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ABSTRACT

MODULATING TRANSLATION DYNAMICS WITH TUNABLE

OPTOGENETIC PROTEIN RECRUITMENT

Genes encoded in our DNA are fundamental to human health and well-being. Their
imperative role requires tight regulation throughout their journey to becoming functional
proteins. These regulations, when disrupted, have been linked to many neurodegenerative
disorders and cancers, stressing the importance of deconvolving their components. Translation is
one of the final steps in this journey that has been extensively explored, resulting in a recent
technique developed known as nascent chain tracking (NCT) coupled with MS2 stem loop
tagging. Using this technique, we can track translation dynamics in real-time and in live cells.
Despite this, there are still limitations in spatially and temporally tracking the recruitment of
translation effectors to translation sites and accurately measuring these dynamics. With the
incorporation of optogenetic blue-light-sensitive proteins, we can generate inducible
biomolecular condensates that recruit green fluorescent protein (GFP)-tagged proteins and our
reporter mRNAs. Using this controlled test-tube-like environment, we can discover the direct
effects ribosomal quality control proteins have on translation dynamics. A main quality control
pathway involves ZNF598, GIGYF2, and 4EHP proteins that mediate translation control during
ribosome stalling. We discovered that both GIGYF2 and 4EHP can be recruited to these clusters
and co-localize with our active translation sites in live cells. Further exploration found that 4EHP
alone cannot fully cause translation inhibition with our system. Despite this, we do see

translation initiation occurring over time due to complex formation with HIF-2o«c. However,

il



GIGYF2 has distinct effects on these kinetics that are variable. This tool, when optimized, will
be able to describe different proteins' effects on translation kinetics in an isolated environment in

live cells.
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Chapter 1- Introduction

1.1 Genetic expression and the central dogma

The central dogma drives the force of genetic expression and, in turn, governs cell function
implicating disease. Throughout history the central dogma has been heavily explored. Since the
mid 1900°s when the central dogma was first discovered, researchers have scrambled to find an
answer to the mystery of genetic expression. [1] From there, the main framework of the central
dogma was found to be that DNA undergoes transcription to become mRNA and this mRNA
undergoes translation to become functional protein. [2] Because of its importance in human
health, translation, a fundamental step of the central dogma, is tightly regulated and, essentially,
the critical step in gene expression. The encoded segments can dictate the efficiency of
translation at its different stages. [3] Importantly, translation has three main stages that can be
affected: initiation, elongation, and termination-- all of which can be regulated by protein factors
still under investigation. [4] Initiation, an essential hurdle for translation, begins with the aid of
multiple “helper” proteins known as initiation factors. Initiation can be broken up into 4 main
steps, formation of the 43 S pre-initiation complex, recruitment of the 43S complex to the 5° end,
scanning of the untranslated region (UTR), and assembly of the 80S ribosome. [5,6,7] In order
for these factors to properly function in initiation, the mRNA must be processed accordingly to
have a 5° cap and a poly(A) tail. [8] elF2 aids in forming the 43 S pre-initiation complex, a sort
of “priming” for the ribosome. The cap is subsequently bound by elF4E, the cap binding protein
which recruits the 43S complex. [9] A plethora of proteins are then recruited, such as: eIF4G and
elF4A to form the elF4F complex. [10]. Each of these proteins have specific roles in recruiting,
priming, scaffolding, and directing the ribosome and transcript to the right locations to begin
translating. Scanning the transcript of the AUG sequence is typically mediated through the 5’
UTR. eUF1A helps break up the structured region in the 5° UTR so the ribosome can load onto
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the transcript. [11] Finally, the 60S subunit of the ribosome is recruited by elF5. This is only
after the initiation codon has been identified on the transcript. While this is a quick rundown of
translation initiation, it is an incredibly complex process filled with many regulatory steps still

being explored today.

Once the transcript has been loaded and prepped from initiation, the next step of translation is its
elongation stage. This stage is incredibly dependent on the resident transcript’s sequence and
accessibility. [12] Within the large subunit of the ribosome are multiple sites in which tRNA
passes through during elongation, which occurs in the 5’ to 3 directions. The ribosome then
processes 3 mRNA residues at a time known as codons. To begin, the Met-tRNA is aligned in
the P-site (peptidyl). [13] The first codon of the ORF will then settle in the A-site (aminoacyl).
As the ribosome moves down the transcript, the tRNA will move through to the final E-site of
the ribosome before leaving the ribosome. This process is mediated by a plethora of regulatory
proteins and GTP that help preserve the nascent chain and allow it to fold into a fully functional
protein. [14] The kinetics of how this process functions is left to many different factors within
the cell. Once the ribosome reaches a stop codon in the sequence it will pop off from the

transcript releasing the nascent chain.

The terms “translation factors” and “ribosome-associated quality control proteins (RQC)” were
coined to describe proteins involved in this regulation. These factors can either enhance or
inhibit translation, thereby affecting the cell’s function and overall health. Understanding what
regulates translation dynamics is integral to comprehending the further implications of diseases
that target general gene expression. One major challenge in translation research is the ability to

kinetically analyze translation and recruit translation inhibitors to specific sites. Furthermore,



measuring their effects in real-time adds another layer of complexity to this task. Deconvolving

this pathway will reveal what factors affect gene expression.

4 ~ HASCRY

- MCP
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Figure 1: Nascent Chain tracking (NCT)
In green we have the HA scfV Frankenbody. In magenta we have the MS2 coat protein (MCP). This
1s a schematic for how NCT would look on a translating transcript.

