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Abstract

Living multicellular organisms exhibit both organisational structures and
dynamic behaviours. Common to all is the necessity to preserve information for
robust organism development and the need to sense and adapt to
environmental changes. Hence, to understand holistically a biological system,
interrogation of both its biochemical and biomechanical components is needed.
Here, | detail my work on developing advanced optical precision imaging tools
that enable the study of the biochemical and mechanical nature of biological

systems.

First, | present my work on Piezo1, an ion channel directly gated by mechanical
forces essential for cellular mechanosensation across biological kingdoms. |
describe my efforts in testing, further developing, and validating both in vitro
and in vivo the first genetically-encoded fluorescent biosensor for Piezo1-
dependent activity, named GenEPi. Then, | describe my efforts on primed
conversion, a novel method for axially confined and non-toxic photoconversion
of green-to-red photoconvertible fluorescent proteins. | detail my work on
improving primed conversion efficiency using a semi-rational protein
engineering approach combined with X-ray crystallography and describe the
evaluation of primed conversion implementation in a single-objective light-
sheet microscope. Finally, | present my work on bioharmonophores, a new class

of polymer-encapsulated biodegradable Second Harmonic Generation



nanoprobes, which overcome inherent limitations of fluorescent probes and can

be used for specific cell targeting without expected adverse effects.

Altogether, this advanced imaging toolkit, which includes a biosensor (GenEPi),
improved fluorescent proteins (primed conversion), a novel microscope (primed
conversion) and SHG nanoprobes (bioharmonophores) is poised to change the
way we capture the intricate interplay between biochemical and mechanical
signals that influence the fundamental processes of life, providing a holistic view

of systems biology.
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Chapter 1. Introduction

“The gift of the great microscopist is the ability
to think with the eyes and see with the brain”

Daniel Mazia

Living organisms, such as humans, are highly organised dynamic structures (Fig. 1).
Cells are the basic building bricks of living beings and have the same properties of
life: they can reproduce; they interact and communicate; they are evolutionary and
although they are to some extend pre-programmed, they are also adaptive (Gémez-

Marquez, 2021, Witzany, 2020).

The
human body

®

Fig. 1. Cells are the building bricks of the human body. The human body consists of multiple organs and
tissues with separate and unique functions working together to maintain homeostasis. (Created with
BioRender.com).



In the early ages of Embryology, Aristotle described the “genesis” of the chick
embryo and egg (Aristotle and Peck, 1943) as an active process of researching the
“Generation of Animals”. Since then, the aim of blue skies research in
developmental biology remains the same. It is a research continuum to understand
the processes of life and how the zygote develops from a single cell to a complex
multicellular organism. Although this kind of research is mainly driven by curiosity,
its implications to human health are not to be ignored. Many genes, which have
been previously discovered or characterised to control development in model
organisms such as mice and zebrafish, we now know control development in all
organisms, including humans. The developmental biologists Nisslein-Vollhard and
Wieschaus identified genes, such as Gooseberry and Patch (Nusslein-Volhard and
Wieschaus, 1980) (Fig. 2) and their regulatory pathways, that are nowadays well
known for their crucial role in both human development and cancer progression
(Ingham, 2018). For instance, mutations in the human ortholog of Hedgehog (SHH)
cause holoprosencephaly, a congenital disease in which the two lobes of the
forebrain are not separated, resulting in severe craniofacial defects and cyclopia in
the most severe form (Roessler et al., 1996, Solomon et al., 2010). Gain-of-function
mutations in the human ortholog of Smoothened (SMO) discovered in basal cell
carcinomas, implicated SMO as a critical oncogene, thereby highlighting
Hedgehog signalling as a possible anti-cancer target (Xie et al., 1998). Hence,
understanding the chemical complexity of developmental processes and how
regulatory systems in individual cells orchestrate embryo formation from the single-
cell zygote to the fully formed organism is currently more than basic research as it
is fundamental to the human experience (Wallingford, 2019) providing

opportunities for translational science.



_wild-type_ Mutations affecting segment number and
polarity in Drosophila

Christiane Niisslein-Volhard & Eric Wieschaus
European Molecular Biology Laboratory, PO Bex 10.2209, 69 Heidelberg, FRG

gooseberry patch

Fig. 2. Drosophila genes identified in the 1980s are nowadays known to be important for human
development and cancer progression. The developmental biologists Nisslein-Vollhard and Wieschaus
identified genes with initially considered “funny” names (Hopkin, 2006), such as gooseberry and patch.
Larvae homozygous for these genes show phenotypes with deleted regions in comparison to wild-type
larvae. (Adapted from (Nisslein-Volhard and Wieschaus, 1980)).

1.1 Cell labelling for chemical interrogation of biological systems

1.1.1 Direct observation

Lineage tracing is the identification of all progenies of a single-cell and the
reconstruction of cell trajectories. From the late 18! century to the present, several
cell tracking approaches have been used. The first embryology and developmental
biology studies were based on direct observation of cell life spans using light
microscopes. In contrast to the simplicity of the experiments, detailed fate maps of
embryo development were produced advancing our understanding of mainly
invertebrate development. In 1878, Charles O. Whitman and his colleagues
observed directly single cells in leech embryos and showed that the fates of
individual cells are determined early on in Clepsine development (Whitman, 1878).

In 1952, Georges Nomarski introduced Differential Interference Contrast (DIC) to



enhance contrast in unstained and transparent samples (Nomarski, 1952). Sulston
et al. took advantage of this optical technique and traced the embryonic cell lineage
of Caenorhabditis elegans from zygote to hatched larva (Sulston et al., 1983)
(Fig. 3). The relatively small number of cells in C. elegans enabled Sulston and his
colleagues to determine a complete cell fate map of worm development (Sulston et
al., 1983), an impressive achievement which was awarded the Nobel Prize in

Physiology or Medicine 2002.
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Fig. 3. The embryonic cell lineage of C. elegans. (A) DIC images of C. elegans embryo, (A1) just before
cleavage, (A2) beginning of gastrulation and (A3) late gastrulation. (B) Complete cell lineage of C. elegans
showing the progenies of cells from the first cleavage to hatching. (Adapted from (Sulston et al., 1983)).



1.1.2 Interspecies transplantations and vital dyes

Although the DIC-enhanced contrast of cells in unstained samples provided
valuable insight into embryo development, it became clear that cell subpopulations
of interest need to be labelled in a specific way in order to reveal more complex
processes of development. Interspecies transplantations (Spemann and Mangold,
1924, Waddington, 1932, Le Douarin and Teillet, 1974) (Fig. 4) and vital dyes (Vogt,
1925, Honig and Hume, 1989, Honig and Hume, 1986, Baier et al., 1996) were
introduced for the first time in the 1920s and revealed very important notions in
development. For instance, in 1924, Spemann and Mangold made interspecies
chimeras with embryos from three differentially pigmented newt species (Spemann
and Mangold, 1924). Their experiments discovered the Spemann and Mangold
organiser and introduced the concept of induction in vertebrate embryonic
development (Spemann and Mangold, 1924) which until then was considered to be
more deterministic. One year later, Walter Vogt implanted small pieces of agar
impregnated with the vital dye Nile Blue into amphibian embryos and successfully
followed the progeny of labelled cells during gastrulation in a more precise way
(Vogt, 1925). Around 60 years later, lipophilic tracers, such as Dil, DiO, DiD, DiA and
DiR, were introduced to label phospholipid bilayer membranes in live embryos
(Honig and Hume, 1986, Honig and Hume, 1989). In 1996, Baier et al. used Dil and
DiO to label the developing retinal axons and developed a systematic screening
approach to identify key mutations affecting the retinotectal projection in zebrafish

(Baier et al., 1996).

1.1.3 Fluorescence

Fluorescence is the result of one of the most interesting interactions between light
and matter. In systems with optically excitable electrons, such as polyaromatic
hydrocarbons, the aromatic w-orbitals line up in an overlapping way that creates an

enlarged conjugation system. This enlarged conjugation system is characterised by



‘- White leghorn <
chicken

. Chimera

Fig. 4. Interspecies transplantations to study migration of neural crest cells in chicken embryos.
Immunohistochemistry to identify quail cells in (A) a section and (B) a whole quail-chick embryo chimera. (C)
Chimeric birds together with a chicken and a quail for comparison. (Adapted from (Le Douarin, 2008), Nicole
Marthe Le Douarin photograph on the bottom).

an absorption Ae wavelength which depends on (i) the molecular niche around the
chromophore and (ii) the extent of conjugation between the orbitals. When a
photon of A is absorbed by a m-electron, the latter gets excited from the ground
state Sp into the excited state Si. As higher vibrational states of Sy are usually
reached upon the Ao photon absorption, the excited electron undergoes a fast
process called vibrational relaxation during which vibrational energy is dissipated
and the electron “relaxes” to the lowest vibrational state of Sy. After that, the electron
can return to the ground state while emitting a photon of Aem, wavelength in a
process called fluorescence. Alternatively, the electron can undergo intersystem
crossing (ISC) to reach a dark triplet state T,. Electrons that reach the triplet state
can remain there for long periods of time in the range of microseconds to several
seconds without contributing to fluorescence (dark states) (Ha et al., 1997, Visser

and Hink, 1999, Garcia-Parajo et al., 2000) (Fig. 5).
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Fig. 5. Jablonski energy diagrams illustrating the electronic and vibrational states and the possible
transitions during the absorption of an A, photon by a rt-electron. (A) 1-photon excited fluorescence. (B)
Alternative non-radiative and radiative state processes via dark triplet states. (C) Two-photon excited
fluorescence. (Created with BioRender.com).

1.1.3.1 The Green Fluorescent Protein and bioimaging

The discovery and characterisation of the green fluorescent protein (GFP)
(Shimomura et al., 1962) in the early 1960s from Aequorea victoria changed
biological imaging. The chromophore of GFP forms through cyclisation and
oxidation of the internal tripeptide motif SYG (Ser65, Tyr66 and Gly67) which
contains a highly conjugated imidazolidinone ring (Prasher et al., 1992, Cody et al.,
1993). GFP has a characteristic absorption spectrum depending on its protonation
state, which can be seen in its excitation spectrum as two peaks; one for the neutral
form of the chromophore with a maximum at around 395nm and one for the anionic
form of the chromophore with a maximum at around 475nm (Fig. 6A-B) The gene
sequence that encodes GFP was cloned for the first time in 1992 but the significant
potential to use it as a molecular probe was not realised until two years later. In
1994, Chalfie et al. showed that the gene of GFP can be easily expressed in both
bacteria and eukaryotic cells and they used it to monitor gene expression and
protein localisation in living organisms (Chalfie et al., 1994). The straightforward
implementation of already established detection filters of organic dyes to image
GFP and their ease of use made this FP one of the most important genetically-

encoded imaging probes in biochemistry and molecular cell biology (Tsien, 1998).



Since these early studies, the GFP structure has been further
refined/modified/engineered to produce a vast number of mutants, fusion proteins
and biosensors which possess a multitude of characteristics, such as emitting
different light, enhanced fluorescence and even sensing the presence of ions such
as Ca®" (Rodriguez et al., 2017, Tsien, 1998, Matz et al., 1999). All these variants are
broadly referred to as fluorescent proteins (FPs). Most recent, fluorescent proteins
from other species have been identified and isolated, resulting in expansion of the
fluorescence colour palette (Matz et al., 1999, Shaner et al., 2004, Shaner et al.,
2008). All these new features and coloured variants (Fig. 6C-E) allowed the
monitoring of molecular processes (Rodriguez et al., 2017, Tsien, 1998), such as the
detection of gene expression (Lewis and Errington, 1996, Chalfie et al., 1994), the
subcellular localisation dynamics of molecules of interest (Lewis and Errington,
1996) and the visualisation of signalling and protein-protein interactions using
molecular indicators, such as Forster/Fluorescence resonance energy transfer

(FRET)-based sensors (Piston and Kremers, 2007).

1.1.3.2 Genetic markers for lineage tracing

As a natural consequence of their ease of use, genetically encoded markers have
proven extremely useful tools for lineage tracing. Fluorescent proteins can be easily
introduced in cells by e.g. direct injection of the mRNA or introduction of a plasmid
DNA encoding for the FP under the control of a specific promoter. Compared to
vital dyes, genetic markers do not spread to neighbour cells and, if they are stably
expressed, they are inherited by all progenies. In zebrafish, the generation of
transgenic lines with tissue- or cell-specific expression of FPs has been extensively
used to study developmental processes. In 1997, Lin et al. reported for the first time
the creation of zebrafish transgenic line which expressed GFP under the putative

zebrafish promoter of gata-1, a transcription factor that is essential for erythroid cell



development (Long et al., 1997). Using this transgenic line which was generated by
microinjections of plasmid DNA into single-cell zebrafish embryos (Stuart et al.,
1988), they showed that the GFP expression patterns were consistent with the gata-
1 mRNA expression and isolated early erythroid progenitor cells by fluorescence-
activated cell sorting (FACS) for subsequent in vitro studies (Long et al., 1997).
Similarly, around 10 years later, Carney et al. investigated the role of the sox10 gene
in the generation of neural crest-derived sensory neurons (Carney et al., 2006) by
generating a transgenic line carrying a construct driving GFP expression under the
zebrafish sox10 promoter (Carney et al., 2006). This labelling approach allowed
them to demonstrate that Sox10 function specifies sensory neuron precursors by

regulating the proneural gene neurogenin1 (Carney et al., 2006).
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Fig. 6. Chromophore of GFP and characteristics of other fluorescent proteins available for biological
research. (A) Chromophore of Aequorea victoria GFP (avGFP) in both the neutral (grey) and anionic (teal)
form. (B) Excitation and emission spectra of avGFP (data obtained from FPBase.org). (C) Fluorescent protein
variants according to their excitation and emission wavelength. Each dot represents a fluorescent protein
coloured according to its excitation wavelength. (Data from Talley Lamber and Kurt Thorn, fpvis.org). (D)
Different monomeric FPs with different spectral properties (Adapted from tsienlab.ucsd.edu/). (E) The
lineages of the avGFP and DsRed fluorescent proteins which influenced biological imaging and are still
commonly used for cell and protein labelling and tracking of dynamics (Adapted from FPBase.org).

10



1.1.3.3 Genetic recombination approaches

In addition to the constitutively expressed FP approaches, genetic recombination
enabled researchers to temporally control labelling of cell populations. Nowadays,
the most common method for genetic fate mapping is the use of site-specific
recombinases, such as the Cre recombinase (Abremski et al., 1983, Abremski and
Hoess, 1984, Santoro and Schultz, 2002), that are expressed in a tissue- or cell-
specific manner. As the Cre recombinase promotes DNA strand exchanges, it can
activate the expression of a genetic marker in a particular cell or subset of cells and
eventually their progeny. Temporal control of recombination can be achieved by
using ligand-inducible Cre variants and administration of a drug inducer (e.g.
CreERT2 is activated by tamoxifen (TAM) or its active metabolite 4-hydroxy-
tamoxifen (4-OHT)) (Pinzon-Olejua et al., 2017). In an extended combinatorial
approach, multicolour single-cell labelling and parallelisation of lineage tracing
have been achieved by random Cre recombination to differentially express
combinations of spectrally distinct FPs (Livet et al., 2007). In this “rainbow” of
coloured cells, single-cell progenies can be identified by a stochastic yet
individually specific stoichiometric ratio of FPs and can be followed over extended

time periods (Livet et al., 2007, Pan et al., 2013).

1.1.3.4 Limitations of lineage tracing using genetically encoded markers and
combinatorial events

Although cell labelling methodologies using genetic markers and genetic
recombination are powerful tools for lineage tracing, they present several
limitations. The generation and the establishment of transgenic lines with a tissue-
or cell-specific marker require previous knowledge of a particular gene promoter.
Such a task can be laborious, as it requires a thorough characterisation of the
labelling specificity (see for example the characterisation of ubi, a ubiquitous

promoter in zebrafish by (Mosimann et al., 2011)). In random “rainbow”-like
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labelling approaches, targeted marking of individual cells of interest is precluded
because all the cells are labelled. Furthermore, the time needed to reach a stable
steady-state fluorescence colour combination is often too long. This delay can
render the identification of single-cell clones challenging, especially when highly
dynamic biological systems, which are characterised by rapid cell divisions and

migrations, are studied.

