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Abstract

What is True for the Fruit Fly is True for Arabidopsis: Quantitative Live Imaging
Uncovers Principles of Transcriptional Regulation in Eukaryotes.

by
Juan Simon Alamos Urzua
Doctor of Philosophy in Plant Biology
University of California, Berkeley
Professor Krishna K. Niyogi, Co-chair

Assistant Professor Hernan G. Garcia, Co-chair

Due to their apparent passive behavior, plants have long been considered something in
between inanimate objects and "proper” living things, that is, animals. When an animal
is incapable of moving or communicating we refer to it as being in a vegetative state.
Research over the last three decades has shown that, when it comes to molecules, plants
cells are bustling with activity. It was our task to just go and take a look.

These dynamic molecular events operating at the cellular level include a myriad of sig-
naling pathways that can sense environmental inputs such as light intensity and qual-
ity, temperature, osmotic pressure, the axis of gravity, mineral nutrients and several
hormones to name but a few. The output of these signaling pathways often involves
changes in the mRNA abundance of responsive genes. Plant growth and development
depends on quantitative aspects of this regulation -when, where and how much of each
mRNA species each cell makes in response to a specific stimulus. In turn, human so-
cieties ultimately depend on plants, which makes these problems not only fascinating
from a basic science point of view, they are also pressing from a very practical perspec-
tive.

In large part, we owe our current understanding of how this information transfer occurs
to studies in other eukaryotic model organisms, in particular the fruit fly Drosophila
melanogaster (Drosophila). From the first experimental description of morphogens to
the recognition of transcriptional enhancers, foundational discoveries related to gene
regulation in higher eukaryotes have been made using the fruit fly embryo as a model
system. The fact that this inter-kingdom comparisons are possible and useful highlights
one of the most important lessons of the molecular biology revolution, the notion that
all life forms share fundamental principles because they are built largely of the same



type of molecules. Jacques Monod captured this view when he famously claimed that
'what is true for E. coli is true for the Elephant.

While Monod'’s quote nicely justifies the logic behind a specific research program, it also
challenges us to question whether paradigms drawn in one model organism bias and
limit our understanding when applied uncritically to other biological systems. Monod
certainly was not expecting us to believe that the specific details of how bacterial genes
are turned on and off in response to sugar sources are conserved all the way from bac-
teria to animals. However, the physical principles that nature exploits to bring about a
bacterium and an elephant are ultimately the same. The genomic era has nothing but
confirmed the underlying unity across all life kingdoms by revealing that the way these
principles are encoded in DNA derives from one common ancestor. One of the chal-
lenges we face as biologists is finding what these shared principles are. In this effort, by
distinguishing what is shared from what is different, drawing from different experimen-
tal systems can be illuminating. There are more practical reasons why a trans-kingdom
perspective can be beneficial. Engaging at a deep level with the technical details of
an experimental method developed in one model organism allows one to more easily
transfer that knowledge to other contexts. A substantial part of this dissertation builds
on this premise.

It should be possible to express these biophysical principles as models that can be
applied across biological contexts. Since the dawn of molecular biology, transcriptional
regulation has had a central role as a test bed to combine theory and experiments to un-
cover generalizable biological principles. A good example of this is the Monod-Wyman-
Changeux (MWC) model of allostery, which captures such seemingly different behaviors
as sugar regulation of gene expression in bacteria, oxygen transport in the blood by
hemoglobin and the effect of drugs on cell surface receptors. During the summer of
2016 | had the privilege of attending the Physiology Course at the Marine Biological Lab-
oratory where, under the guidance of Professor Rob Phillips, | used statistical mechanics
to derive and test the MWC model in the context of sugar sensing in E. coli. This type
of simple and intuitive mechanistic model is of a fundamentally different nature to the
statistical regression-based models that are becoming increasingly popular in biology.
Because they are conceived as arbitrarily complex black box 'fits’ these models can cer-
tainly 'recapitulate the data’, but, for that very same reason, cannot be used to test
molecular or biophysical hypotheses.

We should, however, recognize the relative failure of using theory and experiments to
develop predictive models of transcription in eukaryotes. Compared to the resounding
successes in phage A\ and the E. coli Lac operon (reviewed by [103] and [206]), we are
far from achieving this type of understanding in plants or in any other higher eukary-
ote. Recent calls to advance a unified model of transcription in eukaryotes advocate



for making an inventory of moving parts and building tools to measure their dynamics
in single cells [263]. Many of the results presented here align with the goal of clos-
ing technical gaps to make it possible to measure the phenomena under study. It may
well be that we have reached a technical wall beyond which the dialog between theory
and experiments will come naturally. For example, there is mounting evidence that the
formation of biomolecular condensates of RNA Polymerase and transcription factors is
a fundamental property of transcriptional regulation [36, 121]. The theoretical frame-
work for these processes is an active area of research and it is thus still unclear what
experiments could be designed to falsify these models [27, 124, 277]. Theoretical explo-
rations, even if frustrating, can sharpen our thinking of what experimental tools we are
still missing. For example, as | argue in the following chapters, there is a still a need for
live cell technologies to measure post-translational modifications of histones and other
proteins at a specific locus.

Beyond this quest for building unifying models based on physical principles, we should
not forget that transcriptional regulation lies at the core of a myriad of diverse biological
phenomena that we have only scratched the surface of. Simply taking a quantitative,
single-cell view of gene regulation can offer unprecedented insights about the way a
particular biological process works and make us revisit the way we think about it.

As | have argued here, toggling between model systems offers several advantages, how-
ever, it is does not come without risk. The practice of citing faulty research in animals
models to buttress claims about plants goes back to the very origins of plant biology.
Theophrastus, considered the father of botany, claimed that spontaneous generation in
plants should not be taken with suspicion since it had already been demonstrated in
animals:

If some [plants] are generated in both ways, spontaneously as well as by seed, there is no
absurdity: so some animals similarly come from two sources, both from other animals
and from earth.

It would be presumptuous for me to pretend that | have avoided the same mistake,
but that did not stop me from trying. Chapter 1 consists on a comparative overview
of novel insights about transcriptional regulation in Arabidopsis thaliana (Arabidopsis)
and Drosophila acquired in the course of my research. In it, | try to find unifying themes
and put results in the context of the field at large. Chapter 1 is also intended to give a
relatively detailed overview of this dissertation and so many of its figures are found in
chapters that deal with specific topics.

The rest of the chapters are as follows. In chapter 2, | describe the motivations to es-
tablish optogenetic tools to manipulate transcription factors in Drosophila embryos and
the results from our efforts. Chapter 3 contains a manuscript that is currently in prepa-



ration that describes the development of a minimal synthetic transcriptional system in
Drosophila and the insights we have gained from it. Chapter 4 contains a manuscript
currently in bioRxiv and under peer review that describes how transcription operates at
the single cell level in plants. Chapter 5 builds upon the live imaging tools presented
in Chapter 4 and describes experiments to measure the dynamics of light signaling dur-
ing a dark to light transition in Arabidopsis seedlings. Finally, in Chapter 6, | outline
experiments that | was unable to finish that point to potential future directions.



To the friends | left in Chile. | miss them every day.
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Chapter 1

Comparative lessons

11 Introduction

To grow, develop and respond to their environment, organisms regulate when, where,
and how much specific genes are transcribed into mRNA, this puts transcriptional reg-
ulation at the center of multiple biological processes. When, where and how much are,
in essence, quantitative aspects with a precise meaning in terms of time, space and
production rates. Thus, to fully understand the role of transcriptional regulation in any
biological process we need to answer these questions quantitatively. This quantitative
data is necessary to push forward our capacity to test existing mathematical models of
gene regulation. In addition, theoretical models that will enable complex engineering
applications in agriculture and medicine will demand this type of quantitative under-
standing.

Since the beginning of the sequencing revolution a deluge of information has ac-
cumulated regarding mRNA abundance across experimental conditions, genetic back-
grounds and organisms. This could easily make us believe that we are close to the goal
of achieving a quantitative view of transcription. However, as we discuss in this chapter,
this is far from true. Save for a spare few exceptions, our current view of transcrip-
tion is a qualitative and static one. Simultaneously, technical advances have enabled
studying the protein that regulate transcription with unprecedented detail. Methods
like ChIP-seq [202] and other more recent genome-wide techniques [198, 11, 21], make
it now possible to determine transcription factor binding sites genome-wide. Thanks
to advances in structural biology, the basis of protein DNA binding is now known with
atomic resolution to the extent that it can be predicted and rationally engineered [35].
Yet, again, this tsunami of data belies our ignorance about how changes in transcription
factor concentration are read out by regulatory DNA to dictate quantitative changes in
transcriptional activity.

This chapter is organized as a review of experiments presented in detail in the fol-
lowing chapters. | describe multiple efforts aimed at achieving a quantitative model of
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transcription in eukaryotic systems. Even though these efforts were carried out in very
different models -plants and fruit flies- here, | have attempted, to the best of my ability,
to find unifying themes. These themes are put in the context of the literature at large.
Outstanding questions and follow up experiments are discussed as well.

1.2 Assigning numbers to arrows

The regulation of gene expression at the level of transcription plays a critical role in
adjusting plant physiology and development in response to fluctuations in their envi-
ronment. On the other hand, during the early development of the fruit fly Drosophila
melanogaster embryo, concentration gradients of maternal transcription factors dic-
tate the activity of zygotic genes. These seemingly different contexts can be concep-
tualized under the umbrella of input-output functions, where a signaling stimulus or a
transcription factor protein are read out by the cell to regulate the output mRNA levels.
These Input-output relationships are usually depicted as logical diagrams where arrows
represent negative or positive interactions. In this dissertation, | deal with three such
network diagrams. In the fruit fly, | used as an experimental system the activation of tar-
get genes by the Dorsal maternal transcription factor (Fig. 1.1A). In Arabidopsis, | studied
the transcriptional aspects of Phytochrome-mediated light signaling and the heat shock
response (Fig. 11B).

To engineer complex biological functions, it will be necessary to go beyond these
wiring diagrams and build predictive models of gene regulation. The first task towards
this goal is conceptually straightforward, yet technically challenging. First, it entails
manipulating and/or measuring the transcriptional input (Fig. 1.1D). Further, it involves
measuring transcriptional outputs in terms of RNA Polymerase activity or gene products.
Because gene expression is a stochastic process, these measurements should ideally
be done at the single cell level (Fig. 1.1E). The manuscript in Chapter 3 describes our
efforts to establish an experimental system to do these measurements in live fruit fly
embryos. The manuscript in Chapter 4 details the implementation of novel methods to
quantify these input-output functions in plant cells. Next, in order to determine what
determines the shape of this input-output functions, it is necessary to repeat these
measurements under systematic perturbations of the factors that control the readout
of the input. These include the binding affinity of transcription factors, the position of
binding sites, the accessibility of these sites, and the deposition of histone modifications
(Fig. 11C). Chapter 3 describes experiments where we systematically explored the role
of transcription factor binding site affinity.
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Figure 1.1: Assigning numbers to gene regulation arrows in eukaryotes.(A) The tran-
scriptional network responsible for determining the mesoderm cell fate in fruit flies.
The Dorsal transcription factor (Dl) activates the transcription of twi and snail, leading
to the specification of the mesoderm. (B) Top: signaling network leading to deetiola-
tion in response to red light in Arabidopsis. The inactive Phytochrome protein (Pr) is
transformed into its active form (Pfr) by red light. Pfr represses PIF3 by targeting for
degradation. PIF3 is an activator and repressor of transcription. Bottom: the cytosolic
heat shock response. Protein misfolding due to heat or reactive oxygen species acti-
vates Hhat shock transcription factors (Hsf), which induce their own transcription and
that of heat shock protein chaperones (HSP), which is necessary for stress tolerance.
In (A) and (B), red arrows correspond to direct transcriptional regulation, black arrows
correspond to positive or negative regulation that is non-transcriptional. (C-E) Molec-
ular components involved in determining the quantitative aspects of transcriptional
input output functions.

1.3 Making decisions in a rush: rapid transcriptional
regulation in flies and plants

One of the most striking aspects of the development of the early fruit fly embryo is its
speed. Nuclei in the embryo syncytium divide synchronously every ~ 10 minutes. Dur-
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ing an interphase of just a few minutes, nuclei regulate the transcription of patterning
genes to give rise to the adult body plan in just a couple hours. The timescales relevant
for transcriptional input-output functions in the fly embryo are shown in Fig. 1.2A. In
plants, the speed with which transcription is regulated in response to changes in their
environment is comparable (Fig. 1.2A). In response to excess light intensity, changes in
mRNA abundance have been detected in a minute or less [188, 250, 58]. Similarly, tran-
script changes can be detected within 2 minutes of a heat shock treatment [282]. Other
examples include the response to nitrogen sources [152, 6] and red light [159] which have
been detected in 5 minutes. These timescales are likely to overestimate the speed of
the response since our knowledge is limited by the first time point chosen in each study.

The speed of these processes requires that tools to study them are capable of re-
porting in similar timescales. Fluorescent proteins are typically used as reporters of
gene expression dynamics, however, they mature in the order of tens of minutes and
are indirect (Fig. 1.2A). In Chapters 3 and 4, | describe the implementation of the PP7 and
MS2 technologies to measure gene transcription in real time in plants and fruit flies,
respectively.

The speed with which plants make transcriptional decisions makes biological sense,
considering how dynamic their environment is. For example, light intensity in nature
can fluctuate widely in minutes or less (Fig. 1.2B). Similarly, nuclei in the fly embryo have
a very narrow window during which they are exposed to gradients of morphogens such
as the Dorsal transcription factor (Fig. 1.2C).

To illustrate the speed of signaling cascades impacting transcription in plants con-
sider the response to heat shock in leaves and a dark-to-light transition in seedlings.
When seedlings grown in the dark encounter light for the first time, the PIF3 transcription
factor aggregates and rapidly degrade, with its concentration decreasing by a factor of 2
in just 10 minutes (Fig. 1.2D and F). When shifted from 25°C to 39°C, the HsfA1d transcrip-
tion factor rushes into the nucleus and reaches half the steady state concentration in
about 5 minutes (Fig. 1.2D and F). In response to these rapid changes in inputs, their tar-
get genes rapidly load RNA Polymerases, which transcribe in stochastic bursts (Fig. 1.2G).

As these examples emphasize, the regulation of transcription is an extremely dy-
namic process in the Drosophila embryo and in some plant signaling pathways. This
imposes technical challenges to study them, which we discuss in the next sections.

1.4 Dynamic measurements for dynamic processes

It is now a well appreciated fact that bulk sampling can introduce averaging artifacts
when interpreting phenomena that occur at the cellular level. Since many different fre-
quency distributions can have the same mean but wildly different overall shapes, sam-
ples of different underlying cellular composition can superficially look similar to each
other while actually being quite distinct. This notion is almost an afterthought in studies
of development, perhaps because the behavior of specific cells in terms of division and
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Figure 1.2: Timescales of plant environmental responses and events in the early fruit
fly embryo.(A) Top: Detection timescales in a number of live methods. Middle: Rele-
vant timescales during early development of the fruit fly embryo. Bottom: Timescales
with which changes in mRNA abundance have been reported in Arabidopsis. (B) The
dynamics of light intensity in nature during two individual days (colored lines). The
dashed black line shows the monthly average. (C). Nuclear concentration of the Dor-
sal transcription factor during an interphase (nuclear cycle) in Drosophila embryos.
(D) Aggregation and degradation of the PIF transcription factor in response to a dark to
light transition imaged by a GFP fusion. (E) Rapid nuclear translocation of a HsfA1d-YFP
fusion in response to a 39°C heat shock treatment. Caption continues on next page.
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Figure 1.2: Continued from previous page: Timescales of plant environmental re-
sponses and events in the early fruit fly embryo (F) Quantification of the experiment
in (D) and (E). The average nuclear concentration was normalized to the value prior to
the treatment. (G) Transcription bursts in response to light exposure revealed by a PP7
reporter driven by the PIF-repressed RPT2 promoter in Arabidopsis.

gene expression lies at the core of patterning and morphogenesis. The importance of
single cell resolution is, however, much less appreciated in studies of plant responses
to stress and their environment. This may be due in part to the fact that, until recently,
the extent of cellular heterogeneity in plants had not received much attention [222, 54].

A common experiment to determine gene expression output as a function of time
involves using one sample per time point and then measuring the output, for example,
as mRNA. Because each sample is measured once and destroyed in the process, these
are end-point measurements (Fig. 1.3A). A series of such measurements is then used
to deduce expression kinetics, even though this curve does not represent an individ-
ual sample, much less an individual cell. This type of experiment has been extremely
valuable to place genes in relation to each other in pathways or networks but should be
interpreted with caution, since it has little to say about the way these processes operate
in a cellular context (Fig. 1.3B).

Live cell imaging and, more recently, single cell RNA sequencing have provided am-
ple evidence for cellular individuality in plants [183, 261, 136]. It is worthwhile to recall
here that experiments with single-cell resolution in which cells are destroyed are also
end-point measurements. As a result, cells with very different temporal trajectories
can look similar when examined only once (Fig. 1.3D). To overcome this limitation of
sequencing-based experiments, a variety of approaches have recently been developed
to store dynamic information in RNA that can then be retrieved in a single sequencing
run. The idea here is to have a constitutive editing process going on in the cell that
chemically modifies RNA at a constant rate. The extent of RNA modification then de-
pends on the time an RNA molecule has been exposed to editing. The distribution of
edits in a population of RNA molecules in a cell can then be used to reconstruct the
temporal dynamics of transcription in that cell prior to the experiment [210, 220]. These
high throughput approaches could replace live imaging in many applications.

To understand transcription dynamics, it is also important to consider the difference
between activity and abundance. Activity of a gene refers to the production rate of its
gene products -transcription or translation- which may or may not be correlated to the
abundance of these products [41]. Measuring the accumulated products can introduce
artifacts, particularly when they are long-lived compared to the timescale at which activ-
ity is being regulated. Conversely, it is possible to reconstruct transcriptional dynamics
from protein abundance, provided that these dynamics change in timescales that are
short compared to fluorescent protein maturation [31, 44].
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Figure 1.3: Measurement artifacts associated with averaging in space and accumulat-
ing over time.(A) Experiment where each time point corresponds to a different sample.
Bulk sampling averages cell expression across space. (B) An experiment with single cell
resolution where each sample corresponds to a time point. Top: At the indicated sam-
pling time, cells with different expression trajectories look identical. Bottom: if what is
measured is an accumulated product such as mRNA or protein, the history of expres-
sion has a strong influence on the measurements compared to directly measuring the
production rate.

1.5 Quantifying inputs and outputs in live cells of whole
organisms

We have discussed how building a predictive understanding of transcriptional regula-
tion requires first quantifying the 'input-output’ function (Fig. 1.1 between regulatory
stimuli and mRNA production. We next saw how these input-output functions are em-
bedded in time and can operate in timescales of just a few minutes in plants and fruit
fly embryos. As we discussed in the previous section, this poses technical measurement
challenges. In order to overcome these challenges, | established two experimental plat-
forms -in plants and Drosophila- to study input-output functions in single living cells in
their endogenous context. Chapter 4 corresponds to a manuscript where we describe
the implementation of a live imaging technique to fluorescently label nascent RNAs in
plants. Here, the gene of interest is tagged with 24 repeats of the PP7 sequence which,
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when transcribed, forms an RNA stem loop. The loops are bound by a ubiquitously
expressed PCP protein fused to GFP, resulting in the decoration of the RNAs with fluo-
rophores (Fig. 1.4A) [155]. Multiple nascent RNAs can be resolved as diffraction-limited
spots whose fluorescence is proportional to the number of RNAs. We used this system to
measure the transcriptional dynamics of heat shock inducible reporters in Tobacco and
Arabidopsis. As shown in Fig. 1.4B and C, induction with 39°C results in the appearance
of transcription spots, but these spots are constitutively expressed when the reporter
is driven by a constitutive promoter.

A similar technology was used in Drosophila embryos to label nascent RNAs where
the MCP protein binds to the MS2 loop [26, 98, 174]. We used this method to visualize the
expression of minimal synthetic enhancers carrying a single binding site for the Dorsal
transcription factor. To simultaneously measure the concentration of the input tran-
scription factor we generated a fly carrying a CRISPR knock-in fusion of Venus to Dorsal
[107, 215] (Fig. 1.4D and E). We validated this minimal platform by demonstrating that the
single Dorsal binding site is necessary and sufficient to drive transcription. Flies lacking
Dorsal or carrying mutations in the reporter Dorsal binding site do not have detectable
expression (Fig. 1.4F). This system allowed us to simultaneously quantify Dorsal nuclear
concentration and its transcriptional interpretation in live embryos (Fig. 1.4G).

1.6 What are a cell’s regulatory knobs?

Having direct access to RNAP activity allows us to answer how transcription is regulated
to achieve biological functions. Using the heat shock response as a model, we asked
how temporal patterns of mRNA accumulation arise from the regulation of transcription
in individual cells. Bulk experiments in Arabidopsis have shown that upon exposure
to >37°C, RNAP is rapidly recruited to the gene body of Heat Shock Proteins and heat
shock transcription factors, resulting in the fast accumulation of their mRNAs [55, 170].
These dynamics represent an average that could originate from any number of possible
single cell behaviors. In one extreme, the response at the single cell level could be dig-
ital, with the time under heat shock affecting the fraction of cells that switch to a high
expression state. This type of regulation has long been hypothesized and has been ob-
served in a variety of systems [148, 114, 247]. On the other hand, it is conceivable that the
transcription rate operates as a continuum across all cells, increasing the rate of tran-
scription with the time under heat stress. To distinguish between these hypotheses we
decomposed the tissue-wide transcription rate into the rate of transcription across tran-
scribing cells and the instantaneous fraction of active cells (Fig. 1.5A-C). We applied this
analysis to four different Arabidopsis PP7 reporters driven by the promoters of two heat
shock inducible genes (HsfA2 and HSP101), a light-inducible gene (RPT2) and a constitu-
tive expressed gene (EF-Tu). As shown in Fig. 1.5D-F, the tissue-wide rate of transcription
stems primarily from the number of cells that transition to an active state rather than
from the specific activity of these cells. This behavior is reminiscent of the response to



CHAPTER 1. COMPARATIVE LESSONS 9

A gas-permeable vacuole

membrane . cytoplasm
~_.leaf cross-section

transcription
spot

coverslip loop repeats

objective

B constitutive inducible Cc
GAPC2-PP7 HSP70-PP7

400 constitutive inducible
GAPC2 — HSP70

300
200

100

individual
spot fluorescence (a.u)

5 10 15 20 25 30 35
time (min)

D MCP-mCherry E
DI-Venus CRISPR knock-in
DI-Venus transgene

minimal enhancer-MS2 g/ltgr% loop MCP-mCherry

mVenus
No RNAP \
Dorsal @ﬁ
W
| J % I
~ \

Dorsal eve minimal
binding site promoter

L IL L L |
T

50 O 00000000

1.5 hr old minimal  24xMS2 lacZ tub 3UTR
embryo (NC 12) enhancer
©eo000°®
F
transcription Dorsal protein
spots G
Dorsal-Venus  dI1 (null allele)
200
El
1160 ©
- 6 1]
o 120 2 %
? 180 & 9
2 =g
S 140 <]
c =)
° 0 =
- 0 2 4 6 8 10
5 2 time into nuclear cycle 12
o g
>
IS

Figure 1.4: Live imaging methods to quantify transcription inputs and outputs in plants
and fruit fly embryos. See caption on next page
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Figure 1.4: From figure in previous page: Live imaging methods to quantify transcription
inputs and outputs in plants and fruit fly embryos. (A) Implementation of the PCP-
PP7 technology in plants. Cells express a ubiquitous PCP-GFP fusion and a Histone-
mScarlet nuclear marker. Transcription of PP7-tagged genes creates nascent RNAs
bearing PP7 stem loops, which are bound by PCP-GFP. (B) Snapshots showing the sys-
tem in (A) implemented in Tobacco epidermis cells. Reporters driven by a constitutive
(GAPC2) and a heat-inducible (HSP70) promoters are shown. The GAPC2-PP7 reporter
is already active at 25C but HSP70-PP7 is only detected at 39 °C. (C) Quantification of
one spot per nucleus in (B). The red line shows the sample temperature plotted against
the right y-axis. (D) Schematic of the experimental setup to simultaneously image the
Dorsal transcription factor gradient with a Venus fusion and its transcriptional read-
out by minimal synthetic enhancers with MS2-MCP. (E) Venus-tagged Dorsal binds to
a single site in a synthetic enhancer, driving transcription of an MS2-tagged reporter
transgene. MCP-mCherry binds to the MS2 stem loops, fluorescently labeling nascent
RNAs. (F) Validation of the setup in (D) and (E). Both the Dorsal protein and the Dorsal
binding site are necessary for transcription. (G) Raw single-nucleus fluorescence data
obtained from the setup in (D) and (E). In green, plotted against the left y-axis, is the
Dorsal nuclear concentration. In red and plotted against the right y-axis is the nucleus
MS2 signal. Error bars in (C) and (G) correspond to the uncertainty in spot fluorescence
calculation (see Chapter 4 for details)

glucocorticoids and UV radiation in mammalian cells [148, 114].

These regulatory dynamics are dictated by the concentration of transcription factors.
The transcriptional aspects of the Arabidopsis heat shock response (a special case of the
cytosolic misfolded protein response) [249] as well as deetiolation, depend on changes
in the nuclear abundance of Heat shock transcription factors (Hsf) and PIF transcrip-
tion factors, respectively [197, 201]. The same is true for dorso-ventral patterning in
Drosophila [215] and its regulation by the Dorsal protein.

To test more specific hypotheses of how the abundance of these proteins determines
transcriptional outcomes, one would like to titrate their concentration at the same time
that the DNA regulatory sequence is systematically perturbed. Titrating transcription
factors in plants is possible using inducible transgenes [261], dCas9-mediated overeex-
pression and silencing [189] and promoter allelic series (reviewed by [244]). In compar-
ison, rigorously dissecting regulatory sequences is much harder, in part, due to lack of
targeted transgene insertion technologies in plants. In a promising approach, dense,
targeted mutagenesis of endogenous promoter sequences was used at a modest scale
to determine the quantitative contribution of regulatory sequences [221]. On the other
hand, established genetic tools make the fruit fly a more suitable model system to study
cis regulation. Moreover, transcription factor proteins, such as Dorsal, naturally occur
as gradients in the Drosophila embryo, providing a natural "titration curve”. This doesn’t
mean, however, that transcriptional regulation is anywhere near simple in this system,
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which is why we developed a minimal synthetic enhancer platform (Fig. 1.4E,F, see also
Chapter 3).

Fig. 1.5G shows MS2 fluorescence traces driven by a minimal Dorsal-responsive syn-
thetic enhancer and three metrics of transcriptional activity that could potentially be
regulated by Dorsal. The maximum trace fluorescence corresponds to the maximum RNA
Polymerase density on the gene and is thus related to the rate at which Polymerases are
loaded. The transcriptional onset time is defined as the time at which the spot was de-
tected and the integral of the trace fluoresence over time provides a measure for how
much RNA was produced by the gene [98]. A fourth metric corresponds to the fraction
of responsive nuclei, defined as those nuclei in which activity can be detected at any
point during the experiment. Because we used different terminology in the manuscripts
in Chapters 3 and 4, in this chapter | will refer to 'responsive’ and 'active’ nuclei inter-
changeably. Similarly, 'refractory’ and 'inactive’ nuclei correspond to the same definition
(see also Fig. 1.6A). Comparing each of these metrics across nuclei exposed to different
levels of Dorsal in minimal enhancers carrying binding sites of varying affinity reveals
that all metrics are relatively insensitive to Dorsal concentration with the exception of
the fraction of active nuclei. (Fig. 1.5)-X).

We now turn our attention to mathematical models that can capture these behaviors.

1.7 Probing the nature of switch-like transcriptional
induction

As we saw in the previous section, in a Dorsal-regulated minimal enhancer, the frac-
tion of nuclei that ever turn on the reporter activity at any point in the experiment is
regulated by Dorsal (Fig. 1.5H). We refer to these as responsive nuclei, in contrast to
refractory nuclei. In Chapter 4, | show that for a given reporter gene, plant cells can
too be classified into 'responsive’ and 'refractory’, depending on whether we detected
transcription at any point during the experiment. The fraction of refractory cells is re-
producible among replicates but variable across lines, indicating that it is a regulatory
feature of the reporter (Fig. 1.6C). To explore how this fraction is regulated, one would
need to modulate an experimental parameter, such as the intensity of the treatment, the
dosage of transcriptional activators acting on the promoter, or the promoter sequence
itself. In Chapter 3, we discovered that this fraction is determined by Dorsal concentra-
tion and the affinity of its binding site, demonstrating that the decision of whether to
transcribe can be dictated by the interaction of a single transcription factor molecule to
one DNA motif (Fig. 1.6D).

Experiments with single molecule resolution in a variety of systems [247, 148], includ-
ing plants, [71, 130] have shown that for a given gene at a given time, there is a fraction of
cells in which the gene is not being transcribed. Because these experiments require cell



CHAPTER 1. COMPARATIVE LESSONS

12

A tissue-wide
transcription rate

)oY+ Ziom(spot luo.)()
v Ntota\

J 4

inducible: HSP101 HsfA2 RPT2
E

B transcription rate
of active cells

Zacie(spOt fuo )t
Nactive (t)

constitutive: EF-Tu

C instantaneous fraction
of active cells

— Nactive ®)
Nto(a\

F
90, 25 180 )
5 2 45, %09
‘?’70 15£ \./140 35% 30-7
o =] (o) [&] >
250 8 2100 S Bos
<} 108 k] 25¢ @Y
Q. o o o
®30 o 9 60 15% ¢0.3
§ 52 § Z 3
£10 x 220 5% 801
0 10 20 30 40 50 60 70 0 00 20 30 40 50 60 70 10 20 30 40 50 60 70
time (min) time (min) time (min)
G D 6.23 4.80 4.29
200 K}
- L : 59 | K L
- 160f------------- duration 5 205
= 2
2 1l ik aitlty
e || 1200 £3 . . a
2 L L 6x10 N o
s 80 integrated M% =
2 Frmmmmmmooe fluorescence < = . M
5 EQ 40t %g 2 .
a 3¢ E&
> £ 3 I x10°
x
s8 % 2 4 6 8 P8 310 Q R
S T T time (min) TS
= onset time P 5
€2 hed
= 0
H 2 s 210 T U
%) £
51 I N Ty Opetesmn,Se M
Affinity s E °
== ,-:,Algg (Patser score) =0
DBS62s GGGAAAACCC v o W x
DBS48 CGGAAAACCA ~C/4
DBSi2s AGGAAAACCA S 2 'M.
— 5E 4
Dorsal binding site 4 5 6 a3 %5723 0133 01 23

Dorsal concentration (a.u) x10°

Figure 1.5: Single cell regulatory strategies leading to patterns of mRNA accumulation
in time and space. See caption on next page.
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Figure 1.5: Continued from previous page: Single cell regulatory strategies leading to
patterns of mRNA accumulation in time and space. (A-C) Schematic showing how tis-
sue transcription metrics are calculated in a field of view of plant cells. (D-E) Mean of
the transcription metrics shown in (A)-(C) in four different PP7 reporters in Arabidop-
sis. Time o corresponds to the time the first spot was detected. HSP101 and HsfA2
were treated with a 39°C heat shock. RPT2 was induced by transferring dark-grown
seedlings to light. EF-Tu is a constitutive promoter. (G) Two example MS2 fluorescence
traces driven by a minimal Dorsal-dependent synthetic enhancer in the Drosophila em-
bryo. Highlighted are three different metrics used to quantify transcriptional activity:
the maximum trace fluorescence, the turn on time and the integral of the fluorescence
trace. (H) Dorsal consensus binding site (DBSg.,3) and two different variants contain-
ing point mutations (DBS, s and DBS, ,). (I) Bioinformatic prediction of the Dorsal DNA
binding affinity to the sequences on (H) measured as Patser score. (J-X) Shown is the
behavior of three minimal synthetic enhancers containing a single binding site for Dor-
sal with the sequences shown in (H). Each activity metric is shown against the Dorsal
nuclear concentration. (J,K,L) Mean fraction of nuclei that transcribe at any point dur-
ing the experiment (see Fig.1.6). (M,N,0) Mean in the maximum spot fluorescence over
time as a function of Dorsal concentration. (P,Q,R) Mean in the total number of mRNA
molecules produced per active nucleus measured as the integral of MS2 fluorescence
traces over time. (S,T,U) Mean transcriptional onset time. (V,W,X) Average spot dura-
tion. In (D)-(F) the shaded area corresponds to the standard error of the mean across
three or more plants. in (J)-(X) the error bars correspond to the standard error of the
mean across three or more embryos.

fixation, they cannot distinguish between a stable and a transient transcriptionally in-
active state. On the other hand, live imaging techniques using gene reporters in general
do not have single molecule detection, but do provide access to single cell expression
time trajectories. These experiments have consistently shown, across all kingdoms of
life, that transcriptional activation operates both like a digital switch and a continuum

[98, 53, 154, 115].

The notion that gene expression can operate in a binary fashion should hardly be a
controversial one. Working in the 1950’s, Novick and Weiner showed that, under non-
saturating levels of the IPTG inducer, the level of 3-galactosidase in individual E.coli
cells exhibits an "all or nothing” behavior [195]. The expression program of phage X is
basically a switch between two stable states with no 'in between’ ( Reviewed in [103] and
covered in Mark Ptashne’s fantastic book 'A genetic Switch’ [209]). This is not limited to
bacterial gene expression. 30 years ago Ko and coworkers [148] found that the apparent
graded response of a gene to glucocorticoid concentration stems from the fraction of
alleles switching to an active state. Extensive theoretical and experimental evidence
has shown that positive feedback loops, mutual repression, cooperative binding, and
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allostery can be all exploited to achieve sharp on/off transcriptional responses [99, 17]
(Fig. 1.6B) .

Still, these are not the only mechanisms by which transcription can operate in a dig-
ital manner at the cellular level. Over the past 15 years, evidence has mounted showing
that even in cells fully committed to the "active” state of a gene or signaling pathway, the
activity of RNA Polymerase is discontinuous. The simplest explanation for this punctu-
ated transcription is that, due to the small number of molecules involved, transcription
is subject to the randomness of molecular collisions and biochemical transactions in cis
(Fig. 1.6B). In this view, a gene happens to make an RNA whenever the right molecules
come together at the right place and the right time. Such a stochastic process would
result in the waiting time between consecutive RNAPs being exponentially distributed,
and the number of mRNAs per cell following a Poisson distribution. While there have
been reports of genes falling into this category [284], the vast majority of studied genes
exhibit mRNA distributions inconsistent with the so-called Poissonian promoter. This
means that new RNAPs are loaded in 'bursts’, separated by extended periods of inactiv-
ity. Recent, excellent reviews cover the multiple mechanisms that have been proposed
to explain transcriptional bursting [260, 154, 218]. Although varying in their molecular
assumptions, these models have in common that they invoke one or more rate-limiting
steps that the promoter must go through before it enters a permissive state where RNA
Polymerases can be loaded.

One key issue when dealing with the nature of digital transcriptional activity is that of
detection artifacts. Arguably, transcriptionally inactive cells could be nothing but false
negatives resulting from a technical detection threshold higher than a single RNA Poly-
merase. More important from a theoretical standpoint though is whether there really are
distinct "states” at all instead of a continuum of activity (Fig. 1.6E). In Chapter 3, | describe
an experimental method devised to tackle this problem by quantifying RNAP activity in-
dependent of reporter detection. In this scheme, the reporter locus is labeled with eGFP
using the ParB-parS system [49] and nascent RNA is labeled with mCherry using the MCP-
MS2 system [98]. Instead of relying on the detection of spots in the mCherry channel to
measure transcription, the 3D localization of the locus is determined using the eGFP
channel, while the mCherry fluorescence is calculated at the same position(Fig. 1.6F).
If a gene could exist in two distinct states, then the distribution mCherry fluorescence
would look bimodal, with the lowest mode being composed of those loci that were not
detected as spots in the MS2 channel. Experiments with a reporter construct driven ex-
clusively by the Dorsal activator in Drosophila embryos demonstrated this bimodality.
Moreover, in flies lacking the Dorsal activator, the mCherry fluorescence at eGFP-labelled
loci is the same of undetected spots from flies carrying wild type Dorsal. Thus, unde-
tected MS2 spots correspond to a weaker, Dorsal-independent state (Fig. 1.6G).
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1.8 Stochastic models to describe refractory cells

Having shown that the refractory fraction is not an imaging artifact, we turned our at-
tention to models to explain the presence of two populations, i.e, nuclei that transcribe
at some point and nuclei that never do. The most parsimonious explanation for this
observation is that before becoming transcriptionally active, genes must stochastically
transition through a number of inactive states (1.7A). Here, we propose that Dorsal acts
by accelerating these transitions in a way that depends on its binding affinity and con-
centration (1.7 B). Since transitioning from an inactive to an active state is a random
process, some alleles transition very early while others take much longer, sometimes
longer than the duration of the experiment itself. If the waiting time of the gene is
longer than the time limit available for it to start transcribing, then that nucleus is then
classified as 'refractory’ even when there was nothing essentially different about it. In
plants, this limit is set by the duration of the experiment, while in flies it corresponds
to a discrete permissible time window in the 12th interphase (1.7C). We termed this the
"kinetic barrier model”.