1.2 Measuring translation dynamics

To address the challenge of measuring translation dynamics in real-time, researchers have
developed single-cell imaging to view this process at a single-molecule level. Previously,
translation dynamics were deconvolved through ribosome foot printing or profiling, which
lacked the ability to measure translation dynamics in live cells in real time. An integral technique
in the field discovered to combat this is Nascent Chain Tracking (NCT), developed by the
Stasevich lab. This technique measures the real-time dynamics of single RNA translation in
living cells at single-molecule resolution. Epitope tags, encoded for and subsequently positioned
on nascent polypeptides of the reporter construct, recruit fluorescent antibody fragments (Fab) or
Frankenbody scFVs, which are used to visualize the growing nascent chain as the ribosome
moves across the reporter transcript. Simultaneously, a separate protein known as an MS2 coat

protein (MCP) can bind to the MS2 stem loops at the end of our translating reporter mRNA. This



MCP can be stained due to its Halotag, and Fab or Frankenbodies can be added to the cells to
bind our epitopes. The coupling of MS2-tagging and NCT allows for the observation of the
stages of translation, in addition to tracking heterogeneity in translation dynamics. The addition
of puromycin, an in and harringtonine helps validate these sites as active translation spots. NCT
has revolutionized the visualization of translation dynamics in live cells. These reporter
constructs can be altered depending on the gene placed between the two tagging components.
Using this method, the previous difficulties of measuring translation kinetics and relating them
back to gene expression can be solved. Certain additions to NCT have also increased its
versatility, for instance, the spatial control over transcripts has been explored. This exploration
began with implementing 5° BoxB stem-loops to develop a tethering assay, specifically with
Argonaut protein found in P-bodies. Optimization of NCT provides continuous improvement to
our understanding of gene expression and thus the direct effects of cell health. While tethering
was able to be seen in live cells, a limitation of this technique is the lack of temporal control of
translation and protein recruitment. Inability to catch every time scale of tethering leads to

missed information that is integral to our understanding of translation.



CRY?2 Protein GFP nanobody

Figure 2: Cry20lig clustering style and Construct
Cry2olig will oligomerize upon blue light exposure. This process is reversible when removing blue
light. Below outlines the Snaptag in the 5° end of the Cry2 protein along with the addition of our GFP
nanobody that will later promote tethering.

1.3 Optogenetic Protein Applications

Many different methods have been implemented to remedy the lack of temporal control in
investigating translation. To control recruitment of transcripts, optogenetic technologies
have been developed and applied. Optogenetic advances provide a promising remedy to NCT’s
weakness in temporal control [25]. This would be done by developing a recruitment method for
our transcript to follow these proteins. The mechanism functions through the addition of a plant
blue-light sensitive photoreceptor protein known as cryptochrome 2 (Cry2) [26]. Importantly,
upon blue light exposure, Cry2 can form a homodimer as well as heterodimerize allowing for
tethering. This function through blue light causing a conformational change within the Cry2
protein leading to rapid heterodimerization. This only occurs with the activation from blue light
of 430-490 nm. [27] For example, an enhanced magnet system creates a measurable tethering
event with the ability to recruit proteins and translation sites to designated areas. The enhanced

magnet system is comprised of two Cry2 proteins that form a heterodimer [28] (Figure 2A)



A more biological application was found that Cry2 can form clusters which propagate through
homodimerization [29]. Noticeably, these clusters create phase-separated condensates that do not
incite a stress response. Initially, clusters were found to inhibit translation, but later experiments,
in addition to our own, have shown residual translation signals [30]. To capture these signals,
two main systems of clustering were developed to create phase-separated condensates: Cry2
LARIAT and Cry2olig wild-type [31] (Fig.2) These are all blue light inducible and each method
vary in their strength of protein interactions, which affects how densely they form clusters and
disrupt the translation environment. While cluster density differs, both systems do not fully shut
down translation making them sufficient proteins to utilize in conjunction with NCT. Using these
optogenetic proteins we will be able to create a local environment for our transcripts that is
isolated from the rest of the cell, giving us a “test tube” in vivo. Using this specific phase
separated technique, we can work to bridge the gap between in vivo and in vitro experiments and
further apply this technique to different objectives. Since Optogenetic clusters are tetherable and
don’t fully disrupt translation, this will be applied to NCT to recruit known protein effectors to
translation sites. Recruitment of these designated proteins to our Cry2olig clusters will interact

with our translation signals and cause disruption [32,33]



Figure 3: Proposed ROC pathway
In binding order:
1- ZNF598 — 2-GIGY2 — 3-4EHP

1.4 Recruitment of known translation effector proteins

There are many proteins that can inhibit translation due to the local environment they generate.
Ribosome-associated quality control (RQC) proteins GIGYF2 and 4EHP are known regulators.
[34,35] When ribosomes collide on transcripts, which occurs due to sequence specific structures
in RNA, they cause stalling in elongation and ultimately produce truncated polypeptide chains,
toxic to cell environments. [36,37] This toxic environment will ultimately lead to rapid cell
death, which is something we want to avoid especially for certain cells that cannot regenerate
themselves. One proposed alleviating pathway involves ZNF598’s recruitment of GIGYF2 and
then the subsequent recruitment of 4EHP which leads to translation inhibition. [38] 4EHP can
bind to the 5’ cap found on mRNAs and inhibit translation initiation, preventing the ribosome's
ability to recruit and bind to mRNA [39]. 4EHP (elF4E2) is also found to function as an
initiation factor in hypoxic conditions within the cell. This occurs when HIF-2« complexes with
4EHP and can recruit initiation factors once more [40,41]. GIGYF2 is also multifaceted through

its ability to recruit the Cer4/NOT complex, another degradation pathway for mRNA. [41,42] All



of this will prevent a buildup of truncated chains after ribosome collisions. A schematic reveal
how GIGYF2 and 4EHP function together in their signaling cascade (Fig.3). The main cause of
this RQC recruitment is ribosome stalling, but this has not been tested in an isolated
environment. Using both translation regulators we can visualize whether the protein’s
environment causes translational inhibition, or the protein itself causes translational inhibition.
Ultimately, the goal is to further characterize the inhibition and requirements of our designated

proteins while further validating our technique.

Due to the known limitations of NCT and MS2-tagging, we hypothesize that implementing our
optogenetic system will allow for better characterization of translation dynamics due to its ability
to isolate the transcript in the local environment. Therefore, our primary goals are to develop an
optogenetic system that clusters with NCT, recruit RQC proteins to optogenetic clusters, and
visualize translation shut-off over time following RQC recruitment. In addition, we hypothesize
that the RQC protein pathway will still function without stalling of ribosomes and simply if

recruited to translation sites. This will be determined on an individual protein basis.



Chapter 2: Applying Spatial and Temporal Control to Nascent Chain Tracking
Through Optogenetic proteins

Rationale: Optogenetic proteins can sequester mRNA as found in previous publications.
Due to this sequestration, nascent chains should subsequently be tethered as well due to mRNA
recruitment. Despite papers claiming translational activity is inactivated through sequestration,
preliminary data of preserved translation motivated us to pursue this recruitment further. This is
an effective way to recruit mRNA and translation sites without the use of direct tethering which
has variable effects on translation. It will simply recruit translation into the same generalized

local environment in a phase separated means.