1.1.4 Photomodifiable fluorescent proteins and photochromism

To overcome these limitations, photomodifiable FPs can be used. Photomodifiable
FPs can change their excitation and emission spectra upon high energy (violet or
ultraviolet (UV)) light illumination either reversibly (i.e. photoswitchable FPs) or
irreversibly (i.e. photoactivatable and photoconvertible FPs). For instance, the FP
Dronpa switches from an on-to-off state reversibly (Ando et al., 2004), while
photoactivatable GFP (paGFP) permanently changes from a non- or weak
fluorescent state to a strongly fluorescent one (Patterson and Lippincott-Schwartz,
2002). This phenomenon, termed photochromism (Fig. 7), in which FPs switch
between molecular states was first identified by Moerner, Tsien and colleagues in
1997 (Dickson et al., 1997). In this early study, it was demonstrated that single
molecules of yellow FPs exhibit intermittent fluorescence emission (i.e. blinking)
and that molecules trapped in a long-lived dark state (off-state) could be converted
back to the emitting state (on-state) by illumination with 405nm light (Dickson et al.,
1997). Subsequent studies have largely confirmed the model of dark state
conversion proposed by Moerner et al. and several mechanisms have been
revealed for the excited to dark state transitions, such as conformational dynamics
of the chromophore (e.g. cis-trans isomerisation), excited state proton transfer,
excited state solvation dynamics and triplet state conversion (Habuchi et al., 2005,

Andresen et al., 2005, Shi et al., 2007, Haupts et al., 1998, Konold et al., 2014).
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Examples

Photoactivation paGFP
Photoswitching Dronpa
Dendra2

Photoconversion

green state red state

Fig. 7. The three types of photochromism in fluorescent proteins. Photoactivatable FPs, such as paGFP,
can change from a non- or weak fluorescent state to a bright fluorescent state while photoswitchable FPs,
such as Dronpa, can reversibly change between two fluorescent states upon light illumination.
Photoconvertible FPs, such as Dendra2, can change their emission from green to red upon 405nm
illumination.

1.1.4.1 Photoconvertible fluorescent proteins and 405nm photoconversion

Photoconvertible FPs, such as Dendra2, change their emission spectrum from green
to red (Gurskaya et al., 2006). Traditionally, violet light of around 405nm is used for
photoconversion. Upon violet-light illumination, all green-to-red photoconvertible
FPs share a common photoconversion mechanism (Fig. 8). First, a bond cleavage
occurs between the Ny and C, atoms of chromophore’s histidine. Then, a double
bond is formed between the C, and Cg atoms which eventually leads to the

irreversible shift in emission and absorption (Nienhaus et al., 2005, Mizuno et al.,
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2003). Although 405nm photoconversion can achieve very efficient
photoconversion (Dempsey et al., 2014, Dempsey et al., 2012a), its use is limited to
thin samples because of the non-axial confined nature of violet light
photoconversion (i.e. in a 3D space it is not confined in the z axis). Additionally, the
high energy of violet light can be phototoxic and cytotoxic after multiple or long
exposure times as previously shown (Ramakrishnan et al., 2016, Waldchen et al,,

2015).
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Fig. 8. Mechanism of 405nm photoconversion. A bond cleavage happens between the N, and C, atoms
of chromophore’s histidine. Then, a double bond is formed between the C, and Cg atoms which leads to the
irreversible shift in absorption and emission.
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1.1.4.2 Photoconvertible fluorescent proteins for lineage tracing

As previously mentioned, photoconvertible FPs, in contrast to photoactivatable FPs,
can be observed before and after photoconversion. Dempsey et al. took advantage
of this feature and introduced transgenic zebrafish lines, named PhOTO
(Photoconvertible Optical Tracking Of nuclear and membrane dynamics in vivo)
zebrafish, which combine precise single-cell labelling and long-term lineage tracing

(Dempsey et al., 2012a, Dempsey et al., 2014).

PhOTO zebrafish is a transgenic resource that ubiquitously expresses targeted
fusions of the blue FP Cerulean (Rizzo et al., 2004) and the photoconvertible FP
Dendra2 (Gurskaya et al., 2006). Specifically, the PhOTO vector (Fig. 9A) allows for
the constitutive and 1:1 stoichiometric ratio expression of Cerulean and Dendra2
targeted either (i) to the cell membrane (memb) or (ii) the nucleus by means of an
H2B fusion. By using the Tol2 transposase-mediated genome integration system,
three transgenic zebrafish lines, named PhOTO-N, PhOTO-M and PhOTO-C were
established. The PhOTO-N zebrafish line expresses H2B-Dendra2 and memb-
Cerulean to selectively label nuclei and membranes, respectively. The
complementary PhOTO-M zebrafish line expresses H2B-Cerulean and memb-
Dendra2. PhOTO-C expresses cytosolic Dendra2 and nuclear Cerulean. In all
PhOTO lines, the instantaneous photoconversion of Dendra2 allows for precise
targeting, accurate segmentation and reconstruction of cell trajectories with high
spatiotemporal resolution and signal-to-noise ratio. In parallel, the global view of
the cell morphology and behaviour is retained by the compartment specific
expression of Cerulean. Both PhOTO-N (Fig. 9B) and PhOTO-M have been used to
reveal and highlight the complexity of developmental and post-developmental (e.g.
fin regeneration) processes down to single-cell level (Dempsey et al., 2012a,

Dempsey et al., 2014).
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A / PhOTO Zebrafish Lines

PhOTO-N - Nuclear Dendra2 (Protein 1)
- Membrane Cerulean (Protein 2)
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(No Stop)

Fig. 9. The PhOTO vector and lines. (A) Schematic representation of the PhOTO vector and table with the
main features of the three PhOTO zebrafish lines, PhOTO-N, PhOTO-M and PhOTO-C. (B) Representative
heterozygous PhOTO-N expression in 18-19 hours post fertilization F1 transgenic zebrafish embryo. (Adapted
from (Kalyviotis et al., 2020)).

1.1.4.3 Primed conversion

In 2015, Dempsey et al. reported a different photoconversion mechanism, termed
primed conversion (Dempsey et al., 2015). The authors showed that Dendra2 can
be successfully photoconverted from green to red by simultaneous illumination with
488nm and 730nm light, generating spectrally identical red species when
photoconverted using 405nm light (Dempsey et al., 2015, Mohr et al., 2017)
(Fig. 10A). They suggested that the green form of Dendra2 first absorbs the 488nm
“priming” light to reach a long-lived intermediate state of a few milliseconds which
differs from the fluorescent singlet state Sy (Lichtman and Conchello, 2005). This
intermediate state can then absorb the far-red “converting” photons, resulting in the
green-to-red shift of the emission spectrum (Dempsey et al., 2015) (Fig. 10B). Very
recently, to understand the mechanism of primed conversion Mohr et al. conducted
a series of isotope experiments in which different O, concentrations were used to

examine their effect on the “priming” state lifetime (Mohr et al., 2017). The findings
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suggest that the “primed” state of primed conversion is a triplet T “dark”
intermediate state formed by intersystem crossing (ISC) from the S; state of the
anionic chromophore (Mohr et al., 2017) (Fig.11). They showed that this
mechanism can be facilitated by substituting a single amino acid at position 69
(amino acid annotation is based on mEosFP sequence) to threonine or serine (Mohr
et al, 2017). Using this knowledge, they rendered most known green-to-red
photoconvertible proteins primed convertible (Table 1) and illustrated that the “pr-
" variants (for prime convertible) are also more photostable (Mohr et al., 2017,

Welling et al., 2019).

A

Traditional 405nm photoconversion

Primed conversion

730nm ) & 730nm

Intermediate state

Green state Red state

Fig. 10. Primed conversion of Dendra2 in a polyacrylamide gel and the initial hypothesis for the
primed conversion mechanism. (A) Purified Dendra2 embedded in a polyacrylamide gel is photoconverted
through traditional 405nm photoconversion or primed conversion via simultaneous illumination with 488nm
and 730nm light. (B) The initial hypothesis proposed a primed conversion mechanism involving a long-lived
'intermediate state' (Adapted from Dempsey et al., 2015).
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Fig. 11. Mechanism of primed conversion. The chromophore initially absorbs the 488nm “priming” light
to reach a long-lived dark triplet state which can absorb a wide range of light ranging from the 630 to 850nm.
Then, this triplet state can absorb the far-red “converting” photons resulting in the change of the spectral

properties.
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Table 1. Primed convertible variants of green-to-red photoconvertible FPs. The substitution of a single
amino acid at position 69 (mEosFP annotation) renders most photoconvertible fluorescent proteins primed
convertible. Currently, there are various available pr- variants of monomeric and oligomeric FPs and calcium
sensors available. In addition, optogenetic tools, such as PhOCI, can be used with primed conversion.
(Adapted from (Kalyviotis et al., 2020) and (Mohr et al., 2017)).

Category Protein
Dendra2
Monomeric primed convertible FPs pr-mEosFP
pr-mEos2
pr-mEos3.1
pr-mEos3.2
pr-mEos4a
pr-mEos4b
pr-mKikGR
mMaple
mClavGR
Oligomeric primed convertible FPs pr-Kaede
Optogenetic primed convertible tool PhOCI
Primed convertible Ca?*integrator pr-CaMPARI
GR-GECO1.1
Primed convertible Ca?* indicator GR-GECO1.2

1.1.4.4 Benefits of primed conversion

In contrast to violet lightillumination, primed conversion can be confined in the axial
dimension when the two (priming and converting) beams cross in a small volume.
By simply adding a commercially available primed conversion filter and
simultaneous dual laser illumination, confined primed conversion can be
implemented in a confocal laser-scanning microscope (CLSM) (Mohr et al., 2016,
Mohr and Pantazis, 2016) (Fig. 12A). Through this selective intersection of the two
beams in a common focal spot, labelling of single-cells and/or subcellular
compartments was achieved in very dense 3D environments, such as the brain
(Mohretal.,, 2016, Mohr et al., 2017, Klementieva et al., 2016, Dempsey et al., 2015,

Turkowyd et al., 2017) (Fig. 12B). Recently, Klementieva et al. and Mohr et al. have
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demonstrated that primed conversion can be also achieved using conventional red
lasers found in every commercial fluorescence microscope (630-690nm)
(Klementieva et al., 2016, Mohr et al., 2017). Hence, confined primed conversion
can be performed in almost any confocal fluorescence microscope without

extensive technical adjustments and optimisation.

conversion

B Immediately post primed conversion 24 hours post primed conversion

Fig. 12. Axially confined primed conversion to label individual cells and reveal single neuron
morphology in living zebrafish embryos. (A) Photoconversion only occurs at the focus where the laser
beams overlap. Axially confined primed conversion of H2B-Dendra2 in a single-cell nucleus of a PhOTO-N
transgenic zebrafish embryo. Scale bar is 50pm. (B) (b1, b2) Primed conversion of Dendra2 in a single neuron
in the trigeminal ganglion at 3 days post fertilisation (maximum intensity projection, ~82um in depth), scale
bar 50um. The images were acquired immediately after photoconversion. (b3, b3’ and b3") Higher
magnification and axial orientation images of the boxed region in b1, axial scale bar 10um. The arrow
indicates a neurite extending from the cell soma and the arrowhead indicates the photoconverted cell. The
asterisks in b2 and b3’ point cells which had noticeable red signal even before primed conversion. (b4)
Different perspectives of neurite tracing 24 hours post primed conversion of Dendra2 in the cell soma.
(Adapted from (Kalyviotis et al., 2020)).
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1.1.4.5 Primed conversion for precise lineage tracing

Developing embryos are delicate biological structures in which intense or extensive
imaging exposure periods can potentially lead to phototoxicity (Ichikawa et al.,
2013, Jemielita et al., 2013). Primed conversion is less phototoxic than 405nm
photoconversion and can be used in sensitive live biological samples, such as
embryos. Although two-photon excitation has been previously used in developing
mouse embryos for precise labelling with photoactivatable GFP (Plachta et al.,
2011), the peak and average illumination intensities embryos experience are high
resulting in affected development after repetitive two-photon imaging. In contrast
to two-photon excitation, confined primed conversion enables spatially selective
photoconversion with significantly less peak and average illumination intensities
allowing for repetitive labelling. This low illumination energy meets the demand for
gentle imaging conditions of light-sensitive biological samples. Very recently,
Welling et al. developed a high-fidelity lineage tracing algorithm by combining
primed conversion with light-sheet microscopy (Welling et al., 2019, Welling et al.,
2020) (Fig. 13). In this setup, the use of primed conversion combined with
volumetric imaging (Welling et al., 2019, Huisken et al., 2004, Keller et al., 2008)
reduced phototoxicity, highlighting the potential of primed conversion in lineage

tracing.
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Fig. 13. Primed conversion for precise lineage tracing in mouse embryos. (A) Experimental protocol used
by Welling et al. for precise single-cell primed conversion and volumetric imaging lineage tracing in mouse
embryos. (B) 2-cell stage mouse embryo before and after primed conversion using different powers for the
730nm laser: 5mW for lower nucleus, 10mW for upper nucleus. Scale bar is 100um. (C) Mouse embryos injected
with mRNA encoding H2B-pr-mEosFP and converted at the 4-cell-stage develop normally and maintain visibility
of the red label up to the early blastocyst stage. (Adapted from (Welling et al., 2020)).
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1.1.5 Inherent limitations of fluorescent probes

1.1.5.1 Bleaching

As mentioned before, excited electrons in wt-conjugated systems can return to the
ground state by emitting a photon (fluorescence) or they can undergo ISC to reach
a dark triplet state. Although triplet states can be benéeficial for processes such as
primed conversion, they are also chemically reactive. Triplet states can be either
exited by non-radiative relaxation, phosphorescence or by reacting with nearby
molecules. In the latter case, reactions with molecular oxygen in the surrounding
environment results in the creation of singlet oxygen species that can irreversibly
damage the chromophore structure which eventually ceases to fluoresce

(bleaching).

1.1.5.2 Blinking

In some cases, a fluorescent molecule can repeatedly transfer between
fluorescence emitting “on” states and dark “off” states, as it was initially described
by Moerner, Tsien and colleagues in 1997 for the photochromism of yellow FPs,
which results in large intensity fluctuations even under continuous illumination
(blinking). Although these “off” periods are the basis for super-resolved direct
stochastic optical reconstruction microscopy (dSTORM) (Folling et al., 2008,
Steinhauer et al., 2008), they create blocks of time when targeted molecules cannot

be imaged and, subsequently, followed.

1.1.5.3 Saturation

Chromophores are limited in the maximum number of photons that can emit in a
specific amount of time. And this is because re-emission of light from a fluorescent
molecule occurs only when an excited electron is relaxed to the ground state Sg and

is available for a “new” absorption event. Thus, increasing the amount of exciting
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light will increase the amount of emitted light until a “saturation” point at which the

finite number of excited states per chromophore is reached.

Blinking, saturation and bleaching are inherent limitations of conventional
fluorescent probes that can affect bioimaging experiments. Particularly, saturation
and blinking can have a great impact on the number of photons that can be
detected in a specific amount of time resulting in decreased signal-to-noise ratio
(SNR). Although increasing the excitation light power or using longer exposure
times can increase light during image acquisition, the temporal resolution and the
stability of the fluorescent probe is decreased. Additionally, bleaching limits the
maximum acquisition time that labelled cells or molecules can be tracked due to

the irreversible loss of the marker fluorescence itself.

1.1.6 Second Harmonic Generation nanoprobes for specific cell labelling

To overcome these limitations, Second Harmonic Generation (SHG) nanoprobes
have been used for both in vitro (Kachynski et al., 2008, Hsieh et al., 2009,
Extermann et al., 2009, Sugiyama et al., 2018) and in vivo cell imaging (Pantazis et
al., 2010, Malkinson et al., 2020, Sonay et al., 2021). SHG nanoprobes generate light
through a second-order nonlinear optical process in which two photons of w
frequency interact with the nanoprobe non-symmetric material (usually crystalline
structure without central symmetry point), combine and produce a single photon
with 2w frequency and half the wavelength (Fig. 14A). Unlike fluorescent probes,
SHG nanoprobes do not blink or bleach and their signal does not saturate with
increasing illumination intensity (Dempsey et al., 2012b). In addition, as SHG
imaging in conventional microscopy setups requires the use of near-InfraRed (nIR)
light, SHG nanoprobes can be easily used for deep tissue imaging where
fluorescence imaging becomes challenging. Although SHG is very similar to two-

photon (2P) fluorescence imaging (Fig. 14B), as both processes depend on two
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photons hitting a site at once, the energy of the incident light is conserved in SHG

and the process is at least six orders of magnitude faster compared to 2P

fluorescence (femtoseconds [10"°] for SHG, nanoseconds [107] for fluorescence).
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Fig. 14. Phase matching for the generation of Second Harmonic signal and energy diagrams of two-
photon excited fluorescence and Second Harmonic Generation. (A) A nonlinear material interacts with the
incident light and induces polarization in atomic level. For successful SHG production, the generated waves
should constructively interfere. The latter occurs when the material satisfies phase-matching conditions, i.e. it is
ordered like a non-centrosymmetric material. The signal coming from individual oscillating electrons shown in
green is combined to generate an overall SHG signal. (B) Two-photon excited fluorescence in comparison with
Second Harmonic Generation. Please not that SHG does not rely on electron excitation or emission, but
effectively combines two photons into a single photon. The SHG signal wavelength is exactly half of the incident
wavelength and energy is preserved. In addition, the SHG signal response time depends on the incident laser

pulse. (Created with Biorender.com).
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These two qualities of SHG imaging combined with the narrow signal profile of the
SHG nanoprobes, increases SNR by excluding the broad typical emission of
autofluorescence background in cells and tissue (Magouroux et al., 2012, Pantazis
et al., 2010, Sugiyama et al., 2018). As SHG nanoprobes surface can be robustly
functionalised in an efficient and relatively effortless way (see for example for BaTiO3
SHG nanoprobes in (Culic-Viskota et al., 2012)), targeting of cells or proteins of
interest allows for precise tracking even in deep tissue without the limitations of
traditional fluorescence imaging. A summary of the basic properties of SHG

nanoprobes in comparison with fluorescent proteins can be found in Table 2.

