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Nodal Gradient Interpretation During Zebrafish Germ Layer Patterning

Anna Lorraine Reade

This thesis presents work toward understanding how cells within an embryo receive fate and
positional information. It concentrates on the Nodal morphogen gradient, which specifies germ
layer identity through differing levels of Nodal signaling. Although much progress has been
made in understanding the components and outcomes of the Nodal signaling pathway, there is
very poor quantitative understanding of how cells translate the duration and concentration of
Nodal signaling into fate/positional information. To address this question, several new
technologies were employed or developed.

Light sheet fluorescence microscopy was used to image Nodal signaling dynamics in vivo
(Chapter 5). This new imaging technology allowed us to: determine which cells are exposed to
the Nodal signal, quantitate the duration and level of this signaling, and directly correlate this
with cellular response, i.e. which Nodal target genes are turned on and what germ layer fate is
adopted. We will use this information to propose an initial model for how Nodal signaling is
interpreted at a cellular level. We will test our model with additional data taken in the presence
of an inhibitor, to access whether the system behaves as expected when the input is modified.

In order to develop finer control of the spatial and temporal aspects of perturbing a biological
system, we simultaneously developed optogenetic tools for use in zebrafish embryos. Most
optogenetic systems, especially those that control protein localization and expression, have
been developed at the tissue-culture level and do not transfer directly to the multicellular
organism level. We were successfully able to optimize two optogenetic systems for use in
zebrafish, the phytochrome system for protein localization control (Chapter 2) and the LOV

system for transcriptional control (Chapters 3 and 4).
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CHAPTER ONE

Introduction

“Its only crazy when you first hear it, but the more you think about it the less crazy it sounds”

-Wallace Marshall

“I'd forgotten how much work you’ve done on this, fantastic job, really exciting!”

- Orion Weiner



In order to form the complex structure of multicellular organisms it is essential for cells within an
embryo to receive fate and positional information. An extensively studied source of fate/
positional information is the Nodal morphogen gradient (1). Nodal is essential for germ layer
patterning in vertebrates. High levels of Nodal specify endoderm, low levels mesoderm, and
lack of Nodal results in ectoderm. Although much progress has been made in understanding the
components and outcomes of the Nodal signaling pathway, there is very poor quantitative
understanding of how cells translate the duration and concentration of Nodal signaling into fate/

positional information.

To address this question, we have employed light sheet fluorescence microscopy to image
Nodal signaling dynamics in vivo (2,3). This new imaging technology has allowed us to image a
real-time activity reporter of Nodal signaling (4) at a whole embryo scale, with sub-cellular
resolution. Combined with a nuclear fluorescent maker to track cells throughout our imaging and
live Nodal target gene transcriptional readouts (5), we are able to: determine which cells are
exposed to the Nodal signal, quantitate the duration and level of this signaling, and correlate this
with cellular response, i.e. which Nodal target genes are turned on and what germ layer fate is
adopted. We will use this information to propose an initial model for how Nodal signaling is
interpreted at a cellular level. Possible models of input interpretation include, integration of
signaling over time, cellular memory of maximal signaling levels achieved, or change in
signaling over time or space (6). We imaged Nodal signaling dynamics under wild-type
conditions as well as with low levels of a small molecule inhibitor (7) that globally decreased
Nodal signaling levels. Perturbing the system with a small molecule inhibitor will allow us to test
whether our initial model, made with data acquired under wild-type conditions, behaves as

expected when the input to the system changes.



Our work, as described above, emphasized to us the need for biotechnology that would provide
finer control of the spatial and temporal aspects of perturbing a biological system. Although we
will learn a great deal from comparing Nodal signaling interpretation under wild-type and
globally decreased input levels, our project, as well as many others, would benefit greatly from
the ability to specify exactly where, when, and how much a certain perturbation should be made.
With this in mind, we simultaneously developed optogenetic tools (genetically encoded systems
with light-gated control of protein function) for use in zebrafish embryos. Most optogenetic
systems, especially those that control protein localization and expression, have been developed
at the tissue-culture level and do not transfer directly to the multicellular organism level. We
were successfully able to optimize two optogenetic systems for use in zebrafish, the
phytochrome system (8) for protein localization control (Chapter 2) and the LOV system (9) for
transcriptional control (Chapters 3 and 4). Although we did not develop this technology in time
to use in our dissection of Nodal gradient interpretation, we believe they will prove to be a

powerful set of tools for the zebrafish community.
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CHAPTER TWO

Reversible optogenetic control of subcellular protein localisation in a vertebrate embryo

in vivo using the Phytochrome system

“Easy things don't like you”

- Gopi Shah

Adapted from Clare E Buckley, Anna Reade, Anna Goldberg, Orion D Weiner, Jonathan DW
Clarke (2015), Reversible optogenetic control of subcellular protein localisation in a vertebrate

embryo in vivo using the Phytochrome system. In preparation.



SUMMARY

We demonstrate, for the first time, light-induced heterodimerization using the Phytochrome
system in living multicellular organisms. This system is used to rapidly and reversibly recruit
proteins to specific subcellular regions within the zebrafish embryo hindbrain. As proof of
principle we also alter subcellular localization of the apical polarity protein Pard3. The
phytochrome system therefore offers an unprecedented level of experimental control within
whole organisms. Our optimizations of optogenetic component expression and chromophore
purification and delivery should significantly lower the barrier for establishing this powerful

optogenetic system in other multicellular organisms.



INTRODUCTION

While gene knockout, overexpression, and mutation have been used to reveal the involvement
of proteins in biological systems, more subtle manipulation of proteins are needed to interrogate
their precise roles. For example, manipulation of protein localisation within cells will be critical
for understanding how intracellular asymmetries and polarity are established. The use of
optogenetics to precisely control cell processes such as gene transcription, signalling activation
and protein dimerization has begun to transform biomedical research. It is allowing researchers
to probe specific components of signalling pathways and cellular function often with subcellular
resolution and with rapid temporal control. While this approach has had widespread success in
cell culture and in single celled organisms, there is a need to adapt current technologies to
multicellular organisms such as the vertebrate embryo. In this work we develop a reversible

optogenetic control of protein localisation in the zebrafish embryo.

There are several strategies for light-dependent control of signalling in cells, many of which are
built from natural photoreceptors. The main optogenetic systems have recently been
comprehensively reviewed'2 and further adaptations and improvements are continually making
these systems even more versatile. Each system has a different combination of properties such
as reversibility, dynamic range and chromophore requirement2, which must be considered

carefully when choosing which system to use in living whole organisms.

Light-oxygen voltage (LOV) domains are found in many organisms such as plants, algae, fungi
and bacteria and are a type of Per-ARNT-SIM (PAS) photosensor, which binds flavinss.
Following blue-light illumination, a covalent bond is made between flavins and a cysteine in
LOV, therefore altering the structure of LOV with downstream consequences such as kinase
activation4. LOV-based strategies have so far had the most success of the optogenetic systems

in transferring from cell culture to whole organisms. Allosteric LOV-based photoactivation of



Rac15 was successfully replicated in zebrafish embryos, where it was used to control the
protrusion and migration of zebrafish neutrophils® and in drosophila ovary border cells to control
collective migration’. An engineered LOV-based system has also recently been used to drive
tissue-specific transcription of MCherry in zebrafishé. LOV-based systems are therefore highly
adaptable. However, they often require high levels of optimisation. The cryptochrome system
comprises the Arabidopsis cryptochrome (CRY2) protein, which is induced to bind to CRY-
interacting bHLH1 protein (CIB1) under blue light. This binding is lost naturally approximately 10
minutes after illumination is ceased®. There is a precedent for using the cryptochrome-based
systems in vivo in living vertebrate systems for protein transcription regulation both in whole

homogenates of zebrafish embryos® and in the mouse cortex!!.

Arguably the most important property when considering the level of temporal and spatial
resolution that a system offers is the speed of reversibility. One disadvantage of both the LOV
and cryptochrome-based systems is that it is not possible to actively reverse their light-induced
interactions. Instead this happens naturally in the dark, and is relatively slow. This makes levels
of basal activation higher and sets significant constraints on the spatial and temporal precision
that can be achieved with these systems. Only two optogenetics systems can be actively
reversed. The first is the photoactivatable protein Dronpa. This protein switches between its
monomeric and dimeric states, using 490nm and 390nm light, respectively. Although
successfully used in cell culture both to shuttle a protein on and off the membrane and to switch
on and off Cdc42 by releasing and inducing steric occlusion of Cdc42'2, Dronpa has so far not
been used in multicellular organisms. A much faster reversal can be achieved with the
Arabidopsis red light-inducible Phytochrome (PHYB-PIF) system, which comprises the
phytochrome B (PHYB) protein and the basic helix-loop-helix (bHLH) transcription factor
phytochrome interaction factor (PIF). These 2 domains are induced to bind under far-red light

and the binding is reversed within seconds of exposure to infrared light but is otherwise stable
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for hours in the dark's. The Phytochrome system has a 10-100x larger dynamic range

(respectively) than the Cry and LOV-based systems (PMID: 25350266) and the affinity of its
light gated interaction is 100x tighter than Dronpa’2,'* The phytochrome system therefore offers
the highest level of control of the currently available optogenetics systems. An added advantage
of the phytochrome system is that the wavelengths that it requires for photomodulation (red and
infrared) are easier to use in combination with common fluorescent proteins such as BFP, CFP,
YFP, and MCherry and is less toxic than the blue light activated systems due to the low intensity

of light required.

The spatial precision of the phytochrome system has been used to test the spatial sufficiency of
Rac for directed cell migration in vitro'* and it has also been successfully used to specifically
and reversibly recruit proteins to several different organelles within yeast, therefore dynamically
controlling the activation and inactivation of signalling pathways's. The phytochrome system’s
temporal precision has been used to understand the cell signalling pathways that are
differentially activated by transient versus sustained Ras activation'®. The tunability of this
system has been used to perform full dose-response curves for isolated signalling modules in
single cells'8. Since its equilibrium can be rapidly set by adjusting the ratio of red to infrared
light, the phytochrome system is compatible with active feedback control to maintain precise
signal input despite variations in expression of the optogenetic components or to maintain a

fixed input despite cellular feedback!”:18.

Due to this high level of control, the phytochrome system would be an optimal system for
dissecting the complex interconnected signalling networks present in whole multicellular
organisms. However, so far the phytochrome system has not been successfully ported from
plants to other live multicellular organisms. This is partly because, unlike the cryptochrome and

LOV-based systems, which use ubiquitously occurring flavin as a chromophore, the

10



phytochrome system requires an external chromophore, Phycocyanobilin (PCB). External
exposure to PCB is sufficient to mediate binding of PCB in mammalian cell culture'4 and it is
also possible to induce cells to make their own PCB by genetically introducing genes
responsible for PCB synthesis (heme oxygenase 1 (HO1) and PCB:ferredoxin oxidoreductase
(PcyA))1920, However, this has not yet been demonstrated in whole multicellular organisms.
Previous unpublished attempts to use the phytochrome system in living organisms have also
found that unpurified PCB has toxic effects and that genetically inducing cells to express the

Arabidopsis phytochrome protein is problematic.

In the current study we have optimised PHYB for robust expression within the optically tractable
zebrafish embryo. We have also purified PCB and successfully delivered it to cells deep within
the developing zebrafish embryo without toxic effects. We demonstrate high binding and
reversal kinetics between PHYB and PIF in cells within live zebrafish as well as highly specific
subcellular recruitment of PIF tagged protein. As a proof of principle within the zebrafish
embryo, we also mislocalised the apical polarity protein Partitioning defective 3 (Pard3)
subcellularly. As well as developing the phytochrome system for use in zebrafish embryos, we
envision that our optimisations of PCB and PHYB, as well as the methodology described here
(such as the use of the Y276H mutant of PHYB as a sensor for PCB delivery) will also facilitate

the use of the phytochrome system in other organisms.
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RESULTS

1. Removal of the plant C-terminal PAS repeated domain is necessary for the successful

expression of PHYB in zebrafish

We first determined how to efficiently express the plant PHYB protein in zebrafish cells.
Arabidopsis PHYB protein is an 1172 amino acid protein made up of PAS_2, GAF, PHY, PAS
and HKRD domains: PAS (Period/ARNT/Singleminded) domains function within many signalling
proteins, where they sense cues from the environment?!. GAF (cGMP phosphodiesterase/
adenylate cyclase/FhlA) domains regulate catalytic activity via ligand binding, and form the PCB
attachment site2223. The PHY (phytochrome) domain is a member of the GAF family, and
contains a hairpin loop thought to be important in stabilising the photoactivated state (Pfr) of
Phytochrome?22. Therefore, together, the N-terminal PAS-GAF-PHY acts as the sensory part of
Phytochrome protein22. The C-terminal comprises a PAS repeated domain and a HKRD
(Histidine kinase related domain), which are important for signal transduction, although the

HKRD appears to be dispensible2.

Cell culture studies found the HKRD domain to be dispensable for reversible PHY-PIF binding
but found that the PAS repeated domain is necessary for allowing reversal of PHY-PIF binding
under 750nm light'4. However, we find that the inclusion of the PAS repeated domain prevents
the expression of PHYB in zebrafish embryos (Figure 1Ai). In contrast, a more truncated version
of PHYB, without the C-terminal HKRD or PAS repeated domain, is robustly and reproducibly

expressed in zebrafish tissue (Figure 1Aii).

2. Microinjection of 1.5pMoles of HPLC purified PCB is sufficient to mediate PHYB-PIF6

binding

12



In order to generate red light-dependent binding of PHYB and PIF domains, Phycocyanobilin
(PCB) chromophore must be bound to PHYB protein. PCB is not present in eukaryotic cells and
so must be added before the system will function. In order to test how efficiently PCB can be
delivered to cells throughout the zebrafish embryo, we took advantage of a PCB biosensor, the
Y276H constitutively active mutant of PHYB, which fluoresces under far-red light when bound to
PCB1425 (Figure 1Bii). The Y276H mutant is a useful tool to help optimise the binding
requirements initially without light modulation. We generated a version of this mutant without the
C-terminal HKRD or PAS repeated domain. RNA encoding Y276H PHYB and nuclear-labelling
H2A-GFP was microinjected into 1-cell stage embryos, which were then dechorionated at 4
hours post fertilisation (h.p.f.) and exposed to 3004M PCB in the media overnight. When imaged
under 633nm light, the enveloping layer (EVL) cells of the embryo exhibited strong
fluorescence, indicating that PCB had bound to Y276H PHYB successfully. However, the
underlying neuroepithelial (NE) cells did not show evidence of PCB binding (Figure 1Ci),
demonstrating that PCB does not penetrate beyond the first layer of zebrafish tissue. We
therefore injected 1.5pMoles of PCB directly into 1 cell of 16 cell stage embryos, along with RNA
encoding a CAAX-linked Y276H PHYB and PIF6-EGFP. 18h.p.f. embryos were then imaged
under 633nm light. The cell membranes of neuroepithelial cells fluoresced brightly throughout
the depth of the neural rod, indicating that PCB had bound successfully to Y276H PHYB (Figure
1Cii), significantly more efficiently than following external PCB exposure. Cell morphology
appeared normal and there was no apparent toxicity associated with PCB injection at this
concentration. In this experiment, Y276H PHYB-CAAX also successfully recruited PIF6-EGFP
to cell membranes (Figure 1Cii), demonstrating that PCB binding was sufficient to drive PIF6
recruitment. As expected, this recruitment was not reversible when embryos were exposed to
750nm wavelength light for 5 minutes because the Y276H PHYB acts in a constitutive-active

manner upon PCB binding, and therefore binds PIF6 in both red and infrared light (Figure 1D).

13



For these experiments, we found that the standard crude PCB obtained from Spirulina'
proved phototoxic to the embryo even when delivered at concentrations as low as 10uM (Figure
1E). However, further HPLC purification of PCB (see methods) removed this toxicity. When
embryos were bathed in purified PCB for 20 hours embryo survival was not significantly different

between treated and controls, even at PCB concentrations up to 300uM (data not shown).
3. EGFP can be reversibly shuttled between the cytoplasm and cell membrane

To test whether the truncated version of PHYB (missing the C-terminal HKRD or PAS repeated
domain) was capable of reversibly recruiting PIF6-tagged proteins to the cell membrane of
neuroepithelial cells within the developing zebrafish embryo brain, RNA encoding PHYB-
MCherry-CAAX (the same construct used in Figure 1Aii) and PIF6-EGFP was co-injected into 1
cell of 4-16 cell stage embryos along with PCB. Embryos were then raised in the dark. At the
15-somite stage, embryos were globally exposed to alternating 5-minute intervals of 650nm
(ON) and 750nm (OFF) filtered bright-field light, and the expression of PHYB-MCherry-CAAX
and PIF6-EGFP was assessed by confocal microscopy at the end of each interval. This resulted
in the robust and repeatable shuttling of EGFP between the cell membrane and the cytoplasm
(Figure 2). The relative differences in EGFP intensity between cytoplasm and membrane under
the different light conditions were quantified (Supplementary figure 1). These analyses
demonstrated a large and significant reduction of 39% in EGFP intensity within the volume of
the cytoplasm when PHYB-PIF binding was activated under 650nm light (Supplementary figure
1A). A concurrent increase of 24% in EGFP intensity within the membrane was also seen
(Supplementary figure 1B). This resulted in a 43% higher level of EGFP intensity at the

membrane when compared to the cytoplasm under 650nm light (supplementary figure 1C).

To test the speed of PHYB-PIF binding and unbinding, we quantified PIF6-EGFP localisation

over time following bright field (ON) and 740nm (OFF) filtered bright-field light (Figure 3). This

14



data demonstrates that PHYB-PIF binding is rapid: A time constant (1) of 6.5s was found for
decreasing cytoplasmic EGFP levels, which plateaued 33% lower than starting levels (Figure
3B). Unbinding of PHYB-PIF was slower than binding but still relatively rapid: A T of 46.9s was
found for increasing cytoplasmic EGFP levels (Figure 3C). Cytoplasmic readings may be more
robust than membrane readings due to the difficulty of restricting sampling of fluorescence

intensity from membrane alone (discussed later).

This is the first demonstration of the experimental movement of proteins between different cell
compartments within a multicellular organism using the phytochrome system and demonstrates

a high degree of temporal resolution.

