such that the nascent chain
signal did not completely vanish. This allowed us to track the translation site continously throughout
the experiment. Following the intentional photobleach, the fluorescence recovery of translation
sites within the bleach zone were monitored for an additional 80 time points. These translation
sites were tracked and their intensities quantified, as described above. To correct for unintentional

photobleaching, the loss of signal from the control translation site was fit to a single exponential
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decay and this decay was divided out from the FRAP recovery curves. The FRAP recovery curve
can be thought of as the inverse of the harringtonine run-off curve [25]. In this way, the FRAP

recovery curve was fit to determine the average translation elongation rate (Figure 4.14).

B.3.13 Statistical Analyses
For comparing cumulative distributions, we use the 2-sample KS test. For comparing mean
values, we use the Mann Whitney U test. For fitted parameters, we use the fitted confidence intervals

from Mathematica’s built in NonlinearModelFit routine. In all figures, P-values are displayed as: *

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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Appendix C
Frameshift Modeling

C.1 General aspects of modeling frameshift kinetics

The frameshift models describe the stochastic dynamics of nascent translation with single-codon
resolution. Both the constitutive and bursting models are formulated to track an arbitrary number
of individual ribosomes that can perform three possible reactions: (i) A new ribosome can initiate
translation at the start codon at rate k;,,;. (ii) An existing ribosome can elongate at rate k) to
incorporate one amino acid into the nascent peptide chain. The rate k) is sequence-specific with
each codon’s rate scaled by the genomic copy of the corresponding codon [175]. When the ribosome
completes the final amino acid, translation is terminated and that ribosome is eliminated. (iii) A
ribosome at the frameshift sequence can shift from the 0 to the -1 frame. In addition to these three
reactions, ribosomes at the frameshift sequence can pause for an average time of 1/kjqq or 1/kpgg
for the shifted or non-shifted states. For the bursting model, each RNA is assumed to switch back
and forth between non-frameshifting and frameshifting states with rates k., and k.g. With these
mechanisms and parameters, the models can be analyzed using either simplified approximations or
detailed simulations.

Several approximate features can be derived directly from the bursting model parameters (see

Table 4.1). The average burst time or time spent in a frameshifting state is:

(b*) = 1/kot (C.1)

The average time spent in a non-frameshifting state is:

(b) = 1/ke (C2)
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The fraction of RNA in a frameshifting state is:

f: - kon/(kon + koff)

The number of ribosomes that initiate during the frameshifting state is:

r;k - kini/koff

The number of ribosomes that initiate during the non-frameshifting state is:

Iy = kini/kon

The time for a ribosome to clear the FSS in the frameshifting state is:

Trss = 1/kigg + 0 X Te/ke

(C.3)

(C4)

(C.5)

(C.6)

where the second term accounts for ribosome pileup in the 9-codon ribosomal exclusion

region [21], r., upstream from the FSS. Similarly, the time for a ribosome to clear the FSS in the

non-frameshifting state is:

Trss = 1/kpss + 0 X re/kel
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One can approximate 6 = 1 or O if initiation is faster k;,; > kpgg or slower kpgg > kjy,; than the
FSS pause.

The average elongation time for a ribosome in the frameshifting state is:

(1) = gl/kel + Tigg (C.8)

and the number to clear in a non-frameshifting state is:

(Te) = gl/ke1 + Trss (C.9)

where gl is the gene length in codons.

Simulations were started at t = -10,000 seconds to approximate steady state at t = 0 using
the Gillespie algorithm [176]. Ribosome densities were found by collecting position statistics
for multiple simulations. Simulated ribosome numbers and positions and multi-frame tag probe
locations were combined to estimate translation site intensities. Harringtonine assays were simulated
by preventing the initiation reaction at the time of treatment. Parameter estimation was performed
using genetic algorithms and a multiple-objective cost function that considers the frameshifting
efficiency, the number of ribosomes per RNA and the Harringtonine assays. A detailed description

of the computational methods and codes is given in the AAY Computational Details” section below.