Table 2. Comparison of basic properties of SHG nanoprobes and fluorescent proteins.

Genetically | Narrow Multi-labelling | No No No
encoded signal imaging blinking bleaching | saturation
spectra
(<10nm)
SHG
Nanoprobes * * * * *
Fluorescent + ) + ) ) )

Proteins

Despite these advantages over fluorescent proteins, inorganic SHG nanoprobes,
such as BaTiO3 ones, can remain stable in cells and in vivo for long time periods
which causes concerns for long-term health effects (Staedler et al., 2012). Potential
health effects are considerable when such nanoprobes are to be used for diagnostic
or therapeutic purposes, like in treating cancer. Although biocompatibility of
nanoprobes can be increased by eliminating cellular uptake (Luo et al., 2018),
diagnosis and therapy require specific uptake in order to increase the diagnostic

value and eliminate "sick” cells without affecting the surrounding healthy tissue.

Recently, we introduced bioharmonophores, a new class of SHG nanoprobes
(Sonay et al., 2021). Bioharmonophores consist of a self-assembling peptide core

which is encapsulated in a polymer shell. They can be easily synthesised using the
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emulsion-solvent evaporation method (Staff et al.,, 2013) (Fig. 15A) and three
peptides with different assembling properties (triphenylalanine (Handelman et al.,
2013), trileucine (Handelman et al., 2016) and pentalanine (Rabotyagova et al.,
2010)) have been found to produce detectable SHG signal upon encapsulation. As
bioharmonophores are made from peptides, they are biodegradable and hold
great potential for diagnostic and therapeutic purposes. Like their inorganic
predecessors, bioharmonophores do not blink nor bleach and their signal does not
saturate, while their surface can be easily functionalised for cellular targeting. For
instance, we have previously functionalised bioharmonophores with a p32-
targetting peptide and successfully used them to target melanoma cancer cellsin a

zebrafish xenograft model (Fig. 15B-C).
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Fig. 15. Bioharmonophores are biodegradable SHG nanoprobes that can be used for precision
targeting of tumour cells in vivo. (A) Schematic of the emulsion-solvent evaporation method for the
synthesis of bioharmonophores. (B, C) Schematic showing the bioharmonophores zebrafish xenograft used
for specific targeting of the tumour cells and insets of cancer cells labelled with bioharmonophores in regions
depicted in (B). Scale bar, 15um. (Adapted from (Sonay et al., 2021)).
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1.2 Mechanical interrogation of biological systems

The rapid development of Molecular Biology in the middle of the 20t century
revolutionised the way we approach biological research. Through the years, as
explained in the previous section, several tools and approaches have been used to
interrogate the biochemical nature of biological systems by labelling and tracking
cells and proteins of interest. Clever and sophisticated experiments revealed
complex phenomena, such as induction in vertebrate development and increased
our understanding of cellular biology. However, solely biochemical signals cannot
fully explain how cells interact with other cells and their surroundings to respond to
the constant changes of their niche. Nowadays, it is evident that if we want to fully
understand development, homeostasis and disease progression we need to
uncover the feedback loops of the interplay between mechanical and biochemical
signals behind these complex processes (Hannezo and Heisenberg, 2019,

Heisenberg and Bellaiche, 2013, Paci and Mao, 2021) (Fig. 16).

Development m Homeostasis

Intrinsic forces
= Cell contractility

Extrinsic forces
= Neighbouring cells
= Extracellular Matrix
(ECM)
= Adjacent tissue

Disease

Fig. 16. Biochemical and mechanical feedback loops are important to fully understand development,
homeostasis and disease progression. Cells respond to extrinsic and intrinsic forces by modulating their
gene expression profiles and adapting to the constant changes of their surrounding cellular and extracellular
environment. (Adapted from (Vignes et al., 2022)).
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1.2.1 Cellular mechanosensation and mechanotransduction

Cellular mechanosensation and mechanotransduction is the ability of cells to
perceive and respond to extrinsic and intrinsic mechanical stimuli. Cells have a
range of molecular processes to mediate force sensation, force transmission and
force generation from the cellular to the tissue level (Lecuit et al., 2011). Cells apply
forces at the cellular level by using motor proteins, filamentous structures and
polymerisation/depolymerisation of cytoskeletal proteins, such as microtubules
(Kent and Lele, 2017). For example, myosin can interact with F-actin which
subsequently changes the cytoskeletal architecture and its mechanical stress
properties leading to force generation. At the cell level within a tissue, forces are
transmitted between cells and their surrounding environment, typically the
extracellular matrix (ECM), by adhesion proteins, such as cadherins (cell-cell forces)
and integrins (cell-ECM forces) (Heisenberg and Bellaiche, 2013). Interestingly,
integrins, which are part of cell adhesions, can also act as mechanosensors adopting
closed, intermediate or open conformations in response to applied forces (Zhu et
al., 2008). Such conformational changes are then transformed by
mechanotransducers which interact with both mechanosensors and the
cytoskeleton. For instance, talins which are cytoskeletal linker proteins bind both
integrin cytoplasmic tails and actin filaments inside the cell to transmit mechanical
signals (Goult et al., 2021). These mechanical signals trigger biochemical changes
via secondary messengers, such as calcium and cAMP, or by activating cellular
pathways, such as the Src kinase and the hippo pathway (Vining and Mooney, 2017,
Mammoto et al., 2013). Eventually, transcriptional coactivators, such as Yap and Taz,
translocate to the nucleus and regulate gene expression (Panciera et al., 2017). The
transcriptional regulation closes the biomechanical feedback loop and leads to
cellular changes in response to the mechanical stimuli, such as the growing of focal
adhesions (FA) which affects the distribution of forces in the cell and increases the

likelihood of FA to undergo further conformational changes (Riveline et al., 2001).
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Fig. 17. Basic protein components of cellular mechanosensation and mechanotransduction apparatus
for force sensing, force transmission and force generation. Cells interact with their extracellular
environment, typically the ECM, via integrins which transmit forces by anchoring to the ECM and forming FA
through recruitment of several proteins, such as vinculin and talin. FA are connected to actomyosin which is
the contractile machinery of the cell. For cell force transmission within a tissue, actomyosin complex is also
connected to cell-cell adhesion molecules, such as cadherins. Extrinsic forces are transformed into
biochemical responses through the interaction of signalling molecules, such as the Focal Adhesion Kinase
(FAK) and Src tyrosine kinase, with the FA proteins upon force-dependent conformational changes.
Eventually, signalling cascades, such as the Src pathway, are activated and lead to transcriptional changes
through nuclear translocation of transcriptional coactivators, such as Yap and Taz and transcriptional factors,
such as TEAD. Furthermore, extrinsic mechanical stimuli can be sensed by several mechanosensors on the
membrane of the cell, such as stretch-activated ion channels or two-pore domain potassium channels. As
ions permeate the pores of these channels, secondary signalling processes are activated, such as the calpain
cleave cytoskeletal proteins. (Created with Biorender.com).

Mechanosensitive ion channels are membrane proteins that play an essential role
in fast signalling events during cellular mechanotransduction (Ridone et al., 2019,
Jin et al., 2020, Gu and Gu, 2014). Such type of channels can be found in all

kingdoms of life on our planet, including archaea, bacteria and eukaryotes (Fig. 18).

Mechanosensitive ion channels are activated by mechanical forces exerted on the
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cell membrane upon which the channels open and convert the stimuli into osmotic,
electrical and/or chemical intracellular signals via secondary signalling molecules,

such as calcium.

MscL

Fig. 18. Mechanosensitive ion channels can be found in both prokaryotic and eukaryotic organisms.
(A) Structure of the mechanosensitive channel of large conductance (Mscl) of M. tuberculosis as determined
by X-ray crystallography in cartoon mode (PDB: 20AR). (B) Structure of the mechanosensitive two-pore
domain potassium channel TREK-1 of M. musculus as determined by X-ray crystallography in cartoon mode
(PDB: 6CQ¢).

1.2.2 Methods to measure cell mechanics

Cellular mechanosensation and mechanotransduction are essential in myriad of
physiological and pathophysiological processes in all stages of life of an organism,
such as wound healing (Rosinczuk et al., 2016) and metastasis (Kai et al., 2016,
Panciera et al., 2017). However, how these crucial cellular processes incorporate
feedback at the cellular level is still an area of active research and a wide range of

tools have been developed to interrogate cellular mechanics.

Atomic Force Microscopy (AFM), micropipette aspiration and microidentation have
been used to measure stiffness, tension and general mechanical properties of
individual cells, tissue and embryos (Gaub and Muller, 2017, Shellard and Mayor,
2021, Maitre et al., 2012, Gautier et al., 2015). In addition, methods, such as

magnetic (Savin et al., 2011, Fukui et al., 2021, Guilluy et al., 2014) and optical
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tweezers (Bambardekar et al., 2015) and laser ablation (Sugimura et al., 2016,
Marshall et al., 2022, Ma et al., 2009, Duda et al., 2019) can be used to either apply
forces in a precise way by modulating probes from a distance using light or
electromagnets, or infer mechanical tension in cells and tissues. Although these
techniques allow for robust measurements of cellular mechanics, their use is limited
by either their invasive nature or light depth penetration. Typically, direct contact
with the sample or dissociation of the tissue is required for the use of tweezer
techniques, which limits their potential to study mechanics in organismal level. More
recent less invasive methods which take advantage of high resolution imaging of
fluorescent lipid droplets to measure cellular forces (Campas et al., 2014, Campas,
2016) and osmotic pressure (Vian et al., 2022) in vivo require extensive training and
expertise for their use (i.e. microinjection of the lipid droplets), fact that can restrict

their adaptation to already established experimental pipelines.

As mentioned previously, protein engineering of FPs has resulted in a multitude of
genetically-encoded indicators that can be used to study several cellular processes,
such as calcium signalling. FRET sensors, which are widely used to study protein-
protein interactions, have been developed to study cellular mechanics in a non-
invasive way. The sensor design consists of a FP FRET pair with overlapping
emission and excitation spectra separated by a spring-like peptide with known
mechanical properties (Freikamp et al.,, 2016). Using this design, FRET-based
sensors have been developed to study tension of several mechanotransducing
molecules, such as collagen (Meng et al., 2011), vinculin (Grashoff et al., 2010), talin
(Austen et al., 2015) and E-cadherin (Borghi et al., 2012, Cai et al., 2014). Notably,
B-spectrin (Meng et al., 2011) and E-cadherin (Cai et al., 2014) FRET-based sensors
have been also used in vivo to study touch sensing in C. elegans and collective cell
migration in D. melanogaster. Although FRET tension sensors allow for precise

calculation of tensile forces via imaging, their use is restricted to a small regime of
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tensile forces, ranging from 1 to 10pN and they require extensive in vitro single

molecule calibrations.

1.2.3 Piezo1 mechanosensitive ion channels

1.2.3.1 Piezo protein family

A class of mechanosensitive ion channels with no homology to other proteins are

Piezo proteins which are named from the greek word “mieoig” which means

“pressure”. Although Piezo1 gene (also known as FAM38a, or KIAA0233) was

implicated in beta-amyloid deposition in the mid-2000s (Satoh et al., 2006), the

ground-breaking discovery that it is an ion channel that can be directly gated by

mechanical forces (Coste et al., 2010) revolutionised the field of biomechanics. The

first Piezo1 mechanics article of the Patapoutian group in 2010 became the

foundation stone of a rapidly evolving field which set the molecular basis of

mechanosensation and jointly awarded Ardem Patapoutian the 2021 Nobel Prize in

Physiology or Medicine.
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Fig. 19. Piezo1 and Piezo2 sequence alignments show high sequence similarity among vertebrates.
(A)Cladogram of several vertebrate Piezo1 (P1) and Piezo2 (P2) protein sequences after sequence alignment.
(B) Sequence identity matrix of the Piezo1 and Piezo2 protein sequences used for the alignment. Sequence
alignment was done on the online server of Clustal Omega, ebi.ac.uk/Tools/msa/clustalo/.
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The Piezo protein family has two members in most vertebrates, Piezo1 and Piezo2
(Coste et al., 2010)) which show high protein sequence similarity (Fig.19).
Functional homologs have been also identified both in plants (Mousavi et al., 2021,
Radin et al., 2021) and invertebrates, such as C. elegans (Bai et al., 2020). While
Piezo2 function is mainly restricted to the peripheral nervous system and is less
studied (Fig. 20A), Piezo1 is expressed in a wide range of tissues and cells
(Fig. 20B-C) (Uhlén et al., 2015) and has been shown to contribute to
mechanotransduction in various organs and tissues (Zhang et al., 2021, Wang et al.,
2016, Retailleau et al., 2015, Ploeg et al., 2021, Liang et al., 2017, Huang et al., 2016,
Nguetse et al., 2020, Faucherre et al., 2014, Bae et al., 2013, Velasco-Estevez et al.,
2020, Blumenthal et al., 2014, Peyronnet et al., 2013, Kulkarni et al., 2021, Gudipaty
et al.,, 2017, Eisenhoffer et al., 2012, Miyamoto et al., 2014, Dalghi et al., 2021,
Martins et al., 2016, Lee et al., 2021, Lee et al., 2014, McHugh et al., 2012, McHugh
etal., 2010, Aglialoro et al., 2020, Yang et al., 2014, Li et al., 2015, Hung et al., 2016,
Canales Coutifio and Mayor, 2021, Radin et al., 2021) (Table 3).
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Fig. 20. Piezo1 is expressed in a wide range of human tissues. (A) Number of publications per year
referring to Piezo1 and Piezo2. (B) Two human bodies showing an anatomical display of the expression levels
of Piezo1. (C) Human Protein Atlas (HPA) RNA-seq tissue data of Piezo1 expression reported as nTPM
(normalised protein-coding transcripts per million). (D) Genotype-Tissue Expression (GTEx) RNA-seq tissue
data of Piezo1 expression reported as nTPM (normalised protein-coding transcripts per million). For (C) and
(D), color-coding is based on tissue groups. (Data on (A) retrieved from Pubmed searching for Piezo1 or
FAM38a and Piezo2, respectively, accessed 19 December 2022, (B-D) adapted from proteinatlas.org,
accessed 18 December 2022).
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Table 3. Indicative list of biological processes Piezo1 is involved in. (Adapted from Yaganoglu and
Kalyviotis et al.)

Biological processes in which Piezo1

References

is important

(Fotiou et al., 2015, Huang et al., 2016, Liang
et al., 2017, Lukacs et al., 2015, Ploeg et al.,
Cardiovascular mechanosensation 2021, Retailleau et al., 2015, Wang et al., 2016,

Zhang et al., 2021)

(Albuisson et al., 2013, Andolfo et al., 2013,
Erythrocyte mechanosensation and Bae et al., 2013, Nguetse et al., 2020,

volume regulation Zarychanski et al., 2012)

(Blumenthal et al., 2014, Pathak et al., 2014,
Neural mechanosensation and differentiation | \/g|asco-Estevez et al., 2020)

(Eisenhoffer et al., 2012, Gudipaty et al., 2017,

Epithelial cell mechanosensation Kulkarni et al., 2021, Peyronnet et al., 2013)

Kidney mechanosensation (Martins et al., 2016)

Cartilage mechanosensation (Lee etal., 2014, Lee et al., 2021)
(Aglialoro et al., 2020, McHugh et al., 2010,

Cell adhesion McHugh et al., 2012)

(Canales Coutifio and Mayor, 2021, Holt et al.,
2021, Hung et al., 2016, Li et al., 2015, Yang et

Cell migration
al., 2014)

Plant mechanosensation (Rad|n et al., 2021, Mousavi et al., 2021)

Mutations in human Piezo1 have been implicated in diseases, such as dehydrated
hereditary stomatocytosis (Andolfo et al., 2013, Albuisson et al., 2013) and general
lymphatic dysplasia (Fotiou et al., 2015, Lukacs et al., 2015) and global knockout of
Piezo1 in mice causes embryonic lethality (Li et al., 2014, Ranade et al., 2014),
highlighting the importance of this channel for development, pathophysiology and

homeostasis (Wu et al., 2017).
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1.2.3.2 Piezo1 structure

Piezo1 is a large protein of around ~287kDa? which consists of ~2520 amino acids
and was predicted to have several transmembrane regions (Coste et al., 2010).
Several cryo-Electron Microscopy (cryo-EM) studies of the mouse Piezo1 protein
(Geng et al., 2020, Zhao et al., 2018, Yang et al., 2022b) showed that it forms a
homotrimer (Fig. 21A-B) and that its ion permeating pore resides in the C-terminus
of the protein (Coste et al., 2015, Zhao et al., 2016) while showing a preference for
divalent cations, such as calcium (Coste et al., 2012, Gottlieb et al., 2012). It exhibits
a three-bladed propeller-shaped homotrimeric structure which has the three
peripheral blade structures on the extracellular side, a central cap, three long
beams on the intracellular side bridging the blade-like structures to the central cap
and a transmembrane region (Fig 21C) between the other structural features (Zhao

etal., 2018).