4. Subcellular control of protein localisation

In order to probe specific signalling and polarity pathways within cells, it is necessary to control
protein localisation at a subcellular level. We therefore tested the capability of the phytochrome
system to recruit a cytoplasmically localised EGFP protein (PIF6-EGFP) to a specific region of
the plasma membrane. As before, RNA encoding PHYB-MCherry-CAAX and PIF6-EGFP was
co-injected into 1 cell of 8-16 cell stage embryos along with PCB. Embryos were then raised in
the dark. At approximately the 14-15 somite-stage, selected embryos were globally exposed to
bright field light, causing PIF6-EGFP to be uniformly recruited to the cell membranes (Figure
4A). The embryos were then globally exposed to 740nm filtered bright-field light causing PIF6-
EGFP to leave the membrane (Figure 4B). A region of interest was then specified over a
restricted part of the plasma membrane (Figure 4C) and low levels of 633nm laser light were
specifically localised to this region in the presence of global 740nm light. This resulted in the
robust and specific recruitment of PIF6-EGFP to the ROI (Figure 4D). The embryos were then
globally exposed to low levels of 633nm laser or bright field light, resulting in the recruitment of

PIF6-EGFP to all cell membranes (Figure 4E). Subcellular recruitment was rapid, occurring
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within 1 minute of exposure to 633nm light (Figure 4Di). Longer exposures to 633nm light still
resulted in robust subcellular recruitment, without obvious bleaching(15 minutes, figure 4Dii).
Subcellular recruitment was successful both in superficial large EVL cells and in the deeper and

smaller NE cells (Figure 4).

To quantify subcellular recruitment dynamics, we then analysed the mean EGFP intensity from
different areas within the single cell shown in Figure 4Di. The restricted subcellular exposure to
633nm illumination resulted in a relatively larger increase in membrane recruitment when

compared to cells receiving a global exposure to 633nm (Figure 4F and Supplementary Figure

1).

These results demonstrate that the phytochrome system is an efficient method to accurately,
rapidly and reversibly recruit proteins to specific subcellular regions within a vertebrate embryo.
It therefore has the potential for highly specific control of subcellular signalling and polarity

pathways, both temporally and spatially.

5. Mislocalising Pard3 using the phytochrome system

In order to determine whether the phytochrome system can be used to alter polarity protein
distribution within the living zebrafish brain, we sought to mislocalize the apical polarity protein
Pard3. Pard3 is a key protein during epithelial development in many systems. Our previous
work has suggested that the spatial localisation of zebrafish Pard3 may play important roles in
establishing neuroepithelial polarity26-28 and in regulating asymmetric divisions in the neural
tube?®. Pard3 localises gradually but specifically to the tissue midline prior to lumen formation

during zebrafish neural tube development26-28 (summarized in Figure 5A). To manipulate Pard3
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localisation, we generated a fusion construct of Pard3 with EGFP and PIF6. This fusion protein
localised to apically positioned rings of epithelial junctions within the zebrafish neural rod (Figure
5B), thus faithfully reproducing endogenous Pard3 expression. Initially we sought to use the
phytochrome system to distribute Pard3 to the whole cell membrane of neuroepithelial cells,
rather than just to the apical domain (Figure 5Ci). To maximize the likelihood of success we first
did this using the constitutively active Y276H version of PHYB. RNA encoding Y276H PHYB-
CAAX and Pard3-EGFP-PIF6 was co-injected into 1 cell of 4 cell stage embryos along with
PCB. Embryos were then raised in the dark and imaged at approximately the 17-somite stage.
Since Y276H PHYB-CAAX is constitutively active (figure 1D), PHYB-PIF6 binding was induced
from very early in development, without the need for specific light exposure. Interestingly, at the
tissue level, both Y276H PHYB-CAAX and Pard3-EGFP-PIF6 were partially mislocalized:
Y276H PHYB-CAAX was not uniformly localised throughout the cell membranes but was
preferentially localised towards the more apical ends of cells, whilst Pard3-EGFP-PIF6 was
found both at its normal midline location but also in more basolateral domains. At a cellular
level, this some cells had a higher accumulation of both Pard3-EGFP-PIF6 and Y276H PHYB-
CAAX at or near the apical midline of the neural rod (as is normal for Pard3 localisation) (Figure
5Di). In other cells both proteins co-localized along the lateral edges of neuroepithelial cells

H)

(demonstrating a mislocalization of Pard3) (Figure 5Dii). This suggests that a ‘tug of war
occurred between the intended anchor (PHYB) and bait (PIF6) and resulted in a ‘streaky’
distribution of Pard3 throughout the neural rod but still with an apical bias (Figure 5Diii). When
embryo development was followed over time, Pard3-EGFP-PIF6 was found to gradually localise
to the midline, dragging Y276H PHYB-CAAX with it (Supplementary Figure 2A). Thus both the
CAAX anchor and Pard3 bait ended up at the midline. Eventually Pard3-EGFP-PIF6-rich apical

end feet formed and the lumen was able to open (Supplementary Figure 2B). These results

demonstrate that it is possible to link Pard3 to the membrane within neuroepithelial cells using
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the phytochrome system. However, the ‘pull’ of endogenous Pard3 to the midline is eventually
stronger than the ‘pull’ of CAAX-linked PHYB. We suspect the initial mislocalization of the
Pard3-EGFP-PIF6 and its subsequent correct localisation to the midline may reflect the timing of

the endogenous mechanism that traffics Pard3 to the midline.

We next attempted to use the phytochrome system to mislocalize Pard3 to targeted domains
within individual cells (Figure 5Cii). RNA encoding PHYB-MCherry-CAAX and Pard3-EGFP-
PIF6 was co-injected into 1 cell of 16-32 cell stage embryos along with PCB. Embryos were
then raised in the dark. EVL and NE cells were illuminated with 740nm light, to switch off PHYB-
PIF binding, and subsequently illuminated with 633nm light in specific ROIs within cells (5E and
F). Within the EVL this resulted in the specific upregulation of Pard3-EGFP-PIF6 to the ROI and
its concurrent depletion from its normal location in the surrounding cell membrane (figure 5Eiii).
Following further 740nm illumination, Pard3-EGFP-PIF6 redistributed back into the cell
membrane (figure 5Eiv). Within mature NE cells, 633nm illumination within specific non-apical
ROIs resulted in the specific upregulation of Pard3-EGFP-PIF6 to the ROI and its concurrent
depletion from the cytoplasm (Figure 5Fii)). The Pard3-EGFP-PIF6 that had already
accumulated at the apical midline was maintained, demonstrating either that the endogenous
mechanism of apical localisation is stronger than the competing PHYB-PIF6 binding or that
there is a low turnover between apical Pard3 and the cytoplasm. Continued 633nm illumination
within the ROI resulted in the NE cell entering division with two Pard3 positive poles (Figure
5Fiv); one at the normal apical midline (arrow) and one as a result of mislocalized Pard3 at the
basal pole (star). We then sought to mislocalize Pard3 to one pole of a cell undergoing mitosis
during midline crossing division (C-division). This resulted in the majority of Pard3-EGFP-PIF6
being recruited into one of the 2 daughter cells thus generating an asymmetric inheritance of
Pard3-EGFP-PIF6 (Supplementary figure 3B). This raises the exciting possibility of being able

to directly manipulate and test the importance of asymmetric inheritance of potential fate
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determinants in vertebrate neural progenitors.

These results show, for the first time, the subcellular mislocalization of a polarity complex

protein inside a living multicellular organism.
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DISCUSSION

Adapting the phytochrome system for use in a vertebrate embryo

Here we achieve functionality of the phytochrome system in vertebrate embryos by solving the
challenges of expressing the optogenetic components and delivering the PCB chromophore.
With regards to expressing the protein components, the removal of the C-terminal PAS repeat
domain in PHYB made a marked difference to the success of expression of PHYB protein in
living zebrafish embryos (Figure 1A), and the resulting truncated PHYB was still able to highly
efficiently and reversibly recruit PIF proteins (Figures 2 and 3). The C-terminal PAS repeat
domain of PHYB protein has been shown to be necessary and sufficient for regulating the light
dependent shuttling of the Pfr (activated) form of PHYB into the nucleus?. The localisation of
PHYB in the nucleus allows the regulation of gene expression within its native Arabidopsis.
Therefore removal of the PAS repeat domain may abrogate the regulation of native signalling
pathways. However, our current study suggests that when using the phytochrome system as a
reversible heterodimerizer tool, the C-terminal signalling domain is not necessary. This is in line
with earlier observations that the C-terminal is not actually directly involved in signal
transduction and that, if made to localise in the nucleus, the isolated N-terminal actually

mediates more sensitive signalling responses than full length PHYBS3!.

Injection of HPLC purified PCB chromophore directly into 1 cell of 16 cell stage embryos, along
with RNA encoding PHYB and PIF proteins, allowed successful penetration of PCB deep into
the embryo, without any obvious toxicity (Figure 1Cii). A more uniform level of PCB could be
achieved if zebrafish cells were engineered to synthesise their own PCB by genetically
introducing genes responsible for PCB synthesis (heme oxygenase 1 (HO1) and
PCB:ferredoxin oxidoreductase (PcyA)). This has previously been carried out in bacteria!® and

has now recently been successfully achieved in mammalian cells20 but has so far not been
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achieved in whole multicellular organisms. However we have found that, at least up to 24h.p.f,,
injection of PCB protein is sufficient for optogenetic experiments, and the transgenic generation

of PCB is not required.

Protein expression levels and efficiency of binding/unbinding

As noted previously in cell cultures3, we also found that achieving a proper ratio of PHYB and
PIF protein inside an individual cell are critical in assaying PHYB-PIF interactions. A relatively
higher level of PHYB is necessary to robustly recruit PIF protein to the membrane and to
deplete it from the cytoplasm. Following RNA injection, there is always a variance in the levels
of fusion proteins that are expressed between embryos and even between individual cells in one
embryo, so this resulted in some embryos and some cells within embryos that did not
significantly recruit PIF protein. If a more standardised level of protein expression (and therefore
PHYB-PIF binding) is required, stable transgenic lines of zebrafish should be made. Once PHY-
PIF binding is achieved, a solution to modulate recruitment levels despite cell-to-cell variability
in protein levels would be the use of a computational feedback controller, as has been used in
cell culture to vary the amount of light being delivered to each cell, therefore controlling the level

of PHYB-PIF binding over time and space’8.

The efficiency of PHY-PIF binding and unbinding achieved in vivo within the zebrafish embryo
was high. The speed of binding was slightly slower than in cell culture, with a 1t=6.5s for
cytoplasmic depletion during PHYB-MCh-CAAX:PIF6-EGFP binding in zebrafish (figure 3B),
compared with 1.3s during PHYB-MCh-CAAX:PIF6-YFP binding in NIH3T3 cells'*. However,
this still allowed us to reproduce the rapid and reversible shuttling of a fluorescent protein

between the cytoplasm and membrane within a few seconds as seen in cell culture (figures 2

21



and 3). The relative difference in EGFP levels between recruited membrane and the rest of the
cell is much more marked when binding illumination is restricted to subcellular ROIls (62%
higher EGFP levels in the membrane compared with the cytoplasm under binding light in figure
4 compared with 43% in supplementary figure 1). Unbinding speed was slower than binding,
with 1=46.9s for cytoplasmic increase in EGFP levels (Figure 3C). This may partly be due to the
differences in method used for measuring Ton and Tort rates (see methods). However, we
suggest that the main reason is ambient light causing low levels of PHYB-PIF binding, therefore

slowing down unbinding rates under 740nm light.

Since the cells being analysed in this work are within a living whole organism they are not static,
instead moving in all dimensions between time frames. This makes a standardised approach to
sampling from a single z-level challenging. Due to the different scales of membrane and
cytoplasm pools seen in single z-levels, sampling error from hand-drawn ROls is much greater
when specifying membrane ROIls than when specifying cytoplasmic ROls. Therefore, due to
contamination of the ROI by cytoplasmic voxels, the time constants (T) calculated for membrane
binding and unbinding of EGFP are artificially slowed and the variance is higher than in
cytoplasmic readings (Figure 3B and C). For the same reason, the readings for relative changes
in EGFP intensity in the membrane following different light exposures are artificially lower than
cytoplasmic readings (e.g. compare supplementary figure 1A and B). Therefore the cytoplasmic

readings should be viewed as truer kinetics measurements in these experiments.

It should be noted that we found PHYB-PIF binding to be very sensitive to ambient light. Even
background light from computer monitors was enough to initiate some PHYB-PIF binding, and
bright field light very effectively caused binding. As previously discussed, the more blue-shifted
the light wavelength, the less binding it will cause but even wavelengths as low as 488nm cause

some PHY-PIF binding'8. We also found this to be the case in zebrafish embryos. Conversely,
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only wavelengths of light very close to 740-750nm were sufficient to initiate unbinding. This
sensitivity necessitates careful experimental design and control. However, it also makes it highly
unlikely that PHY-PIF binding will be reversed by exposure to background light, making the use

of the phytochrome system for subcellular recruitment robust.

Altering apico-basal polarity in live zebrafish embryos

To demonstrate that the phytochrome system can be used to alter polarity pathways within the
living zebrafish brain, we chose to manipulate Pard3 localisation during neuroepithelial
development. Pard3 is a key apical polarity protein in epithelia and has been shown to be
instrumental in normal zebrafish neural tube development. For example, it has been shown to
be important in mediating mirror-symmetric cell division during zebrafish neural rod
development?6, allowing proper lumen formation??, positioning centrosomes34, and promoting
neurogenic divisions in the brain29. Global knock out of Pard3 is informative, but a more targeted
manipulation of Pard3 localization would elucidate the role of these proteins in individual cells
and at individual times. We therefore used the phytochrome system to recruit Pard3-EGFP-PIF6
to specific ectopic areas of the cell membrane. While mislocalization within the EVL resulted in
the concomitant depletion of Pard3-EGFP-PIF6 from its normal location around the cell
periphery (Figure 5E), the endogenous drive for Pard3 to localize to the apical midline in NE
cells was stronger than the ‘pull’ to ectopic localizations generated by subcellular illumination
with 633nm laser light and Pard3-EGFP-PIF6 was still able to localise at the apical midline
(Figure 5 and supplementary figures 2 and 3). This result raises several experimental
considerations that need to be met before the phytochrome system can be used for robust
subcellular manipulation of polarity proteins within multicellular organisms. First, these

experiments were carried out using the overexpression of fusion proteins in a wild-type
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background. This means that endogenous Pard3 should not have been affected by PHYB
binding and may have made it more permissive for Pard3-EGFP-PIF6 to reach the tissue
midline via endogenous mechanisms. A genetic approach to replace endogenous Pard3 with
PIF-tagged Pard3 may make Pard3-EGFP-PIF6 mislocalization more robust and would
standardise protein expression levels. Secondly, while specifying an ROI using a point scanner
approach, as in figures 4 and 5, is a simple and effective way in which to pattern light
illumination, it is only possible to do this at a single z-level. Due to the cone effect of
conventional confocal microscopes, the PHYB-PIF binding induced via this method may not
have generated a sufficiently accurate binding area to generate a robust ‘pulling force’ and to
therefore mislocalize all of the Pard3-EGFP-PIF6 present within cells. Third, while only the ROI
was specifically illuminated with binding 633nm light, the whole embryo was bathed in unbinding
740nm light. This is likely to have reduced the binding efficiency of the ROI. Fourth, as
mentioned phytochrome binding is very sensitive to ambient light and even 488nm causes some
binding. Therefore, every time an image was taken, global binding occurred briefly, again
disrupting specific recruitment to the ROI. Ultimately, a more sophisticated method to create
inverted light patterns with a much higher z-specificity would be to employ a spatial light
modulation system35. This type of structured illumination will be necessary to allow 3D ROls to
be made as well as to allow simultaneous imaging and control of binding/unbinding of PHYB

and PIF.

These experiments have demonstrated that the phytochrome system can be used in live
multicellular organisms to investigate the role of particular components of cell polarity pathways
at different times at a subcellular level in a whole organism. The phytochrome system therefore
has the potential for an unprecedented level of experimental specificity within whole organisms,

both temporally and spatially.
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CONCLUSION

We have successfully developed the use of light-induced heterodimerization to control
subcellular protein movement within the in vivo zebrafish brain using the phytochrome system.
This system is rapidly reversible and allows a very high level of temporal and spatial control,
with binding rates close to those seen in cell culture. As a proof of principle, we also show that
the phytochrome system can be used to alter polarity pathways within the living zebrafish brain
by manipulating subcellular Pard3 location within both EVL and NE cells. The phytochrome
system can therefore be used in whole multicellular organisms in order to specifically
manipulate protein location at a specific tissue or subcellular level in a temporally controlled and
reversible manner, in combination with high-resolution time-lapse microscopy. This removes the
need to globally remove proteins or to abrogate their function, with the potential to make
experimental approaches much more targeted. The phytochrome heterodimerization technique
will be particularly useful to studies in which protein localisation and timing is critical, such as
studies of cell polarity and migration. The system is also optimal when exact titrations of
optogenetic input are important, since ratiometric activation by red/infrared is possible'6.18, and
allows the use of multiple activity probes (such as FRET sensors) in conjunction with

optogenetic control.

This is the first time that the phytochrome system has been successfully used in live
multicellular organisms, and allows an unprecedented level of experimental control. We envision
that the specific optimizations and general methodology detailed here will enable similar

successes in other organisms.
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METHODS

Phycocyanobilin (PCB) extraction and HPLC purification

PCB was extracted as described previously33. The PCB was then further purified: The PCB-
DMSO solution was spun at 5000xG 10min at room temp. The supernatant was passed through
glass wool and a 0.45um filter. The filtered PCR-DMSO solution was run on a C18 column
(Waters Atlantis Prep T3 OBD 5 um, 19x100mm column). Solution A: 0.5% formic acid in water.
Solution B: 0.5% formic acid in acetonitrile. The sample was run with a gradient to 5% solution B
in 5 min, followed by a gradient to 100% solution B in 11 minutes. Liquid chromatography-mass
spectrometry confirmed only the major peak contained PCB (587.6 g/mol). PCB from the major
peak was pooled, lyophilized and resuspended in a minimal amount of DMSO. To obtain the
final PCB concentration, a small amount of the final preparation was diluted 1:100 into 1 mL
95:5% MeOH:HCI (37.5%) solution and the absorbance at 680 nm measured. In 95:5%
MeOH:HCI, the extinction coefficient of PCB is 37,900 M-' cm-1. Typical final concentrations
from this procedure were between 3 and 15 mM. The PCB was diluted to 12.5mM in DMSO and

stored at -20 °C until use.