C.2 Computational Details

Both the constitutive model and the bursting model consist of three general ribosomal reaction

types: initiation wy, elongation w;, w; and frameshifting wrgs, Wrsg as depicted in Eq. C.10,
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Wit1 Wy .
Tiy1 —— Tjy2 —> IN

w, w w w;
@ 0, o Lo 2 ompeee —ts g (C.10)

fo

) Wip1 Wy
Y1 Yi YN »

C.2.1 Ribosome initiation

Ribosomes are assumed to bind to the RNA with rate k;,;. To account for the fact that ribosomes
are large biomolecules that occupy around 20 to 30 nuclear bases on the RNA [21], initiation
is blocked by any downstream ribosome within ng= 9 codons (in either frame). Therefore, the

initiation rate is set at:

kin; if codons {1,...,n¢} unoccupied,
wp = { 2 P (C.11)
0 otherwise.

C.2.2 Ribosome elongation

Ribosome Elongation: Each ribosome moves along the RNA codon by codon in the 5’ to 3’

direction. The elongation rate for each i™™ codon, /;;ell 1s assumed to be:

ke - (u;/u) ifcodons {2z + 1,...,7 4+ n¢} unoccupied,
- R { 7} unoccup .

0 otherwise,

where u; denotes the codon usage frequency in the human genome obtained from [175], and @
represents the average codon usage frequency in the human genome. The fit parameter k; specifies
the average elongation rate. Ribosomal termination is assumed to be equivalent to elongation of the

final codon.

C.2.3 Frameshifting and pausing

When the ribosome reaches the frameshift site, nrgg, it pauses, and may shift from the O frame

to the -1 frame. For the constitutive model, the ribosome can continue in the 0 frame with rate
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kpss if codons {npss + 1,...,npss + ny} unoccupied,
wy = (C.13)

0  otherwise,

or the ribosome can continue in the -1 frame at rate:

kpgs if codons {npss+1,...,npss + ny} unoccupied,
wy = (C14)

0 otherwise.

For the bursting model, the decision to continue in the O or -1 frame depends upon the frameshift-

ing state with the rate given by:

kpss if OFF and codons {npgs +1,...,npgs + ns} unoccupied,
Wy = *sg if ON and codons {nrss + 1,...,npss + n} unoccupied, (C.15)

0 otherwise.

C.2.4 Relating model dynamics to experimental fluorescence intensity

To relate ribosome occupancy to experimental translation spots, we proscribe an assumed
fluorescence to each ribosome based upon its position. This intensity is proportional to the number
of peptide probes upstream from the ribosome location and in the appropriate frame or frames.
Ribosomes in the 0 frame include all upstream probes in the O frame. Ribosomes in the -1 frame
include probes in the O frame between the start codon and the FSS (if any) and probes in the -1
frame between the FSS and the current ribosome position. The total intensity vector for the j**

color is given by

Ii(t) = Z ¢j(Ri(t)), (C.16)
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where R;(t) is the position (i.e., frame and codon location) of the i*" ribosome, and ¢;(R;) is the

corresponding intensity of the ;" color.

C.2.5 Comparison of Data and Models
Fraction of translation spots

Experimental data was measured between 2 to 6 hours post bead-loading for a period of 120
seconds. To reproduce these experimental data, the model was solved using 2000 trajectories of
120 seconds starting at steady state. Spots were classified and their prevalence was reported as

percentages for O frame only (Pgp), -1 frame only (P_;r) and both frames (Pgr).

Intensities of translation sites per RNA

Nascent chain fluorescence in single translation sites was measured in units of mature protein
(u.m.p.), as described in Figure 4.8. Intensities were reported for translation spots containing -1
frame only (I_;r), O frame only (Ior), both frames in the green channel (Igr /o) and both frames in
the blue channel (Igr,—1) (in Figure 4.3). In the bursting model, spots expressing both frames are
those that have recently switched between 0 and -1 frame expression, but for which the ribosomes

in the previous frame have not yet completed translation.

Ratio of intensities per RNA
To measure the average relative expression of frameshifted proteins, we calculated the ratio
between the total intensity in the frameshifting and non-frameshifting translation spots, Rg.,rg, as

follows:

Zﬁil I 1p+ Zi\il ]BF/—1
Z?Ll Ior + Zi\il IBF/O

where I denotes the steady state intensity in each frame of the i*" translation spot. Under an

assumption that the O frame and -1 frame proteins have equal degradation rates the production ratio
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Rr..rs would be expected to match the average steady state ratio of mature protein in cells, which

has previously been reported as 20:1 for the HIV Gag/Pol proteins [85, 89,97, 98].