1.2.3.3 Piezo1 gating

There are several previous studies showing that Piezo1 responds to different types
of mechanical stimuli (Fig.22), such as stretching and pushing of the cell
membrane (Coste et al., 2010), fluid shear stress (Ranade et al., 2014, Li et al., 2014),
stiffness (Pathak et al.,, 2014), osmotic stress (Syeda et al., 2016) and cell

confinement (Hung et al., 2016).

Although the exact mechanisms of the mechanosensitive ion channel gating are
largely unknown due to the relatively young age of this research area in cellular
mechanobiology, there are two main gating models accepted by the scientific
community: (i) the force-from-lipids and (ii) the force-from-filament paradigms. The

force-from-lipids model implies that the mechanical force exerted through the lipid

2 The molecular weight was calculated based on the human Piezo1 protein sequence (UniProt
Q92508) using the bioinformatics tool Compute pl/MW in the online bioinformatics platform
Expasy, web.expasy.org/compute_pi/, accessed 18 December 2022.
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bilayer alone without involvement of other cellular components activates the
mechanosensitive ion channel, whereas in the force-from-filament model extrinsic
or intrinsic forces from tethering to the cytoskeleton or ECM activate the ion channel
(Fig. 23). Several studies have shown the importance of lipids for Piezo1 activation
(Coxetal.,, 2016, Coxetal., 2017, Syeda etal., 2016, Ridone et al., 2020), while other
studies show the importance of ECM and cytoskeletal components for regulating
Piezo1-dependent activity (Pathak et al., 2014, Holt et al., 2021, Ellefsen et al., 2019).
Recently, a crowding-induced mechanism has been also suggested for Piezo1

activation on the cell membrane (Jiang et al., 2021b).
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Fig. 21. Mouse Piezo1 forms a three-bladed propeller-shaped homotrimeric structure. Multiple views
of the mouse Piezo1 structure in (A) surface and (B) cartoon mode showing the secondary structures of the
protein. (C) The 38 transmembrane region topology of mouse Piezol showing the individual
Transmembrane Helical Units (THU) and the other structural features (Adapted from (Zhao et al., 2018)).
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Fig. 22. Piezo1 responds to several types of mechanical stimuli. Piezo1 can respond to a range of
different kinds of mechanical stimuli, such as compression and fluid shear stress, while it can sense
differences in membrane tension, substrate stiffness and osmotic pressure. (Created with Biorender.com).
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Fig. 23. General gating models of mechanosensitive ion channels. (A) The force-from-lipids and (B) the
force-from-filaments models for gating of mechanosensitive ion channels. In the force-from-lipids model,
forces directly applied to the channel through membrane lipids without the implication of other cytoskeletal
components can activate the channel, whereas in the force-from-filament model the tethering of the channel
with cytoskeletal or ECM components leads to activation. (Adapted from (Ridone et al., 2019)).
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Table 4. Available agonists and antagonists of Piezo1. (Adapted from (Della Pietra et al., 2020)).

Agonists Antagonists
Yoda1l Jedi1/2 Dooku1 Gadolinium Ruthenium Red GsMTx-4
Gd3*
Selective Selective Non-selective

1.2.3.4 Chemical modulators of Piezo1 activity

Currently, there is a small number of chemical and peptide compounds that can be
used to modulate ion channel activity. The lanthanide Gd3*, ruthenium red, the
GsMTx-4 peptide isolated from the toxin of the spider G. spatulate and the
antibiotics streptomycin and gentamycin are known to block most of the known
mechanosensitive ion channels, including Piezo1 (Hamill and Mcbride, 1996, Coste
etal.,, 2010, Bae etal., 2011) (Table 4). A screen of more than 3 million compounds
to find Piezo1-specific chemical modulators identified one small molecule (2-[5-
[[(2,6-dichlorophenyl) methyllthio]-1,3,4-thiadiazol-2-yl]pyrazine), named YodaT,
which was the first chemical agonist of Piezo1 to be discovered acting probably as
a gating modifier reducing the channel’s mechanical activation threshold (Syeda et
al., 2015). Recent chemical screens of designed Yodal analogues, identified
Dookul (2-[(2,6-Dichlorobenzyl)thio)-5-(1H-pyrrol-2-yl)-1,3,4-oxadiazole), which
antagonises Yodal-dependent Piezol activation without affecting constitutive
Piezo1 activity (Evans et al., 2018). Although for many years Yoda1 was the only
available agonist for Piezo1 and screening for specific chemical modulators has
been challenging, another pair of agonists was recently identified, Jedi1/2, which
activate the channel through the extracellular side of the blade, indicating a long-

range allosteric modulation mechanism of the channel’s activity (Wang et al., 2018).
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1.3 Aims of this thesis

During my PhD, | aimed to develop and validate an imaging toolkit for advanced
optical precision imaging for both mechanical and biochemical interrogation of
biological systems (Fig. 24).

Develop Versatile Tools for
Advanced Optical Precision Imaging

Mechanical interrogation Biochemical interrogation
of biological systems of biological systems
I_I I
I |
Aim 1 Aim 2 Aim 3
. . . Evaluate
Develop a non-invasive Develop a primed :
. - . . bioharmonophores
optical reporter to study conversion imaging toolkit -

Piezo1-dependent activity for precision imaging in . _degradatlon bOt:} I

both in vitro and in vivo development and disease R Cle W e
uptake

Limitations: Limitations: Limitations:

- No direct, non-invasive - Primed conversion - No detailed structural
way to monitor Piezo1 efficiency is lower characterisation of
activity across scales compared to 405nm bioharmonophores
(Piezo1 activity has photoconversion degradation
been mainly examined
by indirect and invasive - Primed conversion is - Limited information
ways) restricted to using CLSM about degradation upon

cellular uptake

- Characterise Piezo1 - Improve primed - Characterise
reporter in vitro conversion efficiency bioharmonophores

using a semi-rational degradation in vitro

- Analyse Piezo1- protein engineering using TEM
dependent activity on approach
the cell membrane - Characterise

- Analyse structure of bioharmonophores

- Analyse contraction- primed convertible degradation pathway
triggered mechanical FPs using X-ray upon cellular uptake
stimulation in crystallography

microtissues
- Evaluate primed

- Analyse Piezo1 conversion
activity in organismal implementation into a
level single-objective
volumetric imaging
platform

Fig. 24. The PhD project rationale to develop an advanced imaging toolkit for biochemical and
mechanical interrogation of biological systems.
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1.3.1 Mechanical interrogation of biological systems
For mechanical interrogation, | focused on continuing previous efforts in the
Pantazis lab to develop and characterise a non-invasive optical biosensor for Piezo1-

dependent activity.

1.3.1.1 Piezo1 research limitations

Since the discovery of the mechanical nature of Piezo1 channels, a longstanding yet
largely unmet goal is to measure Piezo1 activity changes reliably and specifically
with high spatiotemporal precision in a non-invasive way. Many studies have relied
on optical monitoring of cytosolic calcium in response to stimulation of Piezo1 by
controlled application of either mechanical forces or delivery of a chemical agonist
or by monitoring morphological changes, protein expression, transcriptional
changes and electrophysiology readouts. However, such approaches are not
suitable for measuring Piezo1 activity in a non-invasive way at an organismal level,
where various conditions, such as timing, frequency, intensity and localisation of
mechanical stimuli, cannot be precisely controlled. In addition, given that
cytoplasmic calcium increases occur in response to many signalling events besides
Piezo1 activity, the source of a cytosolic calcium readout cannot be exclusively

attributed to mechanical stimulation.

Aim 1. Develop a non-invasive optical sensor to study Piezo1-dependent
activity both in vitro and in vivo

In Chapter 2, | describe my efforts to characterise in vitro and in vivo a Piezo1-
specific optical sensor which we name GenEPi. After extensive in vitro
characterisation to show that the Piezo1 channel within the sensor is functional like
the wild-type (wt-)-Piezo1, | describe how | used the sensor to monitor Piezo1-
dependent activity across scales: from the single cell level to that of the entire

organism.
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1.3.2 Biochemical interrogation of biological systems
For biochemical interrogation, | focused on photoconvertible FPs and primed
conversion and the recently developed biodegradable SHG nanoprobes,

bioharmonophores.

1.3.2.1 Primed conversion limitations |

Although primed conversion is a promising developing photoconversion
technology, its conversion efficiency is relatively low when compared to 405nm
photoconversion (standard photoconversion conditions described in (Mohr et al.,
2016)). To overcome this limitation, longer exposure times or higher laser powers
are required. These alterations to increase the photoconversion efficiency could
lead to phototoxic effects after multiple rounds of imaging. Although the difference
of the conversion efficiency could be partially explained by the nature of the process
itself (i.e. primed conversion relies on the absorption of two photons instead of one
photon in the case of traditional violet-light photoconversion), the fact that different
variants of pr-FPs exhibit differences in their primed convertibility, suggests that
primed conversion efficiency can be further improved. This improvement will
render primed conversion faster, which will allow real-time monitoring of highly
dynamic biological processes and will ensure effective photoconversion in deep

tissue.

1.3.2.2 Primed conversion limitations Il

Currently, in vivo examples of primed conversion are restricted to using a confocal
laser scanning microscope. In confocal microscopy, point-by-point scanning along
the entire specimen increases acquisition time which limits its applicability for large
specimens, such as embryos and organoids. In a light-sheet microscope and
especially in a single-objective one (Dunsby, 2008), optical sectioning throughout

large samples can be achieved with minimal photodamage at speeds capable of
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capturing transient biological phenomena (Sikkel et al., 2016). Thus, the
implementation of primed conversion into a volumetric imaging system will allow
capturing even more complex developmental dynamics with the sufficient

spatiotemporal resolution.

Aim 2. Develop a primed conversion imaging toolkit for precision imaging in
development and disease

To address both limitations discussed above and to develop the next generation of
a primed conversion advanced imaging toolkit, | focused on two interrelated and
interconnected tasks which are described in Chapter 3. First, | used a semi-rational
approach to engineer primed convertible fluorescent proteins and increase their
primed conversion efficiency. To understand the primed conversion mechanism at
the atomic level and further guide my protein engineering, | conducted a series of
protein crystallisation experiments followed by X-ray crystallography. Finally, in
collaboration with the Rowland’s Lab (Department of Bioengineering/Imperial
College London), | evaluated the implementation of primed conversion into a

single-objective volumetric imaging platform.

1.3.2.3 Bioharmonophores limitations

As mentioned above, bioharmonophores are a new class of polymer encapsulated
biodegradable SHG nanoprobes which overcomes the inherent limitations of
fluorescent probes. Triphenylalanine, pentalanine and trileucine peptides have
been shown to produce strong SHG signal upon miniaturisation and encapsulation.
Previous efforts in the Pantazis lab showed that bioharmonophores can be
degraded both in cells and in vivo. However, the detailed degradation pathway
upon cellular uptake and an in vitro structural analysis of the process, such as with

Transmission Electron Microscopy (TEM), was missing.
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Aim 3. Evaluate bioharmonophores degradation in vitro and upon cellular
uptake

| address these limitations in Chapter 4 where | used TEM to monitor the
degradation of freshly synthesised triphenylalanine bioharmonophores by
proteinase K. In addition, | monitored the subcellular localisation of

bioharmonophores upon cellular uptake to reveal the degradation pathway they

follow.
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Chapter 2. An optical reporter of Piezo1-

dependent activity

“Measure what can be measured
and make measurable what cannot be”

Galileo Galilei

2.1 Reporter engineering

Previous efforts in the Pantazis lab resulted in the development of a genetically-
encoded, non-invasive optical reporter of Piezo1-dependent activity. These efforts
were based on the calcium microdomain hypothesis (Clapham, 2007). This
hypothesis states that upon channel opening the concentration of calcium in the
vicinity of the ion permeating pore would significantly increase in comparison with
the closed channel (Fig. 25A). Therefore, it was hypothesised that targeting the ion
permeating channel of Piezo1 with a genetically-encoded calcium indicator (GECI)

will provide a specific readout (Fig. 25B).

In a systematic screening, five different GECls (Fig. 26A) were tested and were
selected to fulfil two key requirements: (i) low affinity to calcium (Kq ranging from
610-6122 nM) to avoid “reporting” non-specific cytosolic calcium increases and (ii)
high dynamic range (Fmax/Fmin ranging from 13.8-31) to easily distinguish their
ON/OFF states and the channel activation. In addition, two different types of flexible

linkers (1X or 2X of GSGG) were tested in order to secure the proper folding of the
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Piezo1 protein and to not alter the functionality of the channel while providing
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Fig. 25. The Piezo1 microdomain hypothesis and the suggested design to develop an optical reporter
for Piezo1-dependent activity. (A) The microdomain hypothesis implies that when the channel is active due
to mechanical stimulation or chemical agonism the calcium concentration near the vicinity of the pore
increases dramatically. (B) To develop a Piezo1-specific optical reporter a low affinity GECl is targeted to the
C-terminus of Piezo1 which resides in the cytosol via a flexible linker of defined length. (Created with
Biorender.com). Briefly, upon channel opening, incoming calcium (depicted in yellow) binds to the GCaMP,
triggering a conformational change that subsequently results in an increase in green fluorescence.

specificity of sensing (Chen et al., 2013). The generated variants were evaluated
based on their response to both mechanical stimuli and cytosolic Ca?* fluctuations

that were independent of Piezo1 activity. To test their responses to mechanical
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stimuli, variants were exposed to physiological levels of fluid shear stress (Malek et
al., 1999) (Fig. 26B), which causes a Piezo1-dependent Ca?* increase in HEK293T
cells (Li et al., 2014). To determine the sensitivity of the variants to intracellular Ca®*
levels independent of Piezo1 function, the variants response to the Ca?* ionophore
ionomycin was tested (Zhivotovsky and Orrenius, 2011) (Fig. 26B). The screening
results (Fig. 26B) showed that the fusion Piezo1-1XGSGG-GCaMP-G4 (GenEPi)
fulfilled the initial requirements for a Piezo1 specific indicator and showed a robust
response to the Piezo1-dependent stimuli (shear stress) (Table. 5). Notably, fusions
of Piezo1 with GECls of higher calcium affinity (e.g. GCaMP-G1 and GCaMP-G3)
compared to the others used in the screening did not yield a specific response,
confirming the initial reasoning to use low affinity GECls. Furthermore, the
duplication of the flexible linker unit (GSGG) was sufficient to abolish the specificity
to Piezo1-dependend stimuli (see Fig. 26B, GCaMP-G4). This loss of specificity
confirms the microdomain hypothesis for Piezo1l and demonstrates that the
specificity of GenEPi to report Piezo1-dependent signals is the result of this design

using both a flexible linker of defined length and a low calcium affinity GECI.
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Design parameters

Kaq(nM) Fimax/Fmin Linker length
GCaMP-G1 610 29 o
GCaMP-G2 1600 20 1xGSGG
GCaMP-G3 620 18 2XGSGG
GCaMP-G4 1400 31
GCaMP-G5 6122 13.8 cytosolic
GCaMP-G1 GCaMP-G2
] o
21 o
10 s

- = y I

Cytosolic No linker 1xGSGG 2xGSGG

Cytosolic No linker 1xGSGG 2xGSGG

GCaMP-G4 GCaMP-G5 Control
4+ 4
. 3 .
CE e Y
. . ® 2 H H ° 2
1&ld &< [ E « 2t M @
all a4 A A8 I0H 6o A2 08
Cytosolic No linker 1xGSGG 2xGSGG Cytosolic No linker 1xGSGG 2xGSGG eGFP

GenEPi
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20 variants

GCaMP-G3

Cytosolic No linker 1xGSGG 2xGSGG

Shear stress

lonomycin

Fig. 26. Design and systematic screen to identify an optical reporter of Piezo1 activity. (A) Design of
the reporter screen. Five different GCaMPs with low affinity for Ca?* (GCaMP-G1 to -G5) were fused to the C-
terminus of human Piezo1 without any linker, with the addition of a short linker (i.e. 1xGly-Ser-Gly-Gly
(1XGSGQG) linker sequence) and long linker (i.e. 2XGSGG linker sequence). (B) Results of the reporter screen.
The response of the resulting 20 variants (including the co-transfected cytosolic GCaMPs and human Piezo1)
to shear stress (10 dyne/cm?, blue) and ionomycin (1 uM, black) and identified Piezo1-1XGSGG-GCaMP-G4
(GenEPi) as a specific reporter for mechanical stimuli. eGFP fused to human Piezo1 serves as a control for the
noise acquired during imaging under either stimulus. Gray bars are means = Standard error of the mean
(SEM). Data from three independent experiments. (Adapted from Yaganoglu and Kalyviotis et al.).