Confocal imaging
Embryos were mounted in low melting point agarose and imaged on upright Leica LSM
microscopes (SP5 and SP8) using high Na water dipping x25 and x65 objectives. Images were

processed using Volocity and Image J software.

Far red and infra-red light sources

Whole embryo illumination experiments were carried out under bright light filtered through a
650nm band-pass filter (Edmund Optics) and a 750nm long-pass filter (Newport, RG9).
Subcellular recruitment experiments were carried out using a low intensity of the 633nm laser

on a laser scanning confocal microscope (Leica SP5) within a region of interest (ROI). The
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background was illuminated with filtered 740nm light from a Schott KL 1500 LCD light source,
filtered with bandpass glass (Envin Scientific Ltd.). When taking confocal images of EGFP
localization during subcellular experiments it was necessary to briefly switch off both the 633nm

laser and the 740nm unbinding light.

Binding and unbinding assays

Binding and unbinding assays were carried out on a laser scanning confocal microscope (Leica
SP5) at 28.5°C. For the binding assay (Figure 3B) we replaced 740nm light with BF light at 0
seconds and took an image under 488nm light every 4 seconds. Since even 488nm light caused
binding in our experiments we took a different approach for the unbinding assay (Figure 3C). At
0 seconds we replaced BF light with 740nm light and took an image under 488nm light after 15
seconds. We then recruited GFP to the membrane under BF light for approximately 1 minute
before again replacing BF light with 740nm light and taking an image under 488nm light after 30

seconds. This process was repeated for all timepoints assessed.

Image analysis

To calculate relative EGFP intensity, mean EGFP intensity readings from 3-4 ROls were taken
for each condition from both the cell membrane and the cytoplasm using Volocity image
analysis software, as well as from the background of the image. The mean background reading
was then subtracted from each of the ROI readings. ROI readings were normalised to overall
EGFP levels, as described in figure legends. Statistical analyses are described in the figure

legends and were carried out using Graphpad Prism software.

Fusion constructs
Fusion constructs were made using the PCS2+ plasmid backbone using an enzymatic
assembly method36. 10 amino acid polyglycine-serine linkers were used in most constructs.

RNA was then synthesised with the Ambion mMessage mMachine System from the sp6
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promoter (AM1340) and injected into early embryos as described in the text using standard

injection protocols3?. Details of constructs are below:

Construct name

Composition

Approximate amount
injected

1. N-PAS2-GAF-PHY-PAS

1-917 amino acids of
Arabidopsis PHYB (Gene ID:
816394), tagged with
MCherry fluorescence protein
and the CAAX membrane
moiety. Mammalian codon
optimised

0.2ng

2. N-PAS2-GAF-PHY/PHYB-
MCherry-CAAX

1-621 amino acids of
Arabidopsis PHYB (Gene ID:
816394), tagged with
MCherry fluorescence protein
and the CAAX membrane
moiety. Mammalian codon
optimised

0.2ng-0.25ng

3. Y276H PHYB-CAAX and
Y276H PHYB

1-621 amino acids of
Arabidopsis PHYB (as in
construct 2) with and without
the CAAX membrane moiety
tag. Tyrosine residue 276 of
PHYB was mutated to
Histidine.

0.2ng-0.25ng (CAAX tagged)
0.15ng (without CAAX tag)

4. H2A-GFP

Histone 2A tagged with GFP

0.04ng

5. PIF6-EGFP

1-100 amino acids of
Arabidopsis PIF6 (Gene ID:
825382), tagged with EGFP
fluorescent protein.
Mammalian codon optimised.

0.05ng

6. Pard3-EGFP-PIF6

Full length zebrafish Pard3
(Gene ID: 403050), tagged
with EGFP fluorescent
protein and Arabidopsis PIF6
(as in construct 5).

0.1-0.15ng
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Embryo Care
Embryos were collected, staged and cultured according to standard protocols37:38. All

procedures were carried out with Home Office approval and were subject to local Ethical

Committee review.
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Figure 1: Adapting the phytochrome system for use in a vertebrate
embryo
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Figure 1

A. 50um Z-projections through the hindbrains of approximately 14-somite stage zebrafish
embryos mosaically labelled with PHYB-MCherry-CAAX fusion proteins with different PHYB
truncations. Dotted lines denote basal edges. (i) N-PAS2-GAF-PHY-PAS contains a PAS
domain at the C-terminal and was not successfully expressed in 6/6 embryos. (ii) N-PAS2-GAF-
PHY does not contain a PAS domain at the C-terminal and was robustly expressed in cell
membranes in 9/9 embryos. Bi. Normal PHYB covalently binds PCB chromophore. Energy from
far-red light causes photoisomerisation of PCB and the allosteric transition of PHYB from its
inactive (Pr) to its active (Pfr) state. This is reversible by infrared light exposure (not shown).
The Pfr state can bind PIF. Bii. Conjugation of PCB with Y276H mutant PHYB creates an
activated holoprotein that can directly bind PIF, without the need for far-red light illumination25.
Energy from far-red illumination causes infra-red fluorescence. Ci. An oblique single z-slice
through the overlying enveloping layer (EVL) and the underlying developing neuroepithelium of
a 14h.p.f. embryo, labelled with Y276H PHYB and H2A-GFP. Only the EVL fluoresces under far
red light (magenta), demonstrating binding of PCB to Y276H PHYB. Cii. A single horizontal z-
slice through the neuroepithelium of an 18h.p.f. embryo, mosaically labelled with Y276H PHYB-
CAAX and PIF6-EGFP. Basal edges are labelled with dotted lines. The membranes of all
labelled cells fluoresced under far red light, demonstrating binding of PCB to Y276H PHYB-
CAAX. PIF6-EGFP was also recruited to the membrane in these cells. D. A rotated and
magnified view of cells from the same embryo as in ‘Cii’. Anterior is up. PIF6-EGFP recruitment
to the membrane was not reversed after 5 minutes exposure to 750nm light. E. Time-course of
percentage embryo survival after 3-5h.p.f. embryos were dechorionated and bathed in

increasing concentrations of unpurified PCB. 50 embryos were used for each concentration.
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Figure 2: Light-controlled shuttling of protein between cytoplasm
and membrane in vivo
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Figure 2

A. Sequential images of a horizontal single z-slice through the developing neuroepithelium of a
15 somite embryo mosaically labelled with PHYB-MCherry-CAAX and PIF6-EGFP. The embryo
was illuminated with alternating 5-minute exposures to 650nm and 750nm light. PIF6-EGFP was
recruited to the membrane after 650nm illumination and shuttled back to the cytoplasm after
750nm illumination. B. Relative EGFP intensity after alternating 650nm and 750nm illumination,
normalised to mean 750nm levels from combined membrane and cytoplasm readings. EGFP
intensity readings for each area were taken from 3-4 ROls, totalling between 26 and 45um? (see
images on right of graph as examples). The mean background EGFP intensity was calculated in
the same manner for each image and subtracted from each membrane or cytoplasmic value.

Error bars denote standard error of the mean.
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Figure 3: Rapid Kkinetics of PhyB-PIF binding and unbinding
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Figure 3

A. A sagittal z-slice through neuroepithelial cells of an approximately 15-somite stage embryo
mosaically labelled with PHYB-MCherry-CAAX and PIF6-EGFP. Only the green channel is
shown. At 0 seconds, 740nm illumination was replaced with bright field illumination and PIF6-
EGFP was rapidly recruited to the membrane. B and C. Quantification of EGFP intensity over
time following bright field (B) and 740nm (C) illumination. EGFP intensity readings for
membrane and cytoplasm area were taken from 3 ROIs per timepoint, similar to those
described in figure 3 (shown on the image on the right). The mean background EGFP intensity
was subtracted from each timepoint and EGFP intensity was normalised to mean levels at t=0
seconds. One-phase exponentials were fitted to EGFP levels, generating time constants (1) for
binding and unbinding of PIF6 to PHYB. 1 = time taken for EGFP levels to either decrease by a
factor of 1/e (approximately 36.8% of the original amount) or to increase by a factor of 1-1/e
(approximately 63.2% of the asymptotic value). Error bars denote standard error of the mean.
Black lines denote 95% confidence bands. B. Quantification was from the cells shown in ‘A’.
Time constants (1) of 6.5 seconds were generated for cytoplasmic EGFP decrease and 15.4
seconds for membrane EGFP increase during the binding and PIF6 tp PHYB. C. Quantification
was from NE cells from an approximately 22 somite stage embryo. At 0 seconds, bright field
illumination was replaced with 740nm illumination and PIF6-EGFP was lost from the membrane.
Time constants (T) of 46.9 seconds were generated for cytoplasmic EGFP increase and 102.5

seconds for membrane EGFP decrease during the unbinding of PIF6 from PHYB.
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4. Subcellular control of protein localisation
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Figure 4

Sequential single z-slices through (i) two enveloping layer (EVL) cells of an approximately 14
somite-stage embryo and (ii) a collection of horizontally viewed neuroepithelial (NE) cells,
mosaically labelled with PIF6-EGFP and PHYB-MCherry-CAAX. Dotted line denotes developing
midline of the neural rod. Anterior and posterior orientation is indicated with ‘A’ and ‘P’. Only the
green channel is shown and is pseudo-coloured with the ‘Fire’ look-up table. The embryos were
exposed to different patterns of low-level 633nm laser light and 740nm filtered bright-field light.
A. Uniform bright-field (BF) light. B. Uniform 740nm light for 2 minutes (EVL) and 4 minutes
(NE). C. ROI region was specified whilst illuminated with 740nm light. D. 633nm light was
specifically delivered within the ROI with a background uniform 740nm light. EVL cells were
illuminated for 1 minute. NE cells were illuminated for 15 minutes. PIF6-EGFP was specifically
recruited to the areas of cell membrane that were illuminated with 633nm light. Successful
subcellular PIF6-EGFP membrane recruitment was seen in 3 EVL cells and 8 examples of NE
cells. E. Uniform 633nm light for 1 minute (EVL) or BF light for a few seconds (NE). F.
Quantification of EGFP intensity from the image depicted in Di. EGFP intensity readings for
membrane and cytoplasm area were taken from 3 ROls for each region, similar to those
described in figure 3 (shown on the image on the right). ROIs were placed at the membrane and
in the cytoplasm both from regions illuminated by 633nm light and from those illuminated by
740nm light only. A one-way ANOVA with Tukey’s multiple comparison test was carried out. This
demonstrated that the EGFP intensity in the membrane illuminated with 633nm light was
significantly higher when compared to all other regions of the cell. However, EGFP intensity was
not significantly different between the different areas of cytoplasm or the membrane illuminated

by 740nm only.
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Figure 5: Mislocalising Pard3 using the phytochrome system
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Figure 5

A. Cartoon illustrating the localisation of Pard3 (green) during the maturation of neural epithelial
cells within the developing neural tube. At keel stages Pard3 broadly localises to the tissue
centre before division. Midline crossing divisions (C-divisions) occur at the centre of the tissue
and localise Pard3 more specifically to their cleavage planes, helping to produce a precise
localisation of Pard3 at the tissue midline at rod stages. The neural tube lumen then cavitates
from this midline, resulting in the opening of the neural tube. NE cells undergo further rounds of
division at the Pard3-labelled apical surface during interkinetic nuclear migration, resulting in the
production of both NE cells and neurons. B. An 84um horizontal z-projection through the
neuroepithelium of a mosaically labelled 20h.p.f. embryo (approximately 22 somite stage).
Pard3-EGFP-PIF6 localises normally to the apical end feet of neuroepithelial progenitor cells,
which are visible as rings close to the tissue midline (dotted line). C. Cartoon depicting the
experimental aims. Example cells are from the neural keel stage. i. By linking Pard3-EGFP-PIF6
to Y276H PHYB-CAAX, we aimed to mislocalize Pard3 to the whole cell periphery. ii. By
illuminating a subcellular ROI within NE cells with 633nm light, we attempted to link Pard3-
EGFP-PIF6 to PHYB-MCh-CAAX specifically within this region, therefore mislocalizing it to the
basal ends of NE cells. Di and ii. Two examples of single horizontal z-slices through an
approximately 17-somite stage embryo, showing colocalization between Y276H PHYB-CAAX
and Pard3-EGFP-PIF6 (white). The two different channels are shown separately below the
merged image. i. Pard3-EGFP-PIF6 has mainly reached the midline, dragging Y276H PHYB-
CAAX with it (e.g. arrow). ii. Pard3 is mislocalized along the lateral edges of neuroepithelial
cells (e.g. star). Diii. A 71um horizontal z-projection of the same embryo as in Bi and ii. Pard3-
EGFP-PIF6 is partially mislocalized along the lateral edges of neuroepithelial cells but is still
broadly localized towards the midline. E and F. Sequential single z-slices through (E) an

enveloping layer (EVL) cell of an approximately 18 somite-stage embryo and (F) a pair of
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neuroepithelial (NE) cells of an approximately 21 somite-stage embryo, labelled with Pard3-
EGFP-PIF6 and PHYB-MCherry-CAAX. The green channel is shown alone and is pseudo-
coloured with the ‘Fire’ look-up table. The embryos were exposed to different patterns of low-
level 633nm laser light and 740nm filtered bright-field light. Ei. In the unbound state under
740nm light, Pard3-EGFP-PIF6 is distributed around the whole cell membrane. ii. ROI region
was specified whilst illuminated with 740nm light. iii. 633nm light specifically within the ROI with
a background uniform 740nm light for 23 minutes. Pard3-EGFP-PIF6 specifically accumulated
to the ROI (star) and was depleted from surrounding cell membrane (e.g. arrow). iv. Uniform
740nm light for 9 minutes. Pard3-EGFP-PIF6 was redistributed along the cell membrane.
Internal EGFP signal is an artefact. Fi. Mature NE cells without and with pseudo-colouring.
Basal edges of the neural rod are indicated by dotted lines. Following BF illumination some
Pard3-EGFP-PIF6 has accumulated normally at the apical surface (arrow) and some has been
mislocalize to the lateral cell membrane (star). ii. Uniform illumination with 740nm light. Ectopic
Pard3-EGFP-PIF6 shuttled from the cell membrane to the cytoplasm. Apically accumulated
Pard3-EGFP-PIF6 remained (arrow). ROI region was specified while illuminated with 740nm
light. iii. 633nm light specifically within the ROI with a background uniform 740nm light for 5
minutes. Pard3-EGFP-PIF6 specifically accumulated to the ROI and was depleted from
surrounding cytoplasm. Apically accumulated Pard3-EGFP-PIF6 remained (arrow). iv. Specific
633nm illumination within the ROl was maintained for another 14 minutes, after which the cell
started to divide with ectopic Pard3 at its basal pole. Successful subcellular recruitment of

Pard3-EGFP-PIF6 was seen in 21 NE cells of varying levels of maturity.
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Supplementary Figure 1:
Statistical analysis of EGFP intensity

all ROlIs
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Supplementary Figure 1

The ROls from figure 2B were combined and used to compare the mean EGFP intensity under
different light conditions and at different regions of the cell using unpaired 2-way t-tests. Since
the total area sampled varied between each image, the mean EGFP intensity from the ROls in
each image were also compared in the same way. Error bars denote standard error of the
mean. A. There was a 39% higher EGFP intensity in the cytoplasm under 750nm light than
under 650nm light (P=0.0009 for all ROIs and 0.5 for mean ROIs). B. There was a 24% lower
EGFP intensity in the membrane under 750nm light than under 650nm light (P<0.0001 for all
ROIs and 0.0038 for mean ROIs). C. There was a 43% lower EGFP intensity in the cytoplasm
than in the membrane under 650nm light (P<0.0001 for all ROIs and 0.0016 for man ROIs). D.
There was a 20% higher EGFP intensity in the cytoplasm than in the membrane under 750nm

light (P=0.0043 for all ROIs and 0.939 for mean ROls).
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Supplementary Figure 2:
Gradual midline localisation of Pard3-EGFP-PIF6
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Supplementary Figure 2

Basal edges of the developing neural tube are shown by dotted lines. Developing midline is
shown by small dotted line. A. Time series of a 73um horizontal z-stack through the hindbrain of
a developing zebrafish embryo. Although Pard3-EGFP-PIF6 was initially mislocalized around
the membrane of NE cells, it gradually localised to the midline, dragging Y276H PHYB-CAAX
with it. B. Horizontal 64um z-stack through the hindbrain of a 26-somite stage embryo showing
colocalization of Pard3-EGFP-PIF6 and Y276H PHYB-CAAX at the apical end-fee of NE cells
lining the open lumen. The two different channels are shown separately below the merged

images.
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Supplementary Figure 3:
Mislocalisation of Pard3 during C-division
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Supplementary Figure 3

A. A single horizontal z-slice through a NE cell undergoing C-division within a 13-somite
zebrafish embryo. The cell is labelled with Pard3-EGFP-PIF6 and PHYB-MCherry-CAAX. B.
The same cell as in ‘A’ after: (i) global recruitment to the membrane. Pard3-EGFP-PIF3 has
been recruited to the cell membrane around the whole periphery of the cell. (i) 740nm light
illumination. The majority of Pard3-EGFP-PIF3 has shuttled into the cytoplasm. (iii) 633nm
illumination specifically within the ROI (indicated by white box) with a background uniform
740nm light over 18 minutes. The majority of Pard3 localised within the ROI and therefore in the
topmost cell. Some Pard3-EGFP-PIF6 was able to localise to the cleavage plane between the
two cells after 11 minutes (white arrow). Both top and bottom cells integrated into their
respective sides of the neuroepithelium. C. 3D reconstruction of the pair of sister cells after 4.5
hours of recruitment to the basal end of the top-most cell. Some Pard3-EGFP-PIF6 was
localised basally (star). However, some was still able to localise apically (arrow). Image is

shown with both red and green channels followed by green channel only.
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CHAPTER THREE

An optogenetic gene expression system with rapid activation and deactivation kinetics.

“Well, you should probably stay as long as you can stand it.”