To determine if this model could recapitulate our observations in terms of the frac-
tion of active nuclei and the mean transcriptional onset time, we performed a global fit
to data from 7 different minimal synthetic enhancers. Here, we forced the model to use
the exact same parameters to describe all enhancers, except for the Dorsal binding K.
This exercise revealed that this simple model was sufficient to explain our observations
(1.7D, E.)

19 Two spot experiments illuminate the causes and
consequences of cellular heterogeneity in expression

The question of what dictates whether a cell is responsive or refractory points to the
more general issue of what is the nature of cellular heterogeneity in transcription. Mul-
tiple variables can differ across cells that may lead to transcriptional heterogeneity,
such as the stage of the cell cycle [284, 84], cell size [19, 84], the concentration of tran-
scriptional activators [239], or the abundance of RNA Polymerase [279]. However, as
mentioned before, even alleles exposed to the exact same so-called extrinsic variables
can exhibit differences in transcription due to the intrinsic stochasticity associated with
any process where a small number of molecules is involved. A straightforward strategy
to distinguish between extrinsic and intrinsic sources of noise is measuring the activity
of more than one allele per cell [76].

As shown in Fig. 1.8A, the law of total variance applied to the problem of gene expres-
sion states that the total spread in expression across a population of cells is the sum
of two types of variance. The explained variance is related to cellular parameters that
influence the expression of the gene of interest that differ across cells. The unexplained
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Figure 1.6: Refractory cells in Arabidopsis and Fruit flies.(A) Schematic showing how
refractory and responsive nuclei or cells are defined. Nuclei in which a transcription
spot was detected in at least one frame it is classified as responsive and classified as
refractory otherwise.(B) Mean and standard error in the fraction of refractory nuclei in
Arabidopsis based on PP7 reporters driven by the promoters of the indicated genes.
EF-Tu is a constitutively active gene, HSP101 and HsfA2 were induced by heat shock
(see Chapter 4) and RPT2 was induced by transferring seedlings from dark to light (see
Chapter 5). (C) Mean and standard error in the fraction of refractory nuclei for an MS2
reporter driven by minimal enhancers activated by Dorsal. The fraction is shown for
enhancers with varying affinity for Dorsal across a range of Dorsal concentrations. See
Chapter 3 for more details. Caption continues on next page
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Figure 1.6: Continued from previous page: Refractory cells in Arabidopsis and Fruit flies.
(D) Top: Cartoon of observed spot fluorescence distributions in refractory (grey) and
inducible (blue) nuclei. Bottom: possible underlying distributions in the absence of
spot detection artifacts. (E) Snapshot of a Drosophila embryo where the locus of a
minimal Dorsal-responsive MS2 reporter was labeled with ParB-eGFP. The location of
ParB-eGFP is used to guide the fluorescence calculation in the MS2 channel in nuclei
without a detected MS2 spot. (F) Top: Fluorescence values of the the MS2 channel in
loci detected (blue) and undetected (gray) by MS2. Bars correspond to the mean and
standard deviation. Bottom: histogram of fluorescence values showing bimodality.

variance refers to the remaining variance that is observed even in otherwise identical
cells. The challenge with this formulation is that, for a given gene, it is not possible to
know a-priori what the set of cellular parameters affecting its expression is. Even were
the parameters known, it is not guaranteed that they can all be measured with single-
cell resolution. To circumvent these issues, Elowitz and coworkers [76] devised a method
to calculate the explained and unexplained components of the variance -referred to in
the literature as extrinsic and intrinsic noise- by measuring the expression of two alleles
per cell. Differences between pairs of alleles in different cells are due to extrinsic noise
while intrinsic noise captures differences between alleles in the same cell. One benefit
of this approach is that it can quantify the contribution of each source of noise while
being agnostic to its molecular nature. As a result, this approach can help distinguish
between competing hypotheses of how cells make gene expression decisions without
necessarily having to commit to a specific mechanism [176].

Using homozygous plants carrying two alleles per nucleus of heat shock inducible
reporters, we measured the contribution of intrinsic and extrinsic noise to cellular het-
erogeneity in transcription (Fig. 1.8B). Comparing the expression of alleles belonging to
the same nucleus shows that in a large proportion of nuclei only one allele transcribes.
When both do, their produced mRNA tends to be loosely correlated to each other (Fig.
1.8C). This is indicative of the presence of local processes acting in cis to individual al-
leles and result in intrinsic noise being comparable or larger than extrinsic noise (Fig.
1.8D).

We have seen that gene transcription can be regulated by different strategies, such
as tuning the rate of loading of new RNAPs or the probability of switching promoters to
an active state. The decomposition of total noise into intrinsic and extrinsic components
lumps together all of these different layers, but this need not be the case. For example,
Falo-San Juan and collaborators [79] decomposed the noise in the timing of transcrip-
tion in Drosophila embryos to argue that low intrinsic noise reflects the presence of a
nucleus-wide 'priming’ mechanism. Binary or digital transcriptional regulation can play
a major role, and so it is interesting to examine the sources of cellular heterogeneity
specifically at this level as well. If switching on is dictated exclusively by the presence
of trans factors, then we should expect all alleles in the same nucleus to share their
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Figure 1.7: A kinetic barrier model can recapitulate the data in terms of mean tran-
scriptional onset times and fraction of active nuclei (A) Schematic showing the kinetic
barrier model. The promoter goes through a series of n inactive 'OFF’ states before
reaching an 'ON’ state in which it can transcribe. Dorsal can accelerate the transition
between states by a factor of 7. (B) To make = depend on Dorsal concentration and Dor-
sal binding affinity (K ) we made it proportional to a simple binding equation scaled
by an arbitrary linear factor ¢. (C) (C) Top: distribution of mean spot detection times
per embryo across all bins of Dorsal fluorescence and enhancers in Chapter 3. The
horizontal dashed line marks the time at which 95% of spots have turned on which de-
fines the permissible transcriptional window. Bottom: simulated fractions of nuclei in
each of the states in (A) for a model with 4 OFF states. The fraction of nuclei in the ON
state at the end of the permissible transcriptional window (at ~ 71 min) corresponds
to the simulated fraction of active nuclei. (D) Model fits for the fraction of active nu-
clei (plotted against the left y-axis) and mean transcriptional onset times (plotted in
red against the right y-axis) for an enhnancer containing a single strong Dorsal binding
site. Dashed lines correspond to the median of the posterior distribution. The shaded
areas indicate the 25%-75% prediction interval. Open blue circles correspond to the ex-
perimentally observed mean onset time. Closed circles correspond to experimentally
observed mean fraction of active nuclei. (E) Same as (D) for an enhancer containing a
single weak Dorsal binding site.
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state, either on or off. Conversely, if the binary promoter state depends on a local pro-
cess, we should expect alleles in the same nucleus to behave independently of each
other. The binomial distribution can be used to determine if two stochastic processes
with a binary outcome are independent. If there are n cells with 2 alleles per cell where
k total alleles are active in the population, then, assuming independence the expected
probability of cells with 2 active alleles P; is

P, = (%)2 (1)

Alternatively, if both alleles are completely coupled, then cells have either zero or two

actively transcribing alleles,

_ % (1.2)

This analysis was used to determine if the transcriptional state of Notch-responsive
genes in C. elegans is set by intrinsic or extrinsic factors. It was found that -for a given
level of Notch- allele pairs turn on independently of each other, revealing that this is a
local stochastic process [156]. Similarly, in hepatocytes, alleles turn on and off stochasti-
cally independent of each other [12]. Intriguingly, Wang and coworkers determined that
in E. coli, the degree with which copies of the Lac promoter turn on independently of
one another depends on the culture growth conditions [266]. In plants homozygous for
heat shock-inducible PP7 reporters, there is a large fraction of nuclei in which only one
allele can be detected (Fig. 1.9A), revealing that alleles are far from coupled. Comparing
the fraction of cells with two alleles to the expectation based on independence in one
of these lines shows that they are close to independence (Fig. 1.9B).

So far, we have dealt with cases in eukaryotic and bacterial cells with at most two
alleles of each gene per cell. Through endoreduplication, plant cells can duplicate their
genome without mitosis. Endoreduplicated Arabidopsis leaf cells can have up to 16
copies of each chromosome [182]. Fig. 1.9C shows a polyploid leaf cell with 5 active
alleles of a PP7 reporter. Additionally, whole genome duplications are the rule in plant
lineages, further increasing the number of (almost) identical alleles per cell in the form
of retained paralogs.

As a result, a gene with four closely related paralogs in a cell with a genome content
of 16C has an effective number of 64 alleles. This is arguably a qualitatively different
scenario than the two allele problem studied in the past and leads to the intriguing
possibility that carrying a large number of alleles per nucleus can lead to a dramatic in-
crease in the reproducibility of gene expression across cells. To explore this hypothesis
in more detail, | simulated alleles turning on as a binomial distribution where each al-
lele has a probability of 0.5 of turning on in a completely independent fashion (Fig. 1.9D).
There are two interesting consequences of increasing the number of alleles. First, be-
cause the mean of a binomial distribution scales linearly, while the standard deviation
scales as the square root, the noise in the number of active alleles per cell decreases

P,
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with the number of alleles (Fig. 1.9A). Second, and more intuitively, increasing the num-
ber of alleles exponentially decreases the probability that a cell fails to express at least
one of them (Fig. 1.9F). Thus, the presence of large number of alleles per nucleus in
plants might play a role analogous to shadow enhancers in animals (Fig. 1.9G), where
functional redundancy fosters reproducible cellular outcomes [205, 43, 268].

110 Dynamic perturbations for dynamic models

Combined with theoretical models, transcriptional dynamics can indirectly inform about
the regulatory processes behind gene regulation. Testing these models is but a logical
step but there is a lack of tools to precisely and rapidly perturb proteins such as tran-
scription factors. A system where the transcription factor input can be removed while
simultaneously measuring transcription of its targets could be a powerful tool to study
how the timing of gene expression is regulated. This inspired the experiments shown in
Chapter 5, where we used the live imaging techniques introduced in Chapter 4 to mea-
sure the dynamics of transcriptional induction in response to a dark-to-light shift in
Arabidopsis seedlings. Deetiolation is the process in which plants germinated in the
dark reverse the dark growth phenotype by a series of changes that lead to photoau-
totrophic development. Deetiolation includes changes in the mRNA abundance of ~
10% of genes in Arabidopsis [128], changes that have been detected as soon as 5 min-
utes after light exposure [159]. In dark-germinated seedlings, thousands of genes are
bound by PIF transcription factors, which can act as repressors or activators depending
on the context. Red light activates the Phytochrome protein, which then physically in-
teracts with PIFs, leading to their degradation (Fig. 1.10A). The gradual degradation of PIF
proteins in response to light provides an ideal system to study the ordering of regulatory
events in a signaling pathway leading to mRNA accumulation (Fig. 1.10B).

The regulation of transcription by light in plants is not just a convenient model to
study gene expression dynamics,it has also been a source of tools to control cell biol-
ogy with light in heterologous systems. These tools, collectively known as optogenetics,
can be used to control protein localization and function with exquisite spatiotemporal
resolution. As such, optogenetics can transform the way we test models of gene reg-
ulation that include dynamics such as the ones discussed in Chapter 3. In Chapter 2, |
describe the development of optogenetic tools in the early Drosophila embryo to con-
trol the nuclear concentration of the transcription factors Knirps (Fig. 110C,D) and Dorsal
(Fig. 1.10E,F) while simultaneously imaging their downstream activity using MS2.

Interestingly, genes repressed by Knirps and PIF3 show increased H3K9ac and mRNA
levels when these transcription factors are naturally or genetically removed ([248] Gonzalez-
Grandio, unpublished results). On the other hand, genes activated by PIF3 lose H3K9ac
and upon PIF3 light-induced degradation (Gonzalez-Grandio, unpublished results). By
comparing the timescales of PIF3 removal, transcriptional initiation and loss of H3K9ac
marks it should be possible to build a rank ordering model of the molecular steps lead-
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Figure 1.8: Cellular differences in expression have an important locus-specific stochas-
tic component.(A) Schematic of the law of total variance applied to gene expression.
The total variance in the expression of a gene (gray) is the sum of the variance across
cells in an identical state (purple, intrinsic noise) and the variance across cells in dif-
ferent states (green, extrinsic noise).(B) Top: Arabidopsis guard cells carrying one or
two alleles of a HSP101-PP7 reporter depending on the transgene zygocity. Bottom:
spot fluorescence traces from the cells shown on top. Differences among alleles in the
same cell are due to intrinsic noise. Differences between cells are captured by extrinsic
noise. (C) Scatter plot showing the total mRNA produced by pairs of alleles belonging
to the same nucleus in three different homozygous lines. The absence of intrinsic noise
would result in perfectly coordinated alleles lying on top of the diagonal. (D) Quantifi-
cation of the gene expression noise components in (C). Intrinsic noise is at least as
important as extrinsic noise.
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Figure 1.9: Alleles transcribing independent of each other and potential conse-
quences.(A) Mean fraction of cells with zero, one or two spots after the total number
of spots in the field of view had reached steady-state in heat treated HSP101-PP7 and
HsfA2-PP7. (B) Mean number of nuclei with two spots in a heat shock treated HSP101-
PP7 line compared to the expected number if alleles belonging to the same nucleus
turned on independently of each other. Error bars in (A) and (B) correspond to the boot-
strapped standard error of the mean. (C) Nucleus from a heat shock treated leaf of a
single insertion homozygous HsfA2-PP7 plant. White arrowheads indicate transcription
spots originating from the same endoreduplicated chromosome. (D) Simulated prob-
ability distributions of the number of transcriptionally active alleles per cell for cells
carrying 1-20 copies of the allele. The probability of any allele turning on was set to 0.5
and alleles were assumed to behave completely independent of each other. (E) Mean
and standard deviation of the distributions on (D). Notice that the mean scales linearly
while the standard deviation scales as the square root. As a result, the coefficient of
variation (CV) decreases exponentially (inset). (F) Fraction of nuclei in which no allele
turns on in the distributions in (D). (G) Left: in animals genetic redundancy often occurs
at the level of enhancers. Multiple enhancers with overlapping expression regulate a
single gene and can compensate for the loss or fail of one another. Right: In plants,
genetic redundancy is often found as multiple copies of genes with similar function
which can compensate for each other.
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ing to gene induction in response to transcription factor concentration. Such experi-
ments would help addressing the long-standing 'chicken or egg’ question between his-
tone acetylation and transcription.

A major challenge in linking histone modification experiments to live imaging results
is reconciling bulk data with single-cell measurements. This problem could potentially
be resolved by live imaging tools with single allele resolution that report on the chro-
matin state in the few minutes timescale. Specific histone modifications can be targeted
in vivo by nanobodies or "reader” proteins that recognize histone marks. Fusing GFP to
these domains has been used to determine the abundance of chromatin modifications
at the level of the nucleus or in large tandem DNA repeats [228, 246, 175]. Thus, mea-
suring the dynamics of chromatin modifications in single loci remains one of the most
interesting unresolved technical challenges in live cell imaging.

111 Conclusions and future prospects

The temporal dynamics of transcription play a functional role across organisms and
biological contexts. The timescales with which nuclei in the Drosophila embryo make
transcriptional decisions is comparable to the speed of gene expression changes in re-
sponse to the environment plants. A dynamic and quantitative single-cell view of these
events is necessary to build the type of predictive models that make engineering pos-
sible but realizing this goal requires new technologies.

On this technical front, | described efforts to develop a number of live imaging ap-
proaches to quantify activity in individual loci of live cells. The PCP/PP7 method of
labeling nascent RNAs revealed an unsuspected mode of gene regulation where induc-
tion treatments such as heat shock and a dark-to-light transition increase the likelihood
of alleles switching to an active and relatively stable state and the presence of tran-
scriptionally silent refractory cells. A comparable process was shown to be at play in
Drosophila embryos in response to the concentration of the Dorsal transcription factor.
Changes in transcription factor concentration play a key role in the plant heat shock
and deetiolation responses, prompting the question of whether a shared mechanism
explains this digital behavior in both systems. Experiments in plants in which we mea-
sured two alleles per nucleus are consistent with this switch-like, digital process being
a stochastic event local to the promoter.

These findings lead to the question of how changes in trans such as transcription
factor nuclear concentration can affect stochastic events in cis. The combinatorial com-
plexity of gene regulation makes this a challenging question. In order to build and test
models based on physical principles that explain this connection, we engineered a min-
imal transcriptional regulatory system in fruit fly embryos that allows us to systemat-
ically test the role of the concentration of a single transcription factor and that of its
DNA binding affinity. These experiments revealed the regulatory repertoire contained in
a single base pair of a transcription factor binding site. In addition, they allowed us to
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Figure 1.10: Endogenous and engineered control of transcription factor concentration
by light. (A) Induction of transcription by red light through the PhyB-PIF3 pathway. In
the dark, PIF3 is abundant in the nucleus and binds to its targets to either repress or
activate transcription. Repression is associated with de-acetylation of lysine 9 of His-
tone 3 (H3K9-Me). Upon light exposure, red light activates Phytochrome B (PhyB) which
targets PIF3 for degradation. mRNA accumulation of PIF3 repressed genes is associated
with acetylation of lysine 9 of Histone 3 (H3K9-Ac). (B) Transcriptional dynamics of a
PIF3-repressed gene measured with a PP7 reporter driven by the RPT2 promoter (green).
Shown against the right y-axis is the nuclear concentration of PIF3 measured in a dif-
ferent PIF3-GFP plant (purple). (C) Scheme showing the regulation of the eve stripe 4
enhancer by Knirps in the Drosophila embryo and its control using optogenetics. Bind-
ing of Knirps leads to transcriptional repression and loss of (H3K9-Ac). Fusing Knirps
to the LEXY tag allows controlling its nuclear concentration via a blue light-activated
nuclear export signal (NES). Caption continues on next page.
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Figure 1.10: Continued from previous page: Endogenous and engineered control of tran-
scription factor concentration by light (D) Mean transcriptional activity driven by the
eve stripe 4 enhancer during nuclear cycle 14 in a Drosophila embryo measured with
an MS2 reporter (green). Plotted against the right y-axis is the mean concentration of
Knirps in the same cells without applying optogenetic perturbations. (E) Schematic
representation of the Llama Shepherd approach. Existing YFP transcription factor fu-
sions such as Dorsal-Venus are bound by an anti-GFP nanobody fused to LEXY. Blue
light exposes the LEXY NES leading to export of the complex. (F) Single nucleus con-
centration dynamics of a Dorsal-Venus Llama Shepherd without blue light excitation
(green), with blue light excitation during the first 4 minutes of interphase (blue) or af-
ter 4 minutes into interphase (purple). The arrowheads show the frame where the blue
laser was turned on (purple) or off (blue). In (B) and (D), the shaded areas correspond
to the standard error across cells.

show that transcriptional induction must operate as a series of irreversible stochastic
steps whose rates are biased by Dorsal. Better targeted transgenesis tools in plants will
make this synthetic approach possible in the future.

These findings contradict classic models of transcriptional regulation based on sta-
tistical physics but, perhaps, are not a big surprise, given that transcriptional regulation
involves processes far from equilibrium, such as chromatin remodeling and covalent
modification of histones. Experimental platforms to study the role of histone acetyla-
tion in transcription, such as repression by PIF3 in Arabidopsis or by Knirps in Drosophila
could offer insights, since both proteins can be modulated easily with light.

Stochastic gene expression can be a nuisance for cells that must make the right de-
cision when exposed to a stress treatment. On the other hand, examples from develop-
ing systems and microorganisms show that cells can exploit this stochasticity to drive
decision-making. The phenotypic impact of cell-to-cell variation in stress response in a
eukaryote has hardly been studied. The tools presented here make pursuing this ques-
tion now possible in plants. Their unique cell biology in terms of genome copy number
and intercellular connections make this an intriguing problem.

A future frontier in plants will be connecting transcriptional activity to downstream
steps in gene expression, such as protein accumulation and, ultimately, single-cell phe-
notypic outcomes. This will help in our understanding of how molecular collisions at
the DNA level lead to cellular decisions and, ultimately, to organism physiology.
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Chapter 2

Development of optogenetic approaches
to manipulate transcription factor
dynamics in fruit fly embryos

21 Abstract

In order to test models of how transcription factor gradients are interpreted during de-
velopment we sought to establish optogenetic tools compatible with live imaging in
Drosophila embryos. These efforts led to the establishment of functional versions of
two different transcription factors whose nuclear concentration can be controlled by
light by a factor of ~ 2 in a timescale of tens of seconds. Optogenetic perturbations
to the Dorsal activator will be critical for testing kinetic models of Dorsal concentra-
tion readout by enhancers. An optogenetic version of the Knirps transcription factor
promises to uncover the mechanisms by which repressors work.

2.2 Introduction

At an organismal level, transcriptional regulation operates in a characteristic temporal
sequence where genes are connected to each other in time and space through activa-
tion or repression. This leads to regulatory cascades where a combination of transcrip-
tion factors involved in a particular processes are interpreted by the DNA regulatory se-
quences, enhancers, to dictate the expression of downstream genes. How this interpre-
tation operates in time still remains largely unknown. Classic models of transcriptional
regulation in development implicitly assumed steady-state concentration of transcrip-
tion factors [272, 68, 236], even though the spatio-temporal profile of these proteins is
highly dynamic [111, 215]. The steady-state assumption is still prevalent in the field [202],
although recent efforts have tried to incorporate the nuclear concentration dynamics of
transcription factors [72]. Moreover, transcriptional regulation downstream of these in-
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puts is itself a highly dynamic process, likely operating as a multi-step kinetic sequence
involving opening of chromatin, binding of transcription factors, assembly of the general
transcriptional machinery and RNAP elongation to name but a few steps [238, 160]. The
fact that regulatory protein concentration varies in time while the biochemical process
that responds to these inputs is also highly dynamic opens several questions. When
exactly are transcription factors read out during development? Do concentration dy-
namics provide regulatory information in addition to the absolute concentration? How
do distinct biochemical steps in the transcription cycle respond to transcription factor
concentration?

Genetic perturbations have proven to be a powerful tool to test hypotheses and es-
tablish causality in gene regulation but traditional methods to probe gene function do
not allow to precisely and rapidly manipulate transcription factor concentration (Fig. 2.1A).
Optogenetics offers an ideal method to close this technical gap. Optogenetics - the ma-
nipulation of biology with light- is used in the literature in two main ways. Specifically in
neurobiology, it typically refers to the use of light to manipulate the permeability of ion
channels to control neuronal activity. In cell and developmental biology however, op-
togenetics refers to the use of light sensitive protein domains to alter the localization,
dimerization, and/or structure of fused proteins. Since the Quail lab took advantage
of the light-dependent interaction between Arabidopsis PhyB and PIF3 proteins to ma-
nipulate gene expression in yeast [241], a myriad other optogenetic systems have been
developed and used in cell and synthetic biology.

A series of elegant optogenetics experiments performed in single cells in culture
have described the regulatory role of transcription factor concentration dynamics inde-
pendent of absolute concentration values: cells experiencing the same time-averaged
transcription factor concentration adopt different transcriptional decisions depending
on how this concentration changes over time [132, 257, 270]. Recently, using the CRY2 tag,
a few groups have implemented optogenetic approaches to study the temporal aspects
of transcription factor activity in development using the early Drosophila melanogaster
(Drosophila) embryo as a model. [179] showed that Zelda activity is necessary continu-
ously throughout development. Also using a CRY2 fusion, [129] studied the role of tem-
poral dynamics in the interpretation of the Bicoid transcription factor concentration
gradient in Drosophila. In contrast to Zelda and previous theoretical expectations [110],
the duration of exposure to Bicoid that is sufficient to commit cells to Bicoid-dependent
cell fates varies across different cell types.

In order to refine mechanistic models of transcriptional regulation and uncover un-
known regulatory richness, we sought to develop optogenetic methods in Drosophila
embryos to precisely and rapidly perturb transcription factor nuclear concentration
while simultaneously measuring their activity using the MS2-MCP technique.

An ideal optogenetic method for this research program should be 1) compatible with
live imaging in at least two disinct wavelengths, 2) easy to engineer, 3) fast, 4) tunable,
and 5) reversible. Finally, we think it is paramount that the mechanism of this perturba-
tion tool is known. Much in the same way that interpreting the effect of allelic mutants
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depends on the nature of the allele, interpreting the effect of optogenetic perturbations
depends on how they affect protein function.

2.3 Results

2.31 Proof of principle of LEXY tag in the fly embryo

Recently, the LEXY optogenetic tag was developed [194]. Here, amino acid substitutions
were introduced in the Ja helix of the Avena Sativa (oat) LOV2 domain (AsLOV2) to make
it resemble a nuclear export signal (NES). Excitation of the LOV domain triggers a confor-
mational change that exposes the otherwise precluded ja helix, resulting in recognition
of the NES by the nuclear export machinery (Fig. 2.1D).

The LEXY tag offers several advantages over other optogenetic tools that make it
particularly attractive. First, in contrast to two-component systems like the PhyB-PIF3
module (129.4 and 59 kDa), LEXY is a single, relatively small (19 kDa) self-contained tag.
In addition, the chromophore in the LOV domain is NADPH, a ubiquitous molecule in all
domains if life. The absorption spectrum of AsLOV2 becomes negligible past ~ 520 nm
[229], potentially leaving the green and red parts of the light spectrum for simultane-
ous imaging in two channels without triggering undesired export (Fig. 2.1E). The half-life
of dark recovery of AsLOV2 is on the order of 20 seconds [229], much faster than the
PhyB and CRY2 dark relaxation half lives of ~ 5 minutes in heterologous systems [73, 16,
129]. Finally, the mechanism of action of LEXY -reduction of nuclear concentration-is
straightforward to measure and interpret. This is in contrast to other optogenetic meth-
ods to inactivate transcription factors such as fusions to the Arabidopsis CRY2 protein
which are thought to work through the formation of aggregates.

To test LEXY in the fly embryo, we generated a line expressing a fusion of LEXY to
mCherry and an NLS (Nuclear Localization Signal) to target the fusion to the nucleus
in the absence of LEXY excitation (see Materials and methods). As shown in Fig. 2.1F
and G this protein localizes to the nucleus and is rapidly and reversibly exported upon
blue light in a timescale of 1-2 minutes, demonstrating the functionality of LEXY in the
Drosophila embryo.

2.3.2 Characterization of NLS-mCherry-LEXY export dynamics

In order to determine the limits of using LEXY in fluorescence live imaging experiments,
we sought to characterize the LEXY tag further than in its original publication [194].
Specifically, we aimed to measure the wavelength dependence of export and the effect
of laser power in export dynamics. Determining the wavelength dependence of LEXY ex-
port is particularly important for the design of a multicolor imaging experiments where
visualization must be independent of optogenetic perturbations.To this end we used the
NLS-mCherry-LEXY line described above.
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Figure 2.1: Application of optogenetics in the fly embryo allows precise and rapid per-
turbation of nuclear protein concentration. (A) Genetic strategies to perturb the char-
acteristic patterns of transcription factor concentration in development. Static pertur-
bations (ectopic expression, dosage change and overexpression) are well established
but similar tools to precisely control fast temporal dynamics with the same ease and
freedom are not available. (B) Models of how transcription factor concentration could
be read out. Top: Instantaneous readout of transcription factor concentration. Middle:
the rate of change of in concentration is what provides regulatory information. Bot-
tom: The promoter integrates the concentration over a time window. (C). Temporally
controlling the presence of a transcription factor on the locus could help determine
its role in different steps of the transcriptional cycle. (D) Schematic representation of
the LEXY optogenetic tagging system. Upon blue light excitation, the LOV domain ex-
poses a nuclear export signal and the fusion protein gets transported to the cytoplasm.
Caption continues in next page
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Figure 2.1: Continued from previous page: Application of optogenetics in the fly embryo
allows precise and rapid perturbation of nuclear protein concentration. (E) Excitation
spectra of commonly used fluorescent proteins in live imaging and the Avena sativa
Phototropin 1 LOV domain (AsLOV2). Note that excitation of the LOV domain becomes
negligible after ~ 520 nm, permitting the use of Venus and mCherry. (F) Snapshots of
embryos expressing a ubiquitous NLS-mCherry-LEXY fusion protein. Before blue light
exposure the protein is enriched in the nucleus. Turning on the 458 nm laser results
in rapid nuclear export, which is reversed when the blue laser is turned off. (G) Quan-
tification of the data in (F). The shaded area represents the standard deviation across
nuclei.

We quantified the nuclear concentration of the NLS-mCherry-LEXY protein under dif-
ferent laser wavelengths from 458nm to 540nm while simultaneously imaging mCherry.
To excite mCherry we used a 587nm laser, far enough from the absorption spectrum of
the LOV2 domain to make export negligible. (Fig.21 E and G). The time trace of the nu-
clear concentration is shown in Fig. 2.2 A. Note that because longer export wavelengths
can excite mCherry, the nuclear fluorescence was normalized to the intensity right be-
fore the export. Excitation laser with different wavelength was turned on at the end of
the sth frame, which then starts exporting of the NLS-mCherry-LEXY from the nucleus.
The time trace shows steeper decrease of the fluorescence in the shorter wavelength.
The export process can be modelled using a one-step kinetic model, whose dominant
rate is the export rate. The equation for the decay in nuclear fluorescence intensity can
be written as

Intensity = Axe 2+ C (21)

where A is a scaling factor, B is the decay constant, and C is a basal fluorescence level.

By fitting our data to Egn. 2.1, we estimated the export rate B as a function of wave-
length (Fig. 2.2 B). As expected, the export rate resembles the absorption curve of the
AsLOV2 domain, becoming effectively zero past 520nm (Fig. 2.2 B). As shown in Figure 2.2A,
the fluorescence time traces for 520 nm and 540 nm export wavelengths have similar
trends, with much smaller decay constants. We attribute this decrease to mCherry pho-
tobleaching. Bleaching should not significantly affect the quantification of export in
shorter wavelengths as the export process is orders or magnitude faster.

Next, we reasoned that the ability to control how fast LEXY gets exported could add
even finer experimental control. To test this idea, we measured the laser power de-
pendence of the export rate. We tested 3 laser powers -2 uWW, 5 uW, and 10 uWW- for
3 different laser wavelengths, 458 nm, 490 nm, and 510 nm. The nuclear mCherry flu-
orescence traces under the 510 nm laser are shown in Fig. 2.2 C. We found that for a
wavelength that is sub-optimal in terms of export like 510 nm, the stronger the laser
power, the faster the export was. However, this relationship was not as clear for optimal
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export wavelengths such as 458 and 490 nm, likely because they already saturate at 2
uW. By fitting these time traces to the Eqn. 2.1, we could extract the export rate as a func-
tion of the laser power for 3 different wavelengths. The result is given in Fig. 2.2 D. The
export rate saturates at 21V -the weakest laser power measurable by our equipment-
when using shorter wavelengths (458nm, 490nm). There is some dependence of export
on laser power for longer wavelengths such as 510nm with 5 uIV exporting at a rate ~ 2
times faster than 2 pWv.

In summary, these results show that to use LEXY orthogonally with fluorescence
imaging, the fluorophores must be excited by wavelengths higher than 520 nm. Thus,
measuring transcription factor concentration and downstream transcriptional activity
should be possible using a yellow and a red fluorescent protein such as Venus and
mCherry, respectively. Additionally, this characterization demonstrated that it is possi-
ble to tune the rate of export by modulating the laser power of a laser whose wavelength
is inefficient at export. In the future, the power dependence of export could be further
characterized using a power meter capable of reliably measuring intensities lower than
2 pWm.

2.3.3 Application of LEXY to maternally deposited transcription factors

These results convinced us that it should be possible to design an experiment where a
transcription factor input is visualized with a YFP variant while its transcriptional output
is measured simultaneously with MS2 using a red fluorescent protein. This arrangement
would allow controlling transcription factor nuclear dynamics independent of measur-
ing its concentration and downstream activity (Fig. 2.3A).

In order to establish such a system, we turned our attention to three well-studied
maternally-deposited transcription factors, Bicoid, Dorsal, and Zelda. Maternally de-
posited proteins offer the advantage that they can be precisely measured with fluores-
cent protein fusions, unlike zygotic transcription factors which accumulate and degrade
over timescales that are short compared to fluorophore maturation [39].

There are two key considerations in this optogenetic approach. First, adding the LEXY
tagin addition to a fluorescent protein means adding a total of~ 50 KDa to the transcrip-
tion factor of interest, which is on the order of the molecular weight of Bicoid, Dorsal and
Zelda (54.5, 75.3 and 145.4 kDa respectively). This could potentially hinder their function-
ality. The second consideration has to do with nuclear export itself. Since transcription
factors usually carry multiple nuclear import sequences and can physically interact with
chromatin and other nuclear components, it is possible that the rate and/or the dynamic
range of export could be much smaller than that of NLS-mCherry-LEXY.

With these considerations in mind, we first focused on obtaining transcription factor
LEXY-YFP fusions that rescue embryonic development. We generated CRISPR knock-in
lines of LEXY-mCitrine-Bicoid, Dorsal-mCitrine-LEXY and Zelda-mCitrine-LEXY based on
previously published, rescuing transgene fusions [110, 215, 118] (see Materials and Meth-
ods). With the exception of Zelda, homozygous females carrying these fusions failed to
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Figure 2.2: LEXY export dynamics can be tuned by laser wavelength and power. (A)
Characterization of the wavelength dependence of export dynamics. NLS-mCherry-
LEXY was exported using different laser wavelengths. Because longer wavelengths can
result in the excitation of mCherry the data was normalized to the value right before
export. The decrease in fluorescence at 520 and 540 nm is likely due to photobleach-
ing and/or endogenous nuclear dynamics such as increasing nuclear volume. (B) Data
from (A) was fitted to an exponential decay function. Shown in red is the fitted decay
rate and the 95% confidence interval as a function of wavelength. Plotted against the
right y axis is the AsLOV2 absorption spectrum. (C) Measurement of the laser power
dependence of export dynamics. For a given wavelength three different laser power
intensities were used to trigger export of NLS-mCherry-LEXY. (D) Quantification of the
data in (C) using the same approach as in (B).
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produce viable offspring in the dark, implying that the function of these proteins was
compromised. In order to generate functional fusions we tried a number of different
linkers and protein termini but these attempts were unsuccessful.

In terms of light-triggered export, Bicoid and Dorsal fusions worked, with an export
rate on the order of minutes (Fig. 2.3B-D) although the dynamic range of Bicoid was
smaller than that of NLS-mCherry-LEXY (Fig.2.3D). The Zelda-mCitrine-LEXY protein nu-
clear concentration did not change under blue light (data not shown), perhaps due to
the known interaction of Zelda with chromatin. The results of these efforts are summa-
rized in Table 21

Optogenetic Maternal Transcription Factor Fly Lines

Gene Plasmid Perturbation | Rescue

Zelda LEXY-mCitrine-Zelda No Yes
(CRISPR)

Dorsal | Dorsal-mCitrine-LEXY Yes No
(CRISPR)

Bicoid LEXY-mCitrine-Bcd Yes No
(CRISPR)

Bicoid LEXY-mVenus-Bcd Yes No
(CRISPR)

Bicoid | pBphi-mCitrine-Bcd-LEXY | Yes No

Bicoid | pBphi-Zdk-mCitrine-Bcd Yes No

Bicoid | pBphi-Zdk-mVenus-Bcd Yes No

Bicoid | pBphi-eGFP-Bicoid-LEXY | Yes No

Bicoid | pBphi-LEXY-Bicoid-eGFP | Yes No

Bicoid | pBphi-LEXY-SLL-mCitrine- | Yes No
Bicoid

Bicoid | pBphi-LEXY-12xGS- Yes No
mCitrine-Bicoid

Dorsal | pBphi-Dorsal-mCitrine- Yes No
Zdk

Table 2.1: List of optogenetic fly lines created. The order of protein domains correspond
to their order from N to C terminus. Domains were joined by a 6x Glycine linker un-
less stated. SLL corresponds to the 'Stadler Long Linker’ (SGDSGVYKTRAQASNSAVDG
TAGPGSTGSS), 12xGS corresponds to a 12 amino acid long Glycine-Serine linker.