Table 5. Summary of systematic screening results. The table illustrates which tested variants fulfilled the
initial requirements (here: higher response to shear stress and lower response to ionomycin administration
compared to the cytosolic response). The only variant which fulfilled both initial requirements was the fusion
Piezo1-1XGSGG-GCaMP-G4 which is labelled with green shading. (Adapted from Yaganoglu and Kalyviotis
etal.).

GCaMP-G1 GCaMP-G2 GCaMP-G3
Shear Stress lonomycin Shear Stress lonomycin Shear Stress lonomycin
(reporter>cytosolic) (reporter<cytosolic) | (reporter>cytosolic) (reporter<cytosolic) (reporter>cytosolic) (reporter<cytosolic)
No linker] = + = + = +
1XGSGG - + - + - +
2XGSGG E + E + E +
GCaMP-G4 GCaMP-G5
Shear Stress lonomycin Shear Stress lonomycin
(reporter>cytosolic)  (reporter<cytosolic) | (reporter>cytosolic) (reporter<cytosolic)
No linker| = + = =
1XGSGG + + - -
2XGSGG + E 5 =

2.2 Reporter characterisation

2.2.1 Electrophysiology analysis

To confirm that Piezo1 within GenEPi remains functional and that it is not affected
by the C-terminal fusion, we conducted a series of patch-clamp electrophysiology
experiments. The pressure-dependent responses evoked by negative pressure
applied in a cell-attached recording configuration were similar for both GenEPi and
wt-Piezo1 (Fig. 27A-B). Single channel measurements in cell-attached patches
(Fig. 27C-D) showed that GenEPi has similar conductance values as wild-type
Piezo1 (GenEPi, 25.5+0.6 pS and Piezo1, 24.9+0.8 pS), confirming that the
conductivity of Piezo1 is not affected. Likewise, the channel kinetics of Piezo1 within
GenEPi were preserved in response to repetitive mechanical stimulation (Fig. 28),
the agonist Yodal and the generic ion channel inhibitor Ruthenium Red (RR)
(Fig. 29). Furthermore, the electrochemical inactivation kinetic of GenEPi in

response to mechanical stimuli was comparable to wild-type Piezo1 and shorter
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than that of the Piezo1 delayed inactivation mutant R2456H (Zarychanski et al.,

2012) (Fig. 30).
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Fig. 27. Pressure-dependent responses evoked by negative pressure. (A) Representative traces of the
currents from wild-type Piezo1 (black) and GenEPi (green) evoked by negative pressure of 0, -20, -40, -60, -
80 and -100 mmHg at -80 mV with the cell-attached recording configuration. The current evoked by
individual negative pressure was normalised to the maximum evoked by negative pressure of -100 mmHg.
(B) Both wild-type Piezo1 (n=8 cells; 8 experiments) (black) and GenEPi (n=6 cells; 6 experiments) (green)
show a similar pressure-dependent response. Unpaired t-test, p=0.1170.05, p=0.0670.05, p=0.2070.05 and
p=0.0770.05 for pressure sensitivities to -20, -40, -60, and -80 mmHg between Piezo1 and GenEPi. (C)
Representative traces of wild-type Piezo1 (black) or GenEPi (green) currents evoked by -60 mmHg pressure
at different voltages of +30 mV, -30 mV, -50 mV and -80 mV. (D) The conductance value for wild-type Piezo1
(black) is 24.9+0.8 pS (n=6 cells from 6 experiments, mean * SEM) and the conductance value for GenEPi
(magenta) is 25.5%0.6 pS (n=6 cells from 6 experiments, mean = SEM). Both channels show the typical 25 pS
conductance of Piezo1 channel, indicating that ion selectivity of Piezo1 is preserved within GenEPi. (Adapted

from Yaganoglu and Kalyviotis et al.).
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Fig. 28. The mechanosensitive response to repetitive stimulation of Piezo1 within GenEPi is similar to
wild-type Piezo1. Representative traces of (A) wild-type Piezo1 and (B) GenEPi stimulated by repetitive
negative pressure of -100 mmHg every 5 seconds at -80 mV with cell-attached recording configuration. (C)
The peak current evoked by each negative pressure was normalised to the first one induced by the same
pressure. Both wild-type Piezo1 and GenEPi show a similar response to repetitive negative pressure. Note
that 5 out of 9 recordings in wild-type Piezo1 and 3 out of 9 recordings in GenEPi showed responses like the
representative traces. Other recordings showed that no response was evoked by the repetitive stimuli of
negative pressure after the first one. Unpaired t-test, p=0.78>0.05 for P2/P1, p=0.21>0.05 for P3/P1,
p=0.78>0.05 for P4/P1 and p=0.83>0.05 for P5/P1. (Adapted from Yaganoglu and Kalyviotis et al.).
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Fig. 29. The pharmacological property of Piezo1 within GenEPi does not differ from wild-type Piezo1.
(A) Example traces of wild-type Piezo1 channels (black) or GenEPi (green) activated by 0.1, 0.3, 1, 3, 10 uM
Yoda1 in the absence of mechanical stimulation. After the channel activities were evoked by 10 uM YodaT,
10 pM ruthenium red (RR) was used to inhibit the currents (blue). (B) Yodal dose-dependent curve of wild-
type Piezo1 currents shows that the ECsy value stays at 0.75+0.15 uM (n=6 cells from 6 experiments). (C)
Dose-response curve also gives a similar ECsg value for GenEPi. The value is 0.68+0.11 uM (n=6 cells from 6
experiments). (D) Ratio inhibition of 10 uM ruthenium red to both wild-type Piezo and GenEPi currents
induced by 10 uM Yoda1 is similar. Inhibition ratios of 10 uM ruthenium red to wild-type Piezo1 (0.70£0.06;
n=4), and GenEPi (0.63+0.08; n=4) currents induced by 10 uM Yodal are similar without significant
difference. Unpaired t-test, n.s.=p>0.05. The whole-cell currents were recorded in the absence of mechanical
stimulation. (Adapted from Yaganoglu and Kalyviotis et al.).
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Fig. 30. The GenEPi R2456H mutant displays a delayed inactivation phenotype. (A) Representative
traces of GenEPi R2456H mutant currents induced by the same negative pressures as the ones used in
Fig. 27A for wild-type Piezo1 and GenEPi (-0, -20, -40, -60, -80, -100 mmHg) at -80 mV with cell-attached
recording configuration. The currents have a delayed inactivation kinetics. (B) The inactivation time (Tau) of
GenEPi-R2456H mutant is significantly longer than the inactivation time of either wild-type Piezo1 or GenEPi
(n= 6 cells for 6 experiments each) at -60 mmHg. Unpaired t-test, *p=0.009<0.01 between Piezo1 and
GenEPi R2456H, ***p=0.0002<0.001 between Piezo1 and GenEPi. (Adapted from Yaganoglu and Kalyviotis
etal.).
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2.2.2 Response to the Piezo1-specific agonist Yoda

To confirm the functional specificity of GenEPi to optically report Piezo1-dependent
activation, we tested its response to a range of concentrations of the Piezo1-specific
small molecule agonist Yoda1 (Syeda et al., 2015). Briefly, to achieve high SNR and
minimise overexpression effects, we transiently expressed GenEPi in Hela cells
using the dox-inducible XLGenEPi plasmid (see Materials and Methods) and
subsequently exposed them to 5uM, 10uM, 25uM and 50uM of Yoda1. As shown in
Fig. 31, GenEPi fluorescence significantly increased in response to all different
Yodal concentrations tested, while fitting of the data with a simple linear regression
model showed corelation of the GenEPi response to the Yodal regime used.
Hence, we confirm that GenEPi responds to the Piezo1-specific agonist Yoda1l in a
dose-dependent manner, which we attribute to progressive activation of more ion

channels in individual cells.
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Fig. 31. GenEPi responds to the Piezo1-specific agonist Yoda1. (A) Response of GenEPi expressing Hela
cells to a range of Yoda1l concentrations: 5uM (n=62), 10puM (n=115), 25uM (n=137) and 50uM (n=197) or
DMSO (control) (n=100). Kruskal-Wallis test. (B) GenEPi optical response to Yoda1 strongly correlates with
the concentration of Yoda1. Simple linear regression model (solid green line) fitted on the means of each
condition. 95% confidence interval (Cl) shown as dashed lines, error bars: SEM. R?=0.7798. (Adapted from
Yaganoglu and Kalyviotis et al.).
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2.2.3 Chelation of extracellular calcium with EGTA

To further confirm the specificity of GenEPi response, we chelated extracellular
calcium with EGTA as previously described by Syeda et al. (Syeda et al., 2015). We
reasoned that chelation of extracellular calcium will not elicit any GenEPi response
as no calcium would flow through the channel. Hela cells transiently expressing
GenEPi using the dox-inducible XLGenEPi plasmid were exposed to 10uM Yoda
(positive control), 2mM of EGTA and a combination of 2mM EGTA and 10uM Yoda1.
As expected and shown in Fig. 32, GenEPi fluorescence significantly increased in
response to the Yodal treatment (Yodal), whereas chelation of extracellular
calcium did not increase GenEPi fluorescence both in absence (EGTA) and
presence of Yodal (Yodal+EGTA). Notably, the chelation of the extracellular
calcium did not affect the baseline fluorescence of GenEPi which is shown by the
non-significant change of the fluorescence between the control and the EGTA
containing treatment groups (Fig. 32). Altogether, we demonstrate that GenEPi
shows a Piezo1 specific response which is affected by extracellular calcium
chelation, confirming that its fluorescence increase is due to the calcium flow upon

Piezo1 channel opening.
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Fig. 32. GenEPi shows Piezo1-specific response that critically depends on extracellular calcium influx
which can be abolished by extracellular calcium chelation. Response of GenEPi expressing Hela cells to
10uM Yodal (n=124), 2mM EGTA (n=129) and 2mM EGTA and 10uM Yoda1 (n=82) or DMSO (control)
(n=134). Kruskal-Wallis test. (Adapted from Yaganoglu and Kalyviotis et al.).

56



2.2.4 Loss-of-function mutagenesis of GenEPi

As mentioned before, loss-of-function missense mutations of Piezo1 have been
linked to several diseases, such as generalised lymphatic dysplasia (Lukacs et al.,
2015, Fotiou et al., 2015) and bicuspid aortic valve (Faucherre et al., 2020). Recently,
the loss-of-function S217L (Serine 217 to Leucine) missense mutation of Piezo1 has
been shown to exhibit reduced plasma membrane trafficking, reduced stability and
higher ubiquitination compared to wt-Piezo1, which cannot be rescued by

proteasome inhibition (Zhou et al., 2021).
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Fig. 33. GenEPi-S217L variant shows altered subcellular localisation and does not respond to Yoda1.
(A) Representative images of Hela cells expressing GenEPi or GenEPi-S217L stained with ER-tracker to
visualise ER and anti-GFP to visualise GenEPi. Scale bar, 20puM. (B) Summary data showing the overlap of
GenEPi (wt- or S217L) and the ER signal indicated by Pearson’s correlation coefficient. (n=12 for each). Mann-
Whitney test. (C) Response of GenEPi-S217L expressing Hela cells to 10uM Yodal (n=104) or DMSO
(control) (n=92). Mann-Whitney test. (Adapted from Yaganoglu and Kalyviotis et al.).
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To further test the functionality of GenEPi and confirm that it can recapitulate Piezo
disease conditions, we used site-directed mutagenesis to generate a GenEPi-S217L
variant. As it has been previously shown that S217L mutants exhibit reduced
membrane localisation and are mainly localised to the endoplasmic reticulum (ER),
we tested whether the GenEPi-S217L mutant exhibits similar subcellular
localisation. As shown in Fig. 33, non-mutated GenEPi localises both in the plasma
membrane and the ER reflecting the subcellular localisation of wt-Piezo1, whereas
GenEPi-S217L co-localises almost exclusively with the ER tracker. In addition,
GenEPi-S217L does not respond to treatment with 10puM of Yoda1, yet surprisingly
shows a significant decrease in its fluorescence. Overall, we demonstrate that
GenEPi reflects the subcellular localisation of wt-Piezo1 and can recapitulate Piezo

disease conditions which are linked to loss-of-function mutations.

In conclusion, our in vitro characterisation demonstrates that GenEPi provides high
spatiotemporal resolution and functional specificity of Piezo1-dependent activity

without compromising the nature and functionality of the channel.

2.3 Analysis of transient, local mechanical stimuli on the membrane of cells

After the characterisation under controlled experimental conditions (Fig. 27-33),
we tested whether GenEPi can visualise Piezol-dependent activity during
autonomous cellular processes, such as local cellular traction forces, using Total
Internal Reflection Fluorescence Microscopy (TIRFM) (Ellefsen et al., 2019, Holt et

al., 2021, Ridone et al., 2020).

2.3.1 Localisation of GenEPi on the cell membrane using TIRFM

First, we tested the ability of GenEPi to resolve the localisation dynamics of Piezo1
on the cell membrane of different cell types that transiently expressed GenEPi using

the dox-inducible XLGenEPi plasmid (Fig. 34). After doxycycline induction to
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Fig. 34. Doxycycline induction of GenEPi expression on the membrane of XLGenEPi transfected
HEK293T cells used for TIRFM imaging. (A) Representative TIRFM images of non-transfected, XLGenEPi
transfected without doxycycline induction and XLGenEPi transfected with doxycycline induction HEK293T
cells. Scale bar, 10pum. (B) Doxycycline induction leads to increased GenEPi expression and SNR. Whole cell
fluorescence of n=15 cells, error bar: SEM. Ordinary one-way ANOVA test. (Adapted from Yaganoglu and
Kalyviotis et al.).

temporally control the expression of the sensor, GenEPi was evenly distributed over
the ventral surface of HEK293T, HFF and Hela cells (Fig. 35A) reflecting the
previously reported wt-Piezo1l membrane localisation in cells (Ellefsen et al., 2019,
Holt et al., 2021, Ridone et al., 2020) (Fig. 33A). The number of GenEPi clusters per
cell (Fig.35B) was similar among the different cell types. Likewise, the area
(Fig. 35C) and perimeter (Fig. 35E) of individual GenEPi clusters and their size
distributions (Fig. 35D, 35F) did not differ between the cell lines, demonstrating
that transient expression of GenEPi provides consistent localisation dynamics in

different cellular contexts.

2.3.2 Membrane diffusivity analysis of GenEPi

As wild-type Piezol has been previously shown to readily diffuse in the cell
membrane (Ellefsen et al., 2019, Holt et al., 2021, Ridone et al., 2020), we tested
whether GenEPi shows similar dynamics. Time-lapse TIRFM imaging revealed that
individual GenEPi clusters were mobile in the plasma membrane (Fig. 36A). To
obtain apparent diffusion coefficients, we tracked GenEPi in the plasma membrane

to build trajectories of individual clusters (Fig. 36A)

59



HEK293T

Piezo1 clusters per um?

2.0 20
Bl HEK293T
M HFF
159 30 M Hela

Area (um?)
Py
1

e b
o
[

Relative frequency of Area (%)

e
=

T T T
HEK293T HFF HelLa 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
Bin Cent
E ns F in Center
| ns ns |
8- [—||—| £ 401 BN HEK293T
. B HFF
3 E 30 Il Hela
E 67 5
2 <
= 5
£ 4- g 201
£ g
H T
o 24 £ 104
2
®
0 T T T El 0-
HEK293T HFF Hela 05 10 15 20 25 30 35 40 45 50 55 60 65 7.0
Bin Center

Fig. 35. GenEPi is evenly distributed over the ventral surface of different cell types. (A) Representative
TIRFM images from the cell-substrate interface of live HEK293T, HFF and Hela cells expressing GenEPi. Scale
bar, 10pm. (B) Number of GenEPi clusters per cell in HEK293T, HFF and Hela cells expressing GenEPi. n=13
cells, error bar: SEM. Ordinary one-way ANOVA test. (C-F) Quantification of GenEPi cluster area and
perimeter as violin plots and their distributions in HEK293T, HFF and Hel a cells expressing GenEPi. HEK293T
cells (n=279), HFF cells (n=503), HelLa cells (n=669); n=1 represents a single GenEPi (Piezo1) cluster. Kruskal-
Wallis test. (Adapted from Yaganoglu and Kalyviotis et al.).

and plotted the Mean-Squared Displacement (MSD) of 5332 GenEPi tracks
(Fig. 36B). The slope of the MSD yielded an apparent two-dimensional (2D)
diffusion coefficient of ~0.005 um?/s, which is in the range of previously reported
values for wild-type Piezo1 (Ellefsen et al., 2019, Holt et al., 2021, Ridone et al.,
2020).
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Fig. 36. GenEPi reflects the membrane diffusion of wt-Piezo1. (A) Tracking of GenEPi clusters imaged at
10 frames per second in live HEK293T cells reveals motility of the channel clusters. The background image
shows fluorescence of GenEPi clusters captured during a single imaging frame (rectangular region with
dashed line in image 37, 2-pixel median filter applied in FiJi/ImageJ (see Materials and Methods, Image
processing and analysis). White lines depict the tracks of these clusters over several successive frames. Scale
bar, Tum. (B) Mean-squared displacement calculated from 5332 GenEPi tracks plotted as a function of time.
Data fit to a straight line with a slope corresponding to a two-dimensional (2D) diffusion coefficient of
0.0044 pm?/s. R? for linear fit to data is 0.9969. (Adapted from Yaganoglu and Kalyviotis et al.).