-Didier Stainier

Adapted from Laura B Motta-Mena, Anna Reade, Michael J Mallory, Spencer Glantz, Orion D
Weiner, Kristen W Lynch & Kevin H Gardner (2014), An optogenetic gene expression system
with rapid activation and deactivation kinetics. In Nature Chemical Biology volume 10, issue 3,

pp 196—202. Nature Publishing Group. Terry Sheppard and Catherine Goodman, editors.
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SUMMARY

Optogenetic gene expression systems can control transcription with spatial anD temporal detail
unequaled with traditional inducible promoter systems. However, current eukaryotic light-gated
transcription systems are limited by toxicity, dynamic range, or slow activation/deactivation.
Here we present an optogenetic gene expression system that addresses these shortcomings
and demonstrate its broad utility. Our approach utilizes an engineered version of EL222, a
bacterial Light-Oxygen-Voltage (LOV) protein that binds DNA when illuminated with blue light.
The system has a large (>100-fold) dynamic range of protein expression, rapid activation (< 10
s) and deactivation kinetics (< 50 s), and a highly linear response to light. With this system, we
achieve light-gated transcription in several mammalian cell lines and intact zebrafish embryos
with minimal basal gene activation and toxicity. Our approach provides a powerful new tool for

optogenetic control of gene expression in space and time.
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INTRODUCTION

Essential for many research applications in biomedical research, inducible promoter systems
have enabled the artificial control of gene transcription in eukaryotic cells (1,2). While these
approaches have generated widely useful tools, their reliance on small molecule inducer
compounds (e.g. doxycycline) limits their utility when precisely timed or localized induction is
needed. Once inside a cell, chemical inducers are also limited by their rate of diffusion (slowing
activation), difficult removal (slowing deactivation), and potential off-target effects on normal
cellular function. In contrast, light is a rapid and nontoxic stimulus that naturally regulates many
different cellular processes in diverse settings (3). To take advantage of these favorable
properties, a variety of natural photosensitive proteins have recently been engineered into light-
controlled transcriptional activators (4-11). Such newly developed light-dependent regulatory
systems have the potential to enable the activation of gene expression with previously

unattainable spatial and temporal control.

Nevertheless, these existing systems have significant drawbacks that limit their use in a wide
range of experiments. Major disadvantages include toxicity (12), low levels of transcriptional
activation (< 20-fold) (4-8,11), long deactivation times on the order of hours (10), use of exotic
chromophores not found in vertebrate systems (4,5), potential interference of the active
photoreceptor with endogenous signaling pathways (8), and the need for multiple protein

components (4,6,7,9,11).

To address these limitations, we developed a new inducible promoter system that is based on
the bacterial transcription factor EL222 (13), which consists only of the minimal elements

needed for light-dependent transcriptional activation: a photosensor and a DNA-binding domain.

The photosensor is a flavin-binding LOV (14) domain, which controls a standard Helix-Turn-
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Helix (HTH) DNA-binding domain in this protein. We previously demonstrated that the EL222
LOV domain binds to the HTH domain in the dark, blocking access to the HTH 4a helix that is
essential for dimerization and DNA binding (13,15). Blue light illumination (450 nm) triggers the
photochemical formation of a protein/flavin adduct within the LOV domain, leading to
conformational changes that disrupt the inhibitory LOV/HTH interactions and allow the protein to
dimerize and bind DNA. These structural changes spontaneously reverse in the dark, rapidly
reverting EL222 to its inactive state (T ~11 s at 37°C) (16). Within the native Erythrobacter
litoralis HTCC2594 host, we observed the light-dependent activation of genes adjacent to
EL222-binding sites identified by ChlP-Seq, strongly implicating this protein as a photosensitive

transcription factor (15).

Our mechanistic understanding of EL222 paves the way for its use in a novel, broadly
applicable, single component system for light-dependent gene activation useful in a broad array
of settings. Here we report that a minimally-engineered variant of EL222 activates transcription
in several different kinds of eukaryotic cells upon stimulation with moderate levels of blue light.
With this system, we demonstrate over 200-fold upregulation of gene expression from an
EL222- responsive luciferase reporter in 293T cells illuminated with levels of blue light
compatible with robust cellular growth. In contrast, dark state and red light controls show < 2-
fold changes, establishing minimal leakiness under non-inducing conditions. Our system has
rapid activation (< 10 s) and deactivation kinetics (< 50 s), which compare favorably to the > 2
hr turn-off kinetics of a recently developed LOV-based transcriptional system (10). Furthermore,
our system can achieve functional regulation of cellular processes, as we demonstrate for light-
gated regulation of splicing in T-cells. Finally, we demonstrate that EL222 can be used for
applications with either global or tissue-specific gene expression in zebrafish in a light-

dependent manner and with minimal toxicity, further expanding the repertoire of this expression
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system. In sum, these data highlight the broad utility of the EL222 system and its unique

strengths as an optogenetic tool.
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RESULTS

Development of an inducible gene expression system based on EL222

EL222, a small (222 residue) transcription factor from Erythobacter litoralis HTCC2594, serves
as the foundation of our engineered expression system (Fig. 1a). While this protein functions as
a photosensitive transcriptional activator in its native prokaryotic host (15), two N- terminal
additions adapt it for eukaryotic applications: a VP16 transcriptional activation domain (AD) (17)
and a canonical nuclear localization signal (NLS) sequence (Fig. 1a). Western blot analysis
confirmed that the resulting VP-EL222 fusion protein was expressed in 293T cells and
distributed between the nucleus and cytoplasm (Supplementary Results, Supplementary Fig.

1a).

To test the potency of the VP-EL222 transactivator system, we constructed a reporter vector
containing the firefly luciferase (Fluc) gene under the control of five copies of the EL222- binding
Clone 1-20 bp (C120) (15) sequence and a canonical TATA box (pC120-Fluc) (Fig. 1a). In
transient transfection experiments, 293T cells expressing pVP-EL222 showed higher levels of
luciferase when illuminated with pulsed blue light for 24 hr (20 s on, 60 s off; 8 W/m2 at 465 nm)
compared to transfected cells kept in the dark (Fig. 1b). The light-driven upregulation of
luciferase levels required EL222, since transfection of a vector containing only the VP16 AD
(empty vector) showed effectively no activation of the pC120-Fluc reporter in any condition.
Importantly, the luciferase levels observed with VP-EL222 in the dark are quite similar to those
measured from cells expressing VP16 AD alone, indicating that the VP-EL222 has minimal dark
state activity as seen with in vitro DNA binding assays (13,15). To quantify the fold change (FC)
in transcriptional activation of pC120-Fluc, we normalized the firefly luciferase values to an
internal vector control (co-transfected with pVP-EL222 and pC120-Fluc) that used the

constitutive CMV promoter to drive expression of Renilla luciferase (Rluc). After normalization,

58



we calculated that cells transfected with VP-EL222 showed 216-fold upregulation in luciferase
relative to cells transfected with empty vector when illuminated with blue light. In contrast, cells
kept in the dark showed only a two-fold change (Fig. 1c), as expected from the lack of an intact
C120 EL222 binding site in the human genome (Supplementary Table 1) and the low affinity of
EL222 for DNA in the dark (13,15). These factors lead to a net 108-fold increase in luciferase

expression that is directly attributable to illumination.

For maximum utility, specificity in inducible promoter systems is essential — both with target DNA
sequences and with input stimuli — to avoid off-target effects. For the former, we have previously
investigated the in vitro specificity of EL222 with the C120 DNA sequence, showing that
changes to single base pairs within the sequence could produce over ten-fold reductions in
EL222/DNA affinity(15). Here we show that the VP-EL222 chimera retains its ability to bind to
C120 DNA with high specificity in 293T cells, as measured by its ability to selectively drive
luciferase expression from the pC120-Fluc reporter compared to two other control reporter
constructs (Fig. 1d,e). The first control contains three copies of a lower affinity EL222 substrate
called AN45(13) (p(AN45)3-Fluc); gel shift assays suggest that AN45 binds EL222 with an EC50
of approximately 30-fold more weakly than C120(13,15). A second control contained five copies
of the GAL4-binding Upstream Activation Sequence (UAS) (p(UAS)5- Fluc). In both cases,
luciferase expression levels were relatively low and invariant between dark and light conditions
when co-transfected with pVP-EL222. Additional experiments confirmed that expression of pVP-
EL222 in 293T cells did not significantly affect cell viability as compared to the pVP-empty
control (Supplementary Fig. 1b), which suggests that neither VP- EL222 itself, VP-EL222 driven
transcription nor our illumination protocol alter normal cellular function with any gross off-target
activities. Lastly, we found that VP-EL222 is specifically activated by blue light, consistent with

the flavin photochemistry used within LOV domains. This is supported by the inability of
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continuous red light to significantly upregulate luciferase from the pC120-Fluc reporter above

the level observed in the dark (Supplementary Fig. 1c,d).

Together these data demonstrate that the functional and photochemical properties inherent to

EL222 are suitable for use in heterologous expression in cultured mammalian cells.

Characterization of VP-EL222 in stably transfected 293T cells

To reduce variability in our experimental results caused by differential transfection efficiencies,
we stably expressed VP-EL222 in 293T cells and transfected only the pC120-FLuc plasmid (Fig.
1b,c). Consistent with our results obtained in transient transfections of pVP- EL222, luciferase
levels were greatly higher in cells illuminated with blue light relative to cells left in the dark (162-
fold enhanced dark- to light in cells transfected with pC120-Fluc with 20 s on, 60 s off; 12 hr
illumination). From these results, we conclude that the VP-EL222 system can produce a high
level of reporter gene expression in both transient and stable transfection experiments with

minimal leakiness.

One of the major advantages of a light-switchable promoter system is the ability to change the
level of gene expression by tuning the amount of light inducer. Using the VP-EL222 stable cell
line and pC120-Fluc, we investigated how luciferase expression levels were affected by varying
the illumination duty cycle within a constant 80 s period (Fig. 2a). As expected, we observed a
dose-dependent increase in luciferase with increasing duration of illumination during each cycle.
For periods of 5 s or greater, luciferase levels correlated linearly with illumination times,
indicating that the VP-EL222 system can be used to tune luciferase expression by varying the
illumination protocol. In addition to producing luciferase at levels that can be easily quantitated

by enzymatic output, VP-EL222 is capable of expressing proteins at levels sufficient to be
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detected by Western blot (luciferase, Fig. 2b) or fluorescence microscopy (mCherry, Fig. 2c). In

both cases, signals were readily detectable only following blue light illumination.

Turning from steady-state measurements to the kinetics of gene expression, we examined the
time course of protein and mRNA levels. To do so, we measured the luciferase activities of VP-
EL222-expressing cells transfected with pC120-Fluc and incubated in the dark or illuminated
with a 20 s on, 60 s off protocol for the indicated times (Fig. 2d). We observed that luciferase
activity was rapidly induced, with 80-fold increases observed over dark state control after only

3 hr. Induction levels increased slightly to around 90-fold by 6 hr, and plateaued after 9 hr at
100-fold. Interestingly, luciferase activity began to drop slightly between 12-24 hr; nevertheless,
after 24 hr luciferase expression was > 20-fold above background. While we detected an
increase in luciferase activity over time in dark-incubated cells, indicative of leaky expression
due to spontaneous low-level VP-EL222 activation or other factors, these levels were
nevertheless significantly lower than from comparable illuminated cells (Fig. 2d, p < 0.0001). In
parallel, we also measured the mRNA levels for luciferase over time using real-time qPCR (Fig.
2e). These analyses showed that luciferase mRNA reached peak levels after 3 hr of illumination
(~ 22-fold increase over dark control). After 6 hr of illumination, luciferase mRNA levels leveled
off at 20-fold over dark control, subsequently decreasing back down to approximately 2- fold up
at 24 hr. We note that the plateau and subsequent decrease in luciferase transcript levels after
prolonged illumination precedes the corresponding trend in protein levels (Fig. 2d). This implied
a loss of VP-EL222 transcriptional activity with extended illumination, potentially attributable to a

moderate decrease in cellular VP-EL222 protein levels (Fig. 2b).

This effect led us to investigate the ability of VP-EL222 to be reactivated after an initial round of
illumination followed by a dark state recovery period to allow for synthesis of fresh transcription

factor. For this experiment, we monitored luciferase activity in stable VP-EL222 cells
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(transfected with the pC120-Fluc reporter) that were initially illuminated with blue light pulses (20
s on, 60 s off) for 3 hr, incubated in the dark for 21 hr, and then illuminated again with pulsed
blue light for 3 hr (Fig. 2f). After the initial 3 hr activation, luciferase levels were approximately
75-fold above dark state levels. Once the light was removed, we observed a sustained increase
in the absolute amount of luciferase activity in the illuminated cells; however, because their
luciferase background levels also increased in the dark control cells, the dark-to- light fold
induction dropped to near background levels over 21 hr (< 1.5-fold difference dark-to- light).
After this dark state recovery period, cells were again illuminated for 3 hr with pulsing blue light
with a concomitant increase in luciferase back up to 11-fold over dark state controls. Following
another 21 hr dark recovery period, luciferase induction decreased to around 3.7-fold.
Therefore, we conclude that light-triggered activation of VP-EL222 can generate multiple rounds

of gene expression, enabling novel experiments utilizing transient increases of protein level.

Modeling the activation/deactivation kinetics of VP-EL222 in cells

Key aspects of these applications — such as the linear dose-response (Fig. 2a) and favorable
kinetic properties (Fig. 2f) — are enabled by the intrinsically fast activation and deactivation
kinetics of EL222 itself. In vitro measurements reveal LOV domains activate via microsecond-
timescale adduct formation and millisecond timescale conformational changes(18,19), while
deactivation by adduct cleavage takes seconds to hours depending on the LOV domain(16,20).
Measuring comparable activation/deactivation parameters for VP-EL222 driven transcription
within the cell is complicated by slow reporter mRNA and protein turnover (e.g. luciferase mRNA
half-life: 3-5 hr(21,22), protein: 3-4 hr(23)), limiting the temporal resolution of experiments that
simply yield this information. As an alternative, we developed a kinetic model that correlates
gene expression to the times required for VP-EL222 to initiate transcription upon illumination

(ton) or cease after returning to the dark (toff) (Fig. 3a; Supplementary Notes 1, 2), and used
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this to examine the dependence of luciferase expression on the length of dark/light cycles (Fig.
2a). We emphasize that these data — final end-point measurements of luciferase levels —
depend on the cumulative effects of repeatedly activating VP-EL222 (> 500 80 s cycles in a 12
hr experiment), each time gaining a burst of mMRNA at levels determined by second- timescale
activation/deactivation events. Hence, this model (and accompanying least-squared error
analysis; Fig. 3b), provides us a framework to determine how well various combinations of Ton

and Toff Values explain our experimental measurements.

With this approach, we were able to define ranges for the VP-EL222 ton and Toft parameters that

best modeled our data. For activation, the observed lag in luciferase expression at short

illumination times implies an initial Ton delay of approximately several seconds for VP- EL222 to

activate, bind DNA and initiate transcription. Our model exhibits an expected inverse
relationship between gene expression and Ton, With values near 5 s recapitulating our data most

accurately (Fig. 3c). On deactivation, our model recapitulates a direct link between tqof and
luciferase levels, with optimal Tort values of approximately 30 s (Fig. 3d). A more complete grid
search of all values of Ton and Tot (each varied independently between 1-100 s) reveals a range

of values compatible with our data (Fig. 3e). This range includes activation times of
approximately 3-5 s, compatible with single molecule measurements of transcriptional initiation

rates (24) and the high level of VP-EL222 within 293T cells. The same analysis indicates Tof

values between 10-40 s; notably, the shortest of these delays is consistent with our in vitro

measurements of EL222 adduct cleavage at this temperature (Tadauct ~ 11 s at 37°C(16)),

suggesting limited effects of cellular properties on this critical step. Taken together, these data
suggest that VP-EL222 functions with rapid on/off kinetics in cells, a key advantage over other

comparable systems (10).
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Light-inducible expression of the splicing factor CELF2 in T-cells

To test the utility of the VP-EL222 system in other cultured cell lines, we investigated its ability to
drive the expression of a functionally-active protein within the T-cell derived Jurkat splicing line 1
(JSL1) cell line (25). The JSL1 cell line has been extensively used to study changes in
alternative pre-mRNA splicing that occur in response to T-cell activation (25-27). One protein
implicated in such control is CUGBP and ETR-2 like factor 2 (CELF2) (28), an RNA-binding
protein with a known role in splicing regulation in JSL1 cells and thymocytes following cellular
stimulation (29). Phorbol myristate acetate (PMA)-induced activation of JSL1 cells results in an
increase in CELF2 expression, promoting CELF2 binding to regulatory sequences in target pre-
mRNAs and affecting their processing (29). Indeed, at high levels CELF2 protein represses the
inclusion of exon 6 in its own pre-mRNA (26,29,30), providing an assay to ascertain if the VP-
EL222 system could drive CELF2 overexpression sufficiently to confer light-dependent control

of pre- mRNA splicing.

To examine this, we created a JSL1 cell line stably integrated with both the pVP-EL222 activator
and a FLAG-tagged CELF2 under the control of the EL222-specific C120 promoter (called VP-
EL222/CELF2 cells). VP-EL222/CELF2 cells incubated in the dark showed nearly no expression
of FLAG-CELF2 protein by immunoblot analysis (Fig. 4a). In contrast, VP- EL222/CELF2 cells
exposed to pulsed blue light for 24 hr (20 s on, 60 s off) showed moderate FLAG-CELF2
expression, indicating functional light-triggered activation of VP-EL222 in JSL1 cells. We note
that the levels of VP-EL222 protein itself decreased markedly (> 50%) with light exposure (Fig.
4a), more substantially than we observed with 293T cells (Fig. 2b). Nevertheless, the small
amount of VP-EL222 is sufficient to produce amounts of CELF2 protein easily detectable by

Western blot.
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To address the functional significance of light-induced FLAG-CELF2 protein upregulation, we
analyzed the splicing pattern of exon 6 of the endogenous CELF2 transcript by reverse
transcription-PCR (RT-PCR) analysis, using primers that specifically recognize the endogenous
transcript and not the transfected cDNA. We found that blue light induced a moderate, but
statistically significant, decrease in the inclusion of the CELF2 exon 6 in VP- EL222/CELF2 cells
(p < 0.05, Fig. 4b), demonstrating light-regulated alternative splicing. Importantly, blue light
treatment had no discernible effects on exon 6 inclusion in wildtype JSL1 cells, underscoring the
necessity of photosensitive VP-EL222 in this process. Previous studies determined that PMA
stimulation of JSL1 cells leads to a two-fold increase in CELF2 protein levels (29), changing
percent exon inclusion values by 20-30% (26). In our experiment, light increases the amount of
FLAG-CELF2 protein five-fold over dark control; however, this does not detectably increase total
CELF2 levels as seen by Western blot (data not shown). This observation is consistent with
known autoregulatory mechanisms which maintain stable CELF2 expression (29). In addition,
the fact that induction of FLAG-CELF2 only marginally increases overall CELF2 protein is

consistent with the relative effect we observed in CELF2 exon 6 inclusion (80% to 75%).