Figure 4 : Cry2olig’s efficiency in our cell

A, Our model dictates how we are getting our system to work, from the cell level to the
translation level. B, U20S wildtype cells transfected with our Cry2olig plasmid, reporter
transcript, and MCP. Consistent activation over 43 s. C, optogenetic MCP used (with non-
fluorescent GFP), but not tagged, to visualize translation recruitment to clusters. D, MCP with no
GFP, should not be tethered to the clusters over time because it lacks a GFP. E, cells using
regular MS2 to colocalize with clusters, no GFP. This was plotted to show colocalization with
clusters. F, Plot showing the tracking of mRNA using BoxB Halotag. G, comparison of
colocalization at the end of the 10-minute time period. Percent colocalization is measured.
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2.1: Recruitment of MCP and translation

To begin using optogenetic proteins as a technique for developing NCT, we needed to
ensure that we could recruit our translation sites to these phase-separated clusters. Our system
works by transfecting these components into various stable cell lines, specifically a stable cell
line expressing Cry2olig. We can control when blue light is on to observe real-time cluster
formation and interaction with our transcript. The model represents how and where we recruit
our transcripts to our Cry2olig proteins (Fig. 1A). To validate this concept further, we tagged
MCP with GFP and observed through blue light activation how quickly they co-localize if we
place a GFP-nanobody on the Cry2olig protein. Within 10 seconds, consistent colocalization of
MCP and Cry2olig protein is observed. This is evident through the splitting of our channels
(Fig.1B). Having validated transcript recruitment, we moved on to visualizing recruitment of
translation sites to these phase-separated clusters. We placed a non-fluorescent GFP on our MCP
to visualize the colocalization of Cry2olig protein and translation sites. To measure the
specificity of this mutated GFP (Opto-MCP, G67A), we tested MCP without GFP and with
Opto-MCP and followed translation colocalization to clusters. We observed consistent
recruitment of translation in cells transfected with Opto-MCP (Fig. 1C), which lasted throughout
the imaging cycle after activation. Comparison with non-GFP MCP showed no lasting
localization of translation (Fig. 1D), indicating higher mobility of translation and lack of
colocalization in separated channel images. Subsequently, we tested mRNA localization,
tracking regular MCP RNA over time and finding minimal colocalization (Fig 1E). Repeating
the test with RNA including a BoxB stem loop stretch for tagging with Halotag showed rapid
colocalization (Fig. 1F). Finally, we directly compared the percentage of localized vs.
non-localized translation in our MCP control and BoxB transcripts at the last time point (Fig.
1G).
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Inactivated CryZ2olig Translation Signal Over Time

3

?5

£12
Cry2 E

=)

Wi

5

w

9 06
m
Transl. 3 o4
s 0.2
£ 0
E
200
0 10 20 30 40 50 60
Time (min)
D 3 Activated Cry2olig Translation Signal over Time
314
212 §
Cry2 510 s L
@
§ 08 -
=
T 06
=
=04
, P2
Transl. £
5 0.0
0 10 20 30 40 50 60
Time (min}

Figure 5 :Cry2olig effects on translation over time

A, U20S wildtype cells transfected with the Cry2olig protein, KDMS5B reporter transcript, and
HA scFV-IRES-MCP plasmid. These cells were not activated over the 65 min time course.

B, U20S wildtype cells transfected with the same components stated above. These cells were
activated every 5 time points (5 minutes) over the 65 timepoint video.

C, graph tracking translation signal over time in our inactive Cry2olig images.

D, graph tracking translation signal overtime with active Cry2olig clusters forming.
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2.2 Cry2olig’s effect on translation over time

To assess whether Cry2olig integration would have a lasting effect on our cell’s
translation dynamics, the cells must be integrated with the proteins for longer periods of time.
Firstly, we transfected our Cry2 protein within our cells and did not activate clustering. This
means we had our blue laser covered over the course of the movie. After an hour we did not
visually see lasting effects on our translation. (Fig 5A) Next, we repeated the transfection with
wild type U20S cells, however, this time we activated Cry2olig with a pulse of the 488 nm laser
every 5 minutes over the course of a 60-minute video. From cluster activation, we did not
visualize any lasting effects on translation (Fig. 5B). However, we do see consistent localization
of translation to these clusters. To add quantification to our video analysis, we began tracking the
translation intensity of each single-molecule site over time. Firstly, we addressed our inactivated
cluster and did not see change from the normalized intensity over 60 minutes (Fig 5C). The
normalized intensity considers the amount of starting translation sites compared to the ending
number of translation sites and their combined intensity overtime. The graph indicates this
intensity hovers around 1.0 indicating little to no change over time. This same quantification was
done for our activated cells. Here, we get a similar result that lacked any significant difference

from the starting intensity, only drifting slightly below 1 after nearing the 1-hour mark. (Fig 5D)

13



Chapter 3: Recruiting Ribosomal Quality Control Proteins to Active Translation
Sites

Rationale: The RQC pathway can effectively shut down translation when stalling events
occur on transcript. GIGYF2 and 4EHP can function as inhibitors without the first protein,
ZNF598, in the signaling cascade. Previous studies have utilized direct tethering; however, it is
unknown whether these proteins will function the same when placed in the same localized
environment. Using the technique outlined previously utilizing optogenetic proteins, these RQC
elements will be recruited to reporter transcript and translation dynamics can be effectively
measured. These dynamics changes will be caught in real-time in live cells, never seen or done
before. Using this technique, we will further deconvolve the pathway that, when disrupted, can

lead to a plethora of neurological disorders.
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_Translation Signal

— POI Signal

Cry2  AEHP  Transl

Figure 6: Validation of RQC protein recruitment to clusters and with translation
A, Schematic of protein recruitment to Cry20oig using GFP and GFP nanobody framework. B,
Hela wildtype cells transfected with Cry2olig and the cap binding protein 4EHP, 60 minutes time
course. C, Hela wildtype cells transfected with Cry2olig and the RQC protein GIGYF2, 60
minutes time course. D, Hela wildtype cells transfected with Cry2olig, 4EHP, reporter, and
beadloaded with FAB and MCP.
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3.1: Preliminary Tethering Control

To move forward with our deeper analysis of the RQC pathway, we required validation that this
recruitment could occur within live cells and not disrupt any machinery. We recruit our protein
of interests the same way our reporter transcripts are getting recruited, through the GFP and GFP
nanobody. In this case, our GFP is left fluorescent on the protein of interest which is depicted by
the given model (Fig 6A). This protein of interest will then colocalize, eventually, with
translation. Initially, we transfected Cry2olig and 4EHP together and visualized their localization
in Hela cells. They are consistently localizing at the beginning time point over the course of 60
minutes. The channels are split at the last time point to further validate the colocalization* (Fig
6B). Next, GIGYF2 was transfected along with Cry2olig and consistent localization is once
again seen. The same visualization was used to show localization over time. (Fig6C). Finally, to
assess the validity of this system, we must be able to recruit our POI and reporter transcript to
localize translation and effector protein in the same cluster. This is seen for the first time in Hela
cells validating that this system allows for the incorporation of all our components in addition to
the fact they can all express enough to visualize in live cells (Fig 6D). Overall, this preliminary
data allowed us to move forward with our experiments to better characterize this RQC pathway

and kinetics in which they shut down translation with.