2.3.3 Activity of GenEPi clusters on the cell membrane

Piezo1 function has been reported to be related to autonomous cell processes in
the absence of externally applied mechanical forces, such as local cellular traction
forces (Ellefsen et al., 2019). Indeed, we observed distinguishable GenEPi
responses over the ventral surface of the cells (Fig. 37A), with almost 50% of the
clusters demonstrating a dynamic behaviour and activation. Notably, some of the
GenEPi responses lasted for several seconds (Fig. 37B-D) and we reasoned that
they could be the source of previously reported Piezo1-dependent calcium flickers
(Ellefsen et al., 2019, Pathak et al., 2014). Taken together, GenEPi robustly reports
diffusion dynamics comparable to wild-type Piezo1 channels and captures Piezo1-
dependent activity to transient, local mechanical stimuli on the membrane of the

cells.
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Fig. 37. GenEPi captures Piezo1-dependent activity to transient, local mechanical stimuli on the cell
membrane. (A) GenEPi responses (AF/Fg) of 49 individual clusters over the ventral surface of the HEK293T
cell presented in Fig. 37B captured using TIRFM imaging. Clusters which showed distinguishable responses
are labelled with green stars. Data were plotted in PlotTwist (Shiny apps). (B) Representative time-lapse
images of GenEPi cluster dynamics in a single HEK293T cell expressing GenEPi. (B1-B3) (B1) Region without
GenEPi cluster adjacent to a GenEPi cluster. (B2) Region with a GenEPi cluster which shows dynamic
behaviour and changes in fluorescence. (B3) Region with a GenEPi cluster which does not show dynamic
behaviour. Scale bars, 10um and 1um, respectively. (C) Raw values of fluorescence intensity profiles of the
ROIs B1-B3 (Trace B1, Trace B2 and Trace B3) which show different GenEPi activity dynamics. (D)
Fluorescence intensity profiles (F/Fg) of the ROIs B1-B3 which illustrate the different GenEPi activity dynamics.
(Adapted from Yaganoglu and Kalyviotis et al.).
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2.4 Analysis of contraction-triggered mechanical stimulation in microtissues

2.4.1 GenEPi response during cardiac contraction in 3D microtissues

To test the functional specificity and performance of GenEPi in an in vitro three-
dimensional (3D), multicellular environment, we tested its response to homeostatic
cell motions, such as cardiomyocyte contraction where Piezo1 has been shown to
act as a key mechanotransducer (Jiang et al., 2021a). To this end, we generated
dox-inducible GenEPi mouse embryonic stem cells (mESCs) (lacovino et al., 2011)
and differentiated these cells to cardiomyocytes (Wang et al., 2011). After 10 days
of differentiation, regular beating patches of cells could be identified in
microtissues. After transient induction of GenEPi expression, we observed cells that
displayed noticeable GenEPi responses due to contraction-triggered mechanical
stimulation within beating patches. Differentiated microtissues with multiple
beating patches caused a robust systemic activation of GenEPi in response to the
autonomous regular contraction of cardiomyocytes (Fig.38A). Notably, in
dissected microtissue, where single cells were attached to autonomously beating
cardiomyocytes, GenEPi responses were restricted to places of local membrane
displacement (Fig. 38B-C). In both conditions, the sub-second responses were
qualitatively coupled to the autonomous regular beating of the cardiomyocytes

(Fig. 38B, 38D).

2.4.2 Chemical modulation of cardiac contraction

In order to confirm that the source of GenEPiresponses were indeed cardiomyocyte
contractions, we applied blebbistatin, a myosin inhibitor, which blocks the
contractions and uncouples mechanical stimuli-induced Ca?* influx from Ca?*
processes accompanying spontaneous cell contractions (Farman et al., 2008). Fast
GenEPi responses decreased when contractions stopped in response to
blebbistatin (Fig. 39A), confirming cardiomyocyte contractions as the source of

GenEPi signals.
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Fig. 38. GenEPi reports cardiomyocyte contraction-triggered mechanical stimulation with high
spatiotemporal resolution. (A) Multicellular and systemic activation of GenEPi in response to autonomous
contraction of cardiomyocytes in differentiated tissue within multiple beating patches. Representative time-
lapse fluorescence intensity (F/Fg) images and profile of multiple responding cells embedded in the
differentiated tissue of beating cardiomyocyte patches. Scale bar, 10 um. (B) Single cell local responses of
GenEPi in a dissected beating patch in response to the autonomous beating of cardiomyocytes. (B1, B2)
Representative time-lapse fluorescence intensity (F/Fy) images and profiles of a responding (B1) and a non-
responding (B2) ROl in a single cell attached to the beating cardiomyocyte patch. Scale bar, 5 pm. (C) GenEPi
is activated in response to the contraction of autonomously beating cardiomyocytes which cause local
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membrane displacement. In the “Before contraction” and “After contraction” frames the membrane is in
“Membrane position 1", while during the contraction the membrane of the GenEPi expressing cell is
displaced upwards by 1 pm to “Membrane position 2”. Scale bars, 5 um (left image) and um (right panel). (D)
Representative fluorescence intensity (F/Fy) profile (teal line) of GenEPi activation in response to
cardiomyocyte contraction (purple line). Cardiomyocyte contraction was captured by changes in the intensity
profile of the brightfield image due to cell movement. Data were transformed to a binary response with a
minimum of 0.5 (rest) and maximum of 0.9 (contraction) for illustration purposes. GenEPi is activated in
response to mechanical stimuli and membrane deformations due to the contraction of autonomously beating
cardiomyocytes. (Adapted from Yaganoglu and Kalyviotis et al.).

To complement our analysis, we tested the ability of GenEPi to respond and resolve
higher frequency cardiomyocytes contractions. To this end, we employed
norepinephrine, a ligand which activates adrenoreceptor signals and increases the
contraction rate in cardiomyocytes (Wang et al., 2008). We indeed observed a
significant increase in the frequency and the amplitude of GenEPi responses in
proportion to the norepinephrine regime (10 nM to 10 uM) (Fig. 39B-E), validating

the ability of GenEPi to temporally resolve cardiomyocyte contractions.

Additionally, to further demonstrate that other channels, such as L-type channels,
do not contribute to the response of GenEPi, we treated differentiated beating
cardiac microtissues with nifedipine which is known to block most L-type channels
and has a strong negative ionotropic effect (Brixius et al., 2005, Mannhardt et al.,
2017, Xi et al., 2010). Indeed, nifedipine treatment abolished the beating of
cardiomyocytes within the differentiated cardiac microtissues, suggesting that L-
type channels were effectively blocked (Fig. 39F-H). Yet, the baseline fluorescence
of the GenEPi-expressing cells (Fig. 391-J) was not affected by this blockade,
indicating that other calcium channels, such as L-types channels, do not affect the

Piezo1-dependent functional readout of GenEPi.

Overall, GenEPi shows high spatiotemporal resolution of Piezo1-dependent activity

in both dissected and non-dissected microtissues, capable of specifically sensing
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spontaneous as well as drug stimulated repetitive mechanical stimuli of beating

cardiomyocytes.
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Fig. 39. GenEPi responses are triggered by the contraction of the beating cardiomyocytes within the
differentiated microtissues. (A) Representative fluorescence intensity (F/Fq) profile from a ROl with systemic
activation of GenEPi in response to cardiomyocyte contraction before (control) and after the addition of
100 uM blebbistatin, which shows that GenEPi responses are abolished. (B) Frequency of peaks, (C)
amplitude of fluorescence intensity (F/Fy) changes and (D) median * SEM values of B and C before (control)
and after the addition of norepinephrine (range of concentrations, 10 nM-10 uM). n=6 ROls, error bar: SEM.
Ordinary one-way ANOVA and Kruskal-Wallis test, respectively. Data from three independent experiments.
(E) Representative fluorescence intensity (F/Fy) profiles from a ROl with GenEPi activation in response to
cardiomyocyte contraction after the addition of norepinephrine (range of concentrations, 10 nm-10 pM). (F)
Representative fluorescence intensity (F/Fq) profile from a ROl with systemic activation of GenEPi in response
to cardiomyocyte contraction before (control) and after the addition of 100 nM nifedipine. (G) Beating rate
of cardiac microtissues before and after the addition of 100 nM nifedipine which abolishes the contraction of
the beating cardiomyocytes. n=17 measurements from 3 independent biological replicates, error bar: SEM.
Wilcoxon rank-sum test. (H) Amplitude of fluorescence intensity (F/Fy) changes before (control) and after the
addition of 100 nM nifedipine. n=101 and n=20 measurements for control and nifedipine treatments,
respectively, from 3 individual biological replicates, error bar: SEM. Two-tailed Mann-Whitney test. (I)
Baseline fluorescence (Fy) before and after the addition of 100 nM nifedipine. n=24 ROIs containing multiple
cells for each condition from 3 individual biological replicates, error bars: SEM. Two-tailed Mann-Whitney
test. (J) Median + SEM values of G and H before (control) and after the addition of 100 nM nifedipine.
(Adapted from Yaganoglu and Kalyviotis et al.).
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2.5 Monitoring pharmacological modulation of Piezo1-dependent activity in
vivo

2.5.1 A zebrafish transgenic system to study Piezo1 in vivo using GenEPi

There is an increasing body of work that has revealed Piezo1's central role in
mediating mechanosensation in a plethora of physiological and pathological
conditions (Table 3). Thus, visualising its activity in vivo will allow for understanding
Piezo1's role in the interplay of mechanical and biochemical signals in development

and disease (Hannezo and Heisenberg, 2019).

To investigate the ability of GenEPi to report Piezo1-dependent activity in the
context of a whole organism, we generated a zebrafish transgenic line that allows
for conditional manipulation of GenEPi expression using the zebrafish heat-shock
promoter hsp70-| (Halloran et al., 2000) (Fig. 40A, see Materials and Methods,
Molecular cloning). We reasoned that the transparency of zebrafish embryos
combined with the direct optical readout of GenEPi would enable monitoring
Piezo1-dependent activity of single-cells in the tissues, organs and organ systems
within the organism. GenEPi expression was induced following heat-shock of
Tg(hsp70:GenEPi) zebrafish for one hour at 37.5°C (Fig. 40B). Compared to non-
heat-shocked embryos, GenEPi expression was systemic and reached a steady
fluorescence state at ~4-5 hours post-heat-shock (Fig. 40C-E and Fig. 41). Like
previous in vitro results (Fig. 33), GenEPi signal was mainly localized on the plasma
membrane of different cell types, such as endocardium cells, neural retina cells and
keratinocytes (Fig. 40F and Fig.42). The temporal induction of systemic
expression of GenEPi did not affect the development of embryos to adulthood and
the heart rate of individual embryos did not differ in comparison to control non-

heat-shocked embryos when the latter recovered from the heat-shock process

(Fig. 43).
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Fig. 40. A zebrafish transgenic model for temporal control of GenEPi expression in vivo. (A) Schematic
of the pTol2-hsp70:GenEPi plasmid used for the zebrafish transgenesis. GenEPi is downstream of the
zebrafish hsp70-I promoter after the $-globin rabbit intron. (B) Schematic of the heat-shock protocol used to
induce the expression of GenEPi in Tg(hsp70:GenEPi) zebrafish. (C) Longitudinal analysis of GenEPi
expression upon heat-shock of Tg(hsp70:GenEPi) zebrafish at 1 day post fertilization (dpf), fluorescence
steady state is reached after ~4-5 hours. n=35 fish. (D) Representative fluorescence of a non- (non-HS) and
heat-shocked (HS) Tg(hsp70:GenEPi) zebrafish at 1 dpf. Scale bar, 200 um. (E) Increase in fluorescence
intensity following the heat-shock protocol in B. (n=20 and n=31 non-heat-shocked (non-HS) and heat-
shocked (HS) fish, respectively). (F) GenEPi expression in the developing heart, eye, neural retina, lens fibre
cells and primary anterior epithelium in a 3 and 1dpf Tg(hsp70:GenEPi) zebrafish. Scale bar, 20 ym, 200 ym
and 20 um respectively. (Adapted from Yaganoglu and Kalyviotis et al.).
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Fig. 41. Longitudinal analysis of GenEPi expression post-heat-shock in Tg(hsp70:GenEPi) zebrafish.
Each graph displays the normalised fluorescence intensity of 35 individual Tg(hsp70:GenEPi) zebrafish post-
heat-shock presented in Fig. 40C. Data were plotted in PlotTwist (Shiny apps). (Adapted from Yaganoglu and
Kalyviotis et al.).
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Fig. 42. GenEPi is homogeneously expressed and mainly localises to the plasma membrane of
individual cells after heat-shock of Tg(hsp70:GenEPi) zebrafish. (A) Representative GenEPi expression in
keratinocytes, myotomes and part of the neural tube in Tg(hsp70:GenEPi) zebrafish at 30 hpf. Scale bar,
20 pm. (B) GenEPi colocalises with membrane-RFP in Tg(hsp70:GenEPi) zebrafish injected with membrane-
RFP mRNA at 12 somites stage (14 hpf). Scale bar, 10 pm. (C) Colocalisation analysis of GenEPi and BODIPY
in Tg(hsp70:GenEPi) zebrafish at 30 hpf and Pearson’s correlation coefficient. n=10 ROIs with at least 2
individual cells. Scale bar, 10 pm. (D) Anti-GFP immunostaining of heat-shocked Tg(hsp70:GenEPi) zebrafish,
which confirms the expression of GenEPi in endocardium and myocardium cells at 1 dpf. Scale bar, 20 pm.
(Adapted from Yaganoglu and Kalyviotis et al.).
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Fig. 43. Transient induction of systemic expression of GenEPi in transgenic embryos does not affect
their development to adulthood. (A) Brightfield image of a female and (B) male Tg(hsp70:GenEPi) adult
zebrafish (WT/TL background) that were heat-shocked to induce GenEPi expression at 1 dpf. Scale bar,
5 mm. (C) Tg(hsp70:GenEPi) zebrafish produce healthy embryos when crossed. Scale bar, 1 mm. (D) Time
course of the heart beating measurement experiments presented in (E). (E) Heart rate of individual
Tg(hsp70:GenEPi) zebrafish heat-shocked (HS) to induce GenEPi expression at 1 dpf. Notably, the heart rate
of the heat-shocked embryos does not differ to control non-heat-shocked (non-HS) zebrafish when the latter
have recovered from the heat-shock process. Please note that GenEPi can be still observed at 48hpf.
(Adapted from Yaganoglu and Kalyviotis et al.).
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2.5.2 Pharmacological modulation of Piezo1 activity in vivo

As zebrafish are potent models for drug and toxicity screening (MacRae and
Peterson, 2015, Cassar et al., 2020) and only a few modulators of Piezo1 activity are
known (Evans et al., 2018, Syeda et al., 2015), we assessed the activity of GenEPi
upon pharmacological intervention in vivo. As a proof-of-principle, we used the
agonist Yodal and the generic ion channel inhibitor RR to probe Piezo1 function
following a similar approach to our in vitro analyses and electrophysiology
experiments (Fig. 29A). Heat-shocked Tg(hsp70:GenEPi) zebrafish embryos in egg
medium (E3 medium) were sequentially incubated in 10 uM Yoda1, 10 uM Yoda
and 10 pM RR and 10 pM RR followed by washing out in E3 medium (see Online
Methods, Zebrafish transgenesis and in vivo pharmacological intervention
experiments). To enable rapid interpretation of GenEPi response over a large field
of view, we used a widefield fluorescence microscope. We focused on the
developing eye, a large organ in direct contact with the egg medium easily
accessible for imaging and pharmacological interventions. Heat-shocked
Tg(hsp70:GenEPi) fish showed instantaneous and significant fluorescence increase
in response to 10 uM Yoda1 (Fig. 44A-B), whereas transfer to a solution containing
10 uM Yoda1 and 10 pM of RR (Fig. 44A-B) inhibited GenEPi activation, consistent
with our electrophysiology results (Fig. 29A). Zebrafish transferred to 10 uM RR
demonstrated further decrease in fluorescence intensity (Fig. 44A-B). Notably,
washing out of the zebrafish in the original E3 medium restored the fluorescence of
GenEPi to pre-treatment activity levels (Fig. 44A-B) demonstrating that GenEPi

retains the pharmacological properties of Piezo1.
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Fig. 44. GenEPi resolves Piezol1-dependent activity changes in vivo upon pharmacological
intervention. (A) Representative images of GenEPi expression in the eye of a 1dpf Tg(hsp70:GenEPi)
zebrafish during the chemical modulation of channel’s activity by Yodal and RR. Scale bar, 50 ym. (B) Raw
fluorescence intensity of control and Tg(hsp70:GenEPi) zebrafish during the chemical modulation of GenEPi
activity in 10 uM Yoda1, 10 uM Yoda1 and 10 uM RR, 10 uM RR and wash out to E3 medium. Non-heat-
shocked embryos which do not express GenEPi showed non-significant response both in presence or
absence of Yodal or RR (paired data of n=3 and n=24 non-HS and HS transgenic zebrafish, respectively).
Two-way ANOVA test. (Adapted from Yaganoglu and Kalyviotis et al.).