VP-EL222 functions as a transcriptional activator in vivo

To transition from cell culture into intact multicellular organisms, we examined the capability of
VP-EL222 to drive light-triggered gene expression in the zebrafish (Danio rerio). To do so, we
microinjected the pC120-mCherry reporter plasmid into zebrafish embryos at the one-cell stage
with or without 50 pg VP-EL222 mRNA (Fig. 5a). When embryos microinjected with VP-EL222
mRNA and pC120-mCherry were illuminated with constant blue light (14 mW/m2), mCherry
fluorescence was readily detected after illuminating for only 5 hr (70% epiboly stage). After 22 hr
illumination (24 hr post-fertilization [h.p.f.] stage), 100% of the 50 embryos analyzed had marked

mCherry fluorescence. A z-stack series of an embryo at 70% epiboly showing expression of
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mCherry better illustrates the robust level of protein expression induced by VP-EL222
(Supplementary Video 1). In contrast, when VP-EL222/pC120-mCherry embryos were left in the
dark or did not receive VP-EL222 mRNA, no fluorescence could be detected (0/50 embryos in
each set). These results show that VP-EL222 can rapidly and robustly activate transcription in

developing zebrafish in a light-dependent manner.

We next examined whether the VP-EL222 system could provide light-inducible gene expression
in a tissue-specific manner. For this, we constructed a dual-promoter plasmid encoding the VP-
EL222 ORF controlled by the zebrafish cardiac myl7 (myosin light polypeptide 7) promoter (31)
and the mCherry ORF controlled by the EL222-specific C120 promoter. Zebrafish embryos that
were microinjected with pmyl7-VP-EL222/C120-mCherry plasmid and illuminated with constant
blue light, but not those kept in the dark, showed noticeable mCherry fluorescence that was

specifically localized in the developing heart (Fig. 5b; Supplementary Video 2).

Finally, we titrated different amounts of VP-EL222 mRNA into zebrafish embryos to examine the
toxicity of the protein (Fig. 5c). As a control, varying amounts of GFP mRNA were also injected.
Our results show that a small amount of VP-EL222 (50 pg mRNA), was sufficient to elicit high
levels of mCherry expression (Fig. 5a) with only minimal morphological effects (81% unaffected
embryos for VP-EL222 vs. 93% for GFP) or toxicity (<10% severely affected or dead) when
compared with comparable GFP controls. Increasing amounts of VP-EL222 mRNA affected
more embryos up to 150 pg microinjected mRNA, but these effects remained constant (~60%
embryos unaffected; [severely affected + dead] < 25%) above this level. These results suggest
that even at high levels VP-EL222 protein is only moderately toxic to zebrafish, much less than

that observed for a cryptochrome-based light-driven transcription system (12).
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DISCUSSION

In this study, we describe a new inducible gene expression system that successfully confers
high-level, blue light-sensitive transcriptional initiation to various human cell lines and zebrafish
embryos. Based on the naturally-occurring EL222 transcription factor (13,15,16), this system
utilizes the photochemical generation of a protein/flavin adduct to trigger conformational
changes that control its function, as seen in other LOV domains and the broader family of PAS
(Per-ARNT-Sim) environmental sensors (32,33). Here, these conformational changes produce a
light-dependent breakage of intramolecular interactions that inhibit the ability of EL222 to
dimerize and bind DNA. This evolved linkage between sensor and effector domain enables
more substantial change in DNA binding affinity upon activation than observed with engineered

photoactive DNA binding proteins (34,35).

This system has several benefits compared with alternative methods of photocontrolled gene
expression. First, the LOV photosensory domain utilizes flavin chromophores that are widely
distributed in many eukaryotic cells, eliminating the need to supply exogenous chromophores or
precursors (4,5). This enables sensitive photochemistry which allows VP-EL222 to be triggered
with modest intensity blue light (8 W/m2 = 0.008 mW/mm?2), less than that required to activate
light-regulated channelrhodopsins used in other optogenetic applications (e.g. 5 mW/mm?2) (36).
Second, VP-EL222 relies on only a single 33 kDa protein with a directly regulated DNA binding
step, simplifying genetic manipulation and tuning compared to light- dependent two-hybrid
systems (4,6,7,9,11) or those which tie into existing cellular signaling pathways upstream of
transcriptional initiation (8). Third, VP-EL222 shows low levels of overt toxicity and basal
transcriptional activity in cell lines and zebrafish, which may be related to the absence of intact
C120 targets within these organisms as indicated by genomic BLAST searches (Supporting

Table 1). Finally, the VP-EL222 activates and resets within short periods of time (Fig. 3e), both
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facilitating a variety of kinetic experiments and providing excellent and predictable dose-

response behavior.

These hallmarks are best exemplified by comparing VP-EL222 to two other single- component
light-inducible systems that have been reported for regulating gene expression in mammalian
cells (8,10). One of these couples the light-triggered activation of an exogenously expressed
melanopsin receptor to gene expression via a GPCR signaling cascade that activates the NFAT
sequence-specific transcription factor via changes in calcium levels (8). Although this ingenious
system utilizes intracellular components common to most cells, its level of transcriptional
activation is low (~ 20-fold) and may have potential off-target effects via its reliance on altering
levels of the Ca2+ second messenger. A more directly-regulated system is based on an
extensively-modified version of the Vivid LOV protein, which can strongly activate gene
transcription (> 200-fold) (10). However, because this engineered form of Vivid has an
especially long-lived photoactive state (half-life = 2 hr (10)), the system has non-ideal dose-

response behavior and deactivation kinetics.

This last feature — kinetics of induction and deactivation for photoactivated transcriptional
regulation — is germane for VP-EL222 given the rapid on/off kinetics provided by its quick

activation/deactivation (Fig. 3) and the straightforward regulation of DNA binding.

While speed has been viewed as essential for controlling intracellular localization and
cytoskeletal remodeling (37,38) known to act on the timescale of seconds, we suggest the
increasing appreciation for the speed of native transcriptional control (24) indicates that
comparably fast artificial control may be useful as well. Rapid on/off kinetics ensure a maximally
linear response between input light levels and output gene expression, and further enable novel
classes of experiments which utilized kinetically-pulsed waves of transcription that are difficult to

achieve with other artificially-inducible systems. Our data indicate that VP-EL222 driven
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transcription is quickly activated and deactivated, in good agreement with comparable

transcription factors in cells (24) or in vitro for EL222 itself (16).

We close by noting that this linkage between in vitro and cell-based data is critical for future
engineering of this and other photosensitive systems. It is clear that various applications will
have different requirements for artificial regulators, such as maximum kinetic resolution or
sensitivity. Mechanism-based approaches — such as EL222 variants we have engineered with
shorter- and longer-lived photoactive states (16) — are essential to developing the reagents that
are optimal for each of these applications. Coupled with the potential to adapt other types of
protein domains to EL222 to recruit epigenetic or other cellular machinery to specific DNA sites
in a light-dependent manner, we anticipate that this protein will enable an even wider range of

applications in the future.
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METHODS

Vector construction.

DNA containing residues 14-222 of EL222 (13) was cloned into the pVP16 (Clontech) vector to
obtain pVP-EL222. The pVP-EL222-puro plasmid was created by PCR amplification of VP16-
EL222 ORF and cloning into pIRESpuro (Clontech). Five tandem copies of the 20-bp Clone-1
(C120) sequence (15) were chemically synthesized (GeneArt) and inserted into the
pGL4.23[luc2/minP] (Promega) to make pGL4-C120-Fluc. pcDNA-C120-Fluc was created by
PCR amplification of five copies of C120 sequence together with the firefly luciferase ORF and
cloning into pcDNA3.1+ (Invitrogen). pGL4-C120-mCherry was created by PCR amplification of

mCherry ORF and sub-cloning into pGL4-C120-Fluc to replace the luciferase ORF.

Cell culture, transfections, light induction, and cell viability assay.

293T (ATCC) and JSL1 cells were cultured at 37°C in 5% CO2 in DMEM (Thermo Scientific) and
RPMI (Gibco) respectively. Both did not contain phenol red and were supplemented with 5-10%

fetal bovine serum (Gibco) and 1% penicillin/streptomycin solution.

To make the 293T VP-EL222 stable cell line, cells were transfected with pVP-EL222- puro
plasmid and allowed to recover for 3 days. Afterwards, cells were serially diluted into medium
containing 2 pg/ml of puromycin (Gibco) and grown for 1-2 weeks. Puromycin- resistant clones
were expanded and analyzed for VP-EL222 expression by Western blotting. To make a JSL1
VP-EL222 stable cell line cells were diluted in medium containing 0.2 mg/ml zeocin (Gibco). The
JSL1 VP-EL222/C120-FLAG-CELF2 double stable cell line was made by transfecting the JSL1
VP-EL222 stable cell line with pC120-FLAG-CELF2 plasmid. After transfection, cells were
diluted in medium containing 0.6 mg/ml G418 sulfate (Gibco). Drug- resistant clones were

screened by RT-PCR for genomic integration of the pC120-FLAG-CELF2.
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For transient transfections, 293Ts were plated at 2 x 10° cells/well in 24-well plates and

transfected with 0.5 ug pGL4-C120-Fluc DNA the same day using lipofectamine (Invitrogen).
pVP-EL222 or pVP-empty, pGL4-C120-Fluc, and pGL4.75[hRluc/CMV] (Promega) constructs
were transfected using 5 : 1 : 0.04 ratio, respectively. 24 hr post-transfection, a blue LED panel
(465 nm, 2501BU, LED Wholesalers) was placed above the plate. The intensity of the light
received by cells was measured to be 39.7 mol s-' m-2 (equivalent to 8 W/m?) using the LI-190
Quantum Sensor and LI-250A light meter (LI-COR Biosciences). The LED panel was connected
to an electronic intervalometer (Model 451, GralLab) and set to a cycle of 20 s on and 60 s off.
The control plate was kept in the dark throughout the experiment. 48 hr post- transfection, firefly
and Renilla luciferase activities were measured using the Dual-Glo luciferase assay kit
(Promega) according to the manufacturer’s instructions. The following equation was used to
determine the normalized fold change in transcription in the dark and with light between cells

expressing pVP-EL222 and pVP-empty: FC = (Fluc/Rluc)vP-EL222/(Fluc/Rluc)empty-

For transfection of 293T VP-EL222 stable line, cells were plated one day before transfection at
1 x 105 cells/ml in 24-well plates. The next day, 0.8 pg of pcDNA-C120-Fluc DNA were
transfected using lipofectamine. Immediately afterwards, the cells were illuminated using LED
panel (20 s on, 60 s off) for 12 hr, unless otherwise indicated in figure legend. For experiments
done with JSL1 cells, wild type or VP-EL222/C120-FLAG-CELF2 stable cells were plated at 6 x
105 cells/well in 6-well plates. The next day, cells were illuminated (20 s on, 60 s off) for 24 hr
and subsequently harvested for Western and RT-PCR analysis. Viability of 293T cells was
evaluated using the Cell Titer Blue assay (Promega) according to the manufacturer’s

instructions.

Nuclear/cytoplasmic extract isolation and Western blotting.
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293T cells (5.4 x 106 cells total) were grown in 10 cm dishes and were transfected with pVP-

EL222 or left untreated. 48 hr post- transfection, nuclear and cytoplasmic extracts were purified
using the following protocol. Cells were harvested and pelleted by centrifugation for 5 min at
3,220 x g. The pellet was resuspended in 1 ml of ice-cold PBS, centrifuged for 5 min at 100 x g,

and resuspended in 1 ml ice-cold Buffer A (10 mM Tris-Cl pH 7.5, 1.5 mM MgCl2, 10 mM KCI).

The cell suspension was incubated on ice for 5 min, in a dry ice/ethanol bath for 5 min, and in a
37°C water bath for 5 min. This incubation series was repeated 2 more times. Afterwards, the
cells were centrifuged at 4°C for 15 min at 15,900 x g. The supernatant (nuclear extract) was

moved to a new tube and the pellet (cytoplasmic extract) was resuspended in 1 ml Buffer A.

For Western blotting, equal protein amounts of total cell lysates were separated on a 10% Mini-
PROTEAN TGX precast gel (BioRad) and then transferred to a polyvinylidene fluoride (PVDF)
membrane (Amersham). The protein signal was detected using the Pierce ECL Western Blotting
Substrate (Thermo Scientific) according to the manufacturer’s instructions. The antibodies used
were as follows: anti-VP16 AD (ab4808, Abcam), anti-luciferase (L0159, Sigma), anti-B-actin
(A5441, Sigma), anti-ARNT (sc-17811, Santa Cruz Biotechnology), anti- hnRNP L (ab6106,

Abcam), anti-FLAG (2368, Cell Signaling).

Pre-mRNA splicing analysis.

RNA isolation and analysis of pre-mRNA splicing by RT-PCR were done as described previously
for JSL1 cells (25,39). Primers for the analysis of the endogenous CELF2 gene are as follows:
forward primer in the 5'-UTR region, 5-TCTGCTCGACAGCAGCACGCAGTG-3'; reverse primer

downstream of variable exon 6, 5'- CAGGTGGCAGTGTTGAGCTGC-3..

Quantitative PCR (qPCR) analysis.
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Total RNA was isolated from transfected 293T VP- EL222 cells using an RNeasy kit (Qiagen)
following the manufacturer’s instructions. 4 pg of total RNA were treated with DNase | (NEB) to
remove genomic DNA. 1 ug of each treated RNA sample was reverse transcribed using iScript
cDNA synthesis kit (BioRad). qPCR was performed on a Applied Biosystems 7300 real-time
PCR system using TagMan Fast Advanced Master Mix and TagMan Gene Expression Assays
for Luciferase and GAPDH (Applied Biosystems) with 100 ng of cDNA as template. Samples

were run in triplicate and the average Cr was calculated. The average luciferase Crt value for

each sample was normalized to the corresponding average GAPDH Cr value and the

comparative Ct (AA Cr) method (40) was used to calculate the fold change in luciferase

between dark and light-treated samples.

Live cell fluorescence microscopy.

Wild type or VP-EL222 stable 293T cells were transfected with pC120-mCherry plasmid,
immediately after the cells were illuminated for 24 hr (20 s on, 60 s off) or left in the dark. Cells
were examined on a Nikon Eclipse TS100 epifluorescence microscope running NIS Elements
and equipped with Photometrics Coolsnap HQ camera. Images were taken with a 10x/0.25 NA
Achromat Ph1 objective and mCherry fluorescence was imaged with a G2A filter. Image

processing and analyses were performed using ImagedJ software (41).

Zebrafish strains.

Adult zebrafish, both TL and AB wild-type strains, were maintained under standard laboratory

conditions (42).

Transient expression and light induction in zebrafish.
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Expression plasmid pCS2-VP-EL222 was created by PCR amplification of VP-EL222 ORF and
then cloned into pCS2+ (gift from Stephanie Woo). Capped messenger RNA was synthesized
using the mMMESSAGE mMACHINE SP6 kit (Ambion). 50 pg of VP-EL222 mRNA and/or 20 pg
of pGL4-C120- mCherry plasmid DNA were injected at the one-cell stage. For heart-specific

expression of VP- EL222 and light-induced induction of mCherry reporter, VP-EL222 ORF and

C120-mCherry promoter and ORF were PCR amplified and cloned into pminiTol2-myl7 (43,44)

to create the dual promoter construct, pminiTol2- myl7-VP-EL222-C120-mCherry. 20 pg of
pminiTol2-myl7-VP- EL222-C120-mCherry plasmid DNA along with 50 pg of Tol2 transposase

mRNA were injected at the one-cell stage.

Constant blue light was applied at approximately 2 h.p.f. with a blue LED panel (465 nm,
2501BU, LED Wholesalers). Actual power of light received by embryos was measured to be

~1 mW using a PM100D Laser Power and Energy Meter Console (Thorlabs). Dark controls
were placed in a lightproof box in the same 29°C incubator as light-treated samples. The light
was turned off at 24 h.p.f. for imaging and analysis of embryos. For heart specific induction of

mCherry, constant light was applied from 10 h.p.f. to 24 h.p.f.

Microscopy and image processing of zebrafish embryos.

Fluorescent and brightfield images at 70% epiboly were taken on a Digital Scanned Laser Light
Sheet Microscope (45). Embryos were mounted in a 1.5% low-melt agarose cylinder using 3
mm O.D./2 mm I.D. FEP tubing (Bola). Z stacks of 2.58 um intervals were taken with a 10x/0.5
NA objective. mCherry fluorescence was imaged with 561 nm laser line and a 561LP filter.
Brightfield images were acquired using room light. Fluorescent and brightfield images at 24

h.p.f. were taken on a Nikon Eclipse Ti microscope running NIS Elements and equipped with a

75



Lambda XL Broad Spectrum Light Source (Sutter) and an iXon DU-897 EMCCD camera

(Andor).

Dechorionated embryos were embedded in 1.5% low-melt agarose within glass-bottom Petri
dishes (MatTek Corporation). Whole embryo images were taken with a 4x/0.13 NA Plan- Fluor
objective and heart-specific images were taken with a 20x/0.75 NA Plan Apo objective. Standard
filter settings were applied. Image processing and analysis was performed using ImageJ
software (41). For the 70% epiboly images, maximum intensity projections of the fluorescent Z-
stack were performed and merged with a corresponding brightfield image. For whole embryo

and heart-specific 24 h.p.f. images, mCherry and brightfield channels were merged.

Toxicity curves in zebrafish.