*Early images do not have our two cameras aligned and colocalization is not exact™®
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Figure 7: 4EHP Recruitment to Translation Sites
A, 65 timepoint, 1 minute interval movie depicting the recruitment of 4EHP over time. Last time
point is separated into the three channels of visualization. B, Translation signals overtime per
cell. Each cell is separated color-wise based on the expression of GFP. C, Average translation
overtime in highly induced 4EHP cells. D, graph depiction of mutated 4EHP’s effect on
translation over time
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Figure 7: Continued
E, One’s cell highly induced expression of 4EHP and its effects on translation over time. F,
percent localization of translation to cry2olig clusters and with 4EHP. G, a lowly induced 4EHP
single cell’s effects on translation over time. H, subsequent localization of Cry2olig and 4EHP
clusters over time.
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3.2.1 Recruitment of 4EHP

We can successfully recruit 4EHP and translation sites to the same phase-separated
localization. Over time, we can visually see translation sites do not go away after stable
recruitment for 65 minutes. Instead, it appears like translation sites get brighter over time, in
some cases. Some of these cells were treated with harringtonine to ensure that these are
translation sites, however, there is still the possibility of stalling events, this is harder to track
using any chemical inhibitor of translation. When plotted on a graph, we see there are significant
amounts of cells that increase in translation intensity over time. To further characterize this trend,
we investigated the GFP signal to sort via expression of 4EHP. From this, we found that higher
expression of 4EHP led to higher signals of translation. This of course had to be optimized
because too much 4EHP also led to no effects on translation, but less stable interaction indicating
that there is a chance all the Cry2 proteins that mediate the recruitment are taken up by 4EHP
protein. We can see that even with high amounts of 4EHP, there is still a variable response to
translation initiation over time. This may be due to what was stated previously. (Fig 7C) Next,
the dimer mutated version of 4EHP was explored. This mutant removes the binding interface to
GIGYF2, the upstream binding of the initiation inhibition pathway. This graph reveals a higher
likelihood of translation initiation; however, this is preliminary data that only has incredibly low
expressing 4EHP within the cells. Further optimization of this will need to be tested. (Fig 7D) To
further characterize localization of translation, further data analysis has been done on already
acquired data. The first cell looked at was one of our highly induced 4EHP cells that had little to
no effect on translation over time. (Fig 7E) When localization of translation to Cry2olig and
4EHP’s GFP, little to no translation was localized. (Fig 7F) Next a cell with lowly induced 4EHP
was investigated that had an extensive effect on translation over time leading to initiation. (Fig

7G). The percentage of localized translation sites to Cry2olig cluster and GFP clusters revealed
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incredibly high colocalization compared to the previous graph. This would need to be done for

every cell replicate to deconvolve a generalized trend.

*Last figure tracking over time
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Figure 8: GIGYF2 Recruitment to Translation Sites
A, 65 minute, 1 minute time point video depicting translation over time. Last time point is split
into the three channels as labeled. B, Translation overtime with GIGYF2 recruitment, each line is
a cell and they are colored based on GFP expression. C, Highly induced GIGYF2 average
translation signal overtime. D, combined 4EHP, Cry20lig, and GIGYF2 translation averaged
compared on the same graph.
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Figure 8: Continued
E, this is a single cell taken from our highly induced GIGYF2 cell. It has very little effect on
translation over time. F, colocalization of translation to Cry2olig and GFP over time. G, Lowly

GIGYF2 induced cell with a severe phenotype shutting down translation. H, Localization of
translation to Cry2olog and GIGYF2 GFP over time.
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3.2.2 Recruitment of GIGYF?2 to clusters

The next protein we recruit is the protein upstream of 4EHP. Theoretically should be able
to shut down translation because of its ability to recruit these inhibitory proteins. Our video of
the cell shows consistent recruitment of GIGYF2 over time. These are visually interacting with
the translation sites over the course of the 65-minute video. In addition, we can visually see
translation shut down over time with this cell. This occurs within 20-30 minutes of the video.
(Fig 8A) To further analyze these images we need to quantify the translation signal through its
fluorescent intensity. This was done for all cells tested that visibly recruit GIGYF2. This graph
left us with conflicting results since there was not a consistent drop in translation. In addition to
this, it was not based on expression of the GFP indicating that GIGYF2 levels may not matter.
This needs to be further assessed to provide a stronger conclusion. (Fig 8B). To assess the
efficiency of GIGYF2’s ability to shut down translation, we highly induced our inducible cell-
line expressing GIGYF2. We could screen for this because high levels of GIGYF2 will phase-
separate into a liquid-like condensate. Even with the high level of GIGYF2, we were unable to
see consistent run off translation. (Fig 8C). Lastly, we compare all three conditions we are
exposing our translation sites too. Despite GIGYF2’s variable results, it still shuts down
translation more than Cry2olig on its own and 4EHP. This means there is still a mechanism at
play that allows it to function as an inhibitor more so than other proteins. (Fig 8D) Potentially
translation will not be localizing to our Cry2olig clusters containing GIGYF2. To assess this
localization, we measured the percent of translation over time colocalizing to translation sites
and determining if this plays a role in the effects on translation. The first cell we looked at is a
highly expressed GIGYF2 cell with little to no effects on translation upon clustering. (Fig 8E)
The localization was measured, and percent of translation localization sits at around 80%

indicating that there is some interaction with GIGYF2 and this interaction is not causing any
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effects over time. The next cell was the lowly induced cells that had an intense effect on
translation over time. This indication strikes a severe phenotype that is non typical. (Fig 8G) The
localization was then measured to see if this would have further association and localization over
time than the one not affected. This remained unchanged from the previous cell. The end of the

graph is hard to read because of the rapid loss of translation over time. (Fig 8H)
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Chapter 4: Discussion