2.5.3 GenEPi response during cardiac contraction in vivo

As we showed in Fig.38-39, GenEPi can report cardiomyocyte contraction-
triggered mechanical stimulation with high spatiotemporal resolution within 3D
cardiac microtissues. To test whether GenEPi can also monitor Piezo1-dependent
activity during heart contraction in vivo, we imaged heat-shocked Tg(hsp70:GenEPi)
zebrafish embryo hearts at 2dpf. Interestingly, GenEPi fluorescence at the
atrioventricular canal (AVC) of Tg(hsp70:GenEPi) zebrafish hearts showed a two-

phase increase for each beating cycle, which is highly stereotypical (Fig. 45A).

73



A B Control

& 2
1
Ll . T . T . T . 1
0 5 10 15 20
Seconds
B 4 2,3-Butanedione 2-monoxime
1 (BDM)
3=
& 2
w -
1
0 T T T T T T T 1
0 5 10 15 20
Seconds
D Atrium Ventricular
<“—— contraction —*<“—— contraction —*
3
2
o
w
[T

0.00 0.25 0.50 0.75 1.00
Seconds

Fig. 45. GenEPi reports shear stress dependent Piezo1 activation during cardiac contraction in vivo.
(A) Representative fluorescence intensity (F/Fg) profile from the AVC of a Tg(hsp70:GenEPi) zebrafish heart
which shows the two-phase GenEPi activation. (B) Representative fluorescence intensity (F/Fg) profile from
the same ROl in A at the AVC of the same Tg(hsp70:GenEPi) zebrafish heart after treatment with BDM which
abolishes heart beating, showing absence of GenEPi responses (C) Representative images of a
Tg(hsp70:GenEPi) zebrafish heart which shows the GenEPi activation during atrium and ventricular
contraction, respectively. Scale bar, 100um. (D) Mean of 27 GenEPi responses of individual heart beating
cycles with 95% Cl presented as grey shading. Note that GenEPi activation is highly stereotypical during
zebrafish heart beating cycle, probably triggered by shear stress forces. Data were plotted in PlotTwist (Shiny
apps). (Adapted from Yaganoglu and Kalyviotis et al.).
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This two-phase GenEPi response was abolished by the non-selective myosin
ATPase inhibitor 2,3-butanedione 2-monoxime (BDM) (Herrmann et al., 1992),
confirming that the beating of the zebrafish heart triggered GenEPi activation
(Fig. 45B). However, solely the contraction of the heart at the AVC cannot explain
the two-phase response which seems to coincide with the contraction of the atrium
and the ventricle, respectively. Previously, it has been demonstrated that shear
stress forces change dramatically during the zebrafish heart contraction (Lee et al.,
2013, Foo etal., 2020). More specifically, it has been shown that the wall shear stress
forces at the AVC show a two-phase increase with one peak during atrium
contraction and one during ventricle contraction at 40-50hpf. Considering the high
similarity of the GenEPiresponse to how shear stress forces change during zebrafish
heart contraction at the AVC and that Piezo1 is known to respond to shear stress,
we reasoned that the activation observed is probably triggered by shear stress and
not by the contraction itself. In the future, specific expression of GenEPi to the
endocardium or the myocardium will provide a definite answer whether the GenEPi
activation we observed is caused by the contraction and/or the shear stress forces

present during the zebrafish heart beating.

Overall, we confirm that the ability of GenEPi to resolve Piezo1-dependent activity
is preserved in vivo and we demonstrate a robust and reliable in vivo GenEPi system

that is able to generate information rich and physiologically relevant readouts.

2.6 Discussion on GenEPi

As the pivotal role of mechanics in cellular processes gains increasing recognition,
there is a need to study mechanical forces across different biological scales, and
ideally in a non-invasive way. Building upon prior efforts within the Pantazis lab to

develop an optical Piezo1-specific activity reporter, we introduced GenEPi which is
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designed to provide a highly specific and non-invasive functional readout of Piezo1-

dependent activity from the single cell level to that of the entire organism.

The engineering of GenEPi was achieved by successfully targeting a low-affinity and
high dynamic range GCaMP to the Ca?* microdomain of the Piezo1 channel using
a flexible linker of defined length (Fig. 25). Notably, our systematic screening
underscored the critical role of (i) amino acid composition and (ii) linker length in
securing the specificity of Ca?* imaging solely to Piezo1-dependent stimuli. The
importance of this design is exemplified by the sensitivity loss observed upon
duplicating the flexible linker unit (GSGG), emphasising its role in preserving the
specificity to Piezo1-dependent signals (Fig. 26B and Table 5, GCaMP-G4).
Contrary to potential concerns raised by previous work indicating alterations in
channel response with a C-terminal GFP fusion to mouse Piezo1 without a flexible
linker (Cox et al.,, 2016), our use of a flexible linker demonstrated that the
functionality of the channel remains unaffected, faithfully reflecting the responses
of wt-Piezo1 (Fig. 27-30). These results substantiate our assertion that the design
principle of GenEPi (Fig. 25B) can indeed serve as a blueprint for the development
and engineering of optical reporters for other ion channels, such as Piezo2 (Coste

etal., 2010), without compromising their functionality.

GenEPi's ability to robustly report Ca?* influx upon channel opening (Fig. 32) with
high spatiotemporal resolution underscores its effectiveness. However, challenges
arise when correlating different forces and activation states to the on-off type
GenEPi's fluorescence response (Fig. 46). Addressing these complexities which
surround the interpretation of mechanical forces in correlation with GenEPi's
fluorescence response, necessitates a nuanced analysis and meticulous in vitro
calibration measurements. In addition, future engineering could explore the
integration of improved fluorescent probes and GECls (Fig. 47) that in combination

with experiment-specific calibration measurements could secure a quantitative
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readout of applied forces. The use of fluorescence lifetime (FLIM) calcium
biosensors (van der Linden et al., 2021a), which have been recently introduced,
stands as a potential enhancement. The integration of FLIM imaging can offer not
only optical measurements but also quantitative insights into calcium concentration
dynamics upon channel opening. Such advancements will be pivotal in facilitating
a more precise understanding of the mechanical landscape sensed by Piezo1 while
deciphering the intricacies of Piezol-dependent mechanotransduction across
different biological scales and contexts. However, given the inherent limitation of
the biosensor design to exclusively report Piezo1-specific activity, it will remain
challenging to differentiate between various types of forces (such as shear stress,
tension, or a combination thereof). The nature of the biosensor design makes it

difficult to discern the specific type of force that activates Piezo1.

GenEPi's seamless non-invasive intensiometric visualization of Piezo1-dependent
activity unifies previously separated readouts of channel function and localisation
dynamics (Fig. 35-37). Its applicability across diverse cellular systems, without
noticeable adverse physiological effects under temporally controlled
overexpression, positions it as a versatile tool for various experimental setups. In the
future, use of our already developed targeted CRISPR/Cas approaches to tag
endogenous Piezo1 will promote our understanding of how Piezo1 senses and
interprets a variety of intrinsic and extrinsic mechanical and, recently discovered,
non-mechanical stimuli (Moroni et al.,, 2018). Currently, we have successfully
generated and are testing a mouse transgenic line in which the endogenous Piezo
is tagged with GCaMP-G4 via the GSGG flexible linker. This approach will ensure
the monitoring of endogenous Piezo1 activity in all tissues where Piezo1 is normally

expressed without the need for exogenously overexpressing GenEPi.

The universality of GenEPi is further exemplified by our zebrafish model (Fig. 40-

45), showcasing its efficacy in resolving Piezo1-dependent stimulation in both in
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vitro and in vivo settings. The GenEPi transgenic line emerges as a pivotal tool for
surveying hypotheses derived from previous in vitro results and exploring Piezo1-
dependent activity across varied pathophysiological conditions. In the future, we
aim to use GenEPi and similar biosensors to extract “force maps” during early
embryo developmentin combination with already established lineage tracing tools.
These "force maps” will be used to produce models on how mechanical forces
influence cell behaviours, such as cell migration, and cell fate specification in early
embryos before asymmetry breaking, elucidating the complex interplay of

mechanics in cell fate determination.

Anticipating the use of GenEPi in investigating Piezo1-dependent mechanical
signals in cardiac development and morphogenesis, we highlight its potential to
elucidate how mechanical forces change during zebrafish heart beating throughout
development. We have demonstrated that GenEPi exhibits a biphasic response
during the zebrafish heart beating cycle (Fig. 45), aligning with previously
characterised shear stress forces in the zebrafish heart (Lee et al., 2013, Foo et al.,
2020). This observation offers a promising avenue for future research. However, as
mentioned previously, further experiments involving the grafting of magnetic beads
or the injection of ferromagnetic materials into the bloodstream are needed to

determine the specific types of forces that GenEPi can resolve during heart beating.

The scarcity of identified modulators of Piezo1 activity accentuates the need for
targeted drug discovery pipelines. GenEPi, with its capacity to provide a specific
functional readout of Piezo1 activity, addresses a critical gap. Our zebrafish model
emerges as a cost-effective and scalable in vivo pharmacological intervention
system, facilitating directimaging of compound effects on Piezo1 activity in different
organs. This refined approach could distinguish between systemic and tissue-

specific modulation of channel function, offering the prospect of selecting lead
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compounds with minimal side effects, given the multifaceted functions Piezo1

channels exert (Ehmke, 2018).

Overall, GenEPi emerges not only as the first optical Piezo1-specific activity reporter
but also as a catalyst for further engineering and refinement of a new-class of
biomechanics biosensors. The envisioned improvements and additional
experiments, position GenEPi as a dynamic platform with the potential to unravel
intricate biological processes governed by cellular mechanics. GenEPi stands at the
forefront, offering unprecedented insights into Piezo1-dependent activity and
laying the groundwork for future breakthroughs advancing the field of systems

mechanobiology.
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Fig. 46. GenEPi can be used for comparative Piezo1-dependent activity studies. (A) Our 3D cardiac
microtissue experiments suggest that GenEPi activation depends on the amplitude of the applied force. (B)
Similarly, our Yoda1 experiments show a dose-dependent response of GenEPi. Altogether, although GenEPi
cannot be used currently for quantitative force measurements, it can be used for inter- or intra- cellular
comparative studies in which different activation states can be correlated to GenEPi florescence. (Created
with Biorender.com).
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Fig. 47. Future engineering of GenEPi could produce other biosensors for Piezo1-dependent activity.
Our current efforts are focused on engineering different colour (red and primed convertible) variants of
GenEPi that could be multiplexed with other biosensors and fluorescent reporters. Future engineering to
incorporate concentration dependent FLIM calcium biosensors could be used to measure single GenEPi
cluster calcium dynamics, especially in combination with super-resolution techniques, such as TIRF-SIM and
traction force microscopy (Barbieri et al., 2021). (Created with Biorender.com).
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Chapter 3. Primed conversion advanced

imaging toolkit

«llotou@ ye odx oty éufiivor dig T avTO»
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“It is not possible to step in the same river twice’

Heraclitus

3.1 Develop of an in-house high-throughput protein screening methodology

Previous efforts to perform in vitro assessment of primed conversion efficiency of
FPs of interest were based on purified protein embedded in polyacrylamide gel
(Mohr et al., 2016, Mohr et al., 2017). Bacterial expression of a recombinant pr-FP
was followed by protein purification using commercially available affinity
chromatography systems. Then, the purified protein was embedded in a
polyacrylamide gel into an eight-well-chambered cover glass for further

fluorescence evaluation and photoconversion.

Although this setup provided reliable and accurate results, it is too laborious to
serve as main screening methodology for protein engineering approaches. To
increase parallelisation and screening speed, we set out to scale up from previously

eight proteins to maximum 96 per screening round. To this end, we developed an
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improved screening methodology in which bacterial cells expressing the FP of

interest are used instead of purified protein (Fig. 48).

Comparison of screening methodologies

A
Old New
methodology methodology
Transformation of BL21 (DE3) Transformation of BL21 (DE3)
v v
Plating on LB-agar plates with antibiotic Plating on LB-agar plates with antibiotic
(optional + IPTG)
ON iom
v
Inoculation of starter liquid culture (1-3ml) Inoculation of small liquid culture (1.5ml)
with antibiotic with antibiotic and IPTG
96-DeepWell Plates
O/N OIN
v
Inoculation of large volume culture (250mi) Cells from 700yl of the culture are harvested
L ~2 hours v
Induction of protein expression by adding IPTG 3 washes with PBS 1X (or water)

at OD600:0.45'0.6 v

l 5Th Transfer to the glass bottom 96-well plate
- ours . .
and centrifugation
Harvesting of the bacterial cells v

with centrifugation Evaluation of primed conversion efficiency

v
Affinity chromatography purification
¢ 1.5hours
SDS-PAGE characterisation

l 2.5-3 hours

Embedding in polyacrylamide gel
(8-well-chambered cover glass)

v

Evaluation of primed conversion efficiency

B C

96-DeepWell Glass bottom
plate 96-well plate

Fig. 48. A new screening methodology for faster and less laborious screening of protein engineered
FP variants. (A) The steps of the two methodologies used for the screening of pr-FP variants. (B) 96-
DeepWell plate used in the new screening methodology. (C) A glass bottom 96-well plate used in the new

screening methodology.
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Briefly, BL21 (DE3) competent cells were chemically transformed with the DNA
construct carrying the pr-FP gene and they were plated on LB-agar plates with the
adequate antibiotic/selective marker. The next day, a small volume liquid media
with the right expression inducer and antibiotic/selective marker were inoculated
with single colonies in sterile 2ml 96-DeepWell™ Plates. The plates were then
carefully sealed with sterile and air-permeable Nunc™ Sealing Tapes to reduce
evaporation/contamination and are incubated overnight (O/N) at 37°C in an orbital
shaker incubator. The use of 96-DeepWell™ plates enables the scaling-up of the
procedure and multiple colonies of different mutants can be grown in parallel. The
following day, 700ul of each liquid culture were added in a 1.5ml tube and they
were centrifuged at 11,000rcf for 1 minute at 4°C to harvest the bacterial cells. After
the centrifugation, the supernatant was discarded and the bacterial pellet was
resuspended in 700ul of sterile 1X PBS and centrifuged at 11,000rcf for 1 minute at
4°C. This washing step was repeated three times to remove remaining media and
excreted flavins, which mainly cause green autofluorescence (Mihalcescu et al.,
2015) that can complicate the fluorescence-based photoconversion analysis.
Finally, the bacterial pellet was resuspended in 100ul of 1X PBS (or water) and the
bacteria were transferred to 96-well Corning® High Content Imaging Microplates
and were pelleted via centrifugation at 2.000rcf at 4°C for 15 minutes. After this final
centrifugation step, the bacterial pellets were available for further fluorescence

analysis.

To evaluate the reliability of the new screening methodology for photoconversion,
a series of trial experiments were conducted using the well characterised pr-FP
Dendra2. Bacteria chemically transformed with Dendra2 were prepared following
the new screening methodology and their green-to-red photoconversion was
optically assessed pre- and post- 405nm illumination for 1min using a standard

DAPI filter cube (BP 390-420, FT 425, LP 450) and a mercury lamp. As shown in
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Fig. 49A, bacteria expressing Dendra2 were successfully photoconverted in the
circular region illuminated by the 405nm light, resulting in both significant decrease
and increase in the green and red signal, respectively (Fig. 49B). Consequently,
bacterial cells expressing Dendra2 prepared using the methodology described
above could be successfully imaged using standard excitation/emission filters and

photoconverted using 405nm illumination.
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Fig. 49. Successful fluorescence imaging and 405nm photoconversion of pelleted bacterial cells
expressing Dendra2 prepared following the new screening methodology. (A) Pre- and post-405nm
photoconversion images of pelleted bacterial cells expressing Dendra2. (B) Raw intensity values of green
and red fluorescence pre- and post-405nm photoconversion of pelleted bacterial cells expressing Dendra2.
(n=20 ROls for each condition, error bars: Standard deviation (SD)). Ordinary one-way ANOVA test.
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3.2 Optimisation of primed conversion conditions

At ETH Zurich, the Pantazis lab previously utilised a confocal system equipped with
a multiphoton laser that can be used as a continuous-wave 730nm illumination
source required for primed conversion (Mohr et al., 2016). However, as such a
system was not available at Imperial College London, we evaluated two alternative
primed conversion methodologies. First, we tested primed conversion using a
460LP excitation filter and then primed conversion using 488nm and 633nm light

illumination.