50, 100, 150, 200 or 300 pg of VP-EL222 or GFP (control) mRNA per embryo were injected at
the one- to two-cell stage. Unfertilized embryos were removed on day 0, and phenotypes of
each group were scored alongside uninjected control embryos from the same clutch on day 1
after manual dechorionation. Each group had at least n = 100 embryos. Embryos were scored
as follows: normal - unaffected, wild-type phenotype; mildly deformed - presence of a slightly
curved tail and/or mild edema; severely deformed - presence of smaller heads, major curve or

kink in tail, and/or severe edema.
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FIGURE 1
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Figure 1. Model for the EL222-based light-inducible gene expression system.

(a) Top, the VP-EL222 protein consists of the transcriptional activation domain from the VP16
protein fused to EL222. In the dark VP-EL222 is unable to bind DNA; however, exposure to blue
light triggers a photochemical reaction between the LOV domain and its flavin chromophore,
which activates the attached HTH domain to bind DNA and turn on gene transcription. Bottom,
schematic representations of the DNA constructs used in this work. (b, ¢) For transient
transfections, cells were transfected with either empty vector (containing only VP16 AD) or pVP-
EL222 and pC120-Fluc plus an internal control plasmid pCMV-Renilla. For stable transfections,
cells stably expressing VP-EL222 protein and wildtype 293T cells were transiently transfected
with pC120-Fluc and pCMV-Renilla. Cells were kept in the dark or illuminated with blue light
pulses (465 nm; 20 s on, 60 s off; 8 W/m2) for 24 hr (transient) or 12 hr (stable). Luciferase
levels (b) were normalized to Renilla luciferase levels to calculate the fold change (FC) (c) in
transcription in control versus VP-EL222 cells under dark and light conditions. FCgark or light =
((Firefly/Renilla)vp-eL222 / (Firefly/Renilla)empty or 2037). (N = 3, triplicates for each condition). (d, e)
Cells were transiently transfected with either empty vector or pVP-EL222 and one of three
reporter constructs, pC120-Fluc, p(AN45)s-Fluc, or p(UAS)s-Fluc and kept in the dark or
illuminated with blue light pulses (465 nm; 20 s on, 60 s off; 8 W/m2) for 24 hr. Levels of
luciferase activity (d) and the fold change in expression (e) are shown (n = 1, triplicates for each
condition). ** P < 0.01; **** P < 0.0001 using two-tailed Student’s t-test. All data are represented

as mean = s.d.
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Figure 2. Dose-dependent activation and photoreversibility of gene expression by VP-

EL222.

(a-f) 293T cells that stably express VP-EL222 protein (VP-EL222 cells) were transiently
transfected with pC120-Fluc or pC120-mcherry and illuminated with blue light pulses (20 s on,
60 s off) for 12 hr, unless otherwise indicated. (a) Luciferase activity levels measured in VP-
EL222 cells treated with blue light pulses of varying duration for 12 hr or kept in the dark. (b)
Western blot analysis of luciferase expression in VP-EL222 cells (+) or wild type 293T cells (-)
after illuminating with blue light or kept in the dark. Untransfected control (unt). (c)
Representative images of VP-EL222 cells transiently transfected with pC120-mCherry. Cells
were left in the dark or illuminated with blue light pulses for 24 hr. Scale bar, 100 um. (d) Time
course analysis of luciferase expression in VP-EL222 cells illuminated with blue light or kept in
the dark for the indicated times. (e) Luciferase mRNA transcript levels were quantified by gPCR
from VP-EL222 cells transfected with pC120-Fluc and treated with blue light for indicated times
or kept in the dark. (f) VP-EL222 cells were illuminated with pulsing blue light for two separate 3
hr periods (white box) each separated by a 21 hr dark period (black box). Controls were kept in
the dark for the entire experiment. Luciferase activity was measured at the indicated timepoints.
(a, d, e, f, n =1, triplicates for each condition). *P < 0.05; ** P < 0.01; **** P < 0.0001 using two-

tailed Student’s t-test. All data are represented as mean + s.d.
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FIGURE 3
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Figure 3. Kinetic modeling of VP-EL222 activation.

(a) Summary of the model used to describe VP-EL222 transcriptional activation, including three
phases of transcriptional activity. Additional details are provided in Supplementary Methods. (b)
Data used for kinetic modeling (replotted showing mean + s.d. from Fig. 2a) along with definition
of least squared error function. (c) Effect of varying Ton on transcriptional activity. For a given Tos
of 30 s (estimated from in vitro measurements of EL222 deactivation (16)) and Hill coefficient of
4, average steady- state transcriptional activities at Ton values between 1-50 s were calculated
using our model. Best agreement with experimental data were obtained with Ton ~ 5 s. (d) Effect
of varying Tott on transcriptional activity. For a given ton of 5 s (based on panel c), average
transcriptional activities at Torr values between 1-1000 s were calculated. Best agreement with
experimental error were obtained with Tor ~30 s. (e) Grid search of Ton, TOff values
(independently iterated for Ton < 100s, Tott < 100s), using the model, data and error function
described above. Heatmap indicates value of error function; only the region with error function <

200 (Ton 1-10s, Toff =1- 100s) is shown here.
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FIGURE 4
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Figure 4. Light-regulated gene expression of the splicing factor CELF2 using VP-EL222 in

the T-cell derived JSL1 cell line.

(a) Western blot analysis of protein lysates derived from JSL1 cells stably expressing both VP-
EL222 and pC120-FLAG-CELF2 (JSL1 VP- EL222/CELF2 cells) were illuminated for 24 hr with
either pulsing blue light (20 s on, 60 s off) or kept in the dark. An hnRNP L antibody was used a
loading control. (b) Percent inclusion of exon 6 in endogenous CELF2 gene for wild type and
VP-EL222/CELF2 JSL1 cells (VP-EL222) that were illuminated with pulsing blue light (20 s on,
60 s off) for 24 hr or kept in the dark. The calculated exon inclusion in illuminated samples was
normalized relative to that measured in dark samples for each cell line. Below, representative
RT-PCR gel showing the drop in exon inclusion. (n = 2 for each condition). *P < 0.05 using two-

tailed Student’s t-test. Data are represented as mean + s.e.m.

84



FIGURE 5
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Figure 5. VP-EL222 robustly activates reporter gene expression in the developing

zebrafish embryo in a light-dependent manner.

(a) Representative images of zebrafish embryos after injection with both VP-EL222 mRNA and
pC120-mCherry DNA or pC120- mCherry DNA alone. The embryos were kept in the dark or
illuminated with constant blue light for 5 hr (70% epiboly stage) or 22 hr (24 h.p.f. stage)
beginning at 2 h.p.f. (n = 50 per condition). Each image is a maximum intensity projection of a
fluorescent Z-stack merged with its corresponding brightfield image. Top scale bar, 100 um;
bottom scale bar, 300 um. (b) Visualization of mCherry fluorescence in the zebrafish heart in
illuminated (as described above) versus control embryos after injection with a dual promoter
vector that contains VP-EL222 and mCherry under the control of the cardiomyocyte-specific
myl7 promoter and the EL222-specific C120 promoter; respectively. mCherry and brightfield
channels were merged. Scale bar, 50 um. (c¢) Dose-response curve showing the effect of VP-
EL222 mRNA (left) expression on zebrafish development as compared to expression of a
control GFP mRNA (right). Embryos were injected at the one to two-cell stage and scored at 24

h.p.f. (at least n = 100 per condition).
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SUPPLEMENTARY FIGURE 1
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Supplementary Figure 1. VP-EL222 is expressed in 293T cells and can function to

activate luciferase expression in response to light.

(a) Western blot analysis of VP-EL222 expression in cytoplasmic and nuclear fractions made
from 293T cells transiently transfected with pVP- EL222. An ARNT antibody was used as a
marker for nuclear localization. (b) The fold change (FC) in transcription in control versus VP-
EL222 cells under dark and light conditions was calculated by normalizing the luciferase levels
(Fig. 1) to Renilla luciferase levels [FCdark or light = (Firefly/Renilla)VP-EL222 / (Firefly/
Renilla)empty or 293T]. (n = 3 independent experiments, each performed in triplicate per

condition ).
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SUPPLEMENTARY FIGURE 2
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Supplementary Figure 2. VP-EL222 is not activated by red light and that illumination with

blue light has no negative effect on cell viability.

(a) Results of cell viability assays using CellTiter-Blue reagent. 293T cells were transiently
transfected with either empty vector or pVP- EL222 and pC120-Fluc and kept in the dark or
illuminated with pulsing blue light (20 s on, 60 s off) for 24 hr. Subsequently, the cells were
incubated with CellTiter-Blue for 2 hr and the resultant fluorescence (544&x/590em) was recorded
(n = 2 independent experiments, each performed with six replicates per condition). (b, ¢) 293T
cells were transiently transfected with either empty vector or pVP-EL222 and pC120-Fluc, at 24
hr post-transfection cells were kept in the dark or illuminated with continuous red light for 24 hr.
Afterwards, luciferase levels were measured (c) and then used to calculate the fold change in
gene expression (d) in cells expressing VP-EL222 versus empty vector control (n = 1
independent experiment performed with three replicates per condition). All data are represented

as mean + s.d.
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SUPPLEMENTARY FIGURE 3
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Supplementary Figure 3. Light-triggered expression of luciferase protein by VP-EL222.

Western blot analysis of luciferase expression in VP-EL222 cells (+) or wild-type 293T cells (-)

after illuminating with blue light or kept in the dark. Untransfected control (unt).
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SUPPLEMENTARY FIGURE 4
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Supplementary Figure 4. Full Western blots and denaturing polyacrylamide gel of RT-

PCR samples.

(a) Blots were probed with antibodies against FLAG, VP16, and hnBRNP L. EL222-VP16 was
driven from an Actin promoter (Act; used in Fig. 4a) or Ubiquitin promoter (Ubi, not used in
subsequent studies). Arrow indicates band of interest. (b) RT-PCR to quantify splicing of
endogenous CELF2. Lane 1, wild-type JSL1 cells. Lanes 2-7, JSL1 cells containing VP16-
EL222 driven from Actin promoter (Act). Lanes 4-5, wild-type JSL1 cells. Lanes 6-7, JSL1 cells
containing VP16-EL222 driven from Ubiquitin promoter (Ubi). Lanes 2-5 are shown in Fig. 4b
(lanes 2-3, right side of panel; lanes 4-5, left side of panel). Dark conditions (D); Light conditions

(L); Molecular weight marker (M).
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SUPPLEMENTARY FIGURE 5
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Supplementary Figure 5. VP-EL222 is only moderately toxic in zebrafish.

Dose-response curve showing (a) the effect of VP-EL222 mRNA expression on zebrafish
development as compared to (b) expression of a control GFP mRNA (right). Embryos were
injected at the one to two-cell stage and illuminated with constant blue light until they were

scored at 24 h.p.f. (at least n = 100 embryos per condition).
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Supplementary Table 1. Occurrence of C120 sequence in human, mouse and zebrafish

genomes.

The BLASTN 2.2.28+[3] program was used to search the indicated nucleotide databases for the
EL222 binding site Clone-1 20 bp (C120) sequence. For comparison, the same databases were
searched for the GAL4-specific Upstream Activation Sequence (UAS). To identify the top hits in
each search, we chose a cutoff Expect (E) value < 10 and required that the sequences have no
gaps or mismatches to original query sequence.

Search sequences:

C120 (20 bp) TAGGTAGCCTTTAGTCCATG

UAS (20 bp) GGAGGACAGTACTCCGCTCg* (one extra base added to make 20 bp query)

C120 # of hits UAS # of hits (E
# of sequences

Organism Database searched in database (E value <1000/ value <1000/ E
E value <10) value <10)
Homo sapiens Ref Seq Genomic 22,540 200/ 14 426 /7
Mus musculus Ref Seq Genomic 20,034 200/22 486 /0
Danio rerio Genome (ref only) 4,560 217/6 131/0
Top hits with E value <10, no mismatches, no gaps
Organism C120 UAS
Homo sapiens 8 hits match 17 bp 7 hits match 17 bp
Mus musculus 18 hits match 16 bp 0 hits match 15 bp
Danio rerio 6 hits match 15 bp 0 hits match 14 bp
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SUPPLEMENTARY VIDEOS

Supplementary Video 1.

Z-stack of 70% epiboly embryo showing mosaic expression of mCherry after illumination with
blue light. Representative zebrafish embryo after injection with both VP-EL222 mRNA and
pC120-mCherry DNA and illumination with constant blue light for 5 hr beginning at 2 h.p.f.
Fluorescent and brightfield images were acquired every 2.58 um on a Digital Scanned Laser
Light Sheet Microscope (45). The two channels were merged and the z- stack converted into a
video on Imaged (41). Mosaic expression is due to random incorporation of the pC120-mCherry

DNA into cells as the embryo develops.

Supplementary Video 2.

Z-stack of 70% epiboly embryo showing no expression of mCherry under dark conditions.
Representative zebrafish embryo after injection with both VP-EL222 mRNA and pC120-mCherry
DNA and kept in the dark for 7 hr. Fluorescent and brightfield images were acquired every 2.58
pm on a Digital Scanned Laser Light Sheet Microscope (45). The two channels were merged

and the z-stack converted into a video on ImagedJ (41).

Supplementary Video 3.

Localization of fluorescent mCherry in the heart of a developing zebrafish embryo at 24 h.p.f.
Representative zebrafish embryo’s heart after injection of both pminiTol2-myl7-VP-EL222-C120-
mCherry DNA and transposase mRNA and illumination with constant blue light for 14 hr
beginning at 10 h.p.f. Fluorescent images of a single plane within the zebrafish heart were
acquired by time-lapse epifluorescent microscopy (Nikon Ti-E). Frames were acquired every

144 ms for 10 s. Playback is 7 frames/s.
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SUPPLEMENTARY NOTES
Supplementary Note 1. Algorithm for kinetic modeling of VP-EL222 activation

parameters.

To examine the dependence of EL222-based transcriptional activation on properties of the
engineered VP-EL222 protein, we developed a conceptual model for the effect of pulsed blue
light activation on EL222-driven transcription. We assumed that each pulse of light triggers 3

phases of gene expression (Fig. 3a):

1). A sigmoidal buildup phase characterized by EL222 activation and dimerization, DNA binding
and transcriptional activation through the point of RNA Pol Il promoter clearance, described by
the collective rate constant ton. We checked for the need for cooperativity in this process, as
implemented by Hill coefficients (h) between 1-5; while it was essential to have some degree of
cooperativity (h > 1), we found minimal variation in the quality of fitting our experimental data for
values between 2-5. Of these, h=4 provided the most optimal fit and was chosen for these

simulations.

2). Once t > Ton, transcriptional activity saturates and enters a steady state phase, where
transcription occurs at a maximal rate for as long as the cell is illuminated.

3). Once illumination ceases, active VP-EL222 decays as a first order exponential at a rate of
Toff, @ process we assume to be likely dominated by cleavage of the cysteine/flavin adduct within
the EL222 LOV domain. Transcriptional activity falls subsequently as EL222 reverts to the

monomeric dark state, free from DNA.

For the purposes of the simulation, luciferase activity was taken to reflect the sum of all
transcriptional activity over time, where each EL222 binding event generates one or more

luciferase mRNAs provided that it remains on the promoter long enough for RNA polymerase
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commitment to generating a full-length transcript. In order for transcriptional activity to move
away from initialized values and reach steady state, the model was allowed to run for 10 light-
dark cycles, each 80 s long, with an illumination time between 0 and 20 s. The EL222
concentration was assumed to be at steady-state and unaffected during these ten cycles.
Predicted luciferase activities for a given ton, Toff pair were normalized and compared to
experimental values. For illumination times of 0, 2, 5, 10 and 20 s, the difference between the
predicted and actual value for luciferase activity was computed and squared (Fig. 3b). The sum
of these five errors was assumed to reflect the overall quality of the prediction. To determine
Ton, toff pairs that gave the least squared error, a simple grid search was implemented in
MATLAB version R2012a (code provided as Supplementary Note 2), where the error function
was evaluated at all combinations of Ton and ot for values of Ton = 1-100 s and Tort = 1-100 s

(Fig. 3e shows expansion of values between Ton = 1-10 s and Tot = 1-100 S).
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Supplementary Note 2. MATLAB code for kinetic model

clc
clear

%% Motta-Mena et al., Supplementary Note 2

%% MATLAB R2012a code implementing kinetic model for VP-EL222
transcriptional activation

%%

%% developed by Spencer Glantz (Univ. Pennsylvania) in collaboration with
Kevin Gardner (UT Southwestern Medical Center)

%% contact: Kevin.Gardner@utsouthwestern.edu

$%Initialize Parameter Values

t = 1; %t is time in seconds for

tau off = 0; %tau off is the rate constant for exponential decay from the
excited state in the dark

tau on = 0; %tau on is the rate constant for the sigmoidal activation of
E1222 mediated transcription

endtime = 800; %endtime is the total time of the simulation required to reach
steady state

light _on =0;%light on is the duration of time in seconds during which the
system is illuminated at the beginning of each cycle

cycle time = 80; %cycle time is the length of each illumination cycle in
seconds

A on = 0; %transcriptional activity (percent) (starts at 0 at simulation
beginning)

A total = 100; %The maximum transcriptional activity possible (percent)
Amax = 50000; %A normalization factor used for comparison of simulated data
to experimental data

$%Counting variables that keep track of progress in the coode
s = 1; %the number of illumination times tested
n 0; %time within a cycle

tau_off count = 1; %the number of tau values tested
tau_on_count = 1; %the number of tau on values tested

while tau_on<= 15 % Run simulation for 0 < tau on <= 15 seconds
light on = 0;

tau_off = 0;

tau_off count = 1;

s = 1;

while tau_off <= 100 %Run simulation for 0 < tau off <= 100 seconds
light on = 0;
s = 1;

while light on<=20 %Generate prediction of transcriptional activity for 0 <
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light on < 20 seconds

1
0

=]
Il

I ~e ~e

while t<endtime %$Simulate transcription until steady state is reached

if n<=light on %While the cycle time is less than the illumination time,
the light is on

status = 'lit';
A on = A total*(n"4/(n"4+tau_on”4)); %Transcriptional activation by
light is cooperative and is a function of tau on

else %$for cycle times longer than the illumination time, light is off
status = 'dark';
A on = A on*exp(-(n-light on)/tau off); %$Transcriptional activity
exponentially decays as a function of tau off

end

if n == cycle_time-1 %restart the cycle clock once a cycle has ended
n = 0;

end

A t(t) = A_on; %Keep track of transcriptional activity at every time t
t = t+1; %Advance overall simulation time
n = n+l; %Advance time within an individual cycle

end

¢$After the end of the simulation is reached, record data and change the

illumination time

A integral(s) = trapz(A_t); %Approximate the area under the transcriptional
activity curve for a given illumination time

if light on < 5
light on = light on + 1;

else
light on = light on + 2.5;

end
s = s+1;

end

% Once all illumination times have been tested for a given tau on, tau off
% pair, compare the simulated and experimental average transcription

102



% activity v. illumination time curves

A avg = A integral/(endtime); %find average trancriptional activity over the
simulation

A avg = A avg*Amax; %Scale the avg transcriptional activity by a
normalization parameter

$Experimental Data
mean y = [13675.333 18499.6667 272269.333 676027.667 1308505.67];
error y = [4253 685 10878 95300 82860];

$Compute the sum of the squares of the difference between predicted and
measured values

$for all illumination times

sql = (A_avg(1l)-13675.333)"2;

sg2 = (A_avg(3)-18499.6667)"2;

sg3 = (A_avg(6)-272269.333)"2;

sgq4 = (A_avg(8)-676027.667)"2;

sq5 = (A_avg(12)-1308505.67)"2;

sum = sqgl+sqg2+sq3+sgd+sqg5;

quality total(tau off count,tau_on count) = sum; %Record that error and the

tau_on/tau_off pair associated with it

tau_off count = tau_off count + 1;
tau_off = tau off + .5; %Test a new tau off

end

tau_on = tau_on + .25
tau_on_count = tau_on_count + 1; %Test a new tau on

end
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CHAPTER FOUR

TAEL: Non-toxic, zebrafish-optimized optogenetic gene expression system with large

dynamic range and rapid kinetics

“Maybe there is a lever on the gene that can turn it on...Don’t laugh!”