Translation is a complex process and remains the critical step in the central dogma. Our
lab has extensively explored the diverse effects on translation kinetics by developing NCT, a
method to measure nascent chain production over time based on fluorescence intensity.
Additions to this technique have been revolutionary in the field, such as generating a direct
tethering assay with our reporter transcript using BoxB stem-loops. Through this technique, we
have devised a way to recruit factors without direct tethering, which have unknown effects on
transcripts. This was achieved using our optogenetic protein Cry2. With the technology
described above, we can tether proteins of interest and our reporter transcript in the same
localized environment. This technique allows us to create a phase-separated "test tube" within
our cell. The novelty of this tethering enables us to better compare in vivo and in vitro
experiments by effectively mixing controlled components that contain GFP (fluorescent or not).
Optimizing this technique will lead to further controlled experiments with any proteins tagged
with GFP. Moreover, using this technique to observe live dynamics provides us with more

information than some direct tethering assays that screen transcripts the day after.
4.1 Aim 1

To achieve our objectives with this technique, numerous controls needed to be established. This
was the focus of my first aim, which aimed to control when and which transcripts could be
recruited. This began by developing an orthogonal technique that previously tethered mRNA to
Cry2 proteins. Through this, we aimed to validate the method's ability to recruit using the GFP
nanobody and be specific to our reporter transcript. This was confirmed through our first control,
visualizing the MCP-tagged mRNA localized instantly with our clusters. This ensures that

we know our transcript is being sequestered to these spots. For this system to work with NCT,
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we needed to observe translation signals persisting over time to measure changing dynamics.
Initially, we observed translation localization. This was tested by recruiting a second set of stem
loops, BoxB, with a Halotag for staining to observe localization of translation to these mRNA
clusters over time. We consistently observed localization of BoxB over time, with around 80% of
transcripts being localized. This aligns with previous findings indicating that BoxB is not 100%
efficient at tethering, thus replicating those findings. We also tested recruiting MS2 without a
GFP tag, and these mRNAs did not recruit to clusters. This hypothesis was confirmed through
analysis showing little to no localization to the clusters, validating that our clusters are specific to
GFP-tagged components within the cell. This was further analyzed by comparing the last time
point of localization using a bar graph, which showed that the BoxB transcript significantly

recruits clusters more than just MS2.

The next part of my aim was to ensure that translation would not be shut down over time
due to the presence and clustering ability of the Cry2 protein. Firstly, we tested whether simply
transfecting Cry2 proteins into the cell without activating their clustering would disrupt
translation. This was not observed visually in our videos, and upon further analysis of these
videos, we did not observe any shut-down of translation over time. This was quantified on a
single-particle basis over the course of 65 minutes. This test indicates that the expression of Cry
proteins in the cell will not cause translation to shut down through a stress response. While the
expression and quantity of Cry proteins are mostly controlled, there was a concern that
integrating enough Cry2 to be activatable might be too much for the cells. Fortunately, this was
not the case, so we moved forward with testing the effects of activated Cry2 over time. In our
subsequent experiments, we once again did not visually observe any significant effects on

our translation over time. This was quantified in the same manner, and we did observe a slight
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drop-off in translation compared to the non-activated Cry2. This is likely since we tested the
activated Cry2 more extensively than the inactivated Cry2. For a proper comparison, we should
replicate our initial experiments more closely. Despite that, we can conclude that Cry2olig’s
clustering ability will not significantly disrupt translation over time, making it a great system to

recruit factors and localize translation sites to our clusters.

4.2 Aim 2

My second focus was on recruiting known factors to the same area without causing too much
disruption within the cells. There was a concern that Cry2 might be fully bound by the transcript
before binding any protein of interest, among other worries. To direct our questions towards a
biological process, we delved into the RQC pathway, which has been minimally explored and
remains elusive. The general idea is that through recruitment, these factors should be able to shut
down translation once localized. As mentioned earlier, this leads to translation initiation
inhibition, which still occurs with just the recruitment of 4EHP or GIGYF2. We began testing
this technique's validity by generating stable cell lines in Hela cells expressing either 4EHP or
GIGYF2. The initial data confirmed that both, once GFP-tagged, could be recruited to translation
sites. Further validation was conducted by integrating our NCT components to observe
translation. This was once again observed, but in small amounts within these Hela cells. This
indicates that these components are quite challenging to integrate even through transfection and
bead loading. These initial experiments served as the necessary controls to ensure that this
system would work effectively in the long run with all these components. While Hela cells were

suitable for testing, we aimed to transition to U20S cells, as they are the mainstay of our lab.

After developing these control results, we began the long work of generating stable cells

in U20S cells. This process was long and tedious, however, through the Piggybac stable cell
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lines method, we were able to complete three stable cell lines each expressing their own protein:
4EHP, GIGYF2, and Cry2. The Piggybac system functions through integrating into transposons
using transposases. Transposons are sequences within the genetic code that are moveable, and
their expression is variable. Because of this, our stable cell lines have a lot of heterogeneity in
expression of the proteins of interest. Despite this, it is important for our system to see if some of
these proteins are concentration dependent and we can sort them from the GFP intensity. In
addition, we were validating that over-expression of these proteins does not lead to total

translation shutdown, which we luckily did not see.