2.3.4 Two-component optogenetic systems

Although none of our LEXY fusions of Bicoid and Dorsal were able to rescue development
to a significant extent, we were encouraged by the fact that -in contrast to Zelda- it was
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Figure 2.3: Application of the LEXY technology to the transcription factors Bicoid, Dor-
sal.A Schematic of th cartoon of LEXY fusion to the transcription factors of interest. We
chose the fluorescent protein as YFP such that we can do 2-color imaging with the MCP
with mCherry for the transcriptional activity of the downstream genes. (B) Maximum
projection snapshots of embryos expressing a CRISPR knock-in fusion of the Dorsal
transcription factor to the mCitrine fluorescent protein and the LEXY tag. To export
Dorsal, the whole field of view was illuminated using a 458 nm laser. (C) Maximum pro-
jection snapshots of an embryo expressing a knock-in fusion of the Bicoid transcription
factor to mCitrine and LEXY. To trigger export, only the upper half of the field of view
(Region-Of-Interest, ROI) was illuminated with a 458 nm laser, and the lower halfis only
visualized for the Venus fluorophore (non-ROI). (D) Mean Bicoid nuclear concentration
dynamics within the two halves of the experiment in ( C) for nc 13 and nc1s.
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possible to export these proteins from the nucleus. We hypothesized that the reason
why these proteins were rendered non-functional was due to the large size of the LEXY-
fluorescent protein fusions.

Taken together, these experiments led us to believe that Venus-Bicoid and Dorsal-
Venus should be minimally perturbed in the nucleus in terms of additional proteins co-
valently or non-covalently bound to them. To achieve this, we resorted to sequestration-
based two-component optogenetic approaches. Broadly speaking, these systems rely
on the light-dependent dimerization between a protein of interest (in our case, Venus-
fused transcription factors) and a second binding partner that is tethered away from the
site of transcription. Blue light disrupts this sequestration, releasing the transcription
factor into the nucleus.

LOVTRAP is a two component system where the short Zdk peptide (6.5 kDa) binds to
the AsLOV2 domain in the dark [267]. We generated CRISPR knock-in fusions of Bicoid to
Zdk and Venus, and crossed this line to flies carrying an AsLOV2 protein tethered to the
outer mitochondrial membrane. Embryos laid by transheterozygote females containing
these two components showed normal Bicoid localization in the dark, indicating the
lack of substantial AsLOV2-zdk dimerization. Notably, females homozygous for a CRISPR
knock-in of zdk-Venus-Bicoid did not produce viable embryos, while Venus-Bicoid fu-
sions are functional [112]. Thus, even the addition of small Zdk peptide is enough to
compromise the transcription factor activity. We therefore concluded that we have to
avoid covalently tagging the transcription factor with anything other than already vali-
dated fluorescent proteins.

With these lessons in mind, we next decided to take advantage of the strong nanobody-
Venus interaction to establish an Optobody approach [86, 146]. Optobodies are split
nanobodies where each half is fused to light-dependent dimerization partners. In the
dimer conformation, the nanobody halves come together to form a functional nanobody
capable of binding the antigen [101, 281]. By tethering anti-GFP optobody pieces to the
mitochondrial outer envelope, the plasma membrane, or the nuclear lamina, it should,
in principle, be possible to sequester Venus-transcription factor fusions away from en-
hancers. We created a single plasmid containing two transgenes, each coding for one
anti-GFP nanobody half fused to either zdk or AsLOV2. Both proteins were targeted to the
outer mitochondrial membrane. Transcription factors are synthesized in the cytoplasm
and are exported from the nucleus during mitosis, which should enable sequestration at
the mitochondrial outer envelope in the dark. We found that embryos laid by females
carrying the optobody constructs and Venus-Bicoid had normal Bicoid subcellular lo-
calization and no evidence for sequestration. The lack of sequestration is likely due to
the lack of interaction between the optobody and Venus, possibly because the arrange-
ment of the optobody halves was suboptimal. This was shown to play a big role in other
contexts [281].
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Figure 2.4: Two component systems to sequester transcription factors away from the
nucleus. (A) In the LOVTRAP system, the zdk protein binds to the LOV domain in its dark
conformation. Exposure to blue light disrupts the zdk-LOV physical interaction. Target-
ing the LOV domain to the mitochondrial outer membrane can be used to sequester
a protein of interest fused to zdk. In this example, a transcription factor is fused to a
fluorescent protein and zdk and is released into the nucleus upon blue light exposure.
(B) Schematic of the optobody system. An anti-GFP nanobody is split into two and each
half is fused to optogenetic binding partners such as zdk and LOV. In the dark, interac-
tion between the binding partners brings the nanobody halves together, reconstituting
a functional protein capable of binding YFP. Blue light exposure disrupts the zdk-LOV
interaction, splitting the nanobody and releasing YFP. In (A) and (B) the optogenetic
binding partners can be replaced by any other pair such as PhyB and PIF3. Alterna-
tive tethering surfaces other than the mitochondrial outer membrane are the plasma
membrane and the cytoplasmic face of the ER.

2.3.5 Llama Shepherds, a novel plug-and-play approach to turn
existing fluorescent protein fusions optogenetic

We and others have generated functional fusions of Dorsal, Bicoid, and other transcrip-
tion factors to Venus and other GFP-derived fluorophores [112, 215, 110]. We sought to
take advantage of these resources to turn them into their optogenetic versions instead
of engineering them from scratch as described above. A generalizable strategy to con-
vert any fluorescent protein fusion into a light-controllable tool would have widespread
applicability.

To achieve this, we developed a novel optogenetic system inspired by the LlamaTag
approach. A LlamaTag consists of an anti-GFP Llama nanobody fused to the transcription
factor of interest. In the presence of GFP-derived proteins, the nanobody binds to the
fluorophore, effectively labeling the transcription factor in a way that does not depend
on fluorescent protein maturation [39] (Fig. 2.5A). We hypothesized that a nanobody-LEXY
fusion could bind to existing Venus-TF fusions, carrying them out of the nucleus upon
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blue light excitation. We termed this approach Llama Shepherds (Fig. 2.5B). We specu-
lated that the non-covalent interaction between Venus and the nanobody-LEXY fusion
might minimize perturbations to transcription factor function compared to the covalent
fusions described above. We tested Llama Shepherds by generating transheterozygous
females carrying the LEXY-nanobody fusion and either Venus-Bicoid or Dorsal-Venus. Il-
lumination with a blue laser resulted in nuclear export in both cases (Fig. 2.5C,D). Next, to
test whether Llama Shepherds retain protein function, we generated females homozy-
gous for CRISPR knock in Venus-Bicoid or Dorsal-Venus fusions and heterozygous for
the LEXY-nanobody transgene. The survival rate of embryos laid by these females in the
dark was extremely low, on the order of 1% compared to ~ 50% of females homozygous
for Venus-Bicoid and Dorsal-Venus (see: Materials and Methods).

Although the rescue rate low, Llama-shepherded transcription factors do not result in
complete loss of function. We reasoned that increasing the transcription factor dosage
could increase the rescue rate. To test this hypothesis, we generated females homozoy-
gous for a CRISPR knock-in Dorsal-Venus fusion and heterozygous for a Dorsal-Venus
transgene whose expression is identical to that of the endogenous gene [215], thus
bringing the Dorsal-Venus dosage to 1.5X that of the original Dorsal Llama Shepherd. As
in the original experiment, these females were also heterozygous for a nanobody-LEXY
fusion. Around 30% of the embryos laid by these females develop into larvae. Thus, in-
creasing the dosage of the YFP-tagged transcription factor is a viable strategy to obtain
rescuing Llama Shepherd flies. To more precisely define the degree of genetic comple-
mentation of the 1.5X Dorsal Llama Shepherd, we measured the activity of a minimal
reporter construct driven exclusively by Dorsal (see Chapter 4). As shown in Fig. 2.5 E,
comparing multiple metrics of transcriptional activity between embryos with or without
the nanobody-LEXY fusion showed that the activity of this reporter is largely the same.
We conclude that the 1.5X Dorsal Llama Shepherd can be used to dissect the temporal
aspects of transcriptional regulation by Dorsal.

By illuminating with the 458 nm laser from the beginning of nuclear cycle 12 to 4
minutes into interphase, it was possible to reduce the Dorsal concentration by a factor of
~ 2 (Fig. 2.5F). Turning off the 458 nm laser results in nearly immediate release of Dorsal
into the nucleus, with concentration reaching steady-state in about 1 minute (Fig. 2.5F).
Turning the 458 nm laser after 4 minutes into interphase results in the rapid decrease
of Dorsal nuclear concentration (Fig. 2.5F) with timescales and dynamic range similar
to sequestration and release. This demonstrates that the Llama Shepherd approach
applied to Dorsal yields both reversible and fast control.

Readout of nuclear Dorsal concentration by enhancers could be instantaneous or
could depend on the history of exposure to Dorsal. In Chapter 4, we explored several
theoretical approaches to address this question. Tackling this question experimentally
is currently not feasible because the dynamics of Dorsal nuclear concentration are highly
stereotypical. The 1.5X Dorsal Llama Shepherd creates the opportunity to arbitrarily
disentangle concentration from time (Fig. 2.5F).

Next, we sought to test whether the readout of the Dorsal gradient by in a minimal
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Figure 2.5: Continued from previous page: Engineering optogenetic Dorsal using the
Llama Shepherds approach. (A) Schematic representation of the LlamaTag approach
to fluorescently label proteins. The transcription factor of interest (TF) is fused to a
single-chain Llama nanobody, which binds to a ubiquitously expressed mature fluo-
rescent protein such as YFP. (B) The Llama Shepherd approach. An existing fusion be-
tween a transcription factor (TF) and a GFP-derived fluorescent protein is bound by a
nanobody fused to the LEXY optogenetic tag. Blue light exposes the nuclear export sig-
nal (NES) in LEXY, resulting in nuclear export of the whole complex. (C) Application of
Llama Shepherds to Venus-Bicoid. (D) Application of Llama Shepherds to Dorsal-Venus.
In (C) and (D) the blue rectangle on the right shows the region of the field of view where
the 458 nm laser was on. (E) Comparison of the activity of a Dorsal-Venus Llama Shep-
herd (blue) to Dorsal-Venus (red). Three different aspects of transcriptional activity
regulated by Dorsal were compared as a function of Dorsal nuclear fluorescence. Error
bars correspond to the standard error across 3 or more embryos. (F) Nuclear fluores-
cence time traces of the ventral-most nuclei in a Dorsal-Venus Llama Shepherd embryo
carrying 3 copies of Dorsal-Venus. The field of view was exposed to blue light for the
first 4 minutes (blue), after 4 minutes (magenta) or never (green). The arrowheads in-
dicate when the blue laser was turned on. The dynamic range of optogenetic export is
around 2 and the time to maximum export is close to 1 minute.

dorsal-responsive enhancer is instantaneous or not. To this end we measured the ac-
tivity driven by this enhancer using MS2 in an embryo carrying the 1.5X Dorsal-Venus
Llama Shepherd (see Chapter 4 for a description of this synthetic enhancer). We used
three different blue light illumination regimes. First, a control without blue light exci-
tation, second, blue light illumination during the first 4 minutes of nuclear cycle 12 and
finally, illumination only past 4 minutes. We then quantified four different regulatory
metrics in the output expression: The fraction of nuclei that transcribe at any point
of nuclear cycle 12, the time of first transcription spot detection, the maximum fluo-
rescence of transcription spots over time, and their mean fluorescence over time. We
chose 4 minutes because that is the time at which transcription spots are first detected
on average.

We reasoned that, if Dorsal has a function minutes prior to active transcription, then
nuclei exposed to the same Dorsal concentration at a fiducial time of 6 minutes would
have different transcriptional outputs, with nuclei experiencing export of Dorsal for the
first 4 minutes being weaker than the control (Fig. 2.6A). Alternatively, if exposure to
Dorsal previous to transcription is irrelevant, then nuclei with the same concentration
at 6 minutes would look similar in terms of their activity, regardless of whether Dorsal
was exported or not prior to 4 minutes. Another way of testing the same hypothesis is
to compare the no export control to nuclei where Dorsal is exported after transcription
starts. Here, if nuclei exposed to the same Dorsal concentration at 6 minutes have the
same transcriptional profile regardless of their past history (i.e, Dorsal exported or not)
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then we conclude that Dorsal is read instantaneously (Fig. 2.6A). Alternatively, if nuclei
that export Dorsal past 4 minutes are more active than their control counterparts (nuclei
without export experiencing the same Dorsal concentration at 6 minutes) then Dorsal is
not read instantaneously.

An important consideration for these experiments are the timescales of regulation.
Dorsal has multiple targets and thus perturbing Dorsal could have indirect effects on
the reporter expression. For example, Dorsal could activate the transcription of a tran-
scriptional activator of the reporter. An argument against this idea is that the timescales
of this experiment are too short for such secondary effects to take place, there is not
enough time to change protein concentrations of indirect targets in a meaningful way.
However, this does not completely rule out the possibility which is why using reporters
that respond exclusively to Dorsal is important.

When we performed this experiment using a minimal synthetic enhancer containing
a single strong binding site for Dorsal, we found that optogenetic perturbations had no
discernible effect on the transcriptional output (Fig. 2.6B-E). This is likely due to the fact
that in this range of Dorsal concentration, activity of the control is not modulated to an
appreciable extent. For this reason, optogenetically reducing the Dorsal concentration
by a factor of ~ 2 does not have a big effect in the activity of this enhancer. In Chapter
7 | explore solutions to go around this problem.

2.3.6 Application of LlamaTags and LEXY to the Knirps repressor

After the failed attempts at creating optogenetic versions of Bicoid and Dorsal described
above, we concluded that a better strategy would be to focus on the original design -a
LEXY fusion- but trying multiple different transcription factors. The expectation here
was that, since transcription factors can be structurally very different from each other, it
is possible that fusing LEXY to some of them might not substantially alter their activity.
Importantly, quantitative imaging of zygotic transcription factors is complicated by the
fact that their lifetime is shorter than the maturation rate of fluorescent proteins. For
this reason, in order to visualize them it is necessary to use LlamaTags [39]. In practice,
this entails knocking in a LEXY-nanobody fusion into the gene of interest, whose pro-
tein product can be measured by co-expressing a free, already mature YFP (Fig. 2.7A).
Candidate zigotic genes for which CRISPR reagents are available in the Garcia laboratory
include the transcription factors hunchback, Kriippel, knirps, giant and even-skipped.
In this limited screening effort, we identified a CRISPR knock-in fusion of Knirps that
can rescue development as a homozygote in the absence of free eYFP. Coexpressing eYFP
makes it possible to visualize this protein, which gets rapidly exported from the nucleus
under blue laser illumination (Fig. 2.7A and B). However, when eYFP is supplied, flies
homozygous for this fusion die at the larval stage. Because developmental transcrip-
tion factors in Drosophila tend to be reused throughout development we speculated
that the Knirps-nanobody-LEXY:eYFP complex could still be functional at early embryo
stages. One of the best defined roles of Knirps in the early embryo is repression of the
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Figure 2.6: Using optogenetics to test the time dependence of Dorsal activation (A) Left:
Cartoon showing the optogenetic perturbations used and their possible effects. Dorsal
is exported from or released into the nucleus at 4 minutes (blue and magenta lines
respectively). The Dorsal concentration at 6 minutes is used to group nuclei in the bins
of Dorsal concentration used in the x axes in (B)-(E). Right: Schematic of the expected
result if an enhancer is only responsive to Dorsal before 4 minutes. (B) Average time
of first spot detection in nuclei sharing the same Dorsal concentration at 6 minutes (x
axis) but exposed to different optogenetic perturbations. (C) Average maximum spot
fluorescence. (D) Fraction of refractory nuclei. (E) Accumulated mRNA. In (B)-(E) the
mean was taken over at least 3 embryos. The error bars correspond to the standard
error of the mean.
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even-sRipped stripes 4 and 6. To test if optogenetic Knirps is functional at repressing
even-skipped, we measured the expression an eve-MS2 reporter in embryos homozy-
gous for Knirps-nanobody-LEXY in the presence of eYFP. As shown in Fig. 2.7E and F,
nuclei experiencing high levels of optogenetic Knirps shut off expression of eve while
nuclei with low Knirps concentration do not. Taken together, these experiments demon-
strate that the quantitative aspects of the repression of eve by Knirps can be dissected
using optogenetics.

2.4 Discussion

One of the most exciting aspects of biology is the ability to falsify hypotheses using ex-
perimental perturbations. Compared to largely observational sciences such as ecology
or astronomy, in molecular biology the limits to directly testing models is set mostly
by ingenuity. Many of the current models of transcriptional regulation invoke temporal
dynamics [72, 234] yet the tools available to test them are static perturbations such as
modifications to DNA sequence or changes in gene dosage. Here we have introduced
technical developments that should close this gap between the timescales of theoreti-
cal models and timescales of perturbations.

One of the strategies that we used to create functional optogenetic proteins was in-
creasing gene dosage. It can be argued that increasing the protein dosage is an artificial
way of restoring functionality and that, as a consequence, experiments with these lines
might not reflect the behavior of the endogenous system under study. Independent of
the merits of this argument it should be pointed out that, in practice, this has been the
established approach in the field. When protein fusions are made to complement null
mutants, it is not uncommon to select lines that express the protein at higher dosage
than wild type precisely because fusions tend to compromise protein activity [278].

It is useful here to distinguish between the concepts of rescue and complementation.
Rescue typically refers to the ability of a line carrying a genetic perturbation to produce
viable offspring. Although usually treated as a qualitative feature, rescue is, in essence,
a quantitative descriptor since it can be measured as the proportion of the offspring
that complete development. Because of pleiotropy, a given genetic perturbation usually
has multiple phenotipic effects, not all of which are related to the specific biological
phenomenon under study. When one of these discrete phenotypes is similar to wild
type, it is said that the genetic perturbation complements it. This is still true even if
it does not complement all of the traits impacted by the gene, meaning, if it does not
rescue. So, in a way, rescue can be thought of as successful complementation of all the
phenotypes necessary for finishing development.

The two optogenetic platforms presented here hold promise to refine our under-
standing of activation and repression and their roles in development. Optogenetic Dor-
sal and Optogenetic Knirps are based on tools that have applicability beyond transcrip-
tion factors. Other nuclear localized proteins play important yet poorly understood roles
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Figure 2.7: Optogenetic Knirps regulates the activity of eve. (A) Scheme showing the
optogenetic Knirps protein. An anti GFP nanobody (LlamaTag) placed between LEXY and
Knirps binds to mature eYFP, allowing the visualization of the protein in live embryos.
(B) Snapshots of an embryo containing optogenetic Knirps and ubiquitous eYFP with
and without 458 nm illumination. The time stamps correspond to the graph in (C).
(C) Nuclear concentration dynamics of optogenetic Knirps upon illumination with blue
light. (D) Schematic representation of the pattern of the Knirps protein in the embryo
(top) and its role in repressing transcription of eve stripes 4 and 6 (bottom). Caption
continues on next page.
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Figure 2.8: Continued from previous page: Engineering an optogenetic Knirps repressor
(E). Transcriptional activity of eve in the anterior boundary of stripe 6. Accumulation of
Knirps protein shuts off transcription at around 20 minutes. (F) Transcriptional activity
of eve in the middle of stripe 6. Knirps concentration is low, resulting in continued
transcription. (G) Transcriptional effect of optogenetically removing Knirps from nu-
clei in the anterior end of eve stripe 6. Export of Knirps results in de-repression of
transcription (compare with (E)).

in shaping gene expression temporal dynamics. In the future it will be interesting to ap-
ply the lessons learned here to chromatin modifiers such as Histone deacetylases and
metylases.

2.5 Materials and Methods

2,51 CRISPR-Cas9 mediated homology directed recombination for
generating knock-ins

To tag endogenous transcription factors with fluorophores and/or optogenetic tags, we
used CRISPR-Cas9 mediated HDR (homology directed recombination). We designed and
cloned the gRNA plasmids using the protocol described in https://flycrispr.org and
followed the protocol by [107]. All injections were carried out by Rainbow transgenics
.inc.

2.5.2 Microscopy setup

The laser lines used to excite LEXY, Venus and mCherry were 458, 520 and 587 nm re-
spectively. The detection windows for Venus and mCherry were 530-577 and 597-650,
respectively. Other imaging settings correspond to the standard in the Garcia labora-
tory and described in detail elsewhere [154, 72].

2.5.3 Rescue tests

To test the rescue of fly lines we crossed virgin females carrying optogenetic alleles of
the gene of interest to yw males. After letting flies mate for 3 days in a cage, we flipped
the agar lid of the cage and let them lay embryos in the dark for 2-3 hours. We then re-
moved this plate from the cage and kept it in the dark for 24 hours at room temperature.
This is enough time for embryos to develop to larval stage. Next we counted the number
of larvae and the number of unhatched embryos on the plate. The reported rescue rate
corresponds to the number of larvae divided by the number of larvae plus unhatched
embryos.
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2.5.4 Quantification of fluorescent protein concentration

The nuclear concentration of the fluorescent protein is quantified using an image anal-
ysis pipeline as described in [72] and Chapter 4. Briefly, the fluorescence is integrated
over an area of 2 ym around the center of each segmented nucleus. The fluorescence is
then averaged over nuclei in specified spatial bins for a given time point to get a reliable
time series of transcription factor nuclear concentration.
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Chapter 3

A minimal synthetic enhancer system to
probe Transcriptional Regulation in
Development

341 Abstract

How enhancers interpret the concentration of morphogen gradients to give rise to pat-
terns of gene expression is a central question in animal developmental biology. Multiple
models have been put forward to account for the regulation of transcription by mor-
phogen transcription factors but we currently lack a unified model that can be experi-
mentally tested. Here, based on previous efforts, we advance a unified model of tran-
scriptional control by an activator transcription factor. This model posits that promoters
can exist in a series of inactive states prior to RNA Polymerase loading, with transcrip-
tional activators accelerating the transition between these states. Further, the model
proposes that once the promoter reaches the active state, activators regulate transcrip-
tion via a thermodynamic mechanism such that their equilibrium DNA occupancy dic-
tates the rate of RNA Polymerase loading. In order to systematically test this model
we we established a minimal synthetic enhancer system in Drosophila melanogaster
embryos where the Dorsal transcriptional activator regulates the activity of a reporter
driven by a single Dorsal binding site. Using state of the art live imaging techniques and
perturbations to the Dorsal DNA binding site, we demonstrate that our unified model
is consistent with the behavior of this minimal system. The minimal nature of our sys-
tem sets the stage to further challenging our model and opens the door to build and
understand more complex enhancers from the ground up.
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3.2 Introduction

The adoption of distinct cellular identities in multicellular systems relies on the forma-
tion of spatial gene expression domains. The positional information giving rise to these
mRNA patterns is provided by gradients of molecules known as morphogens whose con-
centration is interpreted by enhancer DNA sequences that, in turn, regulate transcription
of developmental genes [272, 196]. Quantitatively predicting gene expression based on
the sequence of regulatory DNA and morphogen concentration is a long-standing goal
in quantitative developmental biology. This objective requires first the ability to quanti-
tatively measure both morphogen concentration input and downstream gene transcrip-
tion output [111]. In addition, these measurements need to be contrasted against pre-
dictions from theoretical models. Due to the ease of precise genetic manipulations and
available imaging technology, the early embryo of the fruit fly Drosophila melanogaster
(Drosophila) has historically served as the prime model system to study these input-
output functions in development.

Previous efforts in Drosophila have been relatively successful at creating models that
recapitulate native patterns of gene expression [135, 236, 231, 78]. However, these models
tend to invoke a myriad of phenomenological parameters in order to fit the data, thus
providing little molecular insight and not lending themselves to be rigorously falsified.
This is due, in part, to the complexity of transcriptional regulation in higher eukaryotes.
Developmental enhancers can contain multiple binding sites for different transcription
factors, and these protein themselves are dynamic in space and time. Moreover, inter-
actions between proteins binding to nearby sites are difficult to account for and very
challenging to predict [264]. Including multiple binding sites with different affinities and
their interactions leads to a combinatorial explosion of parameters [93, 95].

In bacteria and eukaryotic cells in culture, a successful approach to reduce the com-
plexity of transcriptional regulatory systems to a level that is theoretically tractable from
first principles has been engineering minimal synthetic enhancers [206, 208]. Here, a
short synthetic DNA sequence containing only one to a few binding sites for a single
transcription factor drives the expression of a reporter gene. Measuring the concentra-
tion of the transcription factor input allows testing models of transcriptional regulation
grounded on first molecular principles. We thus sought to establish a minimal synthetic
enhancer system in Drosophila embryos.

Following in the footsteps of [78], we use the dorso-ventral patterning system as
our endogenous platform for our synthetic efforts where the Dorsal transcription factor
gradient specifies concentration-dependent domains of gene transcription. Using the-
ory combined with novel live cell imaging approaches, we tested existing hypotheses
of transcription factor readout. The minimal nature of our system allowed us to un-
cover the richness of the regulatory repertoire available to a single transcription factor
molecule. We discovered that Dorsal acts pleiotropically on the promoter, affecting sev-
eral aspects of the transcriptional process. Additionally, we found equilibrium statistical
mechanical descriptions of the transcription cycle were lacking.
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3.3 Results

3.31 Statistical mechanical model of a single activator binding site

Thermodynamic models [30, 29] constitute some of the simplest conceivable theoretical
descriptions of transcriptional regulation by the Dorsal activator. While these models
have proven successful in bacteria [206], whether they can be applied to the more com-
plex context of eukaryotic transcriptional regulation—let alone to the dynamical pro-
cesses of cellular decision-making in development—is still an open question [72, 202,
77, 207, 153, 163, 13, 162, 119, 143, 164].

Following [30], [98], and [72], we assume the occupancy hypothesis that states that
the loading rate of RNA polymerase onto the promoter, R, is proportional to the fraction
time that RNAP molecules are bound to the promoter, pyound,

R = Rmam * Phound, (31)

where R,,.. Is a constant coefficient that dictates the maximum polymerase loading rate.

In Figure 3.1A, we enumerate the states this simple system can be found in and their
corresponding statistical weights [30]. Here, Dorsal binds to its target site with affinity
dictated by its equilibrium dissociation constant K. While Dorsal is bound, it recruits
RNA polymerase through a glue-like interaction described by the parameter w. w for
an activator molecule is assumed to be > 1 so that higher Dorsal occupancy facilitates
higher RNAP occupancy. Using these weights, we derive an expression for pyu.q as a
function of Dorsal concentration given by

: (3.2)

Dbound = DI , P | DI P
1 + K_D + K_p + K—DK—P(U
where P and DI are the concentrations of RNAP and Dorsal in the nucleus, respectively,
and Kp and Kp their corresponding equilibrium dissociation constants to their DNA
binding sites. Finally, by substituting Equation 3.2 into Equation 3.1, we find

p Dl P
K T KpKpY

ﬂiw . (3'3)

Dl P
1+K_D+K_P+KDKP

R= Rmax :

Figure 3.1 illustrates how the several regulatory knobs in our model dictate the shape
of R as a function of Dorsal concentration. In Figure 3.1C, we see that w serves to control
how sharply the the R curve rises from the minimum to the maximum output. Figure 31C
shows that K controls the Dorsal concentration midpoint at which the output transi-
tions from minimum output to maximum output. Finally, Figure 31D shows that R,,..
dictates the maximum output rate. With this model in hand, we turned to determining
whether its predictions are borne out by experiment.



CHAPTER 3. AMINIMAL SYNTHETIC ENHANCER SYSTEM TO PROBE TRANSCRIPTIONAL

REGULATION IN DEVELOPMENT 49
A state weight  transcription rate
bindmeraite PromOter
s 0
Dorsal
:%:E Dl 0
RNAP Ko
e = el Ra
A
DI P
:@:@E K, K, w R
B (o
500 ' ' ' ' w 500] ' ' ' ' Ko
1 100
£400 46 £ 400p ] 215
£300 22 £ 300} 464
s — 100 s — 1000
=200 — 460 = 200y — 2154
100 — 2200 100} — 4642
o | |=—10000 — 10000
10" 10° 10" 102 103 107 10° 10" 102 10°
Dorsal concentration (a.u) Dorsal concentration (a.u)
D E . . . .
500 R 500} ] PIK,
46 1x10°7
2400 77 =400 ] 4.6x10°7
£300 130 E 300! 295108
s — 220 %900 1x10°
<200 ] L200} N
x — 360 x — 4.6x10°
100 { |— 600 100} | |— 2.2x10"
o ‘ — 1000 o — 1x10°®
10" 10° 10° 102 10° 10" 10° 10! 102 103
Dorsal concentration (a.u) Dorsal concentration (a.u)

Figure 3.1: Model of simple activation by Dorsal. (A) Thermodynamic states and weights
for the simple activator model. (B-E) Rate of mRNA production as a function of Dorsal
concentration for different values of (B) the RNAP-Dorsal interaction term w, (C) the
Dorsal dissociation constant K, and (D) the maximum transcription rate R,,.. (E).

3.3.2 Single binding site measurements

To test our statistical mechanical predictions in the context of a developing embryo, we
measured the transcriptional activity driven by a minimal synthetic enhancer containing
a single binding site for the Dorsal transcription factor (Fig. 3.2A). In order to quantify
transcriptional activity of this enhancer, we used the MS2-MCP system [98, 174]. Fusing
Dorsal to mVenus [215] and MCP to mCherry allows us to simultaneously measure the
Dorsal protein input and the nascent RNA output in individual nuclei (Fig. 3.2A) (see
Materials and Methods for the genetic and crossing schemes used).

Dorsal is one of the best characterized transcription factors in Drosophila and a clas-
sic example of a morphogen [227, 215]. Dorsal is provided maternally and forms a dorso-
ventral gradient of nuclear localization (Fig. 3.2B). Prior to the activation of the zygotic
genome, the Dorsal gradient constitutes the only source of nuclear positional informa-
tion along the dorso-ventral axis. During the 12th mitotic cycle zygotic proteins with
dorso-ventral gradients are not present at appreciable levels [70, 230] making Dorsal
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an ideal input for a minimal synthetic reporter system. Dorsal has been shown to act
as an activator when bound to enhancers [256, 137], and as a repressor in the presence
of nearby corepressors [147, 200]. Based on previous Dorsal fusions [215], we created
a CRISPR knock-in Dorsal-mVenus fusion allele that rescues embryo development (see
Materials and Methods). Dorsal-mVenus nuclear fluorescence time traces quantified
over nuclear cycle 12 confirm the dynamic nature of Dorsal concentration and are quan-
tiatively similar to previous measurments (Fig. 3.2C); [215]).

To validate this minimal transcriptional regulatory system, we first set out to show
that our minimal synthetic enhancers could drive detectable levels of transcription, and
that their activity is mainly determined by Dorsal and not other transcription factors. To
this end, we compared transcription of our minimal construct in the presence of Dorsal
with its expression in a dorsal null background lacking Dorsal protein. As shown in in
Figure 3.2D, transcription spots are not present in dorsal null embryos, showing that
Dorsal is necessary for transcriptional activity in our reporter constructs. We note that
we did not detect a single transcription spot in the field of view during nuclear cycle
12 in any of 4 replicates, containing more than =~ 60 nuclei in total. Further, we sought
to demonstrate that activation is only due to Dorsal interacting with the binding site
explicitly engineered into the construct and not due to cryptic Dorsal binding sites. To
this end we measured transcriptional activity of an enhancer where the Dorsal binding
site was strongly mutated. Transcription is hardly detectable in this construct, with the
average transcriptional activity per nucleus being less than 10% that of the optimal
enhancer across Dorsal concentration (Fig. 3.2D and Fig. 3.10). This demonstrates that
the Dorsal site placed in the synthetic enhancer is necessary for activation.

To determine whether the expression levels from our synthetic construct were quan-
tifiable and could be used to test predictions stemming from our theoretical model, we
performed image analysis of the MS2 movies in Matlab using a custom data analysis
pipeline ([154]; see Materials and Methods for additional details). In Figure 3.2E, we
show example time traces of MCP-mCherry fluorescence at transcriptional loci during
nuclear cycle 12 along with four different metrics we employ to quantify transcriptional
activity: First, the maximum spot fluorescence corresponds to the 95th percentile of
intensity over time and is assumed to be proportional to the transcription rate (see
Appendix section 3.7.3 for explicit calculations). Second, the transcriptional onset time
corresponds to the time since mitosis at which a transcription spot is first detected (see
also). Third, the spot duration is calculated as the time since mitosis at which a spot was
last detected minus its corresponding transcription onset time. Finally, the integrated
spot fluorescence corresponds to the time integral of the fluorescence time trace and is
directly proportional to the amount of mRNA produced by the locus [98]. (see Materials
and Methods for a deeper discussion of how these magnitudes are calculated).

Note that, as was observed in other genes [98, 154, 24], not all nuclei exposed to the
same Dorsal concentration exhibit detectable transcription. As a result, we defined the
fraction of active nuclei as an additional metric. This magnitude is defined as the ration
between the number of nuclei in which reporter transcription was detected in at least
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one frame throughout nuclear cycle 12 and the total number of nuclei in the field of view
(Fig. 3.2F).

3.3.3 Perturbing the Dorsal binding site affinity

Having established an experimental setup to test the predictions from the model in
Figure 3.1, we set out to compare its predictions against our experimental data. To make
this possible, we sought to systematically tune the physical parameters that dictate the
transcription rate according to Equation 3.18 taking advantage of the endogenous Dorsal
protein gradient to provide a natural titration curve.

One of the major predictions of the simple activation model in Section 3.3.1 is the
dependence of the transcriptional rate on Dorsal on binding affinity. Specifically, our
model (Fig. 3.1B-E) predicts that, if the affinity of the Dorsal binding site is experimentally
perturbed, the only feature of the transcriptional output curve as a function of Dorsal
concentration that will change is the concentration at which the promoter reaches half
maximal transcription rate; the maximum transcription rate and slope of the transition
are predicted to remain unaltered. Thus, tuning binding affinity constitutes a powerful
means to test our model.

In order to test the hypotheses derived from the simple activator model, we con-
structed a series of enhancers containing a single binding site. Building on the optimal
and mutated sites shown in Figure 3.2D, we created 5 more enhancers of varying strength
by introducing point mutations to the consensus Dorsal binding motif. To guide the de-
sign of these binding sites, we used an already existing position weight matrix computed
with the MEME algorithm [14] using motifs generated by DNAse | footprinting assays [23]
and quantified the information content of each base pair using Patser [122], resulting in
the scores and rank-ordering of binding sites shown in Figures 3.3A and B. Hereafter we
refer to these enhancers as DBS for Dorsal Binding Site, followed by their corresponding
Patser score. In this scheme, the optimal and mutated binding sites from Figure 3.2D are
DBS_6.23 and DBS 4.29.

In Figure 3.3C, we show the integrated mRNA output over time of each enhancer as
a function of Dorsal concentration across all nuclei exposed to a given Dorsal con-
centration. An appreciable trend across concentration is only observed for the three
strongest affinities, while the integrated mRNA output driven by the weaker enhancers
barely changes across the dorso-ventral axis. An alternative way to summarize our data
is shown in the inset to Figure 3.3C. Here, we plot the total mRNA integrated across the
entire embryo as a function of Patser score. This plot clearly demonstrates that affinity
(as measured by Patser score) is strongly correlated with transcriptional output in single
binding site enhancers, but that four of our binding sites are too weak to present any
significant differences in the levels of transcriptional activity that they drive.

Next, we asked how the metrics of transcriptional activity described in Figure 3.2Fand G
are regulated by Dorsal concentration and binding affinity. In Figure 3.3D-H, we plot in-
dividual metrics of transcriptional activity for each enhancer. The fraction of active nu-
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Figure 3.2: Experimental setup to measure transcription factor protein input and tran-
scriptional outputs. (A) Schematic of the experimental system used in this study. Min-
imal synthetic enhancers containing a single binding site for Dorsal drive transcription
of a reporter tagged with MS2. mVenus and mCherry are used to visualize the protein in-
put and the transcriptional output, respectively. The Dorsal binding site is placed 14 bp
upstream of the even-skipped minimal promoter. (B) Schematic of the Dorsal protein
gradient in early Drosophila embryos. The Dorsal protein accumulates in ventral nuclei
and is progressively excluded from more dorsal nuclei. and example snapshots show-
ing Dorsal-Venus in different positions along the dorso-ventral axis. Caption continues

on next page.
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Figure 3.2: Continued from previous page: Experimental setup to measure transcrip-
tion factor protein input and transcriptional outputs. (C) Representative time traces
of nuclear Dorsal-Venus fluorescence. To calculate transcriptional activity as a func-
tion of Dorsal protein, we sort nuclei into Dorsal concentration bins based on the the
Dorsal-Venus fluorescence at a single fiducial time point. (D) Snapshots from embryos
containing an optimal (DBS_6.23) binding site reporter in the presence or absence of
the Dorsal activator, and with a mutated Dorsal binding site. Mutated bases are high-
lighted in red. White arrows point to sites of active transcription. (E) Example traces
and quantitative metrics of transcriptional activity used throughout this work. (F) Dia-
gram illustrating how the fraction of active nuclei is obtained. If we detect a spot at any
point during the interphase of nuclear cycle 12, that nucleus is considered active, oth-
erwise, we classify it as inactive. Representative images of active and inactive nuclei
on the right. Scale bars in (F) are 5 um.

clei (Fig. 3.3D) shows a clear strong correlation with Dorsal concentration, particularly
for the stronger binding sites. The maximum spot fluorescence (Fig. 3.3E) and the in-
tegrated fluorescence (Fig. 3.3F) are only weakly regulated by Dorsal concentration in
the highest affinities and insensitive to the Dorsal gradient in low affinity minimal en-
hancers (Fig. 3.3E and F). On the other hand, we identified metrics of transcriptional
activity that were insensitive to Dorsal concentration in all enhancers. The mean tran-
scriptional onset times (Fig. 3.3G) are essentially constant across Dorsal concentration
while spot durations (Fig. 3.3H) are also relatively insensitive to Dorsal concentration in
all enhancers.