-Wallace Marshall

Manuscript in preparation.
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SUMMARY

Current inducible expression systems in zebrafish are limited in fine-grained spatial and
temporal control. Here we address this by developing an optogenetic gene expression system
that is optimized for use in zebrafish. We tested two potential optogenetic gene expression
systems, LightOn and EL222, and show that they are both able to strongly induce expression of
fluorescent reporter constructs. However we observed significant toxicity at mid-to-high
concentrations of LightOn and EL222’s transcription factors in zebrafish embryos. This was
remedied by replacing the VP16 or p65 domain of EL222 and LightOn, respectively, with
KalTA4, a transactivating domain optimized to be non-toxic in zebrafish. This switch removed all
toxicity up to 200pg of injected mRNA/embryo. We then tested each system and found only the
reengineered EL222 system, TAEL, to still be functional. Characterization of TAEL dynamics
shows the system capable of a large range of induction with relatively quick on/off kinetics. As a
functional example, we demonstrate that TAEL is able to induce ectopic endodermal cells via
sox32 induction. Finally, we provide several methods of how to spatially restrict gene induction

with the TAEL system.
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INTRODUCTION

Extensive insight into pathways involved in biological phenomena and the components that
make up these pathways has been achieved through various traditional genetic methods.
However biological systems are notorious for their ability to compensate for mutagenesis that
occurs on the time scale that is required to create stable transgenic or mutant lines. Additionally,
when working with multicelluar organisms it is often difficult to limit a perturbation to a specific
set of cells or to study any gene or pathway that is used more than once or that is essential for
survival of the organism as a whole. The ability to precisely control the location, amount and

timing of gene expression has been a long sought after powerful tool for experimental biologists.

In zebrafish, as well as other multicellular model organisms, current inducible gene expression
systems are quite limited in spatial and temporal control. For temporal control they either rely on
the administration of small molecule compounds, such as in the tetracycline-inducible
expression system (1), or activation of heat shock promoters (2). In the case of small molecule
dependent activation, the timing and penetration can be very variable and hard to control. The
use of the heat shock promoter improves upon these issues, but introduces the complication of
inducing a heat shock response in your organism as well. Tissue-specific promoters in
conjunction with either of these inducible systems is the finest level of spatial control that can
currently be achieved, which is only sufficient if there exist a reliable tissue-specific promoter for
the region of organism that you are interested in or if there is not a need for sub-tissue level

control.

By far the most sophisticated form of gene expression control that exists today is optogenetics-
based. Because optogenetic gene expression systems rely on a light for activation, they allow
for much finer spatial and temporal control. Several useful optogenetic systems have been

developed, but so far, these systems are not ideally suited for use in zebrafish. In order to be
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truly useful for studying zebrafish or any other mulitcelluar organism, a system would need to
be: genetically encoded, not require complicated optics or exogenous small molecules, have a
large range of induction, be reversible with fairly quick kinetics and, most importantly, have little

to no toxicity.

Recently, two systems, LightOn (3) and EL222 (4), showed the promise to fulfill all of these
qualifications if optimized for zebrafish use. Both systems make use of an engineered bacterial
light-oxygen-voltage (LOV) protein domain that dimerizes when illuminated with blue light
(Figure 1a). The LightOn system developed in Yi Yang’s lab is based off a synthetically
constructed transcriptional activator, GAVPO; a LOV domain fused to the Gal4 DNA binding
domain, which can only bind its corresponding UAS promoter sequence when dimerized, and a
transactivating domain to induce transcription upon binding. When a UAS promoter is placed in
front of your gene of interest, induction of its transcription can be activated by GAVPO
dimerization and binding upon exposure to blue light. The EL222 system developed in Kevin
Gardner’s lab is similarly designed, though based off a naturally occurring light-responsive
transcription factor, EL222, in Erythrobacter litoralis. EL222 also contains a LOV domain fused
to a helix-turn-helix (HTH) DNA binding domain. To complete the system, the Gardner lab added
a VP16 transactivating domain and nuclear localization sequence to EL222 and then located
EL222’s binding sequence, C120, to create a promoter with five copies of C120 in front of a

TATA box.

We have tested both systems in zebrafish and found them both easily expressed and able to
strongly induce expression of fluorescent reporter constructs. However we observed significant
toxicity at mid-to-high concentrations of LightOn and EL222’s transcription factors in zebrafish
embryos. Studies have shown that high levels of strong transactivating domains are toxic for

zebrafish development (5). We therefore replaced the VP16 or p65 domain of EL222 and
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LightOn, respectively, with KalTA4, a zebrafish optimized transactivating domain. This switch
removed all toxicity up to 200pg of injected mRNA/embryo. We then tested each system and

found only the reengineered EL222 system, TAEL, to still be functional.

Characterization of TAEL dynamics shows the system capable of a large range of induction with
relatively quick on/off kinetics. As a functional example, we show that TAEL is able to generate
ectopic endodermal cells via sox32 induction. We then demonstrate several different methods to

restrict blue light application to activate the TAEL system in a spatially restricted manner.
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RESULTS

Optimization of a optogenetic gene expression system for zebrafish: TAEL.

To test for LightOn function in early zebrafish development, GAVPO mRNA was injected into
single cell Tg(UAS:kaede) embryos. Embryos were then exposed to constant global blue light
from approximately 4 h.p.f. to 24 h.p.f. GAVPO injected embryos showed robust induction of
kaede fluorescent protein at 24 h.p.f., with no visible induction of kaede expression in dark or
uninjected controls. To test for EL222 function in early zebrafish development, EL222 mRNA
along with a plasmid containing the C120 promoter driving an mCherry reporter was injected
into single cell wild-type embryos. Embryos were then exposed to constant global blue light from
approximately 4 h.p.f. to 24 h.p.f. EL222/C120:mCherry injected embryos showed robust
induction of mCherry fluorescent protein at 24 h.p.f., with no visible induction of mCherry
expression in dark or C120:mCherry only controls. To test for potential toxicity caused by
expressing these light-responsive transcriptional activators, a toxicity curve for each was
performed. Embryos were injected with increasing amounts of EL222 or GAVPO mRNA and
then scored as unaffected or affected (deformed or dead) at d1. Both transcriptional activators
were significantly more toxic to zebrafish development than a GFP control, with GAVPO having

the strongest negative effect (Figure 1c).

Studies have shown that high levels of strong transactivating domains are toxic for zebrafish
development. Therefore we replaced the VP16 or p65 domain of EL222 and GAVPO,
respectively, with the zebrafish-optimized transactivating domain of KalTA4 (Figure 1b). Toxicity
curves were repeated for both modified transcriptional activators, TA4-EL222 and GAVPO-TA4
(shortened to TAEL and GAVTA, respectively). Both TAEL and GAVTA showed little-to-no
toxicity over the control even up to 200pg of injected mRNA/embryo (Figure 1d). Both

transcriptional activators were then tested for any alterations in function due to the change in
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transactivating domain. TAEL mRNA injection into Tg(C120:mCherry) embryos still induces
strong mCherry expression under blue light conditions with no visible expression in controls
(Figure 1f). However, injection of GAVTA mRNA in to Tg(UAS:kaede) embryos and subsequent
exposure to blue light was no longer able to induce kaede expression over dark and uninfected

controls (Figure 1e).

Characterization of TAEL system, dynamics and range.

In order to examine the kinetics and range of TAEL-induced transcription, a qPCR timecourse of
mCherry transcript levels was performed on Tg(C120:mcherry) embryos injected with 100pg
TAEL mRNA and exposed to global 465nm light at 3.5 hpf (Figure 2). Constant blue light
illumination resulted in a relatively quick and strong induction of mCherry transcription; with an
approximately 200 fold increase in transcript levels from 30 min to 3 hours post activation
(h.p.a.). Transcription peaks at ~ 3 h.p.a., decreasing steadying under continued constant
illumination. This is most likely from photobleaching of the LOV domain of the TAEL
transcriptional activator. Once photobleached the LOV domain would be unable to dimerized in
response to blue light illumination. Pulsing illumination off and on at hour intervals lessens this
photobleaching, allowing for longer and steadier induction kinetics. To examine the kinetics of
transcriptional “turn off” of the TAEL system, we performed a gPCR timecourse of mCherry
transcript levels on embryos removed from blue light illumination after 3 hours of activation. No
new mCherry transcription was observed after 30 minutes following removal from blue light

illumination, showing TAEL “turn off” kinetics to be relatively rapid.

Ectopic endoderm induction via over-expression of sox32.

The TAEL system’s ability to induce expression of a gene of interest when and where desired

makes it a powerful tool for studying zebrafish development. An example is the ability to
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ectopically express a master transcription factor in order to change the fate of a cell or set of
cells during development. Sox32 is a master transcription factor that is responsible for
specifying endoderm fate in early zebrafish development (6). We therefore decided to test if
activating the expression of sox32 via the TAEL system could induce ectopic endodermal cells
(Figure 3a). We first created a C120:s0x32 stable transgenic line and crossed it to sox17:GFP
transgenic fish, as sox17 is a marker for endodermal fate. We then injected TAEL mRNA, along
with H2B-mCherry mRNA as a nuclear marker, into C120:s0x32/sox17:GFP embryos and
activated under constant blue light immediately. Activated embryos showed a significant number
of GFP positive cells outside of sox17’s normal expression profile, which is restricted to a band
of cells around the margin in the inner most layer of the embryo from 60-80% epiboly. Activated
embryos showed GFP positive cells located both above this band all the way up to the animal
pole (Figure 3b, bracket) and in the outermost layer of the embryo (Figure 3b, arrow). Dark and

no-TAEL controls show normal sox17:GFP expression.

Cell ablation via diphtheria toxin induction.

In an effort to develop an advanced cell ablation method we tested the ability to ablate cells via
diphtheria toxin (dtx) induction with the TAEL system (7). We first injected wild-type embryos
with a DNA plasmid containing dtx under the C120 promoter, along with TAEL mRNA. The
injected embryos were kept in the dark until approximately 4 h.p.f. and at this point assessed for
any toxicity due to leakiness of the C120 promoter; none was detected. The embryos were then
exposed to 1 hour of global blue light activation. As a result of the mosaic expression of dtx from
plasmid injection, various levels of cell death occurred, as was ascertained by cell extrusion
from the embryo (Sup. Figure 1). These positive results encouraged us to proceed with making
a stable transgenic line containing C120:dtx. However, all founders encountered produced

either unhealthy F1’s or were unaffected by TAEL injection and activation, most likely through
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silencing of the C120 promoter. This suggests that the C120 promoter has a tight enough off
state to not activate and kill embryos kept in the dark for the transient experiments, but is slightly

leaky in that a healthy and functional stable line was not able to be made.

Spatial control of TAEL induction.

A major advantage of the TAEL system over previous gene expression systems is the ability to
control its activation spatially by restricting the application of activating blue light. Here we show
several examples of how this can be done. Since the range of blue light that can activate TAEL
is from 450-490 nm, the GFP channel’s excitation light can be used on any microscope as an
activating light source. The simplest way to restrict blue light exposure is to close down the field
diaphragm on an epifluorescent microscope (Figure 4a). This restricts the light coming through
the objective and hitting your sample to a small hexagon column. Light inputs can also be
specifically applied to defined regions of the embryo with a digital micromirror device (DMD). A
DMD has thousands of microscopic mirrors arranged in a rectangular array that correspond to
pixels of an image to be projected. “On” and “Off’ pixels can be set by adjusting the angle of
each mirror to either reflect light onto or off the sample, respectively. We use a custom DMD
illuminated with a 470nm LED to project various sized squares of blue light onto our samples
(Figure 4b), though almost any shape could be projected in this manner. Finally we restricted
the range in which the 488nm laser was scanned on a Digital Scanned Laser Light Sheet
Microscope (DSLM) to shine a thin beam of blue light through our sample (Figure 4c). In
addition to controlling the height of the beam, the sample can be moved in the z direction to
increase the area of activation from a thin 2-dimensional beam to a 3-dimensional rectangular
column. We exposed the eye region of 10-somite stage C120:mCherry (+ TAEL mRNA)
embryos to a single 2 minute pulse of blue light by each of these methods and were able to

activate expression of mCherry in the same region. Off target activation was seen to varying
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levels due to scattering of blue light through the thick tissue of the head. As one would expect,
the more restricted the application of blue light, the less off target activation is seen. We suspect
that the use of a 2-photon microscope would give us 3-dimensional control of TAEL induction

and are currently testing the system’s ability to be activated by 2-photon technology.
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DISCUSSION

Here we show how we have developed a powerful new tool for controlling gene expression in
zebrafish. The TAEL system offers several advantages over current inducible gene expression
systems in zebrafish. First, this system does not require an exogenous component in order to
function. This is because the flavin chromophore that the LOV domain requires to respond to
light (8) is endogenous to zebrafish. This is not the case in phytochrome-based optogenetics,
which requires the application of exogenous phycocyanobilin in order to function (9). Additionally
it is genetically encoded, nontoxic to zebrafish development, and composed of a single
homodimerizing transcriptional activator. This minimal component aspect has the benefit of

eliminating the need for expression optimization of multiple proteins.

We also demonstrate that the TAEL system has a large range of induction and, on the time
scale of gene expression, relatively quick on and off kinetics. With constant blue light activation,
transcript levels peaked at approximately 3 hours post activation at 200 fold over levels at 30
minutes post activation. Higher and faster induction could also be possible with a higher
concentration of TAEL or stronger blue light application. There appears to be an inactivation of
the system when activated continually for long periods of time, which is possibly due to
photobleaching of the LOV domain. In an effort to compensate for this we tried pulsing the blue
light on and off at one hour intervals. This lessened the photobleaching and allowed for a more
even and longer induction event. We also showed that once returned to a dark state, the TAEL
system stops all new transcription within 30 minutes. All of this suggests varying the amount of
TAEL present and the strength and timing of blue light activation should allow one to achieve

almost any level of induction desired.
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The greatest advantage to this system is its high level of spatial control. First we showed that
complicated optics are not required to activate the TAEL system in a spatially restricted manner.
Spatial restriction of induction can be as simple as closing down the field diaphragm on an
epifluorescent microscope. Higher levels of control can also be achieved through more
advanced methods of blue light application. For example, a DMD fitted with a LED in the
450-490nm range can restrict activation to a specific areas of interest. If one has access to a
light sheet microscope, restricting the sheet height or the area in which the laser is scanned is
also a way to spatially control activation. We believe that 2-photon microscopy would give the
highest level of spatial control and are currently testing this method of activation to assess

whether we can achieve 3-dimensional control of gene induction.

With the versatility that we have demonstrated, the TAEL system could serve a multitude of
different functions. It can be used to express genes of interest at any time and location, which is
extremely useful for studying a gene or pathway that is expressed at multiple locations or times
during development. It could also be used for targeted cell ablation, though we would
recommend a less potent toxicity factor than diphtheria toxin, such as a caspase. And finally, we
are currently testing our ability to use the TAEL system for spatiotemporal control of gene
knockdown via Cas9 induction (10). If functional, this TAEL/Crisper combination could be used
to improve our ability to study traditionally hard to perturb genes, such as those essential tfor

survival.
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METHODS

Vector construction and mRNA synthesis.

Expression plasmid pCS2-(VP16)EL222 is previously described in (4). All sub-cloning was done
by Gibson assembly (11). Expression plasmid pCS2-GAVPO was created by PCR amplification
of GAVPO ORF (3) and then cloned into pCS2+. Expression plasmid pCS2-TAEL was created
by PCR amplification of TA4 ORF of KalTA4(5) and then cloned into pCS2-(VP16)EL222 cut
with EcoRl and Ncol to remove the VP16 domain. Expression plasmid pCS2-GAVTA was
created by PCR amplification of TA4 ORF and then cloned into pCS2-GAVPO cut with EcoRl
and Stul to remove the p65 domain. Transgene plasmid mTol2-cryaa:Venus;5xC120:mCherry
was created by separate PCR amplification of (cryaa promoter and Venus ORF) and (5xC120
promoter and mCherry ORF) and then cloned into pminiTol2 (12). Transgene plasmid mTol2-
crya:Venus;5xC120:dix was created by PCR amplification of dtx ORF (gift from Dan Hesselson)
and then cloned into mTol2-cryaa:Venus;5xC120:mCherry cut with Ncol and EcoRV to remove
the mCherry ORF. Transgene plasmid mTol2-cry:Venus;5xC120:s0x32-P2A-tBFP was created
by separate PCR amplification of sox32 ORF and tagBFP ORF then cloned into mTol2-
cryaa:Venus;5xC120:mCherry cut with Ncol and EcoRV to remove the mCherry ORF.
Transgene plasmid mTol2-cry:Venus;5xC120:Cas9 was created by PCR amplification of Cas9
ORF (Addgene) and then cloned into mTol2-cryaa:Venus;5xC120:mCherry cut with Ncol and

EcoRV to remove the mCherry ORF.