The Pantazis lab has previously employed a xenon lamp and a 460LP excitation filter

placed before the sample as an alternative primed conversion methodology

(Fig. 50).
A Silver B
Y mirror
ET46OLP | ET460LP
filter 100+ —WW\NW Transmission %
Silver mirror
& Reflection %
g 50
H
Light source © a0 600 800 1000 1200
Sample Wavelength

Fig. 50. Primed conversion using a ET460LP filter. (A) The light path and the design of the filter cube with
the excitation filter and the silver mirror. An excitation 460LP filter fitted in a common push and click Zeiss
filter cube with a silver mirror without an emission filter was placed in the filter turret of an inverted Zeiss
LSM780 confocal microscope and a xenon lamp (Carl Zeiss XBO 75) was used as a light source. When the
light source is switched-on and the right light path is selected in the system, the incoming light passes
through the excitation filter which only transmits light with wavelengths greater than 460nm. Then, the
transmitted light is reflected by the silver mirror to the sample. (B) The optical characteristics of ET460LP
(transmission percentage per wavelength) and silver mirror (reflection percentage per wavelength).

As xenon lamps were not available both at the Facility for Imaging by Light
Microscopy (FILM) and at the Department of Bioengineering, we evaluated

available light sources based on mercury lamps, such as the Leica EL6000 and the
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Carl Zeiss HXP 120 C. To determine whether a xenon lamp light source can be
replaced by a mercury lamp, we placed the ET460LP filter cube into an inverted
Zeiss widefield microscope equipped with a Carl Zeiss HXP 120C light source.
Purified Dendra2 embedded in polyacrylamide gel and pelleted bacterial cells
expressing Dendra2 were used to assess primed conversion efficiency using the
460LP excitation filter. A DAPI filter cube (BP 390-420, FT 425, LP 450) was used to
achieve 405nm control photoconversion. As shown in Fig. 51, a decrease of the
green and an increase of the red signal could be detected for both purified protein
and bacterial pelleted cells after 1 min exposure using the DAPI filter. However,
when the 460LP excitation filter was used under the same light-source conditions,

green-to-red photoconversion could not be detected.

To assess the effect of illumination time for primed conversion using the 460LP
excitation filter, we used different illumination times ranging from 1 to 20min. As
shown in Fig. 52, no increase of red signal was detected for primed conversion
even after 20 minutes of illumination with maximum power intensity of the mercury
lamp, whereas 405nm illumination led to pronounced increase of the red signal

after 1 minute of illumination.
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Fig. 51. Primed conversion of Dendra2 using the 460LP excitation filter is not successful. (A) Successful
405nm photoconversion of purified Dendra2 embedded in polyacrylamide gel and pelleted bacterial cells
expressing the same pr-FP. (B) Primed conversion using the ET460LP filter and a mercury lamp shows no
detected photoconversion. (C, D) Raw intensity values of green and red fluorescence pre- and post- (C)
405nm photoconversion and (D) primed conversion of purified Dendra2 embedded in polyacrylamide gel
and pelleted bacterial cells expressing the same pr-FP. (n=10 ROIs for each condition, error bars: SD).
Ordinary one-way ANOVA test.
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Fig. 52. Increasing illumination time using 460LP excitation filter does not lead to primed conversion
of purified Dendra2. (A) 405nm photoconversion of Dendra2 embedded in polyacrylamide gel at different
illumination times. (B) Primed conversion of Dendra2 embedded in polyacrylamide gel at different
illumination times using the 460LP excitation filter. (C, D) Green and red intensity changes at different
illumination times for (C) 405nm photoconversion and (D) primed conversion using the 460LP excitation
filter.
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3.3 Evaluation of primed conversion using 488nm and 633nm simultaneous
illumination in a CLSM

Given that the combination of the 460LP excitation filter with the mercury lamp as
illumination source for the screening setup proved futile, we focussed on
performing primed conversion using a confocal laser scanning microscope. Instead
of using 730nm, we assessed whether primed conversion can be accomplished

using simultaneous 488nm and 633nm illumination.

In order to assess primed conversion in a commercial system, Dendra2 protein was
expressed, purified and embedded in polyacrylamide gel. The gel was imaged
using a confocal system and several combinations of 488nm and 633nm relative
powers were evaluated for their ability to convert Dendra2. For the priming beam,
the relative power of 488nm light was set between 5% and 25%. For the converting
beam, the relative power of the 633nm laser was initially set at 100% to ensure
maximum conversion efficiency. As shown in Fig. 53A-B, Dendra2 could be
photoconverted using 488nm and 633nm simultaneous illumination while
maximum photoconversion was observed when 15% blue laser and 100% red
relative laser powers were used. Extensive photobleaching was noticed for high
power levels of 488nm, whereas lower power levels of 633nm reduced
photoconversion efficiency. Consequently, the optimal combination of relative
powers was around 15% for 488nm light and 100% for 633nm light. To confirm that
the laser powers used for primed conversion where in the range of previously
reported optimal powers for primed conversion (Mohr et al., 2016), we assessed the
effective laser powers at the focal plane for both the priming and converting beams.
As shown in Fig. 53C, 15% of relative 488nm laser power was about 10pW at the
focal plane which is in the range of previously used laser powers for primed
conversion. Interestingly, 100% of relative 633nm laser power was about 750uW,

which is at least one order of magnitude less than previously used 730nm laser
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powers, suggesting that 633nm primed conversion can be a preferable equivalent
for minimising illumination powers when primed converting sensitive biological

samples.

Green Red

>

Dendra2

B 1007 okskokok dekekok
|

Fluorescence (a.u.)

C Optimal powers for
1000 _io,w 4« primed conversion % _750,w

400

N

[=]

o
1

Average laser power (UW)

o
L

I T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Percentage

—¥- 405nm Laser
-#- 488nm Laser
—— 633nm Laser

Fig. 53. Primed conversion using 488nm and 633nm simultaneous illumination. (A) Purified Dendra2
embedded in polyacrylamide gel was primed converted using 15% relative 488nm and 100% 633nm laser
powers. (B) Raw intensity values of green and red fluorescence pre- and post- primed conversion of purified
Dendra2 embedded in polyacrylamide gel. (n=15 ROls for each condition, error bars: SD). Ordinary one-way
ANOVA test. (C) Average illumination powers of the lasers used for primed conversion in A, and of a 405nm
diode laser for comparison. Optimal laser powers used for primed conversion (10 pW for 488nm and
750 uW) depicted with dashed lines. A simple linear regression model was used to fit the measured values
and is depicted with solid lines for each laser.
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To confirm that primed conversion with 488nm and 633nm can be used with pr-FP
variants other than Dendra2, several pr-FP variants were also expressed, purified
and then embedded in polyacrylamide gels for further characterisation. Using the
identified optimal power ratios for 488nm and 633nm light, primed conversion of
pr-mEosFP, pr-mEos2, pr-mEos3.1 and pr-mEos4b could also be achieved
(Fig. 54A). Notably, the different pr-FPs showed differences in their primed
conversion efficiency ranging from ~25% to ~130% relatively to Dendra2

(Fig. 54B).

A

pr-mEosFP pr-mEos2 pr-mEos3.1 pr-mEos4b

Relative Al _, to Dendra2

Fig. 54. Other pr-FPs can be also primed converted with 488nm and 633nm simultaneous
illumination. (A) The FPs pr-mEosFP, pr-mEos2, pr-mEos3.1 and pr-mEos4b were expressed, purified,
embedded in polyacrylamide gels and photoconverted using 488nm and 633nm simultaneous illumination
in a confocal microscope. (B) Relative red intensity changes upon primed conversion using 488nm and
633nm simultaneous illumination normalised to average Dendra2 red intensity change. (n=15 ROls for each
condition, error bars: SD).



3.4 Rational engineering of primed conversion using the mEos protein family

Recently, the Pantazis lab (Mohr et al., 2017) showed that primed convertibility can
be rationally engineered by introducing a single amino acid substitution. Among
the FPs which were engineered, photoconvertible members of the mEos family
were rendered primed convertible. The mEos FP family is a group of photochromic
FPs consisting of both photoconvertible and photoswitchable proteins. All the
members of the family were developed following rational and random protein
engineering approaches mutating the parental tetrameric green-to-red
photoconvertible protein mEos (Wiedenmann et al., 2004, McKinney et al., 2009,
Zhangetal., 2012, Paez-Segala et al., 2015) (Fig. 55). Thus, members of this protein
family show a high percentage of sequence similarity and about 95% of their

sequences is identical.

Primed conversion results showed that different pr- variants of mEos family exhibit
different primed conversion efficiencies (Fig. 54). Interestingly, pr-mEosFP showed
superior primed convertibility compared to other members of the same protein
family and Dendra2 (Fig. 54B). Taking advantage of the differences in primed
conversion efficiency, the high similarity between the mEos family FPs and the
available knowledge of previous engineering efforts in this family, we decided to
investigate which positions are responsible for the efficiency difference observed.
To this end, the protein sequences of pr-mEosFP, pr-mEos2, pr-mEos3.1 and pr-
mEos4b were aligned using the M-Coffee sequence aligner (Notredame et al.,
2000). As shown in Fig. 56, the four pr-FP variants differ only in 12 positions, while
the rest of the sequence is identical. To identify positions that may affect the primed

convertibility of these variants, we followed two strategies.
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Fig. 55. mEos fluorescent protein family and mutations introduced to generate protein variants with
different characteristics. All the members of the family were developed using rational or random protein
engineering approaches. Position H158 (highlighted in yellow) has been mutated more than once and the
variants mEos3.1, mEos3.2, mEos4a and mEos4b carry the mutated position H158E and not the T158H.
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9 11 34 39 70 74

pr-mEosFP M-SAIKPDMKINLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTAFHYGNRVFTEYPDHIQDYF
pr-mEos2 M-SAIKPDMKIKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTAFHYGNRVFTKYPDNIQDYF
pr-mEos3.1 M-SAIKPDMKIKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTAFHYGNRVFTKYPDNIQDYF
pr-mEos4b MVSAIKPDMRIKLRMEGNVNGHHFVIDGDGTGKPYEGKQTMDLEVKEGGPLPFAFDILTTAFHYGNRVFTKYPDNIQDYF
* *******:*:***i*t*tt*************:****:*t**********’ri******k*********:***:**i**
102 121 157
pr-mEosFP KQSFPKGYSWERSLTFEDGGICIARNDITMEGDTFYNKVRFHGTNFPANGPVMOKKTLKWEPSTEKMYVRDGVLTGDIEM
pr-mEos2 KQSFPKGYSWERSLTFEDGGICIARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGDIHEM
pr-mEos3.1 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMOKKT LKWEPSTEKMYVRDGVLTGDVEM
pr-mEos4b KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMOKKTLKWEPSTEKMYVRDGVLTGDIEM
*dkdkk ok ok kkok ko k ok kk ok Kk kKK t*****tt*ttiitittt:*******t***i**tk**tit’*************:_i
173 189 195
pr-mEosFP ALLLEGNAHYRCDFRTTYKAKEKGVKLPGYHFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR
pr-mEos2 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGYHFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR
pr-mEos3.1 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR
pr-mEos4b ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVDHAIEILSHDKDYNKVKLYEHAVAHSGLPDNARR
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Fig. 56. Rational engineering of primed conversion using the mEos FP family. Sequence alignment of
pr-mEosFP, pr-mEos2, pr-mEos3.1 and pr-mEos4b highlighting the 12 differences between the protein
sequences.

First, to isolate positions positively affecting primed conversion, we annotated the
positions in which pr-mEosFP uniquely differs from the other variants. Only four
positions met this criterium (Fig. 57A): the positions N11, E70, H74 and H121
(position annotation of pr-mEosFP). These positions were introduced to the
sequence of mEosFP to generate mEos2. After the introduction of these mutations
to mEosFP, brightness increased but also weak dimeric interactions were noticed.
To identify which position are more likely to affect these weak dimeric interactions,
the structures of mEosFP and mEos2 were structurally imposed (Fig. 57B). The side
chains of N11K'and H121Y (orange and cyan, respectively) protrude to the external
part of the barrel and the nature of substitutions (here: positively charged H to
hydrophobic Y and polar uncharged N to positive charged K) indicate that these
positions could affect protein-protein interactions. The positions 70 and 74 are
relatively close to the chromophore and could potentially influence its
conformation. In the 3D structure of pr-mEosFP these two residues form a turn
between the third and fourth B-strand. As shown by the structural imposition, the
introduction of E70K and H74N distort the positioning of the side chains inside the

chromophore pocket and thus the secondary structures do not overlap.
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Interestingly, A60 changes its secondary structure between the two mutants,

demonstrating that also the chromophore conformation can be affected.

Fig. 57. Positions that could affect positively primed conversion. (A) Sequence alignment of the FPs pr-
mEosFP, pr-mEos2, pr-mEos3.1 and pr-mEos4b. The positions that could positively affect primed conversion
are highlighted with grey. (B) 3D structures of proteins mEosFP (PDB: 3P8U) and mEos2 (PBD:3S05) imposed
and visualised using Chimera (Pettersen et al., 2004). The positions that could affect primed conversion
positively are labelled with different colours.

To identify positions that negatively affect primed conversion, we annotated the
positions in which pr-mEos4b, the variant that shows the lowest primed
convertibility, uniquely differs from the pr-mEosFP. As shown in the alignment (Fig.
58A) pr-mEos4b differs uniquely from the other pr-FP variants in four positions (R9,
Y34,T39 and A195; position annotation of pr-mEosFP). The 3D structure of mEos4b
illustrates that all the amino acids in these positions protrude their side chains to the

external region of the barrel. However, localisation of Y34 exactly on a turn between
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two PB-strands could possibly affect the conformation of the two strands and
indirectly the chromophore environment. Interestingly, the secondary structure of

A60 again is changed that could affect the chromophore.
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Fig. 58. Positions that could affect negatively primed conversion. (A) Sequence alignment of the FPs pr-
mEosFP, pr-mEos2, pr-mEos3.1 and pr-mEos4b. The positions that could negatively affect primed
conversion are highlighted with grey. (B) 3D structure of protein mEos4b (PDB: 6YLS) visualised using

Chimera (Pettersen et al., 2004). The positions that could affect primed conversion negatively are labelled
with different colours.

To investigate whether the annotated positions affect primed conversion efficiency,
site-directed mutagenesis was used and two strategies were followed (Fig. 59).
First, mutations at positions which we identified to potentially improve primed
conversion (N11, E70, H74 and H121; position annotation of pr-mEosFP)) were
introduced to the sequence of pr-mEos4b to assess whether primed convertibility
could be improved. Secondly, mutations identified at positions that could

negatively affect primed conversion were introduced to the sequence of pr-mEosFP
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to evaluate whether primed convertibility could be reduced. The brightness of the
variants was also compared to the brightness of Dendra2 to monitor any other
changes to the variant's fluorescence. As shown in Fig. 60, the introduction of E70K
and H74N to pr-mEosFP led to fluorescence loss, whereas the introduction of N11K
and H121Y affected negatively both primed conversion efficiency and brightness.

The introduction of R10K and A196C to pr-mEos4b led to fluorescence loss, while
the introduction of Y35F and T40S increased both primed conversion efficiency and
the brightness of the variants. Notably, the introduction of T40S led to an impressive
23-fold increase of primed conversion efficiency of the pr-mEos4b variant. These
results confirmed our mutagenesis hypothesis and the majority of the positions

showed either negative or positive effect to primed convertibility as expected.

N11,E70, H74 and H121 R?,Y34,T39 and A195
Site-directed mutagenesis
pr-mEos4b pr-mEosFP
Screening for improved Screening for reduced
primed conversion primed conversion
efficiency efficiency

Fig. 59. Site directed mutagenesis plan to identify positions that affect primed conversion. Following
the sequence analysis, we decided to follow two mutagenesis approaches. Mutations that can affect
positively primed conversion were introduced to pr-mEos4b and mutations that can affect negatively primed
conversion were introduced to pr-mEosFP.

As the pr-mEos4b-T40S mutant showed pronounced primed convertibility, we set

out to test whether the introduction of this single mutation can render mEos4b

primed convertible. To do this, the positive mutagenesis mutations were introduced
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to the sequence of mEos4b by site-directed mutagenesis. As shown in Fig. 