Thus, we find that, in contrast to strong binding sites, changes in Dorsal concentra-
tion spanning more than two orders of magnitude, from ~ 2 nM to more than 250 nM
according to our calibration of Dorsal-Venus (Fig. 3.8), have little effect on activity in
enhancers carrying weak sites (Fig. 3.3D-F). Importantly, this does not mean that these
enhancers are insensitive to Dorsal. Indeed, they drive detectable transcription while
the optimal DBS_6.23 enhancer in an embryo lacking Dorsal protein does not. Even when
they appear to be insensitive to changes in Dorsal concentration, the affinity of these
weaker enhancers is positively correlated with activity. This is made clear by averag-
ing their activity over Dorsal concentration bins (Fig. 3.3)-N). Here we note that, fraction
active (Fig. 3.3)), maximum spot fluorescence (Fig. 3.3K), and accumulated fluorescence
(Fig. 3.3L) are clearly positively correlated with affinity. In contrast, mean transcriptional
onset times (Fig. 3.3M) and spot durations (Fig. 3.3N) are relatively independent of affin-
ity, consistent with the fact that they are not affected by Dorsal concentration even in
strong enhancers. Hence, while weak sites are able to detect the presence of Dorsal in
an affinity-dependent manner, they are not capable of interpreting the positional in-
formation encoded in the Dorsal gradient, even when the concentration range of this
gradient is increased by doubling the genetic dosage (Figure 3.8).

These results reveal significant qualitative disagreements between theory and ex-
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periment. First, note that our thermodynamic model cannot account for the fact that
some nuclei will not transcribe throughout the nuclear cycle, and that the average rate
of transcription of nuclei will be given by Equation 3.18. However, as shown in Figure 3.2E,
only a fraction of nuclei become transcriptionally active during the nuclear cycle, and
this fraction depends on the nuclear Dorsal concentration. Second, the simple activator
model predicts that mean transcriptional onset times decrease monotonically with Dor-
sal concentration since these should depend on the first occurrence of Dorsal binding
to its enhancer. In contrast, we found the onset times to be effectively constant.

While these disagreements cast doubt on the set of assumptions underlying our the-
oretical model, it was also important to demonstrate that the inconsistency between
theory and experiment did not stem from experimental limitations such as weakly tran-
scribing nuclei being classified as inactive due to detection artifacts.

3.3.4 Simple activator model could explain the maximum fluorescence
observations.

Having established a set of minimal synthetic enhancers with varying affinity for Dorsal,
we next sought to test the predictions of the simple activator model with regards to
activator binding affinity. As noted above, one of the most straightforward expectations
from this model is that the transcription rate increases with the activator binding Kp.
More specifically, while the maximum possible transcription rate does not change with
Kp at saturating levels of Dorsal concentration, the concentration at which the rate of
transcription is half maximum decreases with decreasing K (Fig. 3.1C). The maximum
spot fluorescence is directly related to the rate of transcription (Fig. 3.13).

As discussed in Appendix 3.7.3, we can approximately relate the initiation rate pre-
dicted by the simple activator model (Equation 3.2) to the maximum fluorescence by a
constant factor (Equation 3.15). This allows us to directly compare theoretical predictions
with experimental data. We performed a global fit of the maximum spot fluorescence
data across all enhancers shown in Figure 3.3E to the simple activator model such that
all enhancers share the exact same parameters except for Kp, which is left as a free
parameter specific to each enhancer (Fig. 3.4A).

We found that the data agrees well with the model requiring all enhancers to share
the same maximum transcription rate at saturating Dorsal, R. As shown in Figure 3.4A
and B, this parameter is predicted with high confidence to be ~ 250 a.u. On the other
hand, we find that this model cannot account for the relatively constant rate of tran-
scription across Dorsal concentration and enhancer affinities. The model predicts a hy-
perbolic relationship between Dorsal concentration and transcription rate, while our
data suggests that these two values are largely independent (Figure 3.3E). As a result,
the fitted Kps have an extremely low confidence, with the standard errors in the same
order of the mean (Fig. 3.4B).

Thus, we conclude that the simple activator model cannot capture the behavior of
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Figure 3.3: Dorsal binding site affinity dictates several transcriptional dynamics fea-
tures. (A) Sequence of the Dorsal binding site in different minimal synthetic enhancers.
Bold letters represent the 10 bp Dorsal motif. Black letters correspond to consensus
bases, which are colored when mutated. Gray letters show the sequence context. (B)
Affinities of different Dorsal binding sites estimated from the Patser algorithm using
the Dorsal position weight matrix. Caption continues on next page.
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Figure 3.3: Continued from previous page: Dorsal binding site affinity dictates several
transcriptional dynamics features. (C) Overall transcriptional activity driven by the en-
hancers in (A) measured as the total produced mRNA as a function of Dorsal concen-
tration. The inset shows the mean total mRNA produced per embryo integrated across
all Dorsal concentrations. (D) Mean fraction of active nuclei, (E) mean maximum spot
fluorescence, (F) mean accumulated fluorescence across active nuclei, (G) mean time
of first spot detection, and (H) fluorescence spot lifetime as a function of Dorsal con-
centration and binding site affinity. (J)-(N) For each of the metrics shown in (D)-(H), the
mean across Dorsal fluorescence was calculated for each enhancer based on a moving
average. (C)-(H), error bars correspond to the standard error of the mean calculated
over at least 3 embryos; (J)-(N), error bars correspond to the standard deviation).

our regulatory system in terms of the transcription rate across active nuclei. This is
in contrast to E.coli [97]. Because the regulation of the fraction of active nuclei is the
main regulatory layer in response to Dorsal concentration and affinity, we turned our
attention to theoretical models to capture this behavior.
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Figure 3.4: Comparison of equilibrium model predictions with observed maximum fluo-
rescence values. (A) Prediction for maximum fluorescence as a function of Dorsal con-
centration for each affinity. Red circles are experimentally observed data with standard
error of the mean. Orange curves are solutions obtained from a single simultaneous
Markov Chain Monte Carlo curve fit. All solutions share all parameters except for Kp.
Red dashed curves are 95% prediction intervals. (B) Inferred parameter values.
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3.3.5 Dorsal regulates the partition of loci into two distinct states of
activity giving rise to a fraction of inactive nuclei

The presence of transcriptionally silent nuclei that remain inactive throughout inter-
phase has been observed using MS2 (and its sister PP7) in live imaging experiments in
flies [98, 154, 24], plants [4], and mammalian cells [114). As in our setup, the nascent
RNA labeling system in these experiments did not have single-molecule resolution, it is
thus conceivable that these nuclei correspond to false negatives transcribing below the
fluorescence detection threshold.

We sought to determine whether nuclei that never transcribe (i.e. ‘inactive nuclei’;
Fig. 3.2F, Fig. 3.3D,)) are just below our detection limit or constitute a separate population
transcribing at a Dorsal-independent, weaker level. In order to do this, it is necessary
to compare the activity in the absence of Dorsal protein to that of inactive nuclei in the
presence of Dorsal. Clearly, this experiment is not possible using only MS2 since the
quantification of spots necessitates a detectable mCherry signal. Hence, we developed
a method to quantify the MCP-mCherry fluorescence in all loci, independent of whether
an MS2 spot was detected or not.

To realize this experiment, we turned to the ParB-ParS DNA labelling system [100,
49]. In this system, fluorescently labelled ParB proteins bind to the ParS DNA sequence,
resulting in a fluorescence spot at the site of the locus (Fig. 3.5A). We created flies with
and without functional Dorsal expressing ParB2-eGFP and MCP-mCherry to label our
locus DNA and nascent RNA, respectively. In addition, we added a ParS sequence fol-
lowed by a 400 bp spacer to our DBS_6.23 enhancer. We then crossed flies containing
ParS-DBS_6.23-MS2 to flies carrying ParB2-eGFP and MCP-mCherry to create embryos
that have our locus of interest labelled with eGFP colocalized with transcriptional loci
in the MCP-mCherry channel (Fig. 3.5A and B).

Guided by the positions reported by ParB-eGFP, we measured the mCherry signal at
all DBS_6.23 reporter loci in embryos carrying wild type Dorsal and the dI' null allele
(Fig. 3.5C). As shown in Figure 3.5B, we classified loci into two categories, detected and
undetected, depending on whether they were identified as spots in the MCP-mCherry
channel.

In Figure 3.5D we show example fluorescence traces of mCherry corresponding to
a transcriptional event detectable as a spot in both the ParB-GFP and MCP-mCherry
channel and an event only visible as a spot in the ParB-eGFP channel. We assigned
a fluorescence value to each locus corresponding to the 95th percentile of intensity
over its mCherry fluorescence dynamics. As a result from this analysis, we obtain three
populations: all lociin Dorsal null embryos, undetected loci in wild-type Dorsal embryos
and detected loci in wild-type Dorsal embryos. The values of mCherry fluorescence at
the reporter locus of these three populations are shown in Figure 3.5E.

We find that the mCherry fluorescence of undetected spots in wild-type Dorsal em-
bryos is identical to that of all spots in Dorsal null embryos (Fig. 3.5E). Moreover, this
distribution is distinct from that of detected spots in wild-type Dorsal embryos. This is



CHAPTER 3. AMINIMAL SYNTHETIC ENHANCER SYSTEM TO PROBE TRANSCRIPTIONAL
REGULATION IN DEVELOPMENT 58

strong evidence that nuclei exposed to a similar Dorsal concentration can belong to two
distinct populations: those that transcribe at a high, Dorsal-dependent level and those
that are transcriptionally inactive or active at a low, Dorsal-independent level.

Thus, we conclude that the presence of a fraction of active nuclei is not simply a
result of our spot detection limit. This shows that the decision made at each locus to
transcribe is an additional regulatory feature dictated by the Dorsal activator, separate
from its role in modulating transcription rate once loci become transcriptionally active.

As noted in Section 3.3.3, equilibrium-based models of transcriptional activation
such as the one captured by Equation 3.18 cannot explain the presence of these two
populations, nor how they are regulated by Dorsal concentration. Thus, we view the
results presented in this section as a clear demonstration of the inability of equilib-
rium models to recapitulate the full transcriptional dynamics of this minimal synthetic
system. As a result, in the next section, we turned to kinetic models of transcription
to explore alternative mechanisms that could explain how inactive populations might
arise.

3.3.6 Dorsal-dependent kinetic barriers can explain the transcription
onset dynamics and the fraction of active nuclei

As shown in the previous section, most inactive nuclei are not an artifact of the detection
limit of our experimental setup. However, our equilibrium model from Section 3.3.1 can-
not account for the fact that only some nuclei become transcriptionally active through-
out the nuclear cycle. In addition, we also note that the this model cannot recapit-
ulate the constant transcriptional onset time across Dorsal concentration and affinity
(Fig. 3.3G). Hence, we sought to revise our theoretical model in order to account for the
presence of active and inactive nuclei and for the uniform transcriptional onset time
across Dorsal concentrations.

To posit a feasible mechanism behind the presence of a Dorsal-dependent fraction
of inactive nuclei and a constant transcriptional onset time, we turned our attention
to kinetic models that invoke multi-step transitions for the initiation of transcription.
Specifically, inspired by recent modeling efforts in Drosophila by [69] and [72], we pro-
posed a ‘kinetic barrier’ model (Fig. 3.6A). Here, after exiting mitosis, all promoters are
in an inactive state where transcription is not possible (labeled ‘OFF,’ in Fig. 3.6A). Pro-
moters must then traverse a series of n distinct inactive states (labeled ‘OFF,’ to ‘OFF,,’
in Fig. 3.6A) before reaching an active state in which transcription proceeds (labeled ‘ON’
in Fig. 3.6A). The transition between states is modelled as a stochastic irreversible one-
step reaction characterized by a rate w. Although we make no assumptions about the
molecular identity of these kinetic barriers, they can be identified with, for example, the
step-wise opening of previously closed, inaccessible chromatin [72, 77, 143, 161, 202].

The necessity of individual nuclei to traverse a set of intermediate states before tran-
scription can ensue results in a delay in activation in the nucleus; if given enough time,
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Figure 3.5: Transcriptionally-independent ParB labeling confirms the presence of ac-
tive and inactive nuclei. (A) Cartoon schematic of our ParB-eGFP construct. (B)
Schematic illustration of data analysis in this experiment. The gene locus was located
by detecting a spot in the ParB-eGFP channel. The positional information for the ParB-
eGFP spot was used to fit a 2D Gaussian to the same x-y region in the MS2-mCherry
channel to estimate background signal, regardless of whether an MS2-mCherry signal
was detected. (C) Example images from the experiment showing the ParB-eGFP and
MCP-mCherry channels. Detected and undetected transcriptionally active nuclei solely,
based on the MCP-mCherry signal alone, are shown. (D) Example time traces showing
the MS2-mCherry fluorescence over time at the ParB-GFP loci in nuclei with (blue) and
without (grey) detected MS2-mCherry spots of the DBS_6.23 enhancer. Caption contin-
ues on next page.
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Figure 3.5: Continued from previous page: Transcriptionally-independent ParB label-
ing confirms the presence of active and inactive nuclei. (E) Top: swarm plots showing
the maximum MS2-mCherry fluorescence over time at loci with detected (blue) and
undetected MS2-mCherry transcription (grey) in the DBS_6.23 enhancer. The maximum
fluorescence is defined as the 95" percentile of intensity over time such that the top 5%
brightest spot intensities were included. Bars correspond to the mean =+ standard de-
viation. Bottom: Histograms of the data on top. Solid lines correspond to log-normal
fits. Image acquisition was done sequentially for GFP and mCherry to avoid fluores-
cence bleed-through.

all promoters would eventually reach the ON state. Yet, if the time it takes a promoter to
reach the ON state is longer than the time during which initiation is permissible (during
interphase), this promoter will not have enough time to turn on at all. A simulation of
the transcriptional dynamics predicted by this model for individual nuclei is shown in
Figure 3.6B.

Since we observe a very strong dependence of the fraction of active nuclei on binding
site affinity and Dorsal concentration (Fig. 3.3D and J), we assume that 7—the probability
per unit time that the promoter will transition from one state to the next—is determined
by Dorsal concentration and binding affinity K. One of the simplest functional forms
for such dependence can be given by the equilibrium occupancy of our activator on the

promoter, such that
[D](t)
Kp

T Dh (3.4)

™ ==cC

where c is a rate constant and [DI|(¢) is the Dorsal concentration at time ¢ since the
previous anaphase, obtained from the Dorsal-Venus time traces.

Next, we sought to explore the fraction of active nuclei and mean transcription onset
times predicted by this model. To this end, we performed numerical simulations of the
probability of nuclei being in each state as a function of time (details of this simulation
can be found in Appendix 3.7.2). One free parameter in our model is the total duration of
time when initiation is permissible. We decided to fix this value by looking at when we
last see spots turning on within our data. To determine the end of the window during
which initiation occurs, we calculated the 95th percentile of the observed spot onset
times across all data sets from all affinities, resulting in ~7.1 minutes after the previous
anaphase (Fig. 3.6C, top). An example result of this simulation can be seen in Figure 3.6C,
bottom. Here, the probability of a nucleus being in the final 'ON’ state increases over
time to eventually reach 1. Based on our experimentally observed onset times, we posit
that there is a discrete window of time during which nuclei can become transcriptionally
active (Figure 3.6C, top), since we do not see nuclei turning on past ~ 7.5 minutes. As a
result, nuclei that would transition to the 'ON’ state past this permissible window never
get the chance to do so and are counted as inactive. Thus, the combination of delayed
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turn on times and a discrete permissible window to turn on result in only a fraction of
nuclei ever transcribing.

To simultaneously explore the whole parameter space of this model and determine
if it can recapitulate the data, we performed a simultaneous fit to the fraction of active
nuclei and mean transcription onset times from Figure 3.3 across all enhancers. Here,
we forced all enhancers to share the exact same value for all parameters except for the
Dorsal binding Kp. We found that a model with 4 'OFF’ states is capable of capturing the
qualitative behavior of our observations: a Dorsal and affinity dependent fraction of ac-
tive nuclei and a mean turn on time that is mostly constant across Dorsal concentrations
and affinities (dashed lines in Figure 3.6D).

Thus, we conclude that a model where Dorsal accelerates the transition through a
number of kinetic barriers through affinity-dependent binding can explain our observa-
tions.

3.4 Discussion

In this paper, we have demonstrated that there is enough information in a single tran-
scription factor binding site to specify a developmental boundary. This result should
not be taken lightly since previous theoretical results have pointed out that the oppo-
site should be the case [276]. In addition, a single transcription factor molecule binding
near the promoter is able to provide positional information that determines several
transcriptional features such as the switch to a transcriptionally active state and the
transcription rate once in that state. Single base pair mutations to the Dorsal binding
site are sufficient to simultaneously alter these and other parameters. This single base
pair pleiotropy has been reported in recent quantitative studies of developmental en-
hancers [90].

While equilibrium thermodynamic models have been successful in modelling gene
regulation in prokaryotes, they have been found lacking in eukaryotes. Nonetheless,
these are a natural starting point for our attempts to model the behavior of our re-
porter. In essence, the equilibrium model is our null hypothesis against which any more
complicated models must be contrasted. It is intuitively clear that an equilibrium ther-
modynamic model can not explain the fraction of active nuclei and constant onset times.
The equilibrium model cannot explain onset times because, in this model, all nuclei start
transcribing nearly immediately after the cycle begins once a Dorsal molecule finds its
binding sequence. In other words, in order for only a fraction of nuclei to become ac-
tive in a purely equilibrium model, Dorsal would need to have a binding rate, k£,n on the
order of the duration of the nuclear cycle. This, then, would not even be an equilibrium
model since the equilibration period would be as long as our timescale of observation.
The fraction of active nuclei suffers a similar problem- the equilibrium model predicts
that all nuclei will transcribe at the same average rate, not that nuclei would be divided
into two distinct populations: active and inactive nuclei.
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Figure 3.6: A multi-step kinetic barrier model can explain a Dorsal-dependent fraction
of active nuclei with constant mean transcriptional onset times. See caption on next
page.
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Figure 3.6: Continued from previous page: A multi-step kinetic barrier model can ex-
plain a Dorsal-dependent fraction of active nuclei with constant mean transcriptional
onset times. (A) Model where the promoter undergoes kinetic transitions from tran-
scriptionally inactive states (OFF_1 to OFF_n) to an active state (ON). r is the transition
rate between states and is proportional to Dorsal occupancy at the promoter. (B) Visu-
alization of a simulation of the model in (A) showing trajectories through states for one
set of parameters (DI = 1000 a.u., K = 1000 a.u., ¢ = 10/min). Each row corresponds to
an individual nucleus, columns correspond to time steps. The color indicates the state
each nucleus is at at a given time according to the legend on top. (C) Top: distribution
of mean spot detection times per embryo across all bins of Dorsal fluorescence and
enhancers in Figure 3.3. The horizontal dashed line marks the time at which 95% of
spots have turned on. Bottom: simulated fractions of nuclei in each of the states in (A)
for a model with 4 OFF states. The fraction of nuclei in the ON state at ~ 7.1 min corre-
sponds to the simulated fraction of active nuclei. (D) Model fits for the fraction of active
nuclei (plotted against the right y-axis) and mean transcriptional onset times (plotted
in red against the left y-axis) for all affinities. Dashed lines correspond to the median
of the posterior distribution. The shaded areas indicate the 25%-75% prediction inter-
val. Open blue circles correspond to the experimentally observed mean onset time as
in Figure 3.3G. Closed circles correspond to experimentally observed mean fraction of
active nuclei as in Figure 3.3D.

However, because live cell imaging techniques typically lack single molecule resolu-
tion, it was unclear whether these undetected nuclei correspond to a distinct population
or are simply a detection artifact. Here, by simultaneously labeling DNA and nascent
RNA, we were able to demonstrate that the fraction of active nuclei is a biological phe-
nomenon and not a shortcoming of our experimental techniques.

For all enhancers tested, we found that the fraction of active nuclei and mRNA pro-
duction rates were highly modulated by Dorsal concentration, while transcriptional on-
set times and durations were not. The insensitivity of transcriptional onset times to
activator concentration in early embryonic enhancers has been reported before in the
P2P promoter [72], so this is not a surprise.

Intriguingly, weak binding sites were enough to drive Dorsal-dependent transcrip-
tion, albeit with little to no concentration dependence across range of Dorsal concen-
tration spanning three orders of magnitude. This points to a role for binding affinity
in determining how much positional information a morphogen gradient can provide. It
would be interesting to know if these weak enhancers with "flat” expression can be-
come modulated in the presence of higher Dorsal concentrations that those explored in
this study. In this manuscript, we used a reporter with two times the Dorsal dosage of
wild type, but going as high as 3-4 times would help resolve some lingering questions
about the behavior of low affinity enhancers. For example, by imaging the low affinity
constructs at very high Dorsal concentrations, we may see them become more active as
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they pass their K values.

Our initial attempt at using an existing model, the kinetic barrier model of [72] didn’t
work. Firstly, transition rates had to be modified to be functions of Kp, instead of just
functions of [activator] as in their model. Even with this modification, it was found that
this model could not simultaneously recapitulate our observations of fraction of active
nuclei and transcriptional onset times. This is due to the fact that in this model, higher
onset times necessarily lead to lower fraction active. This tight coupling made it impos-
sible for the model to explain a constant onset time with a fraction active that spanned
the full range between o0 and 1.

To successfully explain the dynamics in our model, we advanced a theoretical model,
the window model, which constrains the readout of Dorsal concentration to a relatively
short widow of time during interphase. To achieve this we invoked repression from
the previous mitosis and the existence of an irreversible and constitutive inactivating
process that acts in opposition to Dorsal activation.

To falsify a dynamic model like this, it will be necessary to employ dynamic perturba-
tion tools such as optogenetic control of Dorsal concentration. According to this model,
if Dorsal were absent or inactive during the period when the enhancer is not sensitive to
it (i.e for the first few minutes of the nuclear cycle) the fraction of active nuclei would be
relatively unchanged. In contrast, there should be a discrete time window during which
perturbing the Dorsal concentration has a drastic effect on the probability that nuclei
turn on the reporter. Several optogenetics systems have been successfully deployed in
the early fly embryo to inactivate transcription factors during discrete time widows [179,
129, 133]. In the future, a version of one of these systems may be capable of dissecting
how the temporal dynamics of Dorsal affect transcriptional activation.

A better understanding of how the chromatin environment affects transcription lev-
els, timing, and fraction of active nuclei, and how to make precise perturbations of local
chromatin would greatly help in designing synthetic enhancers and with interpreting the
results of the experiments. Measuring the chromatin state and state of histone modifi-
cations in individual loci remains an unmet goal in live cell imaging.

Going forward, minimal enhancers could be the foundation for exploring the behav-
ior of more complex regulatory regions. Concretely, parameters such as binding con-
stants can help constrain models of Dorsal interacting with other transcription factors,
such as those studied by [78, 231]. Dorsal is the sole maternal input specifying dorso-
ventral position in Drosophila, but Dorsal rarely acts alone in endogenous enhancers
[126]. The interaction of Dorsal with Twist is a classic example of positive cooperativ-
ity in development [251]. Dorsal can also act as a repressor depending on the presence
of nearby Capicua binding sites [242]. The minimal synthetic enhancers presented here
could be used as scaffolds for more complex minimal enhancers incorporating a second
binding site for Twist or Capicua.

In this study, we pushed the technical limits of what experiments are possible in a de-
veloping system. These efforts highlight the main technical limitations that still remain.
Perhaps the most glaring limitation is the low throughput nature of the measurements.
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This limitation stems from two sources: generation of transgenic embryos and the need
to continuously image the sample over ~ 20 minutes of development. The first of these
issues could perhaps be remedied by using a higher throughput approach to generating
a library of reporter embryos with varied enhancer regions such as those used in e.coli
and yeast [145]. The second issue could be partially improved by switching to fixed tis-
sue measurements and using an automated imaging setup [90, 102]. However, these
snapshot measurements would be devoid of the dynamical information presented here
that was fundamental in constraining theoretical models of Dorsal action. For example,
when using fixed samples it would be impossible to determine if transcriptionally inac-
tive nuclei represent a transient or a stable state [98]. An alternative higher throughput,
dynamic method would perhaps need to be sequencing based. A variety of approaches
have recently been developed to store dynamic information in RNA that can then be
retrieved in a single sequencing run. The idea here is to have a constitutive editing
process in the cell that chemically modifies RNA at a constant rate. The extent of RNA
modification then depends on the time an RNA molecule has been exposed to editing.
The distribution of edits in a population of RNA molecules in a cell can then be used
to reconstruct the temporal dynamics of transcription in that cell prior to the experi-
ment [210, 220]. These high throughput approaches could replace live imaging in many
applications.

Better microscopy techniques and fluorescent imaging tools would improve temporal
and molecular resolution of the experiment, increasing our ability to measure transcrip-
tional activity. For instance, newer generation microscopes like the lattice light-sheet
microscope [48, 185] could improve signal to noise and enlarge the field of view of the
measurement. Better fluorescent fusions that take advantage of, perhaps, organic dyes
injected into the embryo could potentially lead to brighter, non-bleaching reporter [59].
On the MS2 front, there are many potential improvements. A greater number of stem
loops in the reporter like the 128 used by [253] would in principle make each transcrip-
tion spot brighter and allow us to see it for a longer duration. Additionally, MCP proteins
that bind to MS2 with higher affinity could help reduce the signal from background MCP
fusions in the nucleoplasm, such as the tandem-MCP system [274]. Techniques to im-
prove the fluorescence of individual MCP molecules such as SunTag [252] could improve
resolution of single polymerases. In addition, conducting all transcription measure-
ments with DNA loci labelled by ParB would improve the ability to follow transcription
spots that have low activity. Further, speculatively, ParB may allow us to correlate the
activity of enhancers with how “open” the local chromatin environment is, as measured
by the intensity of the ParB signal. Moreover, because the nucleus is not a homoge-
neous environment, measuring the Dorsal concentration specifically around the locus
could collapse some of the variability we observe between loci exposed to the same
bulk, average nuclear concentration.
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3.5 Materials and Methods

3.51 Measuring Dorsal-Venus concentration

Dorsal-Venus concentration was calculated as in (Figure 3.7). We measured the average
Venus fluorescence intensity in a circle of 2 um radius at the center of the nucleus in
every z-slice of each nucleus. This results in a z-profile of fluorescence values covering
the nucleus itself and the cytoplasm below and above it. The reported concentration
corresponds to the value at the middle z-plane of each nucleus. To find this plane, we
fit a parabola to the fluorescence z-profile. We measured the concentration at the plane
corresponding to the fitted parabola’s vertex. (Figure 3.7B). We then plotted this value
over time and selected a single time point for each trace corresponding to the middle
of each nucleus’s lifetime (Figure 3.7C).

3.5.2 Measuring transcriptional onset times

We measured time to turn on as the first time point where a spot was detected. Thus,
we needed a reliable way to estimate the beginning of the nuclear cycle. Typically, fluo-
rescently labeled histones are used to determine the timing of anaphase, however, only
a small fraction of our embryos had measurable levels of visible Histone-iRFP. When
the Histone-iRFP signal was not good enough to determine anaphase, we relied on the
Dorsal-Venus channel. This is possible because, like Histone-RFP, the nuclear Dorsal
fluorescence also shows a characteristic pattern during mitosis. To precisely determine
what features of the Dorsal-Venus channel to use for mitosis timing, we imaged DI-Venus
and Histone-RFP simultaneously (Fig.3.11). This exercise showed that the edges of nu-
clei become fuzzier as they enter mitosis and then elongate during anaphase (Fig.3.11).
In this way, we could find anaphase frames in movies where no visible Histone-iRFP
was present. Despite using this method, we still estimate that there may be a 2-3 frame
error (i.e 20-30 s) in our anaphase estimate. Given the short length of nuclear cycle
12, half a minute error is non-negligible. Fortunately, the lack of a systematic trend in
turn on times across K or Dorsal concentration (Figure 3.6F and H)renders this point
irrelevant. Moreover, because this method depends on the maternal input and not on
the transcriptional output, this error does not have any systematic correlation with en-
hancer identity.

3.5.3 Reporter design

To design our minimal construct (Figure 3.2, we placed the the 10 bp consensus Dorsal
binding site upstream of the Eve core promoter.This enhancer-promoter construct drives
the expression of MS2V5x24-lacZ-tub3'UTR [98, 262].
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3.5.4 Plasmids

Minimal synthetic enhancers were synthesized from complementary oligos obtained
from IDT. Reporter plasmids were then constructed by either by Gibson assembly or
by Genscript inc. The sequences of all plasmids generated in this study were deposited
in a Benchling folder.

3.5.5 Flylines

Enhancer constructs were injected into the 38F1 site on chromosome 2 of yw flies by
Bestgene Inc. or Rainbow Transgenic Flies, Inc. Since recombination mediated cassette
exchange (RMCE) [18] permits integration into one of two orientations in the genome, we
selected a single orientation for each line to stay consistent. To prepare cages, yw;DI-
Venus (CRISPR), MCP-mCherry; Dorsal-Venus, MCP-mCherry, His2Av-iRFP (unless other-
wise stated) virgins were crossed to yw; enhancer-mMS2;+ males. Flies were allowed to
lay for 90-120 minutes, then embryos were mounted for confocal imaging.

We used yw; DI-Venus,MCP-mCherry; DI-Venus, MCP-mCherry, His-2AV moms. The ma-
jority of our data was taken from embryos with moms that had 2 copies of the Dorsal
gene. The reason for this is that we needed the extra dynamic range of Dorsal concen-
trations to better see the titration curve of the different enhancers we used in the study.
In addition, we have data demonstrating that the version with 2 copies actually more
closely matches the activity of a fly with wild type Dorsal than the mom with 1 copy
(Figure ??). We explain this by inferring that the Dorsal-Venus transgene is a weaker
activator than wild type Dorsal. The copy on 2 was a Dorsal-Venus CRISPR insertion we
made and the copy on 3 was a transgene from [215]. There was a small difference in the
sequence of each transgene. The CRISPR contains the full length Dorsal gene, while the
transgene is missing a few amino acids from the N-terminus. Despite this difference,
there does not seem to be a difference in activity between the CRISPR knock-in and the
transgene Dorsal-Venus alleles (Fig. 3.9).

3.5.6 Microscopy

Embryos were mounted on slides as described in [98, 37, 96]. Confocal microscopy was
performed on the Leica SP8 with HyD detectors. We used a 63x oil objective and scanned
bidirectionally. Time-lapse z-stacks were collected with ~10 s frame rate and 106 nm
xy pixel dimensions and .5 um separation between z-slices (7 M range, 16 slices). XY
resolution 512x512 pixels. Pinhole was set to 1.0 Airy units at 600 nm. The 510 nm laser
was calibrated to 5 yW and detected in a 520-567 nm spectral window. The 585 nm laser
was calibrated to 25 W and detected in a 597-660 nm spectral window. The 700 nm
laser was set to 10% and detected in a 700-799 nm spectral window. All in counting
mode. Frame rate was 10.2 s per stack. We used 1x line and frame accumulation with a
scan speed of 420 Hz and a magnification of 3.4x zoom. All movies were taken at ~50%
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along the anterior-posterior axis. Images of the full embryo at the bottom surface and
the mid-sagittal plane were taken after each imaging session in order to locate the field
of view precisely along the anterior-posterior axis of the embryo.

3.5.7 Image and time-series analysis

Image analysis was performed in Matlab using the custom pipeline described in [98, 154].

Image segmentation was also aided by the Trainable Weka Segmentation plugin in FlJI

[10]. Further analysis of time-series and other data were likewise performed in Matlab.
Movies for publication were made in FIJI [232, 233].
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Plasmids

Name (hyperlinked to Benchling)

Function

pIB-1Dg-evePr-MS2v5-LacZ-Tub3UTR

DBS_6.23-MS2 reporter

pIB-1DgS-MS2v5-LacZ-Tub3UTR

DBS_5.81-MS2 reporter

pIB-1DgW-MS2v5-LacZ-Tub3UTR

DBS_5.39-MS2 reporter

pIB-1DgAW-MS2v5-LacZ-Tub3UTR

DBS_5.13-MS2 reporter

pIB-1DgSVW-MS2v5-LacZ-Tub3UTR

DBS_4.8-MS2 reporter

pIB-1DgVVW-MS2v5-LacZ-Tub3UTR

DBS_4.73-MS2 reporter

pIB-1DgVW-MS2v5-LacZ-Tub3UTR

DBS_4.29-MS2 reporter

pIB-2xIntB2-Neutral400-1Dg-MS2v5-LacZ-
Tub3UTR

DBS_6.23-MS2 reporter with ParB2
binding sites

Dl-Venus-dsRed

Donor plasmid for Dorsal-Venus

CRISPR knock-in fusion

pU6-DIgRNA1

synthetic guide RNA for Dorsal-Venus
CRISPR knock-in fusion

pBPhi-eNosx2-pTrans-NoNLS-MCP-mCherry-
tub3’'UTR

maternally deposited MCP-mCherry

pCasper4-His2Av-iRFP

Histone fusion to infrared RFP

pCasper4-Pnos-NoNLS-MCP-mCherry-
TUB3'UTR

maternally deposited MCP-mCherry

pCasper-pNos-NoNLS-ParB2-GFP-TUB3'UTR

ParB-eGFP

Table 3.1: List of plasmids used in this study.
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Fly lines

Genotype Usage

yw; parB-GFP; eNosx2-MCP-mCherry; + Label reporter DNA and nascent RNA

yw; Dorsal-Venus, pNos-MCP-mCherry; pNos- | Females to visualize Dorsal protein,

MCP-mCherry, His2Av-iRFP label nascent RNA, label nuclei

yw; Dorsal-Venus, = pNos-MCP-mCherry; | Females to visualize Dorsal protein,

Dorsal-Venus, pNos-MCP-mCherry, His2Av- | label nascent RNA, label nuclei

IRFP

yw; dl'!, pNos-MCP-mCherry; pNos-MCP- | Females to visualize label nascent

mCherry, His2Av-iRFP RNA and label nuclei in embryos lack-
ing Dorsal protein

yw; 1Dg(11) ; + Males carrying the DBS_6.23-MS2 re-
porter

yw; 1DS(2) ; + Males carrying the DBS_5.81-MS2 re-
porter

yw; 1DgW(2) ; + Males carrying the DBS_5.39-MS2 re-
porter

yw; 1DgAW(3) ; + Males carrying the DBS_513-MS2 re-
porter

yw; 1DgSVW(2) ; + Males carrying the DBS_4.8-MS2 re-
porter

yw; 1DgVVW(3); + Males carrying the DBS_4.73-MS2 re-
porter

yw; 1DgVW) ; + Males carrying the DBS_4.29-MS2 re-
porter

yw; 2xIntB2-1Dg(4)(5)(6) ; + Males carrying the DBS_6.23-MS2 re-
porter with 2 ParB2 binding sites

Table 3.2: Fly lines used in this study

3.7.2 Calculations
Kinetic model simulations

The problem presented in Figure 3.6A, namely that the time evolution of the probability
of nuclei occupying a discrete number of consecutive steps, can be described by the
following system of linear differential equations (also known as the 'master equation’)

iB

G =1, (35)

where P is a column vector containing the probability as a function of time of each
of the states that the system can be in. Pi corresponds to the transition rate matrix
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containing the rates that dictate the passage from each ‘OFF’ state to the next and to
the final ‘ON’ state.