Capped messenger RNA was synthesized using the mMESSAGE mMACHINE SP6 kit

(Ambion) with pCS2 constructs cut with Notl as linear template.

Zebrafish strains.
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Adult zebrafish were maintained under standard laboratory conditions. Tg(UAS:kaede)
transgenic line courtesy of Herwig Baier’s lab (rk8Tg in ZFIN: http://zfin.org/). Tg(sox17:GFP)
created as previously described (13). Tg(cryaa:Venus;C120:mCherry), Tg(cry:Venus;
C120:s0x32-P2A-tBFP) and Tg(cry:Venus;C120:Cas9) transgenic lines were created by
injecting 20 pg of corresponding transgene plasmid DNA along with 100 pg of Tol2 transposase
mMRNA at the one-cell stage. Injected embryos were then sorted by eye marker on d2, raised to

adulthood and then screened for founders by outcrossing to wild-type.

Toxicity curves in zebrafish.

To access the toxicity of the transcriptional activators, 50, 100, 150, 200 or 300 pg of VP-EL222,
GAVPO, TA4-EL222, GAVPO(TA4), or GFP (control) mRNA per embryo were injected at the
one- to two-cell stage. Unfertilized embryos were removed on day 0, and phenotypes
(unaffected versus developmentally deformed or dead) of each group were scored alongside
uninjected control embryos from the same clutch on day 1 after manual dechorionation. Each

group had at n > 100 embryos.

Microscopy and image processing of zebrafish embryos.

Figure 1’s fluorescent and brightfield images were taken at 24 h.p.f. on a Zeiss Axio
Observer.Z1 running Zen Blue, equipped with a X-Cite 120Q fluorescence lamp (Lumen
Dynamics), Coolsnap ES2 CCD camera and a 5x 0.25NA Fluar Zeiss objective. Dechorionated
embryos were embedded in 1.5% low-melt agarose within glass-bottom Petri dishes (MatTek
Corporation). Standard filter settings were applied and then brightfield and fluorescent images
merged. Figure 3’s fluorescent images were taken at 70% epiboly on a Digital Scanned Laser
Light Sheet Microscope, DSLM (14). Embryos were mounted in a 1.5% low-melt agarose

cylinder using 3 mm O.D./2 mm I.D. FEP tubing (Bola). Z stacks of 2.58 um intervals were taken
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with a 10x 0.5NA Zeiss objective. mCherry fluorescence was imaged with 561 nm laser line and
a 561LP filter. GFP fluorescence was imaged with a 488 nm laser line and a 488LP filter.
Maximum intensity projections of the Z-stacks for the GFP channel were performed for the top
panel of Fig. 3b and a representative z slice of each condition was chosen to show a merge of
the mCherry and GFP channel images for the bottom panel. Figure 4’s fluorescent and

brightfield images of spatial activation modes were taken on their corresponding microscopes:

1. Epifluorescence: Nikon Eclipse Ti microscope running NIS Elements, equipped with a
Sutter Lambda XL Broad Spectrum Light Source, an electron multiplying charge-coupled
device (EM-CCD) camera (Andor iXon DU-897) and a 10x Plan Fluor 0.3NA or a 20x Plan
Apo 0.75NA Nikon objective. A 760LP filter was placed in the brightfield path to prevent
unwanted activation from brightfield illumination. Standard filter settings were applied and

then brightfield and fluorescent images merged.

2. DSLM: Embryos were mounted in a 1.5% low-melt agarose cylinder using 3 mm 0O.D./2
mm |.D. FEP tubing (Bola). A 10x 0.5NA Zeiss objective was used to image the 488nm

activating beam (488nm laser line and a 488LP filter) and brightfield image (?).

3. DMD: Nikon Eclipse Ti microscope running Nikon Elements, equipped with a custom
digital micro mirror device (Andor Technologies), an EM-CCD camera (Evolve,
Photometrics), and a Nikon 10x Plan Fluor 0.3NA DIC objective. 'On' pixels (regions to be
stimulated with activating light) were illuminated with 470nm light (Lumileds), whereas 'off'

pixels were unexposed.

Fluorescent and brightfield images of mCherry reporter expression after spatial activation were
taken at 24 h.p.f. on the Zeiss Axio Observer (see above). All image processing and analysis

was performed using ImageJ software (15).
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Light induction.

For global light induction, a TaoTronics TT-ALO9 120W Dimmable LED Aquarium Hood was
used apply constant or pulsed light (GraLab Model 451 High-Accuracy Digital Electronic Timer).
Actual power of light received by embryos (lids of plates removed) was measured to be ~1.5
mW using a PM100D Laser Power and Energy Meter Console (Thorlabs). Dark controls were
placed in a lightproof box in the same 30°C incubator as light-treated samples. For spatially
restricted light induction, several different methods were used: closed down field diaphragm of
an epifluorescent microscope, 488nm channel (Nikon Eclipse Ti described above), restricted

scanning of the 488nm laser on a DSLM (described above), small DMD created square, 470nm

LED (see above). After activation, PTU was added to final concentration of 0.003% and

embryos were returned to the incubator (in the dark) for another 6 hours before imaging for

mCherry reporter expression.

Real-time Quantitative PCR

To examine the kinetics of TAEL-induced transcription, Tg(5xC120:mCherry) embryos were
injected with 100pg TAEL mRNA at the one-cell stage. At 3-3.5 hpf (just after the mid-blastula
transition), embryos were illuminated with 465nm light; for negative controls, injected embryos
were kept in the dark by covering dishes with aluminum foil. At the indicated time points, total
RNA was extracted by Trizol extraction (16) or using the RNEasy Kit (Qiagen). 500ng RNA was
used for reverse transcription using the Quantitect cDNA synthesis kit (Qiagen). The qPCR
reaction mixture contained 2X SYBR green PCR master mix (Applied Biosystems), 10-fold
diluted cDNA, and 714 nM each primer. Reactions were carried out in an Applied Biosystems

7900HT Fast Real-Time PCR System (Applied Biosystems) as follows: Initial activation at 95°C
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for 10 min, followed by 40 cycles of 30s at 95°C, 1 min at 60°C, and 1 min at 72°C. Once the
PCR was completed, a melt curve analysis was performed to determine reaction specificity.
Samples were run in triplicate and data presented in Fig. 2 represent averages from two
biological replicates each with two technical replicates. The housekeeping gene efia was used

as a reference.

Primers used in this study:

mCherry forward: 5-GACCACCTACAAGGCCAAGA-3’
mCherry reverse: 5-CTCGTTGTGGGAGGTGATGT-3’
efla forward: 5-CAAGAAGAGTAGTACCGCTAGCAT-3’

efla reverse: 5- CACGGTGACAACATGCTGGAG-3’
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Figure 1: Optimization of a optogenetic gene expression system for zebrafish, TAEL.

(a) Cartoon depicting general setup for LOV-based, light-responsive gene expression systems.
(b) Cartoons depicting transcriptional activators: EL222 (top left), GAVPO (top right), TAEL
(bottom left), GAVTA (bottom right). Toxicity curves showing percentage of unaffected/healthy
embryos per injection condition. (¢) Both original GAVPO and EL222 transcriptional activators
show toxicity over the GFP control. (d) Optimization of these transcriptional activators, GAVPO
to GAVTA and EL222 to TAEL, causes a significant decrease in their toxicity (e) GAVTA is
unable to induce transcription of kaede from the UAS promoter (f) TAEL is still able to induce

transcription of mCherry from the C120 promoter under activating conditions.
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FIGURE 2
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Figure 2: Characterization of TAEL system, dynamics and range.

A gPCR timecourse of mCherry transcript levels was performed on Tg(C120:mcherry) embryos
injected with TAEL mRNA and illuminated with 465nm light at 3.5 hpf to examine the kinetics of
TAEL-induced transcription. (a) mCherry expression fold change (log10), normalized to 30 min
post illumination, for both constant illumination and 1 hour ON/OFF pulsing conditions
(continuous and dotted line, respectively). Timecourse shows fast and strong induction of
mCherry transcription under constant illumination conditions, with a ~200 fold increase in
transcript levels from 30 min to 3 hours post activation (h.p.a.). Transcription decreases after 3
h.p.a., most likely from photobleaching/inactivation of the LOV domain. Pulsing illumination off
and on at hour intervals lessens this photobleaching allowing for longer and steadier induction
kinetics. (b) No new mCherry transcription is observed by 30 minutes after activated embryos

are returned to dark conditions, showing TAEL “turn off” kinetics to be relatively rapid.
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FIGURE 3
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Figure 3: Ectopic endoderm induction via over-expression of sox32.

(a) Cartoon depicting experimental set up. Once exposed to activating blue light, TAEL mRNA
injected Tg(C120:s0x32/s0x17:GFP) embryos will mis-express sox32 which will result in ectopic
induction of endoderm cells, labeled by sox17:GFP (b) Maximum z-projections of sox17:GFP on
top panel, bracket marks sox17:GFP positive cells outside the normal expression range in TAEL
activated embryos. Bottom panel shows representative z planes, with mCherry as a nuclear
marker to show layer location of sox17:GFP positive cells, arrow marks sox17:GFP positive

cells located outside the inner-most layer of the embryo in TAEL activated embryos.
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FIGURE 4
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Figure 4: Spatial control of TAEL induction.

We demonstrate three different ways to spatially restrict TAEL-based transcriptional induction.
(a) Closing down the field diaphragm on an epifluorescent microscope (488nm, GFP excitation
setting) restricts the light coming through the objective and hitting a sample to a small hexagon
column. (b) DMD illuminated with a 470nm LED to project various sized squares of blue light
onto a samples (c) Restricted scanning range of the 488nm laser on a DSLM to shine a thin
beam of blue light through a sample. We exposed the eye region of 10-somite stage
C120:mCherry (+ TAEL mRNA) embryos to a single 2 minute pulse of blue light by each of

these methods and were able to activate expression of mCherry in the same region.
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SUPPLEMENTARY FIGURE 1
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Supplementary Figure 1: Cell ablation via diphtheria toxin induction.

(a) Cartoon depicting experimental set up. Once exposed to activating blue light, embryos
injected with TAEL mRNA and mTol2-C120:dtx plasmid DNA will express dtx which will result in
cell death (b) Injected embryos immediately before light activation, kept in the dark until ~4 h.p.f.
(c) Injected embryos after 1 hour of TAEL activation. Various levels of cell death occurred,

marked by cell extrusion from the embryo.
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CHAPTER FIVE

Nodal Gradient Interpretation During Zebrafish Germ Layer Patterning

“Really, you should check with me before you start anything, we’re most likely already working

onit.” - anonymous

“If there is a bug in the software, Anna will find it”

- Benjamin Schmid
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SUMMARY

In order to form the complex structure of multicellular organisms it is essential for cells within an
embryo to receive fate and positional information. An extensively studied source of positional
information is the Nodal morphogen gradient. Although much progress has been made in
understanding the components and outcomes of the Nodal signaling pathway, there is very poor
quantitative understanding of how cells translate the duration and concentration of Nodal
signaling into positional information. To address these questions, we employed Selective Plane
lllumination Microscopy (SPIM) to image whole embryos in vivo with sub-cellular resolution.
With this technology we were able to image and quantify Nodal morphogen gradient dynamics
over time. Single cell tracking in conjunction with live Nodal target gene reporters allowed us to
directly correlate Nodal signaling inputs with subsequent target gene induction and cell fate
decisions. We combined these measurements with perturbations of Nodal signaling to elucidate

how developing organisms interpret this key morphogen.
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INTRODUCTION

A single egg, once fertilized, begins rapid and synchronous cell divisions that divide the
enormous volume of zygote cytoplasm into numerous smaller cells. Further development
requires a transition from a fairly homogenous population of cells to cells with different
structures, movements, and fates. This period is characterized by the formation of the three
germ layers, specification of the anterior-posterior and dorsal-ventral axis, morphogenetic
movements, and finally specification of tissue and organ progenitors (1). Positional information
within the embryo is essential for these complex patterning events (2), and a principal
mechanism for specifying positional information is provided by morphogen gradients (3).
Morphogens act directly on cells to produce specific cellular responses in a concentration-
dependent manner. Several mechanisms have been proposed for how morphogen gradients
are interpreted by cells, but lack of sophisticated tools for perturbing and measuring morphogen
gradients limit our understanding of these key regulators of positional information.

Nodal is an extensively studied and developmentally important morphogen (4). Part of
the TGF-B superfamily, its signaling is essential for germ layer and left-right patterning in
vertebrates. Excellent genetic and developmental studies have uncovered the core components
of the Nodal signaling pathway. In zebrafish, Nodal ligands are expressed at the margin and
yolk syncytial layer (YSL) during the blastula stage and the resulting signaling gradient specifies
germ layer fate along the animal-vegetal axis by inducing endoderm at high levels of Nodal
signaling and mesoderm at low levels. The two zebrafish Nodal ligands, Cyclops (Cyc) and
Squint (Sqt), have short- and long-range effects, respectively. The signaling pathway [5] is
activated by a ligand binding to a type Il TGF- receptor, inducing interaction with a EGF-CFC
co-receptor, One-eyed-pinhead (Oep), and the type | TGF-B receptor, TARAM-A. TARAM-A
becomes phosphorylated and activated by the constitutively active type Il receptor and induces

the subsequent phosphorylation of the transcription factors Smad2 and Smad3. This
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phosphorylation facilitates complex formation with the co-transcription factor Smad4. The Smad
complexes accumulate in the nucleus, where they bind DNA and other transcription factors to
regulate the expression of target genes. A few examples of the many Smad target genes
include: Cyc and Sqt themselves, their antagonists, Lefty1 and Lefty2, the zebrafish Brachyury
homolog no-tail (Ntl), and the homeobox gene goosecoid (Gsc).

Despite this knowledge, we still lack a systems-level understanding of how this complex
signaling cascade converts gradients of Nodal into proper positional information. This is mostly
due to a lack in a quantitative understanding of: the in vivo dynamics of the gradient and the
mechanisms by which signal concentration and duration are translated into positional
information by responding cells. This knowledge is crucial to understanding how the Nodal
ligand’s linear input is converted into discrete stepped outputs, such as germ layer fate, and
how the robustness and precision required of this event is achieved.

Response to morphogen gradients during development is a spatially and temporally
dynamic process[6]. Despite this, many of the tools used to study Nodal signaling have relied
on fixed time points. A comprehensive understanding of Nodal-dependent patterning requires
quantitative measurements of the spatiotemporal dynamics of: the morphogen gradient, its
intracellular signaling cascades, and the regulation of its downstream target genes. Accordingly,
we combined: recent technologies in imaging, in vivo Nodal activity reporters and a quantitative
approach to data collection and analysis to address: How is the Nodal morphogen gradient
converted to the positional information responsible for discrete changes in gene expression that

ultimately determine germ layer fate/patterning?
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METHODS

Vector construction

All sub-cloning was done by Gibson assembly (7). Transgene plasmid mTol2-ubiq:GFP-Smad2
was created by separate PCR amplification of the ubiquitin promoter and GFP ORF and then
cloned into pmTol2-efta:Venus-Smad2 (gift from Steve Harvey) cut with ECORV and Agel to
remove the efla promoter and Venus ORF. Transgene plasmid mTol2-gsc:tRFP was created by
separate PCR amplification of the gsc promoter (gift from Dirk Meyer) and the tagRFP ORF and
then cloned into pmTol2. Transgene plasmid mTol2-sox17:t1BFP was created by separate PCR

amplification of the sox17 promoter and tagBFP ORF and then cloned into pmTol2.

Zebrafish strains

Tg(ubiq:GFP-Smad2) and Tg(gsc:tRFP) transgenic lines were created by injecting 20 pg of
corresponding transgene plasmid DNA along with 100 pg of Tol2 transposase mRNA at the one-
cell stage. Injected embryos were then sorted by fluorescence on dO, raised to adulthood and

then screened for founders by outcrossing to wild-type.

Histone labeling

CF405-histone dimers were made as described in Shahian and Narlikar, 2012 Methods Mol Bio
(8), with the following modifications: Cy5-maleimide was replaced with CF405-maleimide, once
H2A was labeled with CF405 dye it was refolded with equal concentration of H2B to form H2A/
H2B histone dimers instead of full histone octamers, and labeled histone dimers were HPLC
purified to remove any free dye still present after initial filtering through a Microcon-10 filter.
Bright, uniform labeling of histones was achieved by injection of 5ng of CF405-histone dimer

directly into single celled embryos.
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Microscopy and Imaging Setup

SPIM microscope was set up as described in Schmid, et. al. 2013 Nat. Commun (9). Embryos
were mounted in a cleaned FEP tube (inner diameter: 2.0 mm, wall thickness: 0.5 mm) with
1.5% low-melt agarose in E3 medium and a 1:20,000 dilution of fluorescent microspheres (F-Y
050, Millipore), for bead-based-registration. The embryos with their chorions intact were
positioned on top of each other with minimum gap between them. Once the FEP tube was
mounted inside the SPIM chamber, bead-based-registration was used to register the samples in
their 0 and 45 degree angle positions. A data acquisition mask was then set to acquire a
relevant 320um radius shell of information around the embryo. Z-stacks composed of 2um steps
were taken every 2 minutes at both 0 and 45 degree rotations. For gsc final reporter imaging,
GFP-Smad2/gsc:tRFP embryos injected with 5ng CF405-histone dimer were imaged with the
405nm channel for the duration of the time-lapse, 200 time points (laser power ramped up to a
final of 150% of original power), the 488nm channel was imaged for the first 116 timepoints, and
the 561nm channel for the final time point. For sox17 final reporter imaging, GFP-Smad2
embryos injected with 100pg H2B-mCherry mRNA and 15pg of sox17:tBFP DNA were imaged
with the 405nm channel for the final time point, the 488nm channel for the first 116 time points
and the 561nm channel for the duration of the time-lapse, 200 timepoints (laser power ramped

down to a final of 60% of original power).
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