Firstly, we explored 4EHP recruitment to these clusters and its interaction with
translation sites. At first, we could not visually see a difference in translation over time
throughout the cells we were activating. The translation sites persisted over the course of the 65-
minute video, and they were clearly colocalizing with the clusters we formed allowing us to
address that it was consistently interacting in the general location of the translation sites that
were also localized. We further analyzed these videos through the same code that can extract the
intensity of each individual translation site over time. Here we tracked the intensity over time,
still normalizing to the first time point. Initially, the graph did not seem conclusive, there were
random cells that seemed to start activating translation because the intensity measurement would
increase over time. After seeing this graph, we sorted the cells based on GFP intensity, this
would give us insights into the expression level of 4EHP and if this would cause these variable
effects. Once sorting expression wise, there was a clear pattern in higher expressing cells
beginning to turn translation on. This led us to explore the literature where we found that
the HIF-2« factor can form a complex with 4EHP in hypoxic conditions to start initiating

translation. (30) We hypothesize that in the condition we are creating in the cell some transcript
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may not be accessible by normal initiation factors leading HIF-2« to bind 4EHP and starting
initiating. This has yet to be further explored but was an incredible result of this experiment.
Further experiments were done over expressing 4EHP and these provided more variable results,
there is most likely a certain expression that is required for these effects. For instance, once all
the Cry2 proteins are taken by 4EHP they are less likely to recruit our transcript, thus our
translation sites are not stably interacting with the factors that we want them to. We then
considered the fact that 4EHP bound by GIGYF2 promotes its translation shut-down capabilities.
This led us to mutate the binding interface between this complex and assessing the translation
effects over time. This shows consistent translation initiation, more so than the other
experiments. While this is incredibly preliminary, it is promising that this mutation will promote
initiation. To assess well localization of translation to these clusters are occurring we further
analyzed some specific moves that had striking phenotypes. Firstly, as mentioned with our
highly induced 4EHP cells, we wanted to see if our translation was successfully colocalizing
when there were no effects on translation. From this breakdown we found an incredibly low
percentage of translation sites recruited to these clusters when 4EHP was in abundance. As
mentioned previously, there is a chance that all the GFP-nanobodies were taken up from 4EHP.
When addressing a cell that had an aggressive phenotype, we do see a much higher percentage of
translation colocalized to our Cry2olig cells and 4EHP GFP. There are still many questions to be
answered that could be further validated through various experiments that will be described in

future directions.

After exploring 4EHP’s effects on translation, we moved to its upstream binder GIGYF2.
GIGYF2 is first recruited by ZNF598 and then recruits the cap binding protein 4EHP. We

initially hypothesized this would have the most effects on translation because it leads to
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multidimensional translation shut down over time since it can also interact with the ccr/not
complex, another degradation pathway of mRNA. Using our GIGYF2 stable cell line, we used
the same protocol we have been using for all these experiments. Upon visual analysis there were
multiple cells that completely shut down in translation with the 65 minutes we imaged for. This
was exactly what we were hoping to see, however, to further analyze this data we processed the
videos and analyzed them using our particle detection code. Upon generating a graph of all our
GIGYF?2 proteins we got highly inconclusive data, like 4EHP’s. While there were a lot of cells
that seemingly had their translation completely shut down, there were multiple not shut down at
all. We sorted these cells based on GFP expression once more and our results were even more
confounding, there were no set expression dependencies on results. This experiment was
repeated multiple times with different inductions of protein expression. When GIGYF2 was
highly expressed, there was even less change in translation sites over time. We investigated the
colocalization of translation sites with Cry2olig and the GFP signal of GIGYF2. When GIGYF2
was highly induced we still saw this consistent colocalization of translation to the sites despite
having no effects on translation. We then looked at those that had a severe response and shut
down to translation and this compared to the cell that had little to no response. All in all, there
seems to be consistent recruitment despite no effects on translation. Further experimentation is
required to validate what is exactly occurring in the cells. There are most likely other factors
required in the process that will allow GIGYF2 to have some effect on translation. In our

future directions we outline multiple future experiments we are hoping to follow up and get more

results from GIGYF2.

4.3 Closing remarks
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As a closing remark, I believe that we have developed an integral technique for
characterizing mRNA associating proteins. Through this system, any factor can be GFP-tagged
and recruited to these phase-separated locations within the cells to measure effects on translation
dynamics over time. This can be particularly useful for proteins with little-known functions, as it
may shed light on how they affect translation, which is currently unknown. Furthermore, further
characterization of the RQC pathway has raised more questions about the proposed model than
before. For instance, if 4EHP can function as an initiation factor, does it require GIGYF2 to act
as an inhibitor? Additionally, why is GIGYF2 recruitment on its own not leading to translation
shutdown over time? These are questions that, with further experimentation, we can delve into
and deconvolve. Discovering the true series of proteins involved in the pathway can significantly
contribute to our understanding of this rescue machinery. This understanding is crucial, as

without it, it could lead to neurodegenerative disorders in patients.
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Chapter 5: Future Directions

Given the technique-based nature of this thesis, there are many future directions for this

and further experiments to validate what is already concluded.
Aim 1:

My aim | was primarily about validating the novelty of our technique. While this worked
extensively well using the Cry2olig proteins and clustering technique, there is another clustering
system known as light-activated reversible inhibition by assembled trap (LARIAT). This
clustering technique adds a scaffold CIB1 multimeric protein to create more lattice-like clusters
within the cells. This technique was found to cause translation inhibition, however, our
preliminary findings from overnight imaging indicate that translation can persist for long periods
of time during activation. This was validated through puromycin treatment to validate the
translation sites. We hypothesize this is due to our reporter being much larger than previous
studies’. This means our reporter cannot be fully sequestered into the clusters. Moving forward,
we could use this technique and determine if the clustering has a direct impact on our
localization of proteins and their interactions. In addition, our transcripts have a tev sight
meaning we could eventually pull them down and analyze them through mass spectrometry. This
would characterize what is interacting with our clusters along with validating that our proteins of
interest are interacting with the transcripts if we see translation shutdown. This could also be
assessed through fixing out cells and staining for the specific proteins to visualize under our
confocal microscope. With future optimization, we will be able to validate a plethora of factors

that recruit to translation over time.

Aim 2:
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My second aim produced a lot of answers as well as many questions. While the RQC pathway
has not been starkly characterized, the current model has been heavily researched. Despite this,
our findings question some of these working components as well as their ability to function on
their own as translation repressors. Previously, it was found that 4EHP and GIGYF2 can function
in a separate inhibition pathway from ZNF598, however, with our single recruitments of the
proteins we do not see this. In fact, when we recruit 4EHP we end up seeing some initiation of
translation occur due to higher translation signals over the 65-minute movies. This is something
we can explore more through generating a plasmid that can bring both 4EHP and GIGYF2 to our
translation sites and validate that they work better together than separate. This plasmid has been
generated, it has yet to be successfully tested. In addition, since we know 4EHP can function as a
translation initiation factor when complexed with HIF-2«, we could always fix these cells and
stain the presence of HIF-2« in our clusters to validate complexes potentially occurring. This
could also be done through mass spectrometry experiments. In addition, we are looking to induce
hypoxic conditions with cobalt (II) chloride in the cell and if this reflects our cluster’s ability to

initiate this would be interesting.