For n ‘OFF’ states followed by a ‘ON’ state connected by irreversible transitions with
a rate of 7(¢), Equation 3.5 can be written as

[(LOPRDT a0 0 0 P(OFF,,t)

dPOFF ) w(t) —n(t) 0 0 P(OFF,,t) -
= | X , 3.6

dP(OF Py 1)) 0 0 .. =) 0 P(OFF,,1)

AP(ON.1) 0 0 .. @) 0 P(ON, 1)

where P(s,t) indicates the probability of the system being in state s at time ¢.
Note that, as described for Figure 3.6, I is itself a function of time since the transition
rate = depends on the Dorsal concentration, which changes with time and is given by

[DI(t)

r(t)=c- —L2__ (3.7)
(D)’
I+ %

where K is the Dorsal binding equilibrium constant and c is a rate constant.

Because «(¢) depends on the empirical Dorsal-Venus fluorescence, it does not have
a concrete functional form. This makes solving the system in Equation 3.6 analytically
intractable. Thus, in order to obtain ? and calculate the fraction of active nuclei and
the mean transcription onset times, we solve the system in Equation 3.6 numerically for
a given number of n ‘OFF’ states. Specifically, at each time step dt, we calculated how
the probability of each state changes with respect to the previous time step.

As before, we express the probability of a nucleus being in state s at time ¢ as P(, s).
To calculate P(t, s) we need to consider the previous time step t—1 and take into account
three possible processes:

1. Nuclei that were already in state s at time ¢t — 1 and stay in this state at time .
2. Nuclei that were in state s — 1 at ¢ — 1 that transition into state s at time ¢.

3. Nuclei that were in state s at time ¢t — 1 that leave this state by transitioning to the
next state s + 1 at time ¢.

The likelihood of a nucleus jumping from one state to the next at time ¢ during an arbi-
trarily small time window of dt is given by the transition rate 7 (t) x dt.
The probability of nuclei being in state s at time ¢ can then be calculated as

P(t,s) = Pt—-1,8) + wt)dtP(t—1,s—1) — =(t)dtP(t—1,s) . (3.8)
N—— N—_——— N v N )

Probability of  stayinstate s enter from state s —1 leave for state s + 1
state s at time ¢
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It is clear that for s = 1, P(t — 1,s — 1) = 0 since there isn’t a previous state from which
nuclei can enter the first ‘OFF’ state. Similarly, since nuclei cannot leave the final ‘ON’
state once they have entered it, P(t — 1,n + 1) = 0 for n ‘OFF’ states.

As described above, 7 (t) is a function of time because Dorsal concentration changes
with time. In contrast to analytical solutions, this numerical approach makes it possible
to use time-variant Dorsal concentration (measured from Dorsal-Venus fluorescence) to
obtain the transition rate 7 (¢) at each time point.

To obtain the fraction of active nuclei we initialize the system to P(1,1) = 1 and
calculate P(T'/dt,m + 1) where T is the duration of the transcriptional window.

Fraction of active nuclei = P(T/dt,m + 1). (3.9)

To obtain the mean transcriptional onset time, we calculate the expected value E[onset]
of the time to reach the final n+1 state before the end of the transcriptional time window
att =T

o o =T
Mean transcriptional _ p,, /] — iz [(P(t;n+1) = P(t —1,n + 1)) x ]

: - (310)
onset time ELP(t,n+1) = Pt —1,n+1)]

Exploring limits of simple activation model

Here we explore the weak promoter limit and the strong activator limit and show that
they don't reduce complexity in the model very much.
We assume the weak promoter limit, where KL; < 1. This limit is justified by the fact

that, in the absence of Dorsal, we see no transcriptional activity (Figure 3.2A and B). In
other words, P is far smaller than Kp and, consequently, the state in which only RNAP
is bound has a much lower occupancy than any other state. Furthermore, we assume
the weak RNAP limit, where RNAP’s loading rate in the absence of Dorsal is negligible.
These assumptions allow us to remove one parameter from our simple activator model
such that Equation 3.2 simplifies to

Dl ,

—— W
Kp
oun ~ bl .11
pb d 1+ % + %w/ (3 )
where we have defined /' = K%w which describes the interaction between Dorsal
and RNAP.
Finally, by substituting Equation 3.11 into Equation 3.1, we find
Dl , 7
— W
R= R, Kp . 312
Ay (322)

We plot predictions for R in Figure 3.1.
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3.7.3 Relating MS2 signal to the statistical mechanical model

In this section, we will address how to obtain the RNAP loading rate R by measuring
experimentally accessible quantities. To make this possible, we begin by defining a cal-
ibration factor alpha that relates the time-integrated fluorescence, F(¢), and accumu-
lated mRNA, mRN A(t) such that

F(t) = a-mRNA(?). (313)

In Figure 3.12B, we estimate the calibration factor, a, between fluorescence units and
completed MS2 transcripts.

By differentiating Equation 3.13, we find that this same calibration factor relates the
instantaneous fluorescence and mRNA production rate,

dmRN A
ft)=a- T

When we observe the MS2 signal in a nucleus, the instantaneous fluorescence is not
a simple readout of %. In order to understand how the maximum fluorescence of
a trace relates to the average RNAP loading rate, we need a model of the fluorescence
trajectory during a nuclear cycle. To model the MS2 signal trajectory of a single locus, we
start by assuming that polymerase molecules begin loading at time ¢, into the nuclear
cycle and continue to load at a constant rate proportional to R as shown in Equation 3
and Figure 3.13. The signal will increase linearly until the first polymerase terminates
transcription. At this point, the signal plateaus at the value f,,., because polymerase
molecules continue to load at a constant rate while simultaneously terminating at the
same rate.

Then, the maximum fluorescence we see in a trace is proportional to the loading rate
from Equation 3.1 and is estimated as

(314)

fmax ~a-R- Atelongation- (315)
Here, we assume that At.ngaiion 1S @ cONstant in our system and is given by
Ateiongation = €longation rate - gene length. (316)

For our measurements, we have

= 2.5 min, (317)

Atelongouﬁion ~

where the elongation rate comes from previous measurements [98]. Thus, we now have
an expression for f,,.. that allows us to relate our data to models.

By comparing Figure 3.1C and Figure 3.1D, we note that there may be some redundancy
between the effects of varying w and R,,,,’ for finite Dorsal concentrations. That is, a
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lower w can always compensate for a lower R,,,, value to achieve approximately the
same curve. One way to see this redundancy is to look at Equation 3.3 when w is small.
Then,

Di
Rma:cw "Kp

R~ ——2. a8

e (318)

In this regime, it becomes clear that inferring R,,,. and w from any data separately
may be difficult as their product is the only observable quantity.
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3.7.4 Supplementary Figures
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Figure 3.7: Measuring Dorsal-Venus nuclear fluorescence across the dorso-ventral axis
In each frame, the Dorsal-Venus fluorescence is measured in each z-slice of each nu-
cleus. This creates a series of fluorescence values as a function of z-slice (filled circles).
Slices at the top and the bottom correspond to cytoplasmic fluorescence. Thus, in ven-
tral nuclei, the brightest slice correspond to the true nuclear fluorescence (magenta
circles). On the other hand, dorsal nuclei have a lower Dorsal concentration than the
cytoplasm and so the darkest slice correspond to the true dorsal concentration (blue
circles). In lateral nuclei, the nuclear fluorescence is similar to that of the cytoplasm
(green circles). To decide which z-slice to use for nuclear fluorescence calculation, we
fit the fluorescence f over z-slices z to a quadratic equation f = az? + bz where a and
b are the quadratic coefficients. Then, we use the value of a to determine whether the
nucleus is ventral (a < —0.5), lateral (—0.5 < a < 0.5) or dorsal (a > 0.5). Next, in ven-
tral nuclei we take the brightest z-slice as the Dorsal-Venus fluorescence of that frame
(dashed horizontal magenta line). In lateral nuclei, we take the median of fluorescence
values over z-slices (dashed horizontal green line). In Dorsal nuclei, we take the darkest
z-slice as the frame Dorsal-Venus fluorescence (dashed horizontal blue line).
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Figure 3.8: Absolute calibration of Dorsal-Venus fluorescence using Venus-Bcd and
previously measured eGFP-Bcd concentration. Three embryos derived from yw;Venus-
Bcd;BcdE1 homozygous mothers were imaged in nuclear cycle 14 using the imaging
conditions of MS2 experiments. The nuclear fluorescence was calculated 15 minutes
into nuclear cycle 14 for cross comparison with data from [108] Figure 2B. The mapping
between Venus-Bcd fluorescence and eGFP-Bcd absolute concentration was based on
position along the AP axis of the embryo. (A) Linear fit forced through the origin. The
slope error corresponds to the 95% confidence interval. (B) Mean and SEM across four
embryos of the Dorsal nuclear concentration in the ventral-most and dorsal-most nu-
clei. 1X and 2X correspond to embryos from homozygous females containing one or
two Dl-Venus alleles respectively. The right y-axis shows the concentration of Dorsal
homodimers assuming 6 fluorescence a.u. per Venus molecule based on (A) and (B).
In (A), each data point corresponds to the mean + standard deviation of the fluores-
cence of all nuclei belonging to the same 1% AP bin in the same embryo. These data
were compared to two different absolute measurements of eGFP-Bcd, shown in red and
blue. Because Venus-Bcd is less abundant than eGFP-Bcd by a factor of ~ 2/3 (based
on cephalic furrow position), Venus fluorescence values were multiplied by 1.5.
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Figure 3.9: Comparing the activity of Dorsal-Venus transgene to that of two copies of
Dorsal Venus provided by a transgene plus a CRISPR knock-in. For the DBS_6.23, we im-
aged embryos laid by two different mothers. 1X mothers (labeled in red) carry dl1 (a null
Dorsal allele) and a DIl-Venus transgene created by [215]. 2X mothers (blue) carry a Dor-
sal Venus CRISPR knock-in and the aforementioned DI-Venus transgene. We wondered
whether it is fair to combine embryos laid by these different mothers. We reasoned
that, if for a given Dorsal concentration -regardless of its allele of origin- the activity
is the same within error, then we can pool data from 1X and 2X mothers. To test this,
nuclei from these different mothers were binned according to their Venus fluorescence
and different activity metrics were measured for each bin. Error bars correspond to
the standard error across at least three embryos per bin. We conclude from this anal-
ysis that, taken together, these results show that these two Dorsal-Venus populations
are not different within error. Thus, it is valid to treat embryos laid by these different
mothers as equivalent.
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Figure 3.10: bf Related to Figure 3.2D: Transcription of a minimal Dorsal synthetic en-
hancer with a mutated Dorsal binding site. The activity of minimal synthetic enhancers
carrying a single optimal (DBS_6.29, blue) or mutated (DBS_4.29, red) Dorsal binding site
was measured in nuclear cycle 12 embryos across the dorso-ventral axis. (A) Mean fluo-
rescence over time across all spots in the field of view of an embryo carrying a minimal
synthetic enhancer with a single optimal Dorsal binding site. (B) Same as (A) for a
mutated Dorsal binding site. (C) Fraction of nuclei in the field of view in which we de-
tected a transcription spot at any time during the duration of nuclear cycle 12 in nuclei
exposed to high Dorsal concentration (2600 - 3200 a.u). Filled circles correspond to
individual embryos. Black circles show the mean across all embryos. Shaded areas in
(A) and (B) and error bars in (C) correspond to the standard error of the mean.
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Figure 311: Using the Dorsal-Venus channel to determine the timing of mitosis. (A)
Maximum projection snapshots of Histone-RFP (top) and Dorsal-Venus (bottom) during
the mitosis leading from NC 11 to NC 12. (B) Same as (A) for an individual nucleus.
We define as the beginning of the cycle the frame in which anaphase occurs. In the
Histone-RFP channel this is characterized by the separation of sister chromatids. In
the Dorsal-Venus channel nuclei elongate and their boundary becomes fuzzier.
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Figure 3.12: Absolute calibration of MS2 using single molecule FISH. (A) Left: mean accu-
mulated mRNA per nuclear cycle 13 nucleus based on integrated fluorescence of P2P-
MS2 using the imaging conditions of Dorsal synthetics (n = 6 embryos). Right: number
of mRNAs per nucleus in nuclear cycle 13 from [98]. (B) Scatter plot showing data from
(A) corresponding to the same anterior-posterior (AP) bin. The solid line shows the best
linear fit to all of the data points. The slope error corresponds to the standard error
of the fit. The error in the fluorescence per RNAP is the propagated standard error tak-
ing the errors in elongation rate and calibration slope into account. (C) Histograms of
mean trace fluorescence in all particles across all experiments and the error in the flu-
orescence of these particles. Because the spot fluorescence was obtained integrating
over three slices, the corresponding error was propagated by multiplying by v/3. The
dashed line indicates the center of where the two distributions overlap. (C) Histogram
of the minimum spot fluorescence per trace across all experiments. The dashed line in-
dicates the mean of the distribution. Note that in (C) and (D) the top x-axis is expressed
in terms of absolute number of RNAP using the calibration from (B).
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Figure 3.43: Trapezoid model of transcription dynamics. (A) Schematic showing an ide-
alized spot fluorescence time trace originating from an MS2 reporter in the 12th nuclear
cycle in the early fruit fly embryo. Between 1 and 2, fluorescence increases linearly as
RNAP molecules are loaded onto the gene with a rate R. At 2, the first RNAP termi-
nates. Because the rate of loading and termination are equal the gene is at steady
state and the fluorescence is constant. At 3, the promoter stops loading new RNAP
molecules and thus fluorescence decreases with a rate equal to the termination rate.
(A) Cartoons showing the molecular picture corresponding to each of the steps in (A).
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Chapter 4

Quantitative imaging of RNA polymerase
Il activity in plants reveals the single-cell
basis of tissue-wide transcriptional
dynamics

41 Abstract

The responses of plants to their environment often hinge on the spatiotemporal dynam-
ics of transcriptional regulation. While live-imaging tools have been used extensively
to quantitatively capture rapid transcriptional dynamics in living animal cells, lack of
implementation of these technologies in plants has limited concomitant quantitative
studies in this kingdom. Here, we applied the PP7 and MS2 RNA-labeling technologies
for the quantitative imaging of RNA polymerase Il activity dynamics in single cells of liv-
ing plants as they respond to experimental treatments. Using this technology, we count
nascent RNA transcripts in real-time in Nicotiana benthamiana (tobacco) and Arabidop-
sis thaliana (Arabidopsis). Examination of heat shock reporters revealed that plant tis-
sues respond to external signals by modulating the proportion of cells that switch from
an undetectable basal state to a high transcription state, instead of modulating the rate
of transcription across all cells in a graded fashion. This switch-like behavior, combined
with cell-to-cell variability in transcription rate, results in mRNA production variability
spanning three orders of magnitude. We determined that cellular heterogeneity stems
mainly from stochasticity intrinsic to individual alleles instead of variability in cellular
composition. Taken together, our results demonstrate that it is now possible to quanti-
tatively study the dynamics of transcriptional programs in single cells of living plants.
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4.2 Introduction

Plant growth and development depends on rapid and sensitive signaling networks that
monitor environmental fluctuations and transduce this information into transcriptional
changes that lead to physiological adaptation. Gene regulation in plants can be ex-
tremely fast, with changes in mRNA abundance detectable in minutes or less, for exam-
ple in response to modulations in light intensity [250, 58], light quality [159], the axis of
gravity [144], nutrient concentration [152], temperature [283], or presence of pathogens
[33]. A first step toward understanding how plant transcriptional programs unfold in
time and space is to quantify gene activity in individual living cells as they respond to
external stimuli. Protein reporters have been used in plants to measure the dynamics
of single-cell gene activity in live tissues over hours to days [106]. However, fluorescent
proteins mature at timescales that are long (>30 min) compared to the rates that char-
acterize stress-responsive transcription (~1 min) [151], particularly in organisms grown
at moderate temperatures such as plants [15]. In addition, protein reporter signals con-
volve processes such as transcription, RNA processing, RNA transport, translation, and
protein degradation, often making it challenging to precisely identify where and how
regulatory control is being applied along the central dogma.

Over the last few years, our understanding of transcriptional regulation in animals
has been transformed by techniques that have made it possible to quantify transcrip-
tional activity in single cells of living fruit fly embryos [82, 174, 109, 95], in the nematode
Caenorhabditis elegans [156], and in adult mouse tissue [63]. Here, nascent RNA is flu-
orescently labeled by tagging genes of interest with RNA aptamers such as MS2 or PP7
that recruit fluorescent proteins to transcriptional loci, revealing real-time transcrip-
tional activity at the single-cell level. However, research into the equally diverse and
important gene regulatory aspects of plant development and physiology has remained
relatively isolated from these technological breakthroughs. Indeed, previously, MS2 and
other similar approaches based on RNA-binding proteins were used in plants to visu-
alize the movement and localization of cytoplasmic RNAs [117, 285, 235], but not their
nuclear transcriptional dynamics.

Here we bridged this technological gap by developing and implementing the PP7
and MS2 technologies for labeling nascent RNA in Arabidopsis thaliana (Arabidopsis)
and Nicotiana benthamiana (tobacco). Through state-of-the-art quantitative imaging,
we counted the absolute number of elongating RNA polymerase Il (RNAP) molecules at
individual genes and measured how this number is regulated dynamically in response to
heat stress. We used this stress response in leaves as a model to determine how tissue-
level patterns of mRNA accumulation arise from the dynamical transcriptional behavior
of individual cells. Using this technology, we also uncovered previously unmeasurable
modes of gene regulation in plants by which tissues respond to external signals by mod-
ulating the fraction of cells engaged in transcription, but leave the single-cell transcrip-
tion rate unchanged. Further, we determined how these regulatory layers give rise to
high cell-to-cell variability—spanning three orders of magnitude—in mRNA production.
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The single-locus resolution afforded by PP7 and MS2 made it possible to characterize the
sources of this cell-to-cell variability, revealing that stochastic processes intrinsic to in-
dividual alleles are the main contributors to this variability independent of differences
in cellular composition. Together, these results highlight the potential of live-imaging
techniques for uncovering and quantitatively describing regulatory processes with spa-
tiotemporal resolutions that cannot be achieved with methods such as traditional pro-
tein reporters or single-cell RNA sequencing. We envision that this approach will open
new avenues of inquiry in plant physiology, and cell and developmental biology.

4.3 Results

4.31 Establishment of the PP7 and MS2 systems for single-cell live
imaging of transcription in plants

To quantitatively measure transcriptional dynamics in tobacco and Arabidopsis, we im-
plemented an mRNA fluorescent-tagging approach previously used in cells in culture
[104, 52, 62, 155], D. melanogaster embryos [98, 174], the mouse brain [203], and C. ele-
gans [156] in which the gene of interest is tagged with tandem repeats of the PP7 DNA
sequence that, when transcribed, form RNA stem-loops (Fig. 4.1A) [46, 155]. The PP7 loop
RNA is bound by the PP7 bacteriophage coat protein (PCP) [46] expressed under a ubig-
uitous promoter. Fusing PCP to a fluorescent protein results in the fluorescent labeling
of nascent RNA molecules. By virtue of the relatively slow movement of genomic loci in
the nucleus and the accumulation of fluorophores in the diffraction-limited volume of
the gene, sites of active transcription appear as bright fluorescent puncta over the back-
ground of nuclear PCP fluorescence in a laser-scanning confocal microscope (Fig. 4.1A).
The fluorescence intensity of these spots reports on the number of RNAP molecules
actively transcribing the gene at any given time [98] and is proportional to the instan-
taneous rate of transcription [154, 37].

To optimize this imaging strategy for plants, we generated two classes of constructs
(Fig. 4.1B): First, coat protein constructs that fuse PCP to a fluorescent protein such as GFP
under a constitutive and ubiquitously expressed Arabidopsis promoter, and, second, re-
porter constructs that contain a neutral DNA sequence consisting of a firefly luciferase-
B-glucoronidase fusion with 24 PP7 stem loop repeats [88] inserted in the 5’ end of this
gene, under the control of the promoter of interest. To aid in the automated segmenta-
tion of nuclei, reporter constructs also contain a nuclear label consisting of the mScarlet
red fluorescent protein [28] fused to the Arabidopsis histone 2B coding region driven by
a ubiquitous promoter [81]. These two constructs confer resistance to different antibi-
otics, allowing sequential and combinatorial transformation into plants.

We tested this system in tobacco by simultaneously infiltrating leaves with two Agrobac-
terium strains, one strain carrying a PCP-GFP plasmid and a second strain carrying a
reporter plasmid lacking a functional promoter, yielding homogeneous GFP nuclear and
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cytoplasmic fluorescence (Fig. 4.1C, top left). When the strong and constitutive 35S pro-
moter was used to drive the reporter construct, nuclear GFP puncta became visible
(Fig. 41C, top right). These results suggest that spots correspond to sites of active tran-
scription and are not an artifact of PCP-GFP aggregation in the nucleus. Analogous re-
sults were obtained in stably transformed transgenic Arabidopsis plants (Fig. 4.1C, bot-
tom).

We next sought to confirm that spot fluorescence constitutes a dynamical readout
of transcriptional activity. To this end, we asked whether spot fluorescence dynamics in
tobacco qualitatively recapitulate previous observations performed on the same pro-
moters in Arabidopsis with orthogonal techniques. This comparison is made possible
by the strong conservation of transcriptional regulation in plants [269], in particular
the heat shock response [186]. We measured the transcriptional activity of two well-
known constitutive and heat shock-inducible Arabidopsis genes (GAPC2 and HSP70, re-
spectively [60, 66]) before and during a heat shock treatment. GAPC2-PP7 expression
was detectable at 25°C (Fig. 4.1D, top left, Movie 1). The presence of multiple spots per
nucleus is likely due to multiple transgene transfer events; the number of spots did
not change with treatment (Fig. 4.1D, bottom left and Fig. 4.6). Further, the fluorescence
over time of these spots did not change upon heat shock (Fig. 4.1E and Fig. 4.6), in ac-
cordance with the constitutive expression of GAPC2 in Arabidopsis [60]. Consistent with
the heat shock inducibility of the HSP70 gene in Arabidopsis [66], HSP70-PP7 transcrip-
tion was hardly detectable at 25°C in tobacco (Fig. 44D, top right and Fig. 4.6). However,
upon increasing the temperature to 39°C, multiple fluorescent puncta rapidly appeared
(Fig. 41D, bottom right and Fig. 4.6, Movie 2), and their fluorescence increased with time
(Fig. 4.1E, Fig. 4.6). A reporter construct where the PP7 cassette is inserted in an intron
of Arabidopsis HSP70 fused in its C-terminus to mCherry, confirmed that appearance of
transcriptional spots is associated with the accumulation of the gene products (Fig. 4.7).
Thus, we conclude that the PP7 system reliably recapitulates previous qualitative knowl-
edge of transcriptional dynamics in plants.

Simultaneously tagging multiple mRNA species or multiple locations of the same
mRNA species with different fluorescent proteins has revealed regulatory and physical
interactions between loci and uncovered the regulation of distinct steps of the tran-
scription cycle in cells in culture and animals [125, 56, 88, 89, 167, 166]. To enable such
multiplexing in plants, we also implemented the MS2 system, which is analogous and
orthogonal to the PP7 system. Here, MS2 loops are specifically recognized by an MS2
coat protein (MCP) [26]. We tested the MS2 system in tobacco and obtained results com-
parable to those obtained for PP7 (Fig. 4.8), allowing us to track the expression dynamics
of two transgenes in a single cell (Fig. 4.1F).

4.3.2 Quantitative characterization of the PP7 system in Arabidopsis

To study transcriptional regulation at the single-cell level in populations of genetically
identical leaf cells, we next generated stably transformed lines of Arabidopsis carrying



CHAPTER 4. QUANTITATIVE IMAGING OF RNA POLYMERASE Il ACTIVITY IN PLANTS REVEALS

THE SINGLE-CELL BASIS OF TISSUE-WIDE TRANSCRIPTIONAL DYNAMICS 86
A gas-permeable vacuole o
membgn%af cross-section / v Cﬁfg:fusgq terSts cription

E ‘
5 s
N [/ p
coverslip
objective
B coat protein construct reporter construct
(e ~ e —
RUBQ10PCP-GFP 353r.Hng L R Prom.24xPP7Luc-GUS UBQ10H2B-mScarlet 35SKanR L
N N . , .
oot promoter promoter of interest nuclear marker
constitutive inducible

c no promoter 35S- PP7 GAPC2-PP7 HSP70-PP7

0
(2
Q
[¢)

8

o
©
S

<

E
400 constitutive inducible
= GAPC2 — HSP70
R
© 300
5
S8
>
20 200
c O
-2
5 100
Q.
%)

5 10 15 20 25 30 35
time (min)

Figure 4.1: Fluorescence labeling of nascent RNA in tobacco and Arabidopsis reveals
single-cell transcriptional dynamics in real time. (A) Schematic of the live-imaging ex-
perimental setup in leaves and diagram of the PP7 RNA labeling system. (B) Schematic
of the constructs used in this study. (UBQ10, Arabidopsis ubiquitin 10 promoter;
35S, CaMV 35S promoter; HygR, hygromycin resistance; Luc-GUS, firefly luciferase-/-
glucoronidase fusion; H2B, Arabidopsis histone 2B coding sequence; KanR, kanamycin
resistance; L, T-DNA left border; R, T-DNA right border). (C) Maximum projection of
snapshots of cells expressing PCP-GFP and the reporter construct with or without the
constitutive 35S promoter driving expression of the PP7-tagged Luc-GUS gene. White
arrows indicate nuclear fluorescent puncta corresponding to transcription spots. Inset:
magnification of PP7 fluorescence. Caption continues on next page.
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Figure 4.1: Continued from previous page: Fluorescence labeling of nascent RNA in to-
bacco and Arabidopsis reveals single-cell transcriptional dynamics in real time. (D)
Maximum projection snapshots of tobacco cells expressing PCP-GFP and reporter con-
structs driven by the promoters of the Arabidopsis GAPC2 and HSP70 genes. Time under
heat shock is indicated. White arrowheads indicate the fluorescent spots quantified in
(E). (E) Fluorescence time traces of single nuclear GFP puncta in tobacco leaf epidermis
cells expressing PCP-GFP and reporter constructs driven by the promoters of the GAPC2
and HSP70 Arabidopsis genes. Each blue line corresponds to a single spot tracked over
time. The orange line corresponds to the temperature experienced by the sample and
is plotted on the right y-axis. Prior to spot detection, spots are assigned a fluorescence
value of zero. Error bars represent the uncertainty in the spot fluorescence extraction
(see Materials and Methods: Image analysis: spot fluorescence and tracking) (F) Maxi-
mum projection snapshot of tobacco leaf epidermal cell expressing PCP-mCherry, MCP-
GFP, H2B-tagBFP2, and two reporter constructs driven by the 355 promoter and tagged
with PP7 (magenta) or MS2 (green). Open and closed arrowheads indicate MCP-tagged
and PCP-tagged nascent RNAs, respectively (see also Fig. 4.8).

PCP-GFP and a PP7 reporter construct driven by the promoter of the stress-inducible
HSP101 gene. A line carrying a single reporter locus (hereafter referred to as HSP101-
PP7-1) was used for the following experiments unless stated otherwise; for details, see
Materials and Methods: Generation of transgenic Arabidopsis lines.

A key step toward establishing PP7 as a reporter of single-cell transcriptional ac-
tivity in Arabidopsis is to demonstrate that the observed spot fluorescence dynamics
quantitatively recapitulate this activity. We therefore sought to cross-validate PP7 mea-
surements with RT-qPCR quantifications of reporter transgene mRNA abundance in our
stably transformed Arabidopsis plants. The HSP101 mRNA is hardly detectable across
vegetative tissues under standard growth conditions [211, 170] and accumulates to high
levels as quickly as 2 minutes following treatments inducing cytosolic protein misfolding
such as heat shock [47, 283, 170]. As previous experiments have shown that, upon induc-
tion, HSP101 is expressed uniformly throughout plant tissues [271, 136], we compared the
average transcriptional activity of a few hundred leaf cells obtained by microscopy with
that of the whole plant in bulk reported by RT-qPCR.

As expected, we did not detect actively transcribing cells in HSP101-PP7-1 plants im-
aged for 1 h at room temperature (Fig. 4.9), but shifting the microscope stage from 22°C
to 39°C resulted in the rapid appearance of transcription spots (Fig. 4.2A, Movie 3). To
compare the instantaneous metric of transcriptional activity reported by spot fluores-
cence with the number of accumulated reporter mRNA molecules captured by RT-qPCR,
we converted spot fluorescence to number of produced mRNA molecules by integrating
the fluorescence of all spots in the field of view over time [98](Fig. 4.10 and associated
calculations in Section 4.7.).

Controls for GFP photobleaching ruled out the possibility that we underestimated
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the produced mRNA calculated by microscopy (Fig. 4.11). Finally, we measured HSP101
reporter mRNA abundance by RT-qPCR using whole plants treated with heat shock (see
Materials and Methods: Heat shock treatments). These measurements were strongly
correlated with each other (R? = 0.98 Fig. 4.2B), confirming that spot fluorescence di-
rectly reports on the rate of mRNA production. This conclusion held regardless of the
magnitude of the mRNA degradation rate (Fig. 4.7 and associated calculations in Sec-
tion 4.7.).

While our measurements so far have shown that PP7 fluorescence is proportional to
the number of actively transcribing RNAP molecules, this fluorescence does not, by itself,
report on the absolute number of RNAP molecules. Expressing measurements in terms
of absolute number of active RNAP molecules instead of arbitrary fluorescence units is
necessary for directly comparing data across microscopy setups and laboratories, and
for integration with other quantitative measurements and theoretical models [224, 42,
94, 98, 278]. In order to turn the PP7 system into such a precision tool, we calibrated its
arbitrary fluorescence units to report on the number of RNAP molecules transcribing the
reporter. We followed a recently established approach to measure the fluorescence of
individual GFP molecules arranged in 60-meric nanocages in vitro [127] and in vivo [2].
We fused GFP to a monomer that forms these 60-meric nanocages and expressed it in
tobacco leaves (Fig. 4.2C) to obtain a distribution of fluorescence intensity values for the
resulting GFP punctae (Fig. 4.2D, left, see also Figure 4.8). Fusing two GFP molecules to
each nanocage monomer yielded the fluorescence distribution of nanocages containing
120 GFP (Fig. 4.2D, left). To further validate this approach we imaged a genetically en-
coded multimeric nanoparticle (GEM) containing 60 GFP-tagged monomers [64]. A linear
fit of the means of these distributions passing through the origin shows that the mean
fluorescence of the 120 GFP nanocage is almost exactly twice that of 60 GFP nanocage
and the 60 GFP GEM (Fig. 4.2D, right), confirming the validity of this approach. The slope
of this fit is an estimate of the average number of arbitrary units of fluorescence corre-
sponding to a single GFP molecule in our microscopy setup, making it possible to report
PP7 measurements in absolute units.

Our absolute calibration also provided the opportunity to determine the limits of
applicability of the PP7 technology. Specifically, there is a minimum number of actively
transcribing RNAP molecules below which no reliable detection is possible. Figure 4.2E
compares histograms of the calibrated number of RNAP molecules in the weakest de-
tectable spots across all spots from all replicates from Figure 4.1F and their correspond-
ing fluctuations in background fluorescence. This calibration is based on the assumption
that each PP7 loop is bound by two PCP-GFP molecules and each fully loaded RNAP car-
ries 24 PP7 loops. Consistent with previous measurements [98, 154], these background
and signal histograms overlap at approximately 3 RNAP molecules, marking the level
at which PP7 fluorescent spots become undetectable (see also Fig. 4.9). An alternative
way to view this detection limit is to consider the minimum detectable rate of transcrip-
tion initiation. Given an elongation rate of 1.5 kbp/min [9] and the average unspliced
transcript length in Arabidopsis of about 2.2 kbp [255], a RNAP molecule takes 3 min to
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transcribe an average Arabidopsis gene. Thus, to ensure at least 3 RNAP molecules on
the gene and signal detectability at any time point, transcription needs to initiate at a
minimum rate of 1 RNAP/min.

It is also informative to determine the dynamic range of our measurements in terms
of the number of actively transcribing RNAP molecules. Given a footprint of an elongat-
ing RNAP molecule of ~40 bp [216, 258], an average Arabidopsis gene can accommodate
a maximum of 2.2 kbp/40 bp~55 RNAP molecules (or a maximum density of 25 RNAP
molecules/kbp), well above the minimum 3 RNAP molecules that constitute our detec-
tion limit. The strongest transcribing loci in our HSP101-PP7 experiment have a fluo-
rescence of ~1000 a.u., corresponding to ~250 RNAP molecules (Fig. 4.2E). According
to our qPCR analysis (Figure 4.10 and Section 4.7.1), the insertion locus of line HSP101-
PP7-1 contains two copies of the reporter construct. Since our reporter has a length
of approximately 4.8 kbp, the strongest loci have an RNAP density of about 25 RNAP
molecules/kbp, showing that they are likely transcribing at the maximum possible rate.

4.3.3 Uncovering single-cell transcriptional responses to heat shock

While static snapshots of tissues have provided profound lessons about the spatial con-
trol of transcription in animals and plants alike [32, 254], these approaches have not
revealed how single-cell transcriptional dynamics dictate the temporal modulation of
gene expression patterns. We sought to bridge this gap between single-cell and tissue-
wide transcriptional dynamics by tracking individual nuclei and measuring the fluores-
cence of their corresponding transcription spot over time. To expand our range of in-
quiry, we generated two additional reporter lines under the control of a second heat
shock-inducible promoter (HsfA2-PP7, Movie 4) or of a constitutive promoter (EF-Tu-PP7,
Movie 5). In order to simplify our experiments, we focused on cells containing at most
one spot per nucleus. We achieved this by imaging cells close to the base of the leaf
which, according to their nuclear volume (Fig. 4.11) and developmental stage, should be
predominantly diploid [182, 217, 91]. Consequently, young epidermis cells in hemizygous
Arabidopsis derived from the first generation of single-insertion transgenic plants (i.e.,
T2 individuals) contained at most one spot per nucleus (Fig. 412, see also Materials and
Methods: Microscopy setup and image acquisition).

A striking feature of the single-cell response is the existence of a reproducible frac-
tion of nuclei that does not show detectable expression of the reporter transgene through-
out the experiment in all three assayed promoters, which we define as transcriptionally
refractory cells (Fig. 4.3A, Fig. 413). The presence of these transcriptionally refractory
cells was surprising given that endogenous HSP101 and HsfA2 are strongly induced and
are necessary to survive heat stress in a dose-dependent manner [211, 47]. Similarly, as a
highly expressed constitutive gene, the EF-Tu promoter would also be expected to drive
transcription in every cell. Yet, this constitutive transgene also presents a substantial
fraction of refractory cells (Fig. 4.3A, right). Such refractory cells have also been identi-
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Figure 4.2: Cross validation, absolute calibration, and sensitivity of the PP7 reporter
system. (A) Maximum fluorescence projections of leaf epidermal tissue of an Arabidop-
sis line stably transformed with PCP-GFP and a reporter construct driven by the HSP101
promoter under heat shock. Time stamps indicate time under heat shock. Arrowheads
point to transcription spots. (B) Comparison between total mRNA produced as reported
by RT-gPCR and PCP-GFP. PCP-GFP error corresponds to the standard error of the mean
over 8 biological replicates; RT-qPCR error corresponds to the standard error of the
mean (SEM) across three biological replicates. Data are normalized to each correspond-
ing signal at 60 min. The solid black line shows a linear fit to the data going through
the origin. The inset shows the normalized mean and SEM of expression level as a
function of time for RT-qPCR and microscopy. (C) Maximum fluorescence projection of
a tobacco mesophyll cell expressing a construct encoding a 60 GFP nanocage tethered
to the outer membrane of the endoplasmic reticulum (ER). Caption continues on next

page.
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Figure 4.2: Continued from previous page: Cross validation, absolute calibration, and
sensitivity of the PP7 reporter system. (D, left) Absolute calibration of GFP fluores-
cence. Histograms and Gaussian fit of fluorescence values of individual spots for the
60-GFP nanocage (blue), 60-GFP GEM (magenta) and 120-GFP nanocage (black) tran-
siently expressed in tobacco leaves. The mean of each distribution is shown next to
each histogram. As expected, the means are related by a factor of two. (D, right) Mean
and standard error of the mean (SEM) of the nanocages and GEM fluorescence as a
function of number of GFP molecules per structure. The green line is a linear fit passing
through the origin, revealing a calibration factor of 0.078 +0.008 a.u./GFP molecule (er-
ror reporting on the 95% confidence interval of the fit). See also Materials and Methods:
Absolute calibration using nanocages. (E) Histograms of the calibrated number of tran-
scribing RNAP molecules in the weakest three frames of the weakest 25% of HSP101-PP7
fluorescence time traces (magenta) and their associated fluorescence background fluc-
tuations (green) from all spot fluorescence time traces across all 8 replicates from (B).
The point where the distributions overlap, at 3 RNAP molecules (vertical dashed line),
can be considered the detection threshold. Also shown are the brightest 3 frames of
the weakest 25% of all time traces (blue) and the brightest 3 frames of the strongest
25% of spot fluorescence time traces (grey).

fied in live-imaging studies of the early development of the fruit fly [98, 154, 24] and in
in vitro cultures of animal cells [114].

To confirm that the presence of refractory cells was not an artifact of our construct or
of the PP7 technology, we examined a transgenic plant containing a HSP101-GFP fusion
driven by the HSP101 promoter that fully complements the heat-susceptibility pheno-
type of a hsp10o1 knockout [181]. Treatment of HSP101-GFP plants with the conditions
used in our PP7 experiments revealed the presence of two types of cells: cells whose
fluorescence was close to that of untreated cells and highly induced cells (Figure 4.14).
These low-fluorescence cells, which can be located right next to highly expressing ones,
support the existence of transcriptionally refractory cells and the ability of the PP7 tech-
nology to detect them.

This cellular heterogeneity in the response could arise from uneven heating across
the field of view, however, a gradient of temperature with biologically relevant scales is
unlikely to arise at a microscopic level (see Materials and Methods: Heat shock treat-
ments). Consistent with this, we found that the spatial distribution of actively transcrib-
ing cells can be well described by a random distribution (Fig. 4.15).

Within responsive nuclei, we also found substantial heterogeneity in the instanta-
neous number of actively transcribing RNAP molecules. For example, at any given time,
not all responsive nuclei harbored fluorescent spots; the fraction of active nuclei is
modulated in response to heat shock, but remains constant for the constitutive pro-
moter (Fig. 4.3B). In addition, individual spots do not turn on synchronously and present
periods of high transcriptional activity interspersed by periods of low to no detectable
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activity (Fig. 4.3C, see also Fig. 416, Fig. 417 and Fig. 4.18). This single-cell behavior is
consistent with the presence of transcriptional bursts, which have been identified across
organisms and are believed to emerge from the intrinsically stochastic nature of the bio-
chemical process of transcription [193]. The only plant gene (to our knowledge) probed
before in such detail lacked such bursts [130].

Finally, in order to demonstrate the applicability of this technique to other plant
tissues, we imaged EF-Tu-PP7 and HsfA2-PP7 in Arabidopsis roots. The rapid rate of
cell division in roots allowed us to capture the halting of transcription during mitosis
(Figure 419 A-C) [240]. In addition, consistent with its behavior in leaves, HsfA2 was
expressed in only a fraction of nuclei at any given time (Fig. 4.19 D and E).

4.3.4 Tissue-wide transcriptional dynamics arise from the switch-like
regulation of the instantaneous fraction of transcribing cells

How do tissue-level patterns of mRNA arise from the transcriptional activities of individ-
ual cells? Such tissue-level control could be implemented in two possible ways [149, 265,
34, 83]. One strategy consists of modulating the single-cell rate of transcription across all
cells in a graded, analogue fashion (Fig. 4.4A, top). Alternatively, transcriptional control
could work like a switch, where the fraction of cells transcribing above basal uninduced
levels is modulated across the tissue (Fig. 4.4A, bottom). Several Drosophila enhancers
invoke both strategies simultaneously [98, 37, 154, 24]. Single time-point measurements
in plants [261, 7] and live-imaging studies in cell culture [114] have also provided evi-
dence for switch-like control.

We found that, as transcriptional induction ensues, the instantaneous fraction of
cells actively transcribing increases (Fig. 4.3B). In addition, the level of transcription in
active cells can also fluctuate (Fig. 4.3C). We therefore sought to determine the extent
to which each regulatory strategy gives rise to tissue-wide control of the mean mRNA
production rate. To this end, we expressed the total bulk transcriptional activity in terms
of the quantitative contribution of each regulatory strategy as

Zi fluoz (t) _ ZZ fZUOz(t> % Nactive(t) (41)
Ntotal Nactive (t) Ntotal
. W . .
mean tissue mean transcription rate instantaneous fraction
transcription rate of active cells of active cells

Here, fluo;(t) is the fluorescence of the i-th cell at time point ¢, N,.i..(¢) Is the instan-
taneous number of active cells, and N, is the total number of cells.

In order to determine how the resulting tissue-level transcriptional dynamics arises
from the two contributions on the right-hand side of Equation 4.1, we first determined
the tissue-wide transcription rate at each time point corresponding to the left-hand
side of the equation, by adding the fluorescence of all spots in each frame and then
dividing by the total number of nuclei in the field of view (Fig. 4.4B). This calculated
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Figure 4.3: Single-cell control of transcriptional activity in response to heat shock in
Arabidopsis. (A) Heat maps of spot fluorescence in all nuclei (rows) over time (columns)
across the the field of view in HSP101-PP7-1, HsfA2-PP7-1, and EF-Tu-PP7-1 plants. Dark
blue represents the absence of detectable signal. The size of the colorbar on the right
of each heatmap shows the proportion of nuclei that exhibited activity in at least one
frame during the experiment (;68 min) to refractory cells that presented no spots. (B)
Instantaneous fraction of actively transcribing nuclei measured as the number of nuclei
with spots divided by the total number of nuclei in the field of view. (C) Fluorescence
time traces of two representative transcription spots in the same field of view shown
in red and blue. Upon induction, transcriptional onset can occur asynchronously and
transcriptional activity occurs in bursts, modulating the instantaneous fraction of tran-
scriptionally active nuclei in (B).
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tissue-wide transcription rate is akin to the data typically obtained using a time series
of bulk sampling experiments. The tissue-wide transcription rate of HSP101-PP7-1 and
HsfA2-PP7-1rose upon induction, while that of the constitutive EF-Tu-PP7-1 reporter line
remained constant throughout the experiment (Fig. 4.4E).

To determine whether the graded modulation of the transcription rate among ac-
tive cells contributes to the mean tissue transcription rate, we calculated the mean spot
fluorescence across actively transcribing cells only (first term on the right-hand side of
EqQ. 44, Fig. 4.4C). Further, to determine the contribution of the switch-like type of regu-
lation, we computed the instantaneous fraction of cells in which we detect reporter ac-
tivity (second term on the right-hand side of Eq. 4.4, Fig. 4.4D). Our calculations revealed
that the temporal modulation of the transcription rate among active cells remained rel-
atively constant throughout induction (Fig. 4.4F). In contrast, the fraction of active nuclei
was strongly modulated as a result of induction (Fig. 4.4G). The dynamics of the fraction
of active cells were qualitatively comparable to the mean tissue transcription rate (com-
pare Fig. 4.4E and G).

To quantify the relative contribution of each of these regulatory strategies to the
overall transcriptional dynamics, we measured the fold-change of each term in Equa-
tion 4.1. We defined this fold-change as the ratio between the value of each magnitude
at peak induction (blue and green arrowheads in Fig. 4.4E-G) and at 10 min, shortly after
the beginning of the response (grey arrowhead in Fig. 4.4E-G). For both heat-inducible
promoters, the fold-change in the mean transcription rate across active cells was close
to one, indicating no significant change over time (Fig. 4.4H). In contrast, the fold-change
in the instantaneous fraction of active cells was almost identical to that of the total ac-
tivity (Fig. 4.4H).

To determine the generality of our results, we performed these experiments and
analysis on a second set of independent transgenic lines of all three promoters. Our
analyses yielded similar results (Fig. 4.20). In addition, we asked if these findings also
apply to other tissues. Measurements of HsfA2-PP7 expression in root tips showed that,
indeed, the rate of transcription of responsive cells is stable while the number of active
nuclei is modulated over time (Fig. 4.4E and Fig. 4.20).

Thus, the duration of the treatment does not impact the rate of transcription of in-
dividual actively transcribing cells: when an individual cell transcribes, it tends to do
so, on average, at a characteristic, relatively stable level regardless of induction time
(Fig. 4.21). Instead, the time under stress modulates the tissue-wide transcription rate
by increasing the probability that each individual cell switches from basal undetectable
transcription to a high activity state.
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Figure 4.4: Single-cell regulatory strategies determining tissue-wide transcriptional
dynamics. (A) Tissue-wide transcriptional control can be achieved through two non-
exclusive regulatory modes: the graded modulation of the rate of transcription across
cells, or the switch-like regulation of the fraction of actively transcribing cells. (B)
The tissue-wide transcription rate is obtained by—at each time point—adding up the
fluorescence of all spots and dividing by the total number of nuclei V,.;, regardless of
their transcriptional state. (C) The transcription rate of active cells is calculated by, in
each frame, adding the fluorescence of all spots and dividing by the number of nuclei
with spots in that frame N,...(t). (D) The fraction of active cells corresponds to the
number of nuclei that have detectable reporter transcription at a given time N,.,.(t)
divided by the total number of nuclei N,,. Caption continues on next page.
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Figure 4.4: Continued from previous page: Single-cell regulatory strategies determining
tissue-wide transcriptional dynamics. (E-G) Arabidopsis lines carrying inducible pro-
moters HSP101-PP7-1 (green) and HsfA2-PP7-1 (blue), and a line with the constitutive
reporter EF-Tu-PP7-1 (red). Time ¢t = 0 corresponds to the frame at which spots were
first detected. (E) Mean tissue transcription rate. (F) Mean transcription rate across
active cells. (G) Mean instantaneous fraction of actively transcribing cells. (H) Fold-
change in the mean tissue-wide transcription rate compared to the fold-change in the
mean transcription rate of active cells and in the fraction of active cells, defined as the
ratio between the value at its peak and at ¢t = 10min for HSP101-PP7-1 (gray vs. green
arrowheads in B) and HsfA2-PP7 (gray vs. blue arrowheads in B). For EF-Tu-PP7 10 and
30 minutes were used to calculate the fold-change. The empty and light blue bars cor-
respond to data obtained from independent transgenic lines shown in Figure 4.20. The
horizontal dashed line indicates a fold-change of 1. (E-H, shaded regions and error
bars are SEM calculated across 8, 5, and 3 experimental replicates for HSP101-PP7-1,
HsfA2-PP7-1, and EF-Tu-PP7-1, respectively.)

4.3.5 Allele-specific regulation underlies most tissue-wide
heterogeneity in mRNA production in living plants

Although physiological responses occur at the tissue level, each cell must bear the phe-
notypic consequences of its individual gene regulatory behavior in response to stress.
Studies of microorganisms and mammalian cells in culture have revealed that single-
cell transcriptional responses to outside stimuli are often highly variable, leading re-
searchers to posit that organisms possess mechanisms to buffer this “noise” or to lever-
age variability to drive the adoption of cellular fates that, for example, provide resis-
tance against environmental insults such as antibiotics [212, 177, 75]. However, remark-
ably little is known about the level, functional roles, and underlying molecular mecha-
nisms of transcriptional noise in shaping stress responses in multicellular systems like
plants [54, 183].

Although, on average, the rate of transcription of our heat-responsive reporters in ac-
tive cells did not substantially change with the duration of the heat treatment (Fig. 4.4C),
at any given time point, the levels of activity across cells spanned more than two orders
of magnitude (Fig. 4.5A). This behavior of actively transcribing cells, combined with asyn-
chronous activation (Fig. 4.3A) and the presence of cells that are transiently or perma-
nently transcriptionally inactive (Fig. 4.4G, Fig. £4.13), gives rise to a wide distribution in
the inferred mRNA produced per cell (Fig. 4.5B). This distribution spans more than three
orders of magnitude, with a coefficient of variation (CV, standard deviation divided by
the mean) of approximately 1.6. While this variability might seem exceedingly high, it is
on the same order that other eukaryotic systems [245, 213, 19]. Simulating a constant,
homogeneous mRNA degradation rate does not considerably alter the spread of these
distributions (Fig. 4.22).
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What are the molecular sources of this cell-to-cell variability in the amount of mRNA
produced (Figure 4.5C)? A traditionally held view invokes differences in composition
across cells [40, 259]. For example, differences in cell cycle stage [224, 214], concentra-
tion of general transcriptional machinery [279], or concentration of specific transcription
factors [183] can generate cellular heterogeneity (Fig. 4.5C, left). Alternatively, because
at the local gene level transcription depends on a relatively small number of molecules,
it is subjected to the stochasticity inherent to biochemical reactions. This can lead to
variability even among otherwise identical cells (Fig. 4.5C, right).

To distinguish between these two types of sources of noise, it is necessary to compare
the expression of alleles belonging to the same cell with that of alleles in nearby cells
[76, 214]. Intuitively, factors extrinsic to the gene that operate at the cellular level will
lead to alleles in a cell behaving similarly to each other but differently to those in other
cells. In contrast, processes intrinsic to the gene operating at the local level will lead to
alleles in the same cell behaving different to each other even if they are exposed to the
same extrinsic factors. By decomposing the total variability into variability across allele
pairs within each cell and variability across cells, extrinsic and intrinsic sources can be
quantified without a priori knowledge of their molecular identity [76] (see Section 4.7:).

A previous measurement of gene expression noise in Arabidopsis using constitutively
expressed fluorescent proteins found that extrinsic factors explain most of their cellular
heterogeneity [8]. However, it is unclear how noise in accumulated protein relates to
transcriptional variability that we can now measure using PP7, and whether there are
differences between constitutive and regulated promoters.

To determine the contribution of each type of transcriptional noise, we imaged T2
Arabidopsis individuals homozygous for the reporter, which display up to two fluores-
cent spots per nucleus in diploid cells (Fig. 4.5D, top; Movie 6). Four traces originat-
ing from two nuclei indicate that the transcriptional activity of alleles in the same nu-
cleus can be more similar to each other than the activity of alleles in different nuclei
(Fig. 4.5D, bottom), suggesting a significant role of extrinsic noise in transcriptional vari-
ability. However, our measurements also revealed that allele pairs in the same nucleus
are not necessarily in the same transcriptional state: nuclei are approximately equally
divided between populations where two, only one, or no alleles exhibit a transcription
spot (Fig. 4.5E). This suggests that the decision of alleles to become active is intrinsic
to each allele. Thus, qualitatively, we have identified that both intrinsic and extrinsic
contributions can potentially underlie the total transcriptional noise.

In order to determine the quantitative contribution of each source of variability to
the single-cell distribution of mRNA produced, we followed [76] (see details about this
calculation in Section 4.7.1 and Figure 4.23). Transgenes in Arabidopsis are often inserted
as tandem repeats [140, 141], which cannot be optically resolved from each other. We
used gPCR to determine the number of tandem insertions in HSP101-PP7-1 and HsfA2-
PP7-1 and found that these lines are likely to contain 2 and 3 transgenes per locus,
respectively. To show that the results from this noise analysis do not qualitatively de-
pend on the number of transgene copies per insertion, we identified additional single
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insertion Arabidopsis lines (HSP101-PP7-2 and HsfA2-PP7-2) for which we confirmed the
presence of a single transgene copy per insertion locus using qPCR (see Figure 410 and
associated calculations in Section 4.7.).

Figure 4.5F presents the integrated spot fluorescence of alleles pairs belonging to
the same nucleus in homozygous plants of HSP101-PP7-1 and two additional lines with a
single transgene copy per insertion. Our calculation of the noise components revealed
that intrinsic sources explain most (~ 2/3) of the variability in all of the lines tested
(Fig. 4.5G).

We next sought to further investigate possible sources contributing to the extrinsic
noise. Studies in plants [130, 183], mammalian cell culture [199], and yeast [178] have
shown that cell size is positively correlated with gene expression, making it a potential
source of extrinsic noise. We found that nucleus volume (a good proxy for cell size [217])
explains only 10-30% of the cell-to-cell variability in expression (Fig. 4.24). The lack of
a strong correlation between transcription and nucleus size might be due to all nuclei
being relatively similar in size (Fig. 411). An additional source of extrinsic noise could
be cell type identity. For example, the expression dynamics of guard cells and non-
guard cells, both present in our field of view, could contribute to this noise. As shown
in Figure 4.26, we did not find a consistent, statistically significantly difference between
guard cells and the rest of the cells. Thus, the molecular identity of the sources of
extrinsic noise remain to be identified.

In sum, despite the presence of extrinsic noise, our results demonstrate that most
of the cellular heterogeneity in the transcriptional response to heat shock is not due to
cells having a different chemical composition. Instead, stochastic processes at the level
of each individual allele explain most of the cell-to-cell differences in the amount of
mRNA produced per cell. Importantly, while here we have focused on the noise in the
amount of produced mRNA, further insights can be drawn from examining the sources
of molecular variability in, for example, instantaneous transcriptional activity (Fig. 4.27).

4.4 Discussion

Over the last few decades, it has become clear that the averaging resulting from bulk tis-
sue sampling obscures important details about the spatial control of cellular processes
in plants and animals alike. In plants, this limitation has motivated recent advances in
single-cell RNA sequencing [180]. However, these measurements depend on the previ-
ous history of RNA transcription and degradation and thus obscure information about
regulatory dynamics. Further, single-cell sequencing technologies tend to sacrifice spa-
tial information. While enabling technologies to light up the process of transcription
and its control in real time, in single cells or whole animals, have been developed [190,
262], plants have remained surprisingly sidelined.

Here, by implementing the PP7 and MS2 systems to fluorescently label nascent RNA
molecules in plants, we have shown, to our knowledge for the first time, that it is pos-
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Figure 4.5: Allele-specific processes explain most of the cellular heterogeneity in pro-
duced mRNA in Arabidopsis. See caption on next page.
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Figure 4.5: Continued from previous page: Allele-specific processes explain most of
the cellular heterogeneity in produced mRNA in Arabidopsis. (A) Histograms of spot
fluorescence over time for the combined replicates of Figure 4.4. The dashed line in-
dicates the detection threshold determined in Figure 4.2D. (B) Histograms of predicted
total produced mRNA per cell across all replicates from Figure 4.4. (C) Schematic of ex-
trinsic (left) and intrinsic (right) sources of transcriptional noise. Extrinsic noise arises
from cellular differences in the abundance of regulatory molecules (purple triangles),
such as transcription factors, whose abundance is common to all alleles, while intrin-
sic noise captures differences among cells with identical composition due to local pro-
cesses at each allele such as the inherent stochasticity of biochemical reactions. (D)
Two-allele experiment to decompose the total transcriptional variability into intrin-
sic and extrinsic noise. Top: guard cells—which are obligate diploids [182]—expressing
HSP101-PP7. White arrowheads indicate transcription spots corresponding to one or
two alleles of the reporter transgene in homologous chromosomes. In the homozy-
gote, it is possible for only one allele to be active in different cells. Bottom: spot fluo-
rescence traces from homozygous cells shown on top, the error bars correspond to the
uncertainty in fluorescence quantification as described in the Materials and Methods.
(E) Fraction of nuclei with zero, one, or two spots in heat shock-treated homozygous
plants at the frame with the maximum number of visible spots. (F) Scatter plot of the
integrated spot fluorescence normalized by the mean for pairs of alleles belonging to
the same nucleus. Undetected spots were assigned a value of zero and plotted on the
x- and y-axes. (G) Decomposition of the total variability in (F) into extrinsic and intrinsic
components shows comparable contributions of both components to the total noise,
with the intrinsic component explaining most of the variability. Error bars in (E) and
(G) are bootstrapped errors.

sible to count the number of RNAP molecules actively transcribing individual alleles
in single living cells of tobacco and Arabidopsis as they respond to their environment.
This technical advance yielded unprecedented access to the temporal history of activity
of individual alleles, making it possible to uncover distinct modes by which single-cell
transcriptional activity in plants leads to tissue-wide gene expression dynamics.

Using this technique, and consistent with similar observations in other systems [98,
154, 114), we discovered a fraction of transcriptionally refractory cells that do not tran-
scribe above our detection limit of approximately three active RNAP molecules per gene,
regardless of induction conditions (Fig. 4.4D). Single-molecule RNA FISH experiments in
Arabidopsis roots found that, at any given time, ~ 20% of cells are transcriptionally in-
active for the constitutively expressed PP2C gene [71]. However, unlike the live-imaging
approach developed here, single-molecule RNA FISH relies on fixed samples; it cannot
determine whether this inactive state was transient or stable. Arguably, what we refer to
as inactive nuclei might be transcribing at a low, basal rate and not be completely tran-
scriptionally silent. However, in cells that divide slowly such as plant cells, extremely
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infrequent transcription is sufficient to sustain low mRNA levels, particularly if these
mRNA molecules have long half lives. Thus, it is not rare for lowly expressed genes to
be free of polymerases for tens of hours in any given cell, even though their mRNA is
detected at the population level [225, 219, 243].

We also found that tissue-wide transcriptional induction dynamics are the result of
the temporal modulation in the fraction of cells that switch to a transcriptionally active
state, and not of the graded control of the transcription rate of active cells (Fig. 4.4C).
This form of regulation has been hypothesized to be at play in the regulation of the
FLC gene in response to temperature [7] and in the commitment to xylem cell fate in
response to the VND7 transcription factor [261]. Using our technologies, it should now
be possible to directly test these models.

These single-cell behaviors may seem hard to reconcile with previous bulk time
course experiments showing that the mRNA molecules of inducible genes are present
under control conditions and accumulate gradually in response to stress treatments
[170, 55]. Yet, ample evidence from single-cell studies has shown that single cell obser-
vations rarely match the average cell behavior captured by bulk experiments [22, 195,
212, 571.

Gene expression can vary significantly from cell to cell in microbial and animal species
[212]. By making it possible to measure cell-to-cell transcriptional variability in real time
in living plant cells, we confirmed that plants are no exception to this widespread pres-
ence of transcriptional variability. The single-locus resolution of our method allowed us
to determine that cell-to-cell variability in mRNA production arises mainly from stochas-
tic processes instrinsic to each allele (Fig. 4.5G). Studies in in-vitro cell cultures have
found that gene-expression noise can have profound consequences for cellular survival
[74, 237]; however, the role of transcriptional noise in plant stress responses remains an
open question [54, 222, 1]. We envision that the strategy applied here to systematically
dissect transcriptional heterogeneity in Arabidopsis and tobacco will shed light on this
interplay between transcriptional variability and stress response. Further, it will be in-
teresting to examine how some unusual aspects of plant cell biology and genetics can
buffer transcriptional noise. For example, cytoplasmic connections could play a role in
short-range sharing of gene products [80], averaging out extrinsic noise as observed in
syncytial systems [168]; multiple genome copies per nucleus in mature plant cells may
provide further opportunities to average out intrinsic noise across alleles [156]. Sim-
ilarly, we speculate that the conspicuous retention of large numbers of seemingly re-
dundant gene paralogs in plants may also help buffer intrinsic fluctuations in individual
genes [165].

Our approach requires access to a confocal microscope and to transgenesis tools,
and should therefore be relatively easy to apply to many biological problems in plant
development and physiology. However, imaging deep into live tissues with the resolu-
tion necessary to resolve diffraction-limited spots remains a challenge, particularly in
plants [113]. Advances such as multiphoton imaging, lattice light-sheet microscopy, and
adaptive optics will overcome this limitation [171].
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Lacking single-polymerase resolution currently limits the applicability of MS2 and
PP7to genestranscribed at relatively high rates. Atranscription initiation rate of 1 RNAP/min,
corresponding to our detection limit of 3 elongating RNAP molecules on an average Ara-
bidopsis gene, could be sufficient to sustain slow transcriptional processes operating at
long developmental timescales. For example, the FLC gene, a key seasonal developmen-
tal regulator in Arabidopsis is rarely occupied by more than one elongating RNAP at a
time [130] which may explain why previous attempts at visualizing nascent FLC mRNAs
in live Arabidopsis plants have failed [275]. Increasing the number of stem loops repeats
could be aviable strategy to enable the measurement of weakly expressed genes [253]. A
growing interest in live imaging of transcription combined with advances in fluorophore
chemistry [134] as well as in the PP7 and MS2 technologies themselves [274] offer hope
for breaking this detection threshold.

It will undoubtedly be of interest to correlate the activities of genes by visualizing
their transcription simultaneously. This multiplexing is already possible for two genes
using MS2 and PP7. A third color could be added by implementing interlaced MS2 and
PP7 loops [125]. To further extend the palette, it should be possible to engineer other
orthogonal RNA-binding proteins-RNA aptamer pairs [61, 142].

Finally, and more generally, the random integration of transgenes in plants and their
associated genomic rearrangements [141] makes it challenging to dissect the role(s) of
regulatory sequences at their endogenous genomic locations. In addition, if the goal
is to study the behavior of endogenous genes, reporter constructs might not be suffi-
cient since they may not faithfully recapitulate all aspects of endogenous regulation.
Delivery of DNA to specific genomic locations using CRISPR/Cas9 [45, 184] or sequence-
specific recombinases [5] promise to address these problems and unleash the potential
of quantitative reporters of gene expression.

In this study, we focused on a simple step in the plant’s use of temperature as
a signaling input. More complex treatments have been previously used to show that
plants can mount specific responses to inputs, such as memory in response to pulses of
heat shock [47] and nonlinear integration of combinations of high light and temperature
stress [283]. By administering experimental treatments while simultaneously measuring
their effects on gene regulation, it will be possible to determine how these operations
are performed at the cellular level. In addition, the sub-nuclear resolution of nascent
RNA tagging could make it possible to resolve long-standing issues in plant signaling,
such as the role of protein aggregates or “nuclear speckles” that are pervasive in light-
responsive signaling pathways in plants [223].

In conclusion, by enabling the measurement of transcription at high spatiotemporal
resolution, the PP7 and MS2 methods introduced here close a critical technological gap
in plant biology. These new technologies open new avenues of inquiry and will make it
possible to quantitatively interrogate transcriptional control in living plants and to en-
gage in the discourse between theory and experiment that has characterized the study
of gene regulation in single cells and animal tissues over the last two decades[206].
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4.5 Materials and Methods

4.51 Plasmids and Agrobacterium strains

All plasmid sequences used in this study can be accessed from a public Benchling folder.
All plasmids used in this study are available from Addgene. All vectors were based on
pCambia derivatives [116] and transformed into the GV3101::pMP90 Agrobacterium strain
by electroporation. Plasmids confering Kanamycin resistance in plants (i.e., reporter
constructs) were based on pCambia2300. Plasmids confering Hygromycin resistance in
plants (i.e., PCP, MCP and nanocages constructs) were based on pCambia1300. A list of
all the plasmids used in this study along with their link to Benchling and Addgene can be
found in Table 4.1. The Arabidopsis gene identifiers associated with genomic sequences
used in these plasmids are listed in Table 4.2.

4.5.2 Plant growth conditions

Nicotiana benthamiana (tobacco) plants were grown in a greenhouse under natural light
conditions prior to agroinfiltration. Following infiltration, tobacco plants were kept un-
der 30 ;E of constant light. Arabidopsis plants used for experiments were grown in 1/2
strength MS agar containing 50 ng/ il of Kanamycin under short day conditions (8 hours
of 30 xE light per day) for four to six weeks prior to imaging.

4.5.3 Agroinfiltration

Agrobacterium glycerol stocks were streaked on LB plates containing 50 ug/ ul Kanamycin
and 50 ug/ul Gentamycin. Fresh colonies were grown overnight in liquid LB containing
the same antibiotic concentrations, spun down and resuspended in an equal volume of
infiltration buffer (10 mM MES pH5.6, 10 mM MgCl,, 150 ;M Acetosyringone). Cells were
incubated for 2-4 hours in infiltration buffer shaking at room temperature after which the
cultures were diluted 1:3 to an ODgo, Of approximately 0.3. In experiments that required
combining strains, coat protein and reporter strains were mixed in a 3:1 ratio (the exact
ratio does not qualitatively affect the results). In PP7 and MS2 experiments, infiltrated
leaves were imaged approximately 2 days after infiltration. For absolute calibration ex-
periments, plants were imaged 12-18 hours after infiltration.

4.5.4 Generation of transgenic Arabidopsis lines

To generate lines carrying both PCP-GFP and PP7 reporters we followed a sequential
transformation approach. We first selected PCP-GFP lines in 35 ug/ml of Hygromycin
and kept lines exhibiting moderate levels of fluorescence and no obvious growth pheno-
type. Next, we transformed T1 or T2 PCP-GFP individuals with PP7 reporter Agrobacterium
strains and selected transformants in 50 ug/ml Kanamycin and 35 pug/ml Hygromycin.
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Individuals T1 for the PP7 construct were screened for nuclear mScarlet fluorescence
and presence of transcription spots matching previous knowledge about the activity of
the corresponding endogenous gene. In all cases, to select for antibiotic resistance we
followed the protocol by [120]. A list of the lines used in this study can be found in
Table 4.3.

4.5.5 Determining the number of unlinked reporter transgene
insertions

To select lines carrying a single insertion reporter locus we plated approximately 60 T2
seeds in MS plates containing Kanamycin and counted the ratio of survivors. This ratio
was divided by the survival ratio in plates containing no antibiotics. A x? test was used
to determine whether the product of these two ratios was statistically different from
the expected ratio of 3/4. To confirm the absence of two or more unlinked reporter loci
we examined transcription spots in guard cells. Unlike other leaf cell types, these cells
are exclusively diploid [182] and therefore the presence of a single spot per guard cell
nucleus in a T1 individual confirms the absence of unlinked insertions.

4.5.6 Heat shock treatments

To control the sample temperature in the microscope stage we used an OkoLabs H101-
LG temperature chamber calibrated to achieve a maximum of ~ 39°C. The temperature
experienced by the sample was calibrated using an electronic probe. The walls of the
chamber were kept at 54°C for the sample to reach a steady state temperature of 39°C.
To estimate the difference in temperature between the center of the field of view and
its edges, we simplify the problem by approximating it to a radial temperature gradi-
ent going outwards from the center of the sample, with the center being at the sample
temperature (39°C) and the edge at the temperature of the walls of the chamber (54
°(C), located 5cm away from the center. We can then use a linear approximation for the
temperature gradient, which results in a gradient of 0.0003°C/um. This means that the
difference of temperature from the center of the field of view to its edge is 0.0003°C/um
X 45 um =~ 0.015°C. The heat shock treatment used for the RT-qPCR experiment in Fig-
ure 4.2A was performed as follows: whole 4-6 week-old plants were placed in 1.7 ml
plastic tubes containing 200 ul of water. The sample corresponding to time = 0 minutes
was immediately taken out of the tube, quickly tapped dry, transferred to a new tube
containing silica beads and frozen in liquid nitrogen. The rest of the samples were trans-
ferred to a 39°C heat block and removed at set times. Plants were then quickly tapped
dry and frozen in liquid nitrogen.
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4.5.7 Microscopy setup and image acquisition

In tobacco experiments, a piece of infiltrated leaf spot was mounted in water between
a glass slide and a glass coverslip with the abaxial (bottom) side facing the objective. In
Arabidopsis experiments, full 2-4 day old leaves from 4-6 week old plants were detached
and mounted in tap water between a gas permeable cellophane membrane (Lumox film;
Starstedt) and a glass coverslip with the adaxial (top) side facing the objective. All sam-
ples were imaged close to the base of the leaf blade immediately after mounting. All
data was taken in a Leica SP8 confocal microscope with a white light laser using a 63X
oil objective. The dimensions of the field of view were 92.26 x 46.09 m using 1052 X 512
pixels, resulting in a pixel size of 90 nm. Z stacks consisting of 25 slices of 0.5 um each
were taken every 60 seconds accumulating fluorescence 3 times over lines. The begin-
ning of each stack was set to the upper-most nucleus in the leaf epidermis. For GFP,
excitation 488 nm and emission 498-559 nm. For mScarlet, excitation 569 nm, emission
579-630 nm. For Chlorophyll, excitation 488 nm, emission 665-675 nm. To ensure quanti-
tative consistency across experiments, the 488 nm laser power was calibrated to 10.5 yW
(~ 5% laser power) at the beginning of each imaging session using a power meter. The
percentage intensity of the 569 nm laser line was kept consistent across experiments at
5%. To minimize the background signal from endogenous plant fluorophores we used
the gating function of the HyD detectors to limit detection to a time window between
0.3-6 ns after excitation.

4.5.8 RT-qPCR

Total RNA was extracted using the Quiagen RNeasy kit following the manufacturer in-
structions. Reverse transcription was performed using the Qiagen Omniscript kit with a
primer mix of random 10mers (10 M final concentration) and 15mer oligo dT primers

(1 uM final concentration). A negative control was performed adding water instead

of reverse transcriptase. mRNA abundance was calculated by the ACT method [172].
Primers for endogenous HSP101 were 5'GGTCGATGGATGCAGCTAAT and 5'CTTCAAGCGTTG-
TAGCACCA from [280]. Primers for the Actin2 standard were 5'CGCTCTTTCTTTCCAAGCTCAT

and 5'GCAAATCCAGCCTTCACCAT from [169]. Primers for the reporter mRNA were 5'GGGTTCATCA-
GAGTGCCAGAG and 5’AGGCAGAGCGACACCTTTAG. A negative control was performed under
identical conditions replacing the RT enzyme with water.

4.5.9 Image analysis: Spot fluorescence and tracking

Raw image stacks of the coat protein channel were used to identify fluorescent punctae
corresponding to transcription spots using the Image) implementation of the 3D Train-
able Weka Segmentation toolbox [10]. Following [154], after segmentation, spots in each
z-slice were fitted to a 2D Gaussian. The z-slice with the largest Gaussian amplitude was
selected for the spot fluorescence calculation. Spot fluorescence corresponds to the
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sum of pixel intensity values in a circle with a radius of 1.08 um centered around the
center of the fitted Gaussian minus the background fluorescence offset.

The fluorescence error per spot shown in Figure 41E and Figure 4.5D was obtained
based on the approach from [98]. First, in each frame we calculate the fluorescence
offset from the fitted baseline obtained from the Gaussian fitting procedure described
above. This results in a time trace of offset values for each spot time trace (see Fig. 4.11G
for an example). Next, we fit a spline to this time trace and calculate the root-mean-
square deviation of offset values with respect to the spline. This value represents the
fluctuations of the background intensity per pixel. Finally, we multiply this deviation by
the same integration area used for transcription spots to obtain an error in the same
magnitude. False negative and false positive spots were corrected manually.

4.510 Image analysis: Nuclear segmentation and spot tracking

Maximum intensity projections of the nuclear marker channel were used for nuclear
segmentation using the Image) implementation of the 2D Trainable Weka Segmentation
toolbox [arganda-carreras2017] or a custom-written Matlab pipeline. False negative and
false positive nuclei were then manually corrected. Spots were assigned to nuclei based
on physical overlap. Tracking of spots over time was based on nuclear tracking and
manually corrected whenever errors were found.

4.511 Image analysis: Nucleus fluorescence

A binary mask of segmented nuclei was applied to the PCP-GFP or Histone 2B- mScarlet
channel. For each z-slice in each frame, the mean fluorescence across pixels within each
nucleus area was calculated. As a result, in each frame, the fluorescence intensity of a
given nucleus has the form of a "column” of intensities over z. Next, in each frame we
take the brightest z-slice in this column as the fluorescence value corresponding to the
concentration of bright fluorescent protein in a given nucleus at a given time point.

4.512 Determining transgene copy number by qPCR

Genomic DNA was extracted from leaf tissue using CTAB and phenol:chlorophorm pre-
cipitation. Primers used to amplify the reporter transgene were 5'gacgcaagaaaaatca-
gagagatcc and 5'ggtttctacaggacggaccatacac. Primers used to amplify a region near the
Lhcb3 gene used as an internal genomic control were 5'acaggtttggtcaagtcaattacga and
5'atggtttccatgaatactgaacacg. The final concentration of genomic DNA per reaction was
0.75 ng. For a more detailed explanation of the calculations and controls related to this
experiment see Section 4.71.
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4.513 Absolute calibration using nanocages

Tobacco leaves were infiltrated with agrobacterium strains containing plasmids where
the promoter of the Arabidopsis UBC1 gene (1138bp upstream of the AT1G14400 start
codon) was used to drive the 6omer monomer fused to either one or two mGFP5 cod-
ing sequences. The same scheme was used to express the monomers of the 6omeric
GEM. The N-terminus of the rabbit Cytochrome P450 Cll1 was added as an N-terminal
tag to target the protein fusions to the cytosolic side of the ER in order to slow down
their diffusion. Samples were imaged no later than 16 hours after infiltration since long
incubation periods resulted in the appearance of large GFP aggregates. To image the
GFP nanocages in mesophyll cells, the abaxial epidermis was first removed. This is nec-
essary to obtain a large number of structures in the field of view. The fluorescence of
nanocages was calculated with the same analysis pipeline used for transcription spots.
The imaging conditions were identical to the ones used in transcription experiments ex-
cept that a5 times stronger laser power was used for the 488 line in order to improve the
signal. After obtaining the fluorescence of individual nanocages their fluorescence was
divided by 5 prior to calculating their mean fluorescence. The validity of this operation
is due to the linearity of fluorescence intensity and laser power under our conditions
for both nanocages and PP7 spots (Figure 4.8).
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4.7 Supplementary Information

471 Calculations

Incorporating a constant degradation rate into the calculation of total produced
mRNA from microscopy

As noted by Garcia2013 and explained in Figure 4.10, the total number of transcripts
produced by a locus can be obtained by integrating the area under the curve of a time
trace of spot fluorescence. Here, we show how we incorporate mRNA degradation to
estimate the mRNA abundance at a given time point.