Harringtonine assays

Harringtonine inhibits translation by binding to the ribosomal 60S sub-unit, which blocks new
initiation events. Experimental data showed that harringtonine causes the intensity in translating
spots to drop to a basal intensity value after a run-off time (in Figure 4.12). To mimic the effects of

harringtonine in our model, we modified the initiation rate as:

kin; ift <t,and codons {1,...,ns} unoccupied,
wo = p { 2 P (C.18)

0 otherwise,

where ¢, is the time of application of Harringtonine. After Harringtonine application, spots simulated
from the original construct were classified as O frame only (‘OF’) or both 0 frame and -1 frames

(‘BF’). After classification, average spot intensities were quantified as:

Hop(t) = (lor(t)) + bor, (C.19)

Hpp(t) = (Ipr(t)) + bpr, (C.20)

where b is experimental background expression obtained at the end of the experimental time of
the run-off assays. Similarly, spots simulated for the extended construct with upstream HA tags and

downstream -1 tags were classified as HA only (‘HA’) or both HA and -1 (‘HA/-1°).

Hiza(t) = (Tua(t)) + ba, (C21)

Hpya/-1(t) = (Tgaj—1(t)) +bmaj—1. (C.22)

Parameter estimation

For each model, we sought to find a single parameter set that reproduces all experimental

data. Given the diversity of sources and types of experimental data, we estimated the parameter
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values using a multi-objective optimization strategy to simultaneously compare the fractions of
shifted, non-shifted, and transiently shifting spots, the spot intensities for both frames, ratio of spot

intensities and the Harringtonine run-off data, as follows:

J(0) =wp »_ [logig(Py(0)/Pp)| +wr T = [;(0)| + wr > [Remrs — Remps(0)] +wn Z 3 \/ D=t (Ht,f,ch Hij.0(0))? L (C23)
c=1 f=1

=1 f=1 =1

fractions per frame Intensities Intensity Ratios Harringtonine assays

where experimental data are denoted as & and simulations results as . Weights (wp, wy, wg,
and wy) were used to balance constraints by the different experiments and time points. 7' represents
the number of experimental points in the Harringtonine assays, F' is the number of studied frames,
C' is the number of different gene constructs. The first term in the objective function constrains
the model to fit approximately to the 0 only, -1 only, and both frame fractions of translating spots
and was expressed in terms of the sum of absolute log10 differences (i.e., fold changes rather than
absolute differences) between the model and data, with weight wp = 1. The weight used on the
Harringtonine data set was defined as wy = 1/(C x F). The weight used to compare the ratio

of intensities was defined as wr = 1/R;. The weight used to compare intensities was defined as:

F _
wr = Zf:l If.

Parameter searches

Parameter searches consisted of optimization routines based on the pattern search algorithm.
Pattern search optimization is an iterative approach that directs the search of parameters by evaluating
the effects of varying one parameter at a time in the objective function. The size of the variation and
direction of the search are directed by the changes in the objective function [177].

The constitutive model has a total of four fitting parameters (kc;, kin;, krss and k7.gg). Although
the bursting model has two additional parameters (k,,, kof¢), the parameter k,;; was directly
determined from data in Figure 4.19B, and parameter k,,, was included in the optimization routine,
leading to five parameters total for that model. The parameter set that best reproduces the data was

selected as:
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Otie = argminJ(6) (C.24)
0
Optimized parameter values are given in full detail in Table 4.1 for the bursting model.

Simulation details

To simulate the model’s stochastic dynamics, we used the direct method from Gillespie’s
algorithm [176] coded in MATLAB. The pattern search algorithm was used for parameter opti-
mization [177]. Parameter uncertainty analyses for the bursty model were calculated by building
parameter distributions that reproduce results within a 10% error, calculated from 10,000 indepen-
dent simulations using randomly selected parameter values. Simulations were performed on the W.

M. Keck High Performance Computing Cluster at Colorado State University.
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