In addition to further exploration into 4EHP, we hope to further deconvolve the data we
found for GIGYF2. This could be remedied through recruiting known translation suppressors to
our clustered translation sites, for instance, the P-body protein argonaut. This has previously
been shown to shut down translation over time through direct tethering. If this were to easily shut
down translation, then we would know GIGYF2 must require more components to shut down.
Furthermore, we have constructed a P2A plasmid that expresses both 4EHP and GIGYF2. With
both tethered together they should function the same way that previous studies have found when

recruiting both components.
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Closing remarks:

All in all, there are numerous avenues that this research could lead us down. For instance,
in the future, we hope to investigate stress granule scaffolds and determine if their recruitment
causes adverse effects on our translation sites over time. Additionally, we aim to better compare
the cluster-like ability of Cry2 versus G3BP1. Furthermore, we plan to conduct further
experiments into the recruitment of p-body proteins such as argonaut. With continued
optimization of the system, this technique will become indispensable for the lab to discover

additional functions of proteins.
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Chapter 6: Materials and Methods

Plasmid Construction

All vectors were designed through the Snapgene software. Our Cry2olig plasmids were cloned
through inputting the Cry2 protein into an expression vector with a CMV promoter and placing
the Snaptag on the 5’ end along with the GFP-nanobody (vhH(GFP)) on the 3° end of the
protein. This is the construct we consistently used throughout our experiment involving the blue
light sensitive protein. In addition, we developed a plasmid that can be transfected to express the
HAscFV and MCP separated by an IRES. We used the Frankenbody scFV and inserted that
before the IRES. Our 2 MCP sequence still included a Halotag before it. A GBI sequence was
placed after the frankenbody. This plasmid was kanamycin resistant. This was used for all of our

assays.

Our proteins of interest were each tagged with a GFP upstream of their protein sequence. These
were designed with D3 promoters because it was the goal to express these in stable cell lines.
The protein sequences were obtained from GeneWiz. These were constructed with ampicillin
resistance. In addition, we developed the constructs separated by a P2A sequence. This was
placed in between the two proteins as such: GFP-4EHP-P2A-GFP-GIGYF2. These were all done
through standard restriction enzyme cloning and developing specific primers. On the side we
also generated GFP-Ago2 in the same fashion described above. All our primers were tested on
the Integrated DNA Technologies (IDT) database. All our plasmids were sequenced using full
plasmid sequencing offered by Plasmidsaurus. All cloning was done using Zymo Research
miniprep and gel extraction kits. Some plasmids were midi-prepped using the machinery-nagel

kit.
Cell Culture:

35



Human osteosarcoma cells (U20S) were used for most of these images. For those indicated, we
used HeLa generated stable cell lines as well. These were cultured in 10% (v/v) FBS (Atlas)
media DMEM (Thermo Scientific) supplemented with 1 mM L-glutamine (Gibco) and 1% (v/v)
Pen/Strep (Invitrogen/Gibco) and grown at 37 °C in 5% CO2. These were kept at a confluence
between 20% and 80% before passing. The original stock of U20S were purchased from ATCC
and STP profiled in addition to morphological assessments. These were then ensured to not have

mycoplasma contaminations.

Stable Cell Line Generation:

The stable cell lines used stably expressed Cry2olig, GIGYF2, and 4EHP. We used the
piggybac method which utilizes transposons in the genetic code to input our genes of interest.
We cloned our protein of interest into the piggybac vector and transfected the components along
with a transposase. This generated polyclonal stable cells lines we then used for further
experiments. Stable transfections were done overnight to fully integrate our components into the
transposons within the DNA. After 12-24 hours, the transfection material was washed out and
antibiotic selection began. These components were selected for using 0.75 ul of 200ul G148.
They were fully selected after 5 days and left to grow back up. If necessary, a second round of
selection can be done. The integrated components are inducible through doxycycline, and this

was how we tested the efficiency of our stable cell line generation and selection.

Transfection:

Transfections were used to integrate all our components into our cells. This was done using the

LTX Lipofectamine with Plus reagent kit (thermofisher), following manufacturer’s protocol. In
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total, we would add 1.5 ug of DNA which required a total of 145 ul of Opti-MEM, 4.5 ul of
LTX, and 1.5 ul of the P reagent. These components are then mixed and left to sit for 5 minutes.
This was then added to a 10 mm MatTek chamber dish holding 1 ml of our DMEM media
described in cell culture sections with our cells at 80% confluency. This was left to incubate
overnight and washed out after 6-8 hours. When imaging Cry20lig, only 1000 ng of reporter,
and 200 ng of HA scFV were used. When imaging GIGYF2 and 4EHP stable cell lines, 1000 ng
of reporter, 200 ng of HAscFV reporter, and 250 ng of Cry2olig was used. When imaging the
mutants in our Cry2olig stable cell line, 250 ng of GIGYF2 mut and 4EHP_mut were used along

with our Ago2 experiment.

Cell Imaging with Hilo Microscope:

Live-cell imaging was executed using a specially crafted widefield fluorescence microscope with
an innovative highly inclined thin illumination setup, previously described. This microscope
utilizes three lasers (488, 561, and 637 nm from Vortran) for excitation, a 60X objective lens
with a numerical aperture of 1.49 for oil immersion (Olympus), an emission image splitter
(T6601pxr, ultra-flat imaging grade, Chroma), and twin EMCCD cameras (iXon Ultra 888,
Andor). For optimal Nyquist sampling, achromatic doublet lenses with a 300 mm focal length
(AC254-300-A-ML, Thorlabs) were employed to focus images onto the camera chips, deviating
from the conventional 180 mm Olympus tube lens. This lens combination delivers 100X images
with a resolution of 130 nm/pixel. The imaging configuration involved capturing the far-red
signal of Cry20lig, visualized by JF646 Snaptag-Cry2, on one camera, while the green signal of
translation, visualized by HA scFV frank body, and the blue signal of GFP-tagged proteins of
interests, GIGYF2, 4EHP, or Ago-2 were recorded on the second camera. To mitigate signal