The rate of change in mRNA, dM/dt, can be described by the sum of a production
rate r and a degradation rate v

dM

dt

—~
change in mRN

= ) - @M@ . (4.2)
~— —
A Production degradation

As demonstrated by Bothma et al. [38] and Lammers et al. [154], the rate of mRNA pro-
duction is proportional to the spot fluorescence. In addition, for the sake of simplicity
we will assume that the degradation rate is constant. Hence, Equation 4.2 becomes

dd—]\f = kFluo(t) — yM(t), (4.3)

where k is the proportionality constant between spot fluorescence and transcription
rate. Equation 4.3 indicates that, to calculate the change in the number of mRNAs be-
tween two time points ¢ and ¢ + At, we need to know the number of mRNAs produced
between these time points and subtract the number of mRNAs degraded. The mRNAs
added between ¢t and ¢t + At, for time steps shorter than the transcriptional dynamics of
the system are

t+At t t+At
MRNA added — / Fluo(t) — / Fluo(t) / Fluo(t), (4)
0 0 t

which is equivalent to the sum of spot fluorescence values per frame up to time ¢ + At
minus the sum up to time ¢t. On the other hand, the number of mMRNAs degraded between
t and t + At corresponds to the number of mRNAs at time ¢ that decay with a rate v (with
units of time=!)

MRNA degraded = v x mRN A(t). (4.5)
The change in mRNA from time ¢ to ¢ + At is therefore
mRNA change = mRNA added — mRNA degraded (4.6)

t+At
mRNA change = / Fluo(t) — ymRN A(t). (4.7)
t
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This formula was applied to spot fluorescence data to infer the total mRNA produced
in Figure 4.2B and Figure 4.5B, F and G. Note that, to calculate averages across spots,
it is necessary for their sampling times to be identical. This might not the case when
averaging across data sets due to sample adjustments during imaging, in which case the
spot fluorescence traces were linearly interpolated to a rate of ~ 7 s per observation.

Determining transgene copy number by qPCR

In this section, we present our calculation for determining the number of transgene
insertions from the ACT values resulting from gPCR taking the amplification efficiency
into account. Given a starting number of DNA molecules N, the total number of molecules
after C' amplification cycles is given by

N(C) = No(2€)°, (4..8)

where € corresponds to the amplification efficiency, or the fraction of molecules that are
duplicated in each cycle. The number of amplification cycles C'T necessary to amplify
the number of DNA molecules from N, to N, can be described by

N,
CT = log,, (Vt) . (4.9)
0

Changing the logarithm base and rearranging leads to

e

CT = T s, (B) (4.10)
We now define an amplification efficiency constant K as
1
= T los,(B) (4.11)
Equation 4.10 then becomes
CT = K log, (J]\\f;(:) . (412)

To experimentally obtain K (and therefore ¢), we perform qPCR on serial dilutions of
template DNA, thus varying Ny. We then plot CT as a function of the log, of the template
concentration in order to obtain K from the slope (Fig. 4.10A,B). We used genomic DNA
from a transgenic Arabidopsis plant to perform this amplification on the PP7 transgene
as well as on an internal control genomic sequence. We measured both PCR reactions
to have an efficiency of K = 1 within experimental error. As a result, we can determine
the ratio between the initial number of transgene molecules N{ and the initial number
of internal control molecules N¢ by calculating the ACT

c th th NS
ACT =CT! - CT _KIOgQ(Né) — Klog, <N5> :Fg (4.13)
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If the transgene occurs in a single insertion locus containing a single transgene copy per
insertion, then in a T1 individual

Ng
— =0.5 N
N : (4.14)
which corresponds to a ACT value of -1. Using this approach we were able to iden-
tify transgenic Arabidopsis individuals with a single insertion locus containing a single
transgene insertion (Fig. 4.10C).

Decomposition of total variability into extrinsic and intrinsic noise

In this section we derive the formulas for the total, intrinsic and extrinsic noise (12,
n?.., and 2, respectively) based on the two-reporter approach developed by Elowitz et
al. [76]. As noted by Hilfinger et al.[123] and explained at length by Fu et al. [87], these
expressions stem from the law of total variance, which states that, for a random output
variable A and a random input variable X, the total variance of A can be decomposed
as the sum

Var(4) = Varx((A|X)4) +  (Vara(A|X)x (415)
total variance  explained variance unexplained variance

where the subscripts X or A indicate that the average or the variance is taken over
different values of X or A, respectively.

Applied to the problem of gene expression variability, A represents the expression
level of the gene of interest and X corresponds to the cellular state indicating, for ex-
ample, the concentration in each given cell of all molecules that affect the expression
of that gene such as RNAP. The first term on the right-hand side of Equation 4.15 is re-
ferred to as the explained variance and captures how much the average value of A varies
across different values of X. The second term is referred to as the unexplained variance
and captures how much the expression of A varies in cells that share the same value of
X. See Figure 4.23 for a visual explanation of the law of total variance and Equation 4.15.

Because the identity and values of X are typically not known and/or not experi-
mentally accessible, Elowitz et al. [76] devised a two-reporter system to determine the
explained and unexplained components of the total normalized variance, which they
termed extrinsic (r2,,) and intrinsic (r2,,) noise, respectively. In this approach, each cell
has two identical but distinguishable alleles of the gene of interest. In their statistical
model, these two alleles are identical in all respects meaning that their distribution over
cells and over time are the same. For the purpose of this derivation, let us call A; and B;
the expression level of each allele in the i-th cell and normalize A and B to their means
such that

A
L =1+ 64, (4:16)
(A)
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where 0 A; is the fractional deviation of the expression level A; from the mean (A). Sim-
ilarly, for B we normalize to 5
B 1+0B;. (4.17)
In the following calculations we will make use of the measurable quantities §A; and
dB; to eliminate the unknown quantity X from Equation 4.15. We start by deriving an
expression for n?,, defined here as the explained component of the total variance of the
normalized 6 A distribution

Mewr = Varx ((0A4: X) 4). (4.18)
Note that, since X is a random variable, so is (6 A4;| X) 4, and we can write its variance as
Newr = ((GA| X)) x — (04 X) )% (4:19)

Because both alleles are identical, (§A4;|X) . is equal to (§B;|X) 5, which allows us to
write Equation 4.19 as

Mewt = ((0A] X)a (08| X) ) x — ((0A:] X)) x ((0Bi| X)) x- (4.20)

Note that, in this model, the variability in the values of A; and B; for cells with the same
X are independent of each other since we assume that they are not explained by X.
Because of this independence, (A;)(B;) = (A;B;) for a given X. Applied to the first term
in Equation 4.20, the extrinsic noise can be written as

e = ((0AGBi|X) a)x — ((0Ai] X)) x ((6Bi| X) ) x- (4.21)

We now note that the double angle brackets in the first term in the right-hand side of
Equation 4.21 call for averaging the value of §A4,0B; in cells with the same X and then
averaging again over all possible values of X. Similarly, the second term in the equation
calls for averaging over A; or B; for a given X, and then averaging over X. This allows
us to eliminate X in the equation and simplify our expression to

New = (0AGB) — (5A)(B), (4.22)
which is the definition of covariance. Thus,
ngmt = COV(5A7 5B) (423)

This makes intuitive sense, as the model assumes that, since A and B are identical
genes that respond to X in the exact same way, the variance in the expression of A that
is explained by X is identical to the variance in the expression of B that is explained by
X. As a result, the extrinsic noise measures how A and B coordinately vary across cells.

We now turn our attention to the derivation of the intrinsic noise, which we define
as the unexplained component of the variance in the normalized A distribution, namely

Ny = (Vara(0A4;] X)) x. (4.24)
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Replacing the unexplained variance in Equation 415 with 7? ,, the explained variance by
its formulation as extrinsic noise from Equation 4.23, and rearranging leads to

n2, = Var(0A;) — Cov(64;,6B;). (4.25)

Because this equation does not involve X we don’t need the subscripts anymore: all
variances are calculated across values of 6 A and § B. We now note that the total variance
of A and éB must be the same since they have the same distribution over cells and
over time. Therefore we are allowed to express the first term in the right-hand side of
Equation 4.25 as the average variance of the §A; and 4 B; distributions

1
n, = 3 [Var(§A;) + Var(6B;)] — Cov(6A;, 6B;). (4.26)

Rearranging Equation 4.26 leads to

1
Moy = 3 [Var(§A) + Var(6B) — 2Cov(dA,dB)] . (4.27)
Now, using the identity stating that the variance of a sum is the sum of the variances
minus twice their covariance, Equation 4.27 becomes

1
Ny = 5Var(d4; — 9By). (4.28)
Finally, we define the total noise n?, as the total variance of the normalized ¢ A; dis-
tribution. As noted before, because the distributions of 44; and ¢ B; are identical, so are
their variances. Therefore, the total noise can be calculated from the average

1
Ny = 5 [Var(0A;) 4+ Var(6B;)], (4.29)
which satisfies
Niot = Tawt T Mot (4.30)

Note that, here, we considered 5 A loosely as the “expression level” of gene A. This
analysis can be applied to any metric of gene expression such as the instantaneous
transcription rate, or the total amount of produced mRNA.
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4.7.2 Biological material
Plasmids
Plasmid Codes for Function Addgene
Name
UPG AtUBQ10p::PCP-mGFP5 Ubiquitous expression of | 161003
(hyg resistance in plants) | PCP-GFP fusion
UPmCh AtUBQ10p::PCP-mCherry Ubiquitous expression of | 161004
(hyg resistance in plants) | PCP-mCherry fusion
UMsfG AtUBQ10p::MCP-sfGFP Ubiquitous expression of | 161005
(hyg resistance in plants) | MCP-sfGFP fusion
AL13Rb PP7-Gus-Luc + | Promoterless PP7 reporter | 161006
AtUBQ10p::H2B-mScarlet | and red nuclear marker
(kan resistance in plants)
AL12R AtUBQ1op::H2B-mScarlet | Promoterless PP7 reporter | 161007
+ PP7-Gus-Luc (kan resis- | and Histone-mScarlet RFP
tance in plants) nuclear marker
AL13Rb-35S 35S-PP7 reporter in AL13Rb | Reports on 35S promoter ac- | 161008
tivity and labels nuclei red
AL13Rb- GAPC2-PP7 reporter in | Reports on Arabidopsis | 161009
GAPC2 AL13Rb GAPC2 promoter activity and
labels nuclei red
AL12R-HSP70 | HSP70-PP7 reporter in | Reports on Arabidopsis | 161010
AL12R HSP70 promoter activity and
labels nuclei red
HSP70-pp7i- | Arabiopsis HSP70  C- | Reports on Arabidopsis | 161011
mCh-UPG terminal mCherry fusion, | HSP70 transcription activity
intronic PP7 and protein abundance
AL13Rb- HsfA2-PP7 reporter in | Reports on Arabdiopsis | 161012
HsfA2 AL13Rb HsfA2 promoter activity and
labels nuclei red

Table 4.: List of Agrobacterium plasmids for expression in plants used in this stud. Table
continues on next page.
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Plasmids
Plasmid Codes for Function Addgene
Name
AL12R-EF-Tu | EF-Tu-PP7 reporter in | Reports on Arabidopsis EF-Tu | 161013
AL12R promoter activity and labels
nuclei red
AL12R- HSP101-PP7 reporter in | Reports on  Arabdiopsis | 161014
HSP101 AL12R HSP101 promoter activity
and labels nuclei red
UtB2N7 AtUBQ10p::tagBFP2- Nuclear localized blue fluo- | 161015
NLS rescent protein marker

UBCicer60G | AtUBC1::60mer-mGFP5 | Weak ubiquitous expression | 161016
of an ER-targeted 60mer
monomer fused to mGFP5
UBCicer120G | AtUBC1::mGFP5-60mer- | Weak ubiquitous expression | 161017
mGFP5 of an ER-targeted 60mer
monomer fused to two
mMGFP5

UBCicer40GEM AtUBC1::40nmGEM- Weak ubiquitous expression
mGFP5 of an ER-targeted monomer
of a 4onm GEM fused to
mGFP5

Table 4.4: Continued from previous page: List of Agrobacterium plasmids for expression
in plants used in this study.

Arabidopsis Gene Identifiers
Gene abbre- | Gene name AGI
viation
UBQ10 Polyubiquitin 10 AT4G05320.2
H2B Histone 2B AT5G22880.1
GAPC2 Glyceraldehyde-3-phosphate dehydroge- | AT1G1344041
nase C2
HSP70 Heat shock protein 70 AT3G12580.41
UBC1 Ubiquitin carrier protein 1 AT1G14400:1
HSP101 Heat shock protein 101 AT1G743104
HsfA2 Heat shock transcription factor A2 AT2G26150.1
EF-Tu GTP binding Elongation factor Tu family | AT1G07920.1
protein

Table 4.2: Arabidopsis gene identifiers of the genes used for the constructs in this study.
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Arabidopsis lines generated in this study
Name Transgenes (refer to | Usage
the 'Plasmids’ table)

UPG-6 UPG For transformation with reporter con-
structs

UPG-9 UPG For transformation with reporter con-
structs

AL13Rb-35S UPG and AL13Rb-35S Image 35S promoter activity in Figure 4.1

AL12R- UPG and AL12R-HSP101 | Image AtHSP101 promoter activity in Fig-

HSP101-1 ures 4.2 to 4.5

AL13Rb- UPG and AL13Rb-HSP101 | Image AtHSP101 promoter activity in Fig-

HSP101-2 ure 4.5

AL13Rb- UPG and AL13Rb-HSP101 | Image AtHSP101 promoter activity in Fig-

HSP101-3 ure 4.20

AL13Rb- UPG and AL13Rb-HsfA2 | Image AtHsfA2 promoter activity in Fig-

HsfA2-1 ures 4.3 and 4.4

AL13Rb- UPG and AL13Rb-HsfA2 | Image AtHsfA2 promoter activity in Fig-

HsfA2-2 ure 4.5

AL13Rb- UPG and AL13Rb-HsfA2 | Image AtHsfA2 promoter activity in Fig-

HsfA2-3 ure 4.20

AL12R-EF-Tu-1 | UPG and AL12R-EF-Tu Image AtEF-Tu promoter activity in Fig-
ures 4.3, 4.4 and Fig. 411

AL12R-EF-Tu-2 | UPG and AL12R-EF-Tu Image AtEF-Tu promoter activity in Fig-
ures 4.20

Table 4.3: List of transgenic Arabidopsis lines used for experiments.
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4.7.3 Supplementary Figures
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Figure 4.6: Related to Figure 41D and E. Additional transcription spots in tobacco show
the same qualitative transcritpional dynamics. (A) HSP70-PP7 fluorescence time trace
of a second transcription spot in the same nucleus as in Figure 4.1E. (B) GAPC2-PP7 flu-
orescence time trace of a second spot in the same nucleus as in Figure 44E. (C) Number
of spots as a function of time in the nucleus shown in Figure 44D, left. (D) Number of
spots as a function of time in the nucleus shown in Figure 44D, right.
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A
> __oa®P7 o [
HSP70 promoter HSP70 cds + UTRs mCherry UBQ10p PCP-GFP

GFP

mCherry

Figure 4.7: Related to Figure 4.1. Simultaneous imaging of transcriptional activity and
protein product in tobacco. (A) Schematic of the construct used where the PP7 cassette
isinserted into an intron in the Arabidopsis HSP70 gene, which is fused in its C-terminus
to mCherry. The same plasmid encodes a ubiquitously expressed PCP-GFP fusion. (B)
Maximum fluorescence projection snapshots of a tobacco cell expressing the construct
in (A) under heat shock. Nuclear mCherry fluorescence increases over time, consistently
with the reported nuclear localization of HSP70 family proteins in plants [51, 150].
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tagBFP2-NLS MCP-sfGFP PCP-mCherry merge

..

Figure 4.8: Related to Figure 4aF. MCP-sfGFP and PCP-mCherry are homogeneously
distributed in the nucleus in the absence of transcription. Maximum fluorescence pro-
jection snapshot of the nucleus of a tobacco cell expressing MCP-sfGFP, PCP-mCherry
and nuclear localized tagBFP2. No nuclear puncta appear in the absence of PP7 and
MS2 reporters.

no reporters

35S-MS2 + 35S8-PP7

Figure 4.9: Related to Figure 4.2A. Lack of HSP101 induction at room temperature. Maxi-
mum z-projected image snapshots of the PCP-GFP/HSP101-PP7 Arabidopsis line imaged
at room temperature. No spots were detected after continuous imaging for 60 minutes.
Scale bar =20 um.
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Figure 4.10: Related to Figure 4.2B. Integrated fluorescence as a metric for total mRNA
produced. (A) Fluorescence profile of a single RNAP molecule as it traverses the gene.
(B) Integrating this curve over time yields a unit of area associated with the production
of a single mRNA molecule. (C) In the case of an actual transcription spot—resulting
from the activity of multiple polymerase molecules—the integrated fluorescence over
time will correspond to a number of area units equal to the number of produced mRNA
molecules. (D) Data from a HSP101-PP7 replicate from Figure 4.2. Total spot fluores-
cence normalized by the number of cells in the field of view (green) and time integral
of this signal (blue). The red horizontal line indicates when the stage temperature was
shifted from room temperature to 39°C.
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Figure 4.11: Related to Figure 4.2B. Absence of GFP photobleaching during time lapse
experiments. See caption on next page.
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Figure 4.6: Continued from previous page: Absence of GFP photobleaching during time
lapse experiments. (A) Snapshots of the PCP-GFP channel in leaves of an Arabidopsis
plant carrying a constitutively expressed EF-Tu-PP7 reporter at the beginning of the
experiment (left) and after 100 minutes of imaging (right). Two types of z-projections
are shown: maximum projection (top) and sum projection (bottom). (B) Mean nuclear
fluorescence in the GFP and the mScarlet channel in the movie shown in (A) (n ~ 48
nuclei per frame). See Materials and Methods: Image analysis: nucleus fluorescence
for details on nuclear fluorescence measurements. (C) Same as (A) in an second EF-Tu-
PP7 line. (D) Mean nuclear fluorescence in the GFP and mScarlet channels in the movie
shown in (C) (n ~ 26 nuclei per frame). (E) Same as (A) in uninduced plant carrying
HSP101-PP7. (F) Mean nuclear fluorescence in the GFP and mScarlet channels in the
movie shown in (E) (n =~ 29 nuclei per frame). In (A)-(F) Nuclear PCP-GFP levels remain
relatively stable, ruling out that photobleaching is affecting measurements of mRNA
production. (G) Schematic showing how the spot fluorescence offset is calculated (for
details see Materials and Methods: Spot fluorescence and tracking). On top, a maxi-
mum projection snapshot of a transcription spot. The dashed line indicates one of the
dimensions along which fluorescence is calculated. At the bottom, the fluorescence
profile along this line is used to fit a Gaussian curve (red). The baseline of the Gaussian
corresponds to the spot fluorescence offset shown in (H). (H) Mean spot fluorescence
offset over time in all the movies included in this study (colored lines) and mean spot
fluorescence offset across all movies (black line). The background fluorescence, mea-
sured as spot offset, is stable over 60 minutes of continuous imaging, indicating that
PCP-GFP is not being photobleached at an appreciable level. In (B), (D) and (F) the
shaded areas correspond to the standard error of the mean over nuclei. In (H) the er-
ror bars correspond to the standard error across movies. In (A), (C) and (E) the same
brightness and contrast setting were used to display the images corresponding to both
time points.
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Figure 4.7: Related to Figure 4.2B. Exploring the effect of the mRNA degradation rate
on the validation of the PP7 system against RT-qPCR measurements. (A) The rate of
change in mRNA abundance is determined by a time-dependent rate of mRNA synthe-
sis r(t) and a constant mRNA degradation rate ~. (B) Discretized version of equation
(A) used to obtain the accumulated mRNA based on spot fluorescence measurements.
At each time point, the rate of synthesis is equal to the spot fluorescence while the
number of mRNA molecules accumulated up to the previous time point are degraded
at a simulated rate +. Note that the mRNA half-life is defined as 7/, = In(2) /4. (C) Lin-
ear regression between the reporter mRNA abundance measured by RT-qPCR versus
microscopy as in Figure 4.2C using the equation in (B) to incorporate mRNA degrada-
tion into the microscopy-based measurement. Because microscopy only reports on the
synthesized, not the degraded, mRNA, we considered different, constant degradation
rates and included this correction in the linear regression. Caption continues on next

page.
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Figure 4.7: Continued from previous page: Related to Figure 4.2B. Exploring the effect
of the mRNA degradation rate on the validation of the PP7 system against RT-qPCR
measurements. (D) Fit parameters (R> and fit slope) as shown in (C) were calculated
for a range of mRNA degradation rates expressed as half-lives. There is a good correla-
tion and a constant slope between RT-qPCR and microscopy for half-lives longer that
~10 minutes. The dashed horizontal line indicates the fitted reporter mRNA half-life
obtained in (C). (E) The reporter mRNA abundance measured by RT-qPCR was fitted to
the mRNA accumulation model in (A) assuming a constant synthesis rate. mRNA accu-
mulation according to RT-qPCR is almost linear on the timescales tested, resulting in a
relatively long half-life. This half-life value is within the regime where there is a good
correlation between PP7 fluorescence and qPCR (see vertical dashed line in (D)). For
details about these calculations see Section 4.741.
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Figure 4.8: Related to Figure 4.2: The fluorescence intensity of PP7 transcription spots
and 6omer nanocages is linear with laser power intensity. (A) Mean spot fluorescence
of PP7 transcription spots driven by the constitutive EF-Tu promoter as a function of
laser power intensity. Open circles correspond to the mean of all spots in a single
snapshotin one field of view. Filled circles correspond to the mean taken over the mean
of each snapshot. The vertical dashed line indicates the laser power used in time-
lapse experiments. The solid black line corresponds to a linear fit to the data going
through the origin, with R? = 0.945. (B) Mean fluorescence of 6omer GFP nanocages
in tobacco cells as a function of laser power intensity. Open circles correspond to the
mean nanocage fluorescence in one cell. Filled circles indicate the mean over the mean
of each cell. The black solid line corresponds to a linear fit to the data going through
the origin, with an with R? value of 0.988. Shown next to each mean value is how much
stronger the laser power is compared to the power in time-lapse experiments (3, 4 or
5 times stronger).
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Figure 4.9: Related to Figure 4.2E. Detection threshold analysis in individual HSP101-
PP7 replicates and different reporters. (A) Histograms of the calibrated number of tran-
scribing RNAP molecules in the dimmest three frames of the weakest half of HSP101-
PP7 fluorescence time traces (blue) and their associated fluorescence background fluc-
tuations (green) as in Figure 4.2E. Each panel corresponds to an individual HSP101-PP7-
1 replicate. (B) Same as (A) and Figure 4.2E where all the HsfA2-PP7-1 replicates were
pooled together. (C) Same as (A) and Figure 4.2E where all the EF-Tu-PP7-1 replicates
were pooled together. Note that, due to larger background fluctuations, the estimated
detection threshold in (B) and (C) is larger than that of HSP101-PP7 shown in Figure 4.2E.
This is likely due to a slightly higher PCP-GFP concentration in these lines.
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Figure 410: Amplification efficiency of primer pairs and determination of the copy
number of single insertion lines. (A) qPCR results for serial dilutions of HSP101-PP7-2
Arabidopsis plants using primer pairs targeting the reporter transgene. (B) Same as (A)
for a primer pair targeting a genomic location upstream of the Lhcb3 gene that we use
to determine the CT value corresponding to one genomic copy. In (A) and (B), the slope
of the linear fit corresponds to K = 1/(1+logz(¢)) where € is the amplification efficiency.
(C) Number of copies of the PP7 reporter transgene per genome copy in hemizygous
individuals of HSP101-PP7-1 and HsfA2-PP7-1. (D) Number of copies of the PP7 reporter
transgene per genome copy in two single insertion reporter lines in hemizygous and
homozygous individuals. The horizontal blue line indicates the expected value for a
single-copy hemizygous plant where the insertion locus contains a single copy of the
transgene. The red horizontal line indicates the expected value for a plant homozygous
for a single insertion where this insertion contains a single copy of the transgene.
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Figure 411: Related to Figure 4.3. Nuclear volume distribution. Histograms showing
the volume of all nuclei in all the datasets included throughout this study. The nuclear
volume was estimated by fitting maximum projections of the nuclear Histone-mScarlet
channel to ellipsoids to obtain the mayor and minor axes for each nucleus. Shown on
top are the mean nucleus volume of cells with different ploidy levels in Arabidopsis

sepals according to Robinson2018.
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Figure 4.12: Related to Figure 4.3B: Young diploid cells in hemizygous single insertion
lines have a single spot per nucleus. Polyploid cells display multiple spots. (A) Maxi-
mum projection snapshot of epidermis tissue near the base of the leaf from PCP-GFP
Arabidopsis hemizygous for a single insertion of HSP101-PP7. On top, the sample at
the beginning of a heat shock experiment. At the bottom, the same field of view af-
ter 30 minutes at 39°C. The PCP-GFP channel is shown in green, the Histone-mScarlet
channel is shown in magenta. (B) Same as (B) but with HsfA2-PP7 instead of HSP101-
PP7. (C) Plant hemizygous for a single insertion of a constitutively expressed EF-Tu-PP7
reporter at room temperature. Note that in (A)-(C), each nucleus has at most one tran-
scription spot. (D) Polyploid Nucleus in a fully mature leaf from the plant in (B). White
arrowheads indicate multiple transcription spots.
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Figure 413: Related to Figure 4.3A. Reproducibility of the fraction of responsive cells.
Mean fraction of transcriptionally responsive cells, defined as the number of nuclei
that display reporter activity at least in one time point during the experiment divided
by the total number of nuclei in the field of view (see Fig. 4.3A, bars on the right of
each heat map). Circles represent single biological replicates (i.e movies). Error bars
correspond to the standard error of the mean across 3 or more replicates.
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Figure 4.14: Related to Figure 4.3: Arescue construct of HSP101-GFP reveals how refrac-
tory cells lead to substantial cell-to-cell heterogeneity in HSP101-GFP accumulation
upon heat shock. (A-E) Maximum fluorescence projections of leaf epidermis cells from
hsp101 knockout mutant plants complemented with a transgene coding for a HSP101-
GFP fusion driven by 734 bp of the endogenous HSP101 promoter [181]. Caption contin-
ues on next page.
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Figure 4.14: Continued from previous page: Related to Figure 4.3: A rescue construct of
HSP101-GFP reveals how refractory cells lead to substantial cell-to-cell heterogeneity
in HSP101-GFP accumulation upon heat shock. Detached leaves were treated with 39°C
or 22°C for 60 minutes prior to imaging. (A) Untreated control. (B-D) Treated samples.
White filled arrowheads indicate cells with negligible levels of GFP accumulation. Empty
white arrowheads indicate cells with high levels of GFP accumulation. (E) Quantification
of GFP fluorescence in treated and untreated cells. The dashed line highlights cells
whose fluorescence was calculated. The numbers next to each cell correspond to the
integrated GFP fluorescence of the volume of each cell highlighted.
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Figure 415: Related to Figure 4.3: Transcriptionally active nuclei are randomly dis-
tributed in space. See caption on next page.
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Figure 4.15: Continued from previous page: Related to Figure 4.3: Transcriptionally ac-
tive nuclei are randomly distributed in space. (A) The hypergeometric distribution de-
scribes the probability of finding k successes in a sample of size n drawn randomly from
a population of size N with K total successes. If nuclei containing transcription spots
are randomly distributed in space, the hypergeometric distribution would capture the
probability of a nucleus having % active nuclei among its n closest neighbors given K
total active nuclei in a field of view containing N nuclei. (B) Schematic showing how the
formula in (A) is applied to nuclei in a field of view. Nuclei with spots are represented
by dark green circles. Light green circles represent nuclei without spots. For each tran-
scribing nucleus (dark green circle with magenta border), we calculate the probability
of finding another active nucleus among its closest neighbors (also denoted by a black
border). An experimental probability distribution of active neighbors is then built by
repeating this operation for all active nuclei. To build an experimental random dis-
tribution based on the data we randomize the positions of active nuclei and repeat
this procedure. The random distribution can also be calculated analytically using the
hypergeometric distribution in (A). (C) Probability distribution of the number of active
neighbors (k) among the 10 closest neighbors (n) to each nucleus in the field of view
of HSP101-PP7-1 replicates. Shown in magenta is the hypergeometric distribution (i.e.,
expectation if active nuclei are randomly distributed in space). In green is the distri-
bution resulting from randomizing the position of actively transcribing nuclei. Actual
experimental data is shown in blue. (D) Same as (C) for HsfA2-PP7-1 replicates. (E) Same
as (C) for EF-Tu-PP7-1 replicates. Error bars in (C)-(E) correspond to the standard error
over frames. The spatial distribution of active nuclei is close to that of the randomized
data and similar to the theoretical random expectation. Thus, we conclude that there
is no evidence for spatial structure in the transcriptional state of nuclei in the field of
view.
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Figure 416: Related to Figure 4.3: Behavior of single loci in HSP101-PP7-1. Spot fluo-
rescence time traces of individual loci in 8 replicates of HSP101-PP7-1 plants.
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Figure 4.17: Related to Figure 4.3: Behavior of single loci in HsfA2-PP7-1. Spot fluores-
cence time traces of individual loci in 4 replicates of HsfA2-PP7-1 plants.
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Figure 4.18: Related to Figure 4.3: Behavior of single loci in EF-Tu-PP7-1. Spot fluores-
cence time traces of individual loci in 3 replicates of EF-Tu-PP7-1 plants.
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Figure 419: Related to Figure 4.3A. Imaging transcription in Arabidopsis roots. (A) Max-
imum projection snapshot of Arabidopsis root cells expressing H2B-mScarlet, PCP-GFP
and EF-Tu-PP7. The white arrowhead indicates a cell undergoing mitosis. (B) Spot flu-
orescence before and after mitosis in the cell highlighted in (A). Each line corresponds
to a different transcription spot. Error bars correspond to the uncertainity in spot flu-
orescence calculation as described in the Materials and Methods. (C) Snapshots of the
cell undergoing mitosis in (A). Red and blue arrowheads indicate the spots whose flu-
orescence is shown in (B). (D) Maximum projection snapshot of Arabidopsis root cells
expressing H2B-mScarlet, PCP-GFP and HsfA2-PP7 at room temperature. (E) Same sam-
ple as in (D) after 30 min under a 39°C heat shock treatment. white arrowheads indicate
transcription spots.
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Figure 4.20: Related to Figure 4.4: Experimental replicates using different indepen-
dent transgenic lines of each promoter construct. We repeated the experiments and
analysis described in Figure 4.4 using different single-insertion transgenic lines carry-
ing the same reporter constructs. (A) The tissue-wide transcription rate is calculated
by adding the fluorescence of all spots in the field of view (>, ,.,) in each frame and
dividing by the total number of nuclei (V,...;). (B) The transcription rate of active cells is
calculated as in (A) except that the average is taken only over nuclei with spots in each
frame (Nuuiv(t)). (C) The instantaneous fraction of active nuclei corresponds to the
number of nuclei exhibiting a spot in each frame divided by the total number of nuclei
in the field of view. (D) Mean tissue-wide transcription rate in independent Arabidopsis
transgenic lines carrying PP7 reporters driven by the promoters of HSP101, HsfA2 and
EF-Tu as in Figure 4.4 inserted in different genomic locations. (E) Mean transcription
rate of actively transcribing cells. (F) Mean fraction of active nuclei as a function of
time. In (D-F) the shaded area corresponds to the standard error of the mean taken
over 4, 4, 3 and 3 replicates for lines HSP101-3, HsfA2-3 (leaves), HsfA2-3 (roots) and
EF-Tu-2, respectively. The arrowheads under each graph indicate the time points used
to calculate the fold-change with respect to 10 minutes since the detection of the first
spot (gray arrowhead). Because HsfA2-PP7-3 (blue) peaks near 10 minutes, 5 minutes
were used for the fold change calculation of this dataset. These fold changes are shown
in Figure 4.4H.
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Figure 4.21: Related to Figure 4.4: Spot fluorescence varies widely across cells but is
relatively stable over time in individual cells. (A) Representative spot fluorescence
time traces in HSP101-PP7-1 replicates from Figure 4.3. Dashed lines correspond to the
mean level of fluorescence of each trace taken over time. The spread of fluorescence
values around this mean for each individual trace (“spread over time”) informs about
temporal fluctuations in transcriptional activity for each individual spot. The variability
of mean fluorescence values across cells is captured by the “spread over means” and
informs about cell-to-cell heterogeneity in activity. (B) Spread over time revealed by
the distribution of frame fluorescence values normalized by the mean over time for
each fluorescence trace pooled from all HSP101-PP7-1 replicates from Figure 4.3. The
spread over time of fluorescence values of a given spot is very close to the mean,
resulting in a coefficient of variation (CV=standard deviation/mean) of 0.2. (C) spread
over means as reported by the distribution of mean fluorescence over time (see dashed
lines in (A)) of all cells in HSP101-PP7-1 replicates. The average transcriptional activity
varies widely across cells, with a coefficient of variation of 1.04. (D,E) Same as (B) and
(C) for HsfA2-PP7-1 fluorescence traces pooled across replicates from Figure 4.4
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Figure 4.22: Related to Figure 4.5B: Distribution of accumulated mRNA taking degra-
dation into account. Histograms showing the distribution of accumulated mRNA per
cell in all pooled replicates of HSP101-PP7-1 and HsfA2-PP7-1 shown in Figure 4.3 as in
Figure 4.5B. Two different mRNA half-lives were simulated, a realistic one of 160 min-
utes and very short one of 10 minutes. The value of 160 minutes was determined by
fitting the RT-qPCR signal in Figure 4.7E. The calculation of accumulated mRNA based
on spot fluorescence data is based on the assumptions described in Figure 4.10 and
calculated as described in Section 4.71. The coefficients of variation (CV = standard
deviation/mean) with a half-life of 160 minutes are virtually identical to those in Fig-
ure 4.5B obtained with an infinite half-life. The CV values are qualitatively similar even
with an unrealistically short half-life of 10 minutes.
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Figure 4.23: Related to Figure 4.5 and calculations in Section 4.7.1: Visual explanation
of the law of total variance. Shown as a gray distribution on the left of the graph is
the total variance in the expression of a gene (A) in a population of cells which varies
depending on the cellular state (X). The total variance is composed of two types of
variance, explained and unexplained, corresponding to extrinsic and intrinsic noise,
respectively. As depicted by the green distribution to the right of the graph, subpopu-
lations of cells belonging to different states will have different mean values of A since
A depends on X. This variance is explained by the value of X being shared across cells
within a subpopulation but different accross different subpopulation and is thus re-
ferred to as explained variance. On the other hand, cells in an identical state X can
still have variable values of A (purple distribution). Since these cells share the same
value of X, their variance is not explained by differences in cellular state. Thus, this
intra-state variability is referred to as unexplained variance. .
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Figure 4.24: Related to Figure 4.5: Nucleus volume is positively but only weakly cor-
related with transcriptional output. (A-C) In each movie, nuclei were segmented at a
single frame at ~ 30 minutes based on Histone-mScarlet using the Image) Weka ma-
chine learning toolbox [10].
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Figure 4.25: Continued from previous page: Related to Figure 4.5: Nucleus volume is
positively but only weakly correlated with transcriptional output. To calculate their
volume, nuclei were fitted to an ellipsoid based on the length of their mayor and minor
axes. If a nucleus contained a transcription spot, its produced mRNA (calculated as
integrated fluorescence over time) is plotted against its corresponding nuclear volume
as a scatter plot. If a nucleus contained two transcription spots, as in the case of
homozygous individuals, the integrated fluorescence of spots was averaged. Black lines
on top of each scatter plot show the best fit to the data based on a linear model. The
coefficient of determination (R?) is shown on top of each plot. (D-F) Same as (A-C)
except that nuclei from all replicates and transgenic lines were pooled together for
each reporter construct.
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Figure 4.26: Related to Figure 4.5: Guard cells do not consistently transcribe at differ-
ent levels than the rest of cells. (A) Arabidopsis epidermis cells expressing PCP-GFP.
Dashed red lines highlight guard cells. (B-D) In each movie of each line presented in
this study, the total mRNA produced by guard cells (red) was compared to that of non-
guard cells. Filled circles correspond to individual cells, open circles correspond to
their mean. A two-sided t-test was used to determine if guard cells are statistically
different than the rest of cells. Non-guard cells are plotted in black if the test p-value
is lower than 0.05 and in green otherwise, showing that guard cells do not transcribe
at a different level in a consistent manner. Error bars represent the standard deviation.
Only replicates in which guard cells were present are shown.
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Figure 4.27: Related to Figure 4.5: Extrinsic noise is larger than intrinsic noise among
nuclei with two active alleles. (A) Scatter plot showing the mean spot fluorescence over
time for allele pairs belonging to the same nucleus in three different single-insertion
lines homozygous for the PP7 reporter. (B) Decomposition of the total variability in
(A) into its intrinsic and extrinsic components. (C) Scatter plot of integrated fluores-
cence over time in allele pairs belonging to the same nucleus in three different single-
insertion reporter lines homozygous for the PP7 transgene (same as Figure 4.5E except
that inactive alleles are not included). (C) Decomposition of the total noise in (C). In
(A) and (C) values were normalized to the mean across all alleles in that line and the
diagonal line shows y=x. Error bars in (B) and (C) correspond to the bootstrapped error.
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4.7.4, Supplementary Videos

1. Video 1. Constitutive reporter in tobacco. Movie of tobacco cell expressing PCP-
GFP and GAPC2-PP7. The scale bar is 10 um.

2. Video 2. Inducible reporter in tobacco. Movie of tobacco cell expressing PCP-GFP
and HSP70-PP7 under heat shock treatment starting at 10 min. The scale bar is 10
pum.

3. Video 3. Inducible HSP101-PP7 reporter in Arabidopsis tissue. Movie of leaf cells
in Arabidopsis line stably transformed with PCP-GFP and HSP101-PP7 under heat
shock treatment starting at 6 min. The scale bar is 10 um.

4. Video 4. Inducible HsfA2-PP7 reporter in Arabidopsis tissue. Movie of leaf cells in
Arabidopsis line stably transformed with PCP-GFP and HsfA2-PP7 under heat shock
treatment starting at 8 min. The scale bar is 10 um.

5. Video 5. Constitutive reporter in Arabidopsis tissue. Movie of leaf cells in Ara-
bidopsis line stably transformed with PCP-GFP and EF-Tu-PP7. The scale bar is 10
pum.

6. Video 6. Arabidopsis plant homozygous for an inducible reporter. Movie of leaf
cellsina homozygous Arabidopsis line stably transformed with PCP-GFP and HSP101-
PP7 under a heat shock treatment starting at o min. The scale bar is 10 um.
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Chapter s

Transcriptional dynamics of Phytochrome
signaling during deetiolation in
Arabidopsis

51 Abstract

Plants can sense the wavelength of light through photoreceptor proteins that transmit
this information to the nucleus to regulate gene expression. The Phytochrome photere-
ceptor senses the ratio between red and far red wavelengths of light and promotes the
degradation of the PIF family of transcription factors upon activation by red light, lead-
ing to transcriptional changes genome-wide. The molecular aspects of Phytochrome B
signaling have been extensively studied through genetic and biochemical approaches,
particularly in the context of deetiolation, a dark-to-light transition that involves mas-
sive physiological changes. It is however currently unknown how this pathway regulates
transcription in a wild type genetic background in a natural setting. In addition, the
quantitative relationship between PIF nuclear dynamics and downstream gene expres-
sion has not been examined. Here, we used live cell imaging approaches to study the
transcriptional induction of a PIF3-regulated gene during deetiolation.

5.2 Introduction

As sessile autotrophs, plant survival depends on connecting developmental transitions
to changes in their environment. Seeds germinated in the dark (e.g underground) follow
a developmental program known as skotomorphogenesis, where they grow heterotroph-
ically and prioritize vertical growth to reach light. Upon light exposure, seedlings un-
dergo a massive reprogramming at multiple levels of regulation, including changes in
the mRNA abundance of thousands of genes. This process, termed deetiolation, reverses
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skotomorphogenic growth and leads to the development of autotrophic structures such
as chloroplasts and expanded cotyledons.

Multiple signaling pathways convey the quality of the light environment to the plant
nucleus. Perhaps the best studied is the Phytochrome (Phy) pathway, which senses
the ratio between far red and red light to trigger the degradation of members of Phy-
tochrome Interacting Factor (PIF) family of transcription factors (reviewed by [157]). Briefly,
in seedlings germinated in true darkness, the Phy photosensory protein exists in its in-
active, Pr state and PIFs accumulate in the nucleus. Exposure to light covering the red
parts of the spectrum converts Phytochromes into the active form Pfr. Pfr then binds to
PIFs, eventually leading to the degradation of the complex [20, 192]. PIFs can act as tran-
scriptional repressors or activators of thousands of targets [286] and their degradation
leads to transcript level changes at a genomic scale [159].

The targets of the Phy-PIF signaling pathway and the mechanism of regulation by
removal of PIFs have been studied using genetic approaches such as transcriptome
comparisons between wild type and PIF knock-out mutants. However, to date it is not
known how light affects the expression dynamics of PIF-regulated genes and what are
the mechanisms by which PIF concentration regulates transcription of its targets. Ac-
cording to the Arabidopsis Information Resource website (TAIR), Phytochromes are the
most studied Arabidopsis proteins. This solid knowledge of the molecular players and
their biochemical transactions make the Phy-PIF pathway an ideal model to study tran-
scriptional input-output functions in plants.

5.3 Results

5.31 Experimental setup

To measure the transcriptional activity of the RPT2 promoter, | adapted a system to flu-
orescently label nascent mRNAs described in detail in Chapter 4 (Fig. 5.1A) [155].

Here, the promoter of interest is used to drive a Luc-GUS fusion tagged on its 5" with
24 repeats of the PP7 stem loop sequence. When transcribed, these RNA stem loops
bind with low nanomolar affinity to the PP7 phage coat protein (PCP) [46]. Fusing PCP to
a fluorescent protein such as GFP results in the decoration of nascent RNAs with fluo-
rophores. Because of the slow mobility of genomic loci and the accumulation of GFPs in
the same diffraction-limited volume, transcribing alleles appear as fluorescent puncta
[25]. To implement this system in Arabidopsis, | first generated multiple lines carrying
PCP-GFP and kept several lines with moderate levels of fluorescence. Subsequently,
one of these lines was transformed with a reporter construct driven by the RPT2 pro-
moter (3329 bp upstream of the start codon) (Fig. 5.1B). Four RP2-PP7 lines were selected
for further experiments based on the presence of spots and the 3/4 segregation ratio
of Kanamycin resistance in the T2 generation (indicative of a single reporter insertion
locus).
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To measure the transcriptional activity of this reporter, plants were grown under 'true
dark’ conditions, following the protocol by Leivar and coworkers [158]. T2 seeds were
plated in small petri dishes containing 0.5 strength MS agar. The dishes were placed
at 4 ° Cfor 2-3 days to break seed dormancy and then exposed to white light for ~ 6
hours to trigger germination. Immediately after, seeds were treated with far red light
in a dark room for 5 minutes to completely inactivate the seed Phytochrome pool [158].
The plates were then wrapped in aluminum foil. Seeds were then left to germinate in
the dark for ~ 2 days prior to imaging.

As shown in Fig. 51D, swapping the dark period for a period under regular growth
chamber conditions results in the presence of transcription spots at the beginning of
the experiment. However, as expected, seedlings grown under true dark conditions are
transcriptionally silent at the start of the experiment and gradually start activating the
reporter (Fig. 5.1E).

To get a better sense of how reproducible this behavior is across different lines car-
rying random reporter insertions, we calculated a coarse and aggregated metric of re-
porter activity, the integral of the spot fluorescence over time for all spots in the field of
view (Fig. 5.1F). This calculation can be thought of as the total amount of mRNA produced
by the reporter locus at any given time (see Fig. 4.10) and is thus comparable to RT-qPCR
data, assuming a negligible degradation rate (see Fig. 4.22).

5.3.2 The timescales of RPT2 activation in response to light

Next, | sought to measure the speed and kinetics of transcriptional induction in response
to PIF3 removal. To correlate these dynamics to PIF3 abundance, | first measured the
nuclear concentration of PIF3-GFP using microscopy in plants grown under exactly the
same conditions as in PP7 experiments. As shown in Fig 5.2A, immediately after expos-
ing plants to light, the nuclear distribution of PIF3 is relatively homogeneous although
diffuse 'clusters’ can be observed. These clusters become increasingly pronounced as
the overall PIF3-GFP nuclear concentration drops exponentially to undetectable levels
at ~ 50 minutes (Fig 5.2B), similar to what has been previously reported by western blot-
ting [3, 191].

Next, we determined the time at which the first spot is detected in multiple replicates
of each of the four RPT2-PP7 transgenic lines we had established. Fig. 5.2C shows the
time at which the first spot appeared in each individual replicate. To choose a single
number for the start of transcription, | took the mean of the means of each replicate,
resulting in 7.3 & 1.3 minutes after light exposure. The lower bound of this estimation
depends on the delay inherent to the PP7. According to experiments shown in Chapter
5, the detection threshold is 3 RNAP fully loaded with GFP. This means that to detect a
spot, 3 RNAP have to traverse the 1.5 Kbp of the loops. For an elongation rate of 1 kbp per
minute (a reasonable number in eukaryotes as reviewed by [9]) this takes approximately
1 minute, thus we have 5 minutes as the lower bound instead of 6 minutes.
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Figure 5.1: Experimental setup. (A) Schematic representation of the PP7 system to la-
bel nascent RNAs in Arabidopsis. (B) Constructs used in the experiments shown in
this chapter. (C) The true dark protocol used to completely inactivate Phytochromes
in Arabdiopsis seeds. (D) Snapshot of an Arabidopsis cotyledon expressing the con-
structs in (B) using a variation of the treatment in (C) where the 2-day dark period was
replaced by two days under dark-light cycles. (E) Snapshots of cotyledons of a trans-
genic line transformed with the constructs in (B) and grown under true dark as in (C).
Spots are not detectable immediately after light exposure but they rapidly appear. (F)
mean total mRNA produced by the RPT2 reporter in at least three replicates of four
independent transgenic lines measured as the integral of spot fluorescence over time
across all nuclei in the field of view.
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It is conceivable that these early detected spots correspond to outliers that happen
to stochastically transcribe. In this case, the metric in Fig. 5.2C is not very representative
of the behavior of the pathway across the plant. To determine if the response can be
captured by a single unified process and to determine what the rate of this process is, |
fit the number of alleles per frame to a simple equation,

dF

dt

where F' corresponds to the number of transcribing alleles divided by the number

of nuclei and r corresponds to the rate this quantity increases with time under white

light. A fit of this formula to one dataset is shown in Fig. 5.2D. In general, we found

that this equation fits the data well, indicating that the first detected spots, rather than

outliers, are part of a sustained induction behavior that can be captured by a single

rate throughout the experiment. On average, ~ 2% of the alleles that are active at 60
minutes turn on every minute under light (Fig. 5.2E).

—r (51)

5.3.3 Aspects of transcription regulated by PIF3

The temporal patterns of mRNA accumulation shown in Fig. 5.1F can arise from multiple
single cell behaviors. We saw that removal of PIF3 leads to an increase in the number
of actively transcribing alleles across the tissue. As we show in Chapter 5, this by itself
is sufficient to create temporal expression patterns. To determine if PIF3 concentration
can regulate the rate of transcription after the reporter turns on, I calculated the mean
transcription rate across actively transcribing alleles (Fig. 5.2F). This analysis revealed
that the average number of Polymerases transcribing the reporter does not depend on
PIF3 concentration or time under white light. Instead, induction seems to operate like
an all-or-nothing switch. Indeed, the mean transcription rate per nucleus (regardless
of whether it had active reporter alleles or not) increases steadily over time (Fig. 5.2G),
and these dynamics closely resemble those of the number of active alleles in the tissue
(Fig. 5.2G). Thus, the PIF3 temporal dynamics bias the probability that the RPT2 reporter
switches to an active state but do not affect its rate of transcription afterwards.

5., Discussion

The fact that transcription of a PIF3-repressed gene starts when the PIF3 nuclear con-
centration is still = 90% of its original value is intriguing. It seems unlikely that temporal
fluctuations in the order of 10% are sufficient to commit a gene to switch to an active
state. Experiments in the Drosophila embryo have shown that nuclei are capable of dis-
tinguishing a 10% difference in transcription factor concentration but only if they are
exposed to it for ~ two hours [108]. It is possible that the rapid aggregation of PIF3
accelerates the drop in local concentration at PIF3 target genes, meaning that the curve
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Figure 5.2: The timescales of transcriptional activation in response to PIF3 degradation.
(A) Snapshots of Arabidopsis nuclei expressing PIF3-GFP. Seedlings were grown under
true dark and exposed to white light at time = 0. (B) Mean PIF3 nuclear concentration
over time following a dark-to-light transition. (C) Time at which the first RPT2-PP7 spot
was detected in the field of view across multiple replicates and transgenic lines. The
dashed line corresponds to the mean and the shaded area represents the confidence
interval. (D) Number of active alleles divided by the number of nuclei in the field of
view in an RPT2-PP7 cotyledon from line G. The solid black line is a fit to an irreversible
one step process. (E) Mean rate of transcriptional engagement of the RPT2-PP7 reporter
across replicates and transgenic lines measured as the fitted rate in (D). ~ 2% of alleles
that have turned on after 60 minutes turn on every minute following light exposure.
(F) Mean transcription rate of active alleles measured as the sum of spot fluorescence
across all spots divided by the number of spots. Caption continues on next page.
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Figure 5.2: Continued from previous page: The timescales of transcriptional activation
in response to PIF3 degradation. (G) Mean transcription rate per nucleus measured
as the sum of spot fluorescence across all spots divided by the number of nuclei. (H)
Mean number of actively transcribing alleles normalized by the number of nuclei in the
field of view. In (C) and (E), error bars correspond to the standard deviation. In (F)-(H)
shaded areas correspond to the standard error of the mean across replicates (movies)

shown in Fig. 5.2B does not represent the PIF3 concentration being experienced by the
RPT2 promoter. In addition, there could be a positive feedback mechanism operating
at the promoter level that makes the response to PIF3 concentration extremely sharp
and/or irreversible.

The type of regulation by which the temporal dynamics of RPT2 expression are dic-
tated by PIF3 are remarkably similar to the scenario we described for the heat shock
response in Arabidopsis leaves in Chapter 4. Alleles can exist in two 'states’, active or
inactive, and PIF3 concentration biases the likelihood of switching to the active state.
Once locked into a state, the rate of transcription does not respond to the instantaneous
PIF3 nuclear concentration anymore.

Note again that these observations are based on the average PIF3 nuclear concentra-
tion, which might not represent the local concentration at its targets. The very obvious
aggregation of PIF3 is indicative that this might be the case. In the future, it would be
interesting to image PIF3 and RPT2-PP7 simultaneously in the same plant to use the
position of transcription spots as a guide to measure the local PIF3 levels. The ParB-
parS system could be used to label the reporter locus independent of PP7 detection.
Interestingly, alleles of PhyB have been described that trigger either PIF3 degradation
or aggregation [201]. These mutants could be used to shed light on the regulatory role
of nuclear aggregates to inactivate transcriptional repressors like PIF3.
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Chapter 6

Overcoming technical limitations in live
imaging experiments

6.1 Abstract

Over the course of the research presented in the previous chapters, we encountered a
number of technical constraints related to detection of molecules in living cells in their
tissue context. In this chapter, | describe the use of dimerization-dependent fluorescent
proteins to improve detection of nascent RNAs. To follow up on the potential biological
consequences of our results, it will be necessary to go beyond transcription. Here, |
show preliminary results to simultaneously image nascent RNAs and proteins in plants.
We also discuss the use of ParB DNA labeling in plants and flies and an improvement on
optogenetic approaches to study the Dorsal transcription factor.

6.2 Introduction

Most of the experimental results presented in previous chapters revolve around the
problem of detecting molecules such as RNAs, DNA, and proteins in living cells. In this
context, any extra level of resolution is not only poised to improve the quality of our
measurements, it also opens the door to uncovering novel biological phenomena. De-
tecting inactive or weakly active alleles is particularly relevant in the case of plants
because many genes transcribe at relatively low rates, and cells can carry an unknown
number of alleles. Part of this chapter is dedicated to describing preliminary results that
improve technology to image transcription. Transcriptional regulation is the first layer
going from genotype to phenotype. Answering how the quantitative aspects of gene
expression impact phenotypic changes requires going beyond RNA to track changes in
protein abundance. In this chapter, | describe preliminary efforts to simultaneously im-
age transcription and the protein product of transgenes in plants. On the theoretical
front, we advance models that incorporate temporal dynamics. A straightforward way
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of testing these models is through dynamical perturbations. This was the motivation to
develop the optogenetic tools presented in Chapter 3. Here, | also present preliminary
results aimed towards establishing an optogenetic experiment that can dialog with the
theoretical models we introduced in Chapter 4.

6.3 Results

6.31 Lowering detection thresholds using dimerization-dependent
fluorescent proteins

Detecting single transcribing RNA Polymerases in plants would open the door to per-
forming single molecule experiments in living cells within their tissue context. Single
polymerase resolution has been achieved in the past in mammalian cancer cell lines
using the MCP/MS2 system by tagging a reporter with 128 copies of the MS2 stem loop
[253]. Compared to the more standard method of using just 24 stem loop repeats, this
approach reduces the detection threshold by increasing the signal while presumably
leaving the background and the noise levels untouched (Fig. 6.1A). In many applications
it is undesirable to introduce large sequences in the gene of interest and, in addition,
alternative methods to decrease the fluorescence detection threshold could have a use
outside labeling nascent RNA. As shown in Fig. 6.1A, distinguishing a signal depends on its
magnitude being larger than the fluctuations of the background (or background "noise”)
and on it being larger that the magnitude of the background itself. In principle, by reduc-
ing the background and/or its fluctuations it should be possible to improve detection. A
promising approach is using fluorescent proteins that only fluoresce upon binding to the
molecule being detected. This was the logic behind the methods developed by [273] and
[204] where two RNA binding proteins are fused to two fragments of a fluorescent protein
which come together when the RNA binding domains recognize the target RNA. However,
these methods are based on split fluorescent proteins, which have to undergo matura-
tion after dimerization, a process that can take several minutes. This is much longer than
the timescales of RNA Polymerase activity. In contrast, dimerization-dependent fluo-
rescent proteins (ddFPs) contain mature fluorophores that are non-fluorescent in their
monomeric state. Dimerization of the ddFP partners ddFPA and ddFPB results in appear-
ance of fluorescence in a matter of seconds [65]. We speculated that by fusing ddFPA
to PCP and ddFPB to MCP, it would be possible to reconstitute a fluorescent ddFP dimer
by recruiting MCP and PCP to an RNA through the MS2 and PP7 stem loop, respectively
(Fig. 61B). As a proof of principle, we tested this approach by transiently expressing MCP-
ddFPA, PCP-ddFPB and a reporter gene tagged with 48 copies of a sequence containing
MS2 and PP7 loops driven by a strong constitutive promoter (Fig. 6.1C). This preliminary
experiment shows that, compared to the signal obtained from PCP-GFP binding to 24
PP7 repeats, the ddFP approach outperforms it in terms of signal-to-background and
signal-to-noise ratios (Fig. 6.1D). Intramolecular ddFPs were used in the past to create
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biosensors based on protein conformation [65]. A promising application of ddFPs is the
detection of proximity between proteins. For example, as shown in Fig. 6.1E, ddFPB fused
to Histone 3 forms a fluorescent dimer only in the presence of a specific modification to
the Histone 3 tail which is recognized by a nanobody fused to ddFPA.

6.3.2 Methods to image transcription and the protein product of
transgenes in plant cells to follow the flow of information along
the central dogma and across cells.

Transcription is the first of multiple regulatory steps in gene expression that lead to a
phenotype. In this flow of information from DNA to phenotype, protein concentration
and localization are much closer to gene function than transcription and can also be
measured in single live cells using fluorescent proteins and dyes. Protein activity and
post-translational modifications are important layers of regulation but are compara-
tively much harder to measure at the single cell level. The extent of cellular hetero-
geneity in transcription presented in the previous chapters prompts a number of ques-
tions. First, how does this variability impact cell to cell heterogeneity in downstream
levels of gene expression? Are there buffering mechanisms between transcription and
protein accumulation? Can cells communicate with each other to ensure coordinated
levels of protein concentration? What is the impact of heterogeneity at different levels
of gene expression in a phenotype such as stress tolerance? To answer these questions
it is necessary to measure the transcriptional activity and the protein product of the
gene of interest. This can be achieved by placing MS2 or PP7 loops in the 3'UTR with
the risk of interfering with mRNA function. Another approach is placing the stem loops
within endogenous or synthetic introns. The disadvantage of this strategy is that any
level of co-transcriptional splicing will reduce the signal in ways that are not always
easy to predict. To demonstrate the feasibility of this approach in plants, the PP7 loops
were placed in the first intron of a transgene coding for full-length Arabidopsis HSP70.
A C terminal mCherry fusion allows imaging the HSP70 protein while a second transgene
coding for PCP-GFP enables visualization of nascent HSP70 mRNAs (Fig. 6.2A). It should
be noted that mCherry is a very slowly maturing fluorophore, causing this reporter to
underestimate the amount of HSP70 present. Despite the caveats of the intronic ap-
proach, it offers the advantage that a PP7/MS2-containing intron placed within the cod-
ing sequence of a fluorescent protein constitutes a single self-contained tag to report
on transcription and protein accumulation. Such a tag could be inserted in the 5" or 3’
of any gene of interest. | created this tag by introducing a potato intron within the cod-
ing sequence of mMGFPmut2, the fastest maturing fluorescent protein [15]. As shown in
Fig. 6.2B, coexpressing this tag and PCP-mCherry results in the appearance of mCherry
transcription spots and GFP in the same cell. Even fast maturing fluorescent proteins do
not report on the instantaneous protein concentration. This is particularly problematic
for proteins with fast production and degradation rates. To go around this problem, [39]
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Figure 6.1: Improving fluorescence detection with dimerization-dependent fluorescent
proteins.(A) Cartoon of the pixel intensity profile of a diffraction-limited fluorescent
spot. The signal can be understood as the difference between the peak intensity and
the background level. The noise is associated with the magnitude of the background
fluctuations. (B) Schematic representation of the ddFP approach to label nascent RNAs.
The RNA is tagged with repeats of interlaced MS2 and PP7 loops. The quenched ddFP
binding partners ddFPA and ddFPB are brought to close proximity by binding of MCP
and PCP to their corresponding loops. Dimerization of ddFPA and ddFPB restores flu-
orophore fluorescence in a timescale of seconds. (C) Snapshots of transcription of a
35S reporter detected via PCP-GFP or ddFPs. (D) Pixel intensity profile of the spots indi-
cated by white arrowheads in (C). (E) The ddFP approach could be used to detect protein
proximity in real time with minimal background signal. For example, a nanobody bind-
ing a specific modification in the tail of Histone 3 could be used to restore fluorescence
to a ddFP monomer fused to its C terminus.
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developed the LlamaTag approach. Here, the protein of interest is fused to a nanobody
raised against a fluorescent protein such as mCherry or GFP. Genetically provided mature
fluorescent proteins are then non-covalently bound to the protein of interest (Fig. 6.2C,
top). To test LlamaTags in plants, | coexpressed in Tobacco a nanobody-NLS fusion and
free GFP. In Tobacco cells expressing free GFP only, the protein freely diffuses in the cy-
toplasm and into the nucleus. Coexpression of the nanobody-NLS transgene sequesters
GFP in the nucleus, demonstrating that LlamaTags can be used to track proteinsin plants
(Fig. 6.2D). In the future, these technologies will be useful to study non-cell autonomous
signaling in plant stress responses. For example, after exposure to environmental inputs
including high light, UV radiation and nitrogen sources, Arabidopsis leaves induce the
expression of HY5 [92]. It has been reported that the HY5 protein can diffuse between
cells through plasmodesmata and that this movement allows inter-organ communica-
tion of high light stress [139] and energy source levels [50]. It is possible that HY5 move-
ment at much shorter scales can help buffer noise at the transcriptional level to pro-
mote coordinated tissue-level responses. Another interesting example of inter-cellular
communication is the high light inducible expression of ZAT10 and ZAT12 transcription
factors in tissues that do not experience direct stress exposure [226, 105]. ZAT10 and
ZAT12 have been implicated in photoprotection [131, 187], raising the possibility that this
cell-to-cell mobile signal can play a role in coordinating the high light stress response
at the tissue level. To pursue these ideas, it will be necessary to track transcription
and accumulation of the protein product of these genes and later determine the level
of stress protection at the single cell level (Fig. 6.2F). Multiple stress treatments such
as excess light generate reactive oxygen species, which can lead to proteotoxic stress
by modifying protein residues. Heat shock also generates proteotoxicity by promoting
protein misfolding. Interestingly, it is possible to measure the stability of the proteome
using dyies that recognize misfolded proteins [173]. Such assay could be performed after
live imaging to determine the physiological consequences of single cell gene expression
behaviors.

6.3.3 Avenues to improve optogenetic Dorsal experiments

As shown in Chapter 2, using a new approach based on nanobodies we were able to
generate a functional version of the Dorsal transcription factor in fruit flies (Fig. 2.5.
However, when we tested the effect of optogenetic perturbations on the expression of
a minimal enhancer containing a single Dorsal binding site, we found no differences
compared to the unperturbed control. This should not be surprising since in the range
of Dorsal concentration reached by this fly line the activity of this enhancer is barely
modulated. Thus, to establish a viable optogenetic experiment there are two possible
but not mutually exclusive strategies. First, using an enhancer with a sharper response
to Dorsal concentration could improve the sensitivity of transcription to the optoge-
netic perturbation. One such enhancer is the proximal element from the twist gene
(TwiPE). The fraction of refractory nuclei for this enhancer goes from o to ~0.8 in the
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Figure 6.2: Methods to measure transcription and translation products simultaneously
in live plant cells and their potential applications. (A) Imaging transcription and the
protein product of Arabidopsis HSP70. Top: the PP7 loops were placed in the first in-
tron of HSP70 and mCherry was fused to its C terminus. PCP-GFP was used to label
nascent transgene RNA. Bottom: Tobacco cells expressing these constructs during a
heat shock treatment. (B) Placing the PP7 loops within a synthetic intron in mGFPmut2
allows imaging transcription with PCP-mScarlet (magenta spots highlighted by white
arrowheads) and the protein product. Caption continues on next page
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Figure 6.2: Continued from previous page: Methods to measure transcription and trans-
lation products simultaneously in live plant cells and their potential applications.(C)
Top: LlamaTag approach to imaging the Twist protein in fruit fly embryos. An anti-
mCherry nanobody was fused to the C terminus of the twist gene. Coexpressing mCherry
allows fluorescently labeling the Twist protein. Bottom: Snapshot of the Twist gradient.
(D) Top: Testing LlamaTags in plants. Bottom: Tobacco cells expressing free GFP with
or without coexpressing a nanobody-NLS fusion. (E) Examples of non-cell autonomous
signaling in the transcriptional response to excess light in Arabidopsis. (F) To study
the consequences of the pathways in (E) at the cellular level, it will be necessary to
distinguish cells that transcribe the gene from cells in which the protein is present and
then to correlate this to a phenotypic outcome.

range of concentrations in which the previously tested enhancer hovers around ~0.3
(Fig. 6.3A). This enhancer is thought to respond exclusively to Dorsal as its spatial input
[138]. However, because it has two Dorsal binding sites placed within ~ 400 bp of extra
DNA, it does not easily lend itself to be treated with the same theoretical tools devel-
oped for the minimal enhancers in Chapter 3. The second strategy involves increasing
the concentration of optogenetic Dorsal. Because the Llama Shepherd approach can be
applied to any genotype, in practice, this entails increasing the dosage of Dorsal-Venus.
To achieve this, we created a transgene carrying the Dorsal coding sequence fused to
Venus driven by a strong maternally expressed promoter (Fig. 6.3B). A preliminary test of
this transgene showed that it drives Dorsal expression at levels comparable to a CRISPR
Venus knock-in (data not shown).
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Figure 6.3: Improvements to the optogenetic Dorsal experiment.(A) Comparison of the
fraction of refractory cells between the minimal DBS-6.23 enhancer and a reporter
driven by the Twist proximal element (TwiPE). In the range of concentration observed
in the optogenetic 1.5X Dorsal Llama Shepherd, DBS-6.23 is barely modulated while
TwiPE goes from o to ~ 0.8. (B) A Dorsal-Venus transgene driven by a strong enhancer
should allow further increasing the Dorsal concentration and thus increasing the dy-
namic range of optogenetic Dorsal.
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6.3.4 Using ParB labeling of DNA to improve measurements of
transcription factor inputs and transcriptional outputs.

The nucleus is not a well-mixed uniform environment. Chromatin forms stable spatial
domains and proteins such as transcription factors and RNA Polymerase tend to prefer-
entially occupy discrete volumes within the nucleus. The presence of phase-separated
nuclear compartments has long been recognized in the case of the nucleolus, but re-
cent evidence supports a role for phase separation in transcription as well. Despite this
mounting evidence, efforts to correlate transcription factor inputs to transcriptional out-
puts tend to use the average nuclear concentration. Recently, there have been efforts to
use the position of the gene locus to correlate the local transcription factor concentra-
tion to transcriptional activity. However, these approaches depend on the detection of
transcription using live imaging and as a consequence they cannot detect the protein in-
put when transcription is not detected [67, 85]. These shortcomings could be overcome
by labeling DNA instead of nascent RNA. Labeling of DNA using the bacterial ParB-parS
system was introduced in Chapter 1 and Chapter 3. Briefly, hundred of ParB proteins
polymerize on the surface of the parsS site, fusing ParB to a fluorescent protein results in
the appearance of bright diffraction-limited spots at the position of the locus (Fig. 6.4A).
Tracking inactive loci is particularly important in the case of polyploid cells where, out of
several alleles, only a few might be active at a time. In addition to accounting for allele-
specific activity, ParB labeling could be used to unequivocally determine cellular ploidy
in live imaging experiments (Fig. 6.4B). The relevance of local protein concentration is
exemplified by the nuclear distribution of PIF3 as revealed by a GFP fusion (Fig. 6.4C,
left). PIF3, like other proteins involved in light signaling forms dynamic "nuclear speck-
les” also known as "photobodies” in response to light [223]. The Dorsal transcription
factor does not form such distinctive nuclear foci as PIF3 but it is far from homoge-
neously distributed in the nucleus. Optogenetic export of nuclear Dorsal-Venus reveals
the presence of an aggregated fraction (Fig. 6.4C, right). Three channels are necessary to
measure transcriptional activity and local transcription factor concentration indepen-
dent of detecting transcription. One channel is dedicated to the detection of the locus
through ParB, while the other two channels detect the protein and nascent RNA at the
ParB spot position (Fig. 6.4D), respectively. To implement this approach, we created a fly
line carrying a Dorsal-Venus CRISPR knock-in, MCP-mCherry and ParB-GFP. The emission
spectra of GFP Venus are very close, but it should still be possible to separate them with
linear unmixing.

6.4 Discussion

The preliminary results presented in this Chapter offer concrete, viable ways of sur-
mounting the experimental limitations we encountered throughout the course of this
research. They offer a way to give more precise answers to the questions addressed
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Figure 6.4: Future applications of ParB DNA labeling.(A) Schematic of the ParB system to
label DNA simultaneously with RNA imaging via MS2 or PP7. (B) Left: Cartoon of a poly-
ploid plant cell carrying six transgene alleles labeled with ParB-GFP. Right: Cartoon of
the same cell where the transcriptional activity from these alleles is detected with MS2
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ParB signal. (C) Images of nuclei where a transcription factor was fluorescently labeled
showing non-homogeneous distribution of this protein. PIF3-GFP was imaged in Ara-
bidopsis cotyledons, Dorsal-Venus is expressed in fruit fly embryos. (D) Schematic of a
three channel experiment where one channel is dedicated to locating the gene of in-
terest using ParB. This positional information is then used to measure the transcription
factor signal nearby the gene. The transcriptional activity is measured by calculating
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throughout the previous chapters and open the door to studying previously inaccessi-
ble phenomena.
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6.5 Materials and Methods

The plasmids used in the experiments shown in each panel throughout this chapter can
be found in Table 6.1. The methods associated with the experiments presented in this
chapter can be found in previous chapters as follows:

- Figure 6.1: Agroinfilitration and imaging setup is described in detail in Chapter 4.

- Figure 6.2: Agroinfilitration and imaging setup used in Figure 6.2A, B and D is de-
scribed in detail in Chapter 4. The experiment in Figure 6.2A, including the heat
shock treatment is described in detail in Chapter 4, Figure 4.7.
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6.6 Biological Material
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plants

Plasmids

Name (hyperlinked to | Description code
Benchling)
UMddGA Ubiquitous expression of MCP-ddGFPA in

plants
UPddGB Ubiquitous expression of PCP-ddGFPB1 in

plants
UPddGB3 Ubiquitous expression of PCP-ddGFPB3 in

UMddGA-UPddGB

Ubiquitous expression of MCP-ddGFPA and
PCP-ddGFPB in plants used in Figure 6.1

UMddGA-UPddGBv2

Ubiquitous expression of MCP-ddGFPA and
PCP-ddGFPB3 in plants

48XMP-35S

reporter construct driven by the 35S pro-
moter and tagged with 48 repeats of PP7
and MS2. Used in Figure 6.1

HSP70-pp7i-mChUPG

Arabidopsis HSP70 fused to mCherry and
tagged with PP7v5 in its first intron. Ex-
pression of PCP-GFP. Used in Figure 6.2A

UmGFPmut2pp7i

Ubiquitous expression of mGFPmut2 car-
rying an intron with the PP7vs5 loops in it.
Used in Figure 6.2B

UPmS

Ubiquitous expression of PCP-mScarlet fu-
sion. Used in Figure 6.2B

TwC)B1odsRed

Donor construct for CRISPR C terminal fu-
sion of the JB10 mCherry nanobody to the
Drosophila twist gene. Used in Figure 6.2C

TwgRNA3

synthetic guide RNA to knock in DNA to the
C terminus of Drosophila. Used in Figure
6.2C twist

Table 6.: List of plasmids used in this chapter. Continues on next page
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Plasmids
Name (hyperlinked to | Description code
Benchling)
UsfG Ubiquitous expression of sfGFP in plants.
Used in Figure 6.2D
UJB3nls Ubiquitous expression of a JB3 GFP

nanobody carrying a nuclear localization
signal. Used in Figure 6.2D

plB-1Dg-MS2v5-LacZ-
tub3UTR

Minimal MS2 reporter carrying a single
strong Dorsal binding site. Used in Figure
6.3

pIB-TwiPEv2-MS2v5-LacZ-
tub3UTR

MS2 reporter driven by the Twist proximal
element. Used in Figure 6.3

pBPhi-His-miRFP670-gyp-
2xeNos-Dl-Venus-gyp-
eNosx2-MCP-mCherry

Maternal expression of Dorsal-Venus,
Histone-iRFP and MCP-mCherry. Used in
Figure 6.3

Table 6.1: Continued from previous page: List of plasmids used in this chapter.
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Fly lines
genotype Function
yw;1Dg(11);+ minimal Dorsal synthetic enhancer

MS2 reporter in Figure 6.3

yw;TwiPEv5(7);+

MS2 reporter driven by the twist prox-
imal element in Figure 6.3

yw;2xIntB2-hbP2P-MS2x1-lacZ (2)/CyO;+

MS2 reporter driven by the hunch-
back P2 enhancer and promoter
taged with 2 ParB2 binding sites. See
Figure 6.4E

yw;Dorsal-Venus,MCP-mCherry;Dorsal-
Venus,His-iRFP,MCP-mCherry

2X Dorsal-Venus used to generate 1.5x
Dorsal-Venus Llama Shepherd tran-
sheterozygote in Figure 6.3

yw;Dorsal-Venus,MCP-mCherry;)B3-LEXY

1X Dorsal-Venus Llama Shepherd
used to generate 1.5x Dorsal-Venus
Llama Shepherd transheterozygote
in Figure 6.3

yw;Dorsal-Venus,MCP-mCherry;Dorsal-
Venus,[Dorsal-Venus,MCP-mCherry,His-
iRFP]

3x Dorsal-Venus used to generate
used to generate 2.5x Dorsal-Venus
Llama Shepherd transheterozygote
in Figure 6.3

yw;Dorsal-Venus,ParB2-GFP,MCP-mCherry

imaging of DNA, nascent RNA and
Dorsal simultaneously in Figure 6.4

Table 6.2: List of fly lines used in this chapter.
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