bleed-through between the red and green channels, a high-speed filter wheel (HS-625 HSFW
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TTL, Finger Lakes Instrumentation) featuring specific filters (593/46 nm BrightLine for red and
510/42 nm BrightLine for green, Semrock) was strategically placed in front of the second
camera. Maintaining focus during experiments was achieved through the CRISP Autofocus
System (CRISP-890, Applied Scientific Instrumentation), and Z-stack images were obtained
using a piezoelectric stage (PZU-2150, Applied Scientific Instrumentation). Synchronization of
laser emission, camera integration, piezoelectric stage movement, and emission filter wheel
position change was orchestrated by an Arduino Mega board (Arduino). The entire image
acquisition process was orchestrated using the open-source Micro-Manager software (version
1.4.22). To initiate live-cell imaging, live cells were introduced into a stage-top environmental
chamber maintained at 37 °C with 5% CO2 (Okolab), allowing for a 30-minute equilibration
period before image acquisition. Parameters such as imaging size, exposure time, and vertical
shift speed were configured at 512 x 512 pixels?, 53.64 msec, and 1.13 microseconds,
respectively, resulting in an imaging rate of 13 Hz (70 msec per image). To encompass the entire
cytoplasmic thickness of U20S cells, a total of 13 Z-stacks with a step size of 500 nm were
captured, wherein the Z-position changed every 2 images for both the red and green signals
within each stack. This approach yielded a maximal cellular imaging rate of 0.5 Hz (2 sec per
volume). For instances requiring lower frame rates, delays between volume captures were
implemented. For prolonged single-molecule tracking, aimed at minimizing photobleaching,
Cry2olig (JF646) and translation (HA scFV) were imaged every 1 minute, while imaging
tethered proteins of interest (GFP) were imaged every 5 timepoints. Laser powers for all
recorded sequences were carefully controlled, set at 10-15 mW for 637 nm, 1-5 mW for 488 nm,

and 13-15mW for 561 nm, with an ND10 neutral density filter set at the beam expander.
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At the conclusion of each imaging session, TetraSpeck Fluorescent Microspheres (100 nm,
Thermo Fisher Scientific) affixed to a MatTek chamber underwent imaging to rectify the subtle
misalignment between the two cameras. The acquired bead images were then employed to
construct a transformation matrix using the Projective Transform function within the scikit-
image library in Python. This matrix served to correct any offsets observed in the detected

particle positions within each channel.

Image Analysis:

After capturing our movies, they needed to be processed for proper analysis through our
developed pipeline. Before further processing, we needed to sort our image stacks based on the
color each laser was exciting our fluorophores with. This is all done in the ImagelJ (FJI) software
which can separate our channels into three colors and organize them accordingly. Once these

processed videos are generated, we can move to our coding pipeline.

Our videos are processed through our pipeline developed in Python coding software. For
simplicity, it is separated into four separate steps. We begin with pre-processing which requires
you to load your bead images in and develop a matrix that you can align the cameras with. The
next steps involve the photo bleach correction. To avoid artifact loss of intensity, we correct for
any potential photobleaching through normalizing intensities to the first time point. This is
important because we are tracking translation intensity over time, without the photo bleach
correction it may appear these spots are disappearing overtime or dimming. This is also included
with a background subtraction stage that helps us reduce noise as much as possible for the future
steps of analysis. This photobleached corrected video is saved and used from here on out. The

next step is our particle detection. This is done through masking our cells and setting a threshold
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that will identify all our higher intensity translation sites, but not pick up on any background
noise. This then uses a disk and donut technique to subtract the background around it within the
same channel and get the raw intensity of the translation site. This happens all at once in one cell
once you mask to exclude the nucleus and include the cell’s cytoplasm. These particles are then
all counted and normalized to the first time point. This data is then saved and used in our final
section of quantifying translation intensity over time. Our fourth and final step allows us to take
all our processed data and graph them according to the first normalized time point. This allows
us to compare cells with differing starting translation sites which is useful in getting more
replicates of our experiments. This is where our final figures come from and help us further
develop our results through this quantitative analysis. For instance, our final step has been to
measure the intensity of the clusters recruiting our translation sites and deciphering whether this
plays a role in translation recruitment. In addition, we are tracking the intensity of GFP in these
clusters. This indicates how much our proteins of interest will be expressed; this is easily
changed within the code because we can measure for different specific channels. Further
optimization of this code will occur for us to get the most information out of our data that we

can.

40



eMagB-mCherry- GFP nanobody Mito-GFP eMagA-Halotag-Mito

eMagB RFP

eMagA-Halotag-Mito

Figure 9: Tethering control of the eMag system

A, Recruitment of eMagB-mCherry-GFPnanobody to the GFP tagged mito signals. B, eMagB-RFP
recruitment to eMagA after blue-light signal. C, eMagA localized to mitochondria giving a mitochondria
signal. D, Merged image of eMagB and eMagA showing co-localization of intensities. White indicates

overlap of blue and red signals.
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Enhanced magnet system

Our preliminary data suggest that the eMag system can effectively tether eMagB to eMagA in
vivo. To ensure tethering control, we placed a mitochondrial localization protein on one of our
enhanced magnet proteins, eMagB (Figure 9A). In addition to tagging eMagB, we tagged the
mitochondria with a GFP. With both components tagged, we can see an overlap of our red and
blue signals in white indicating colocalization. Next, we applied the tethering system the
enhanced magnets are capable of. In another cell, we placed the mitochondrial localizing signal
on eMagA and had our eMagB freely diffuse with no localization signal but tagged with a red
fluorescent protein (RFP) (Figure 9B, C, D). Upon blue light exposure, eMagB is quickly
recruited to the eMagA signal. We can see colocalization over time in our merged channel
timelapse, the white once again indicating an overlap of red and blue signals. Despite the
tethering system effectively working, translation signal recruitment was not tested. It was
discovered that to visualize our translation signal along with protein recruitment, we would need
access to an additional imaging channel to tag four components. We were attempting to visualize
eMagA, eMagB, translation signals, and RQC protein recruitment, however, we only have three
light channels to view tags. Subsequently, we had to pursue a different means of tethering or
colocalization of translation signals to control the local environment more effectively and
efficiently with our options given by the microscope. Despite its novel implication, the eMag

system was too complex to continue pursuing.
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scFV generation - TerryBody:
While working through Kimura and Taguchi’s lab at the Tokyo Institute of Technology, I

was able to work on my protein design skills. Using AlphaFold2 and Protein MPNN, I was able
to design codon optimized scFVs that target the spike protein of Covid-19. This will help
screening for viruses in the future and potential drug targeting. Developing a fast efficient way to

generate scFV’s is integral to the promising development of biological technologies. [43,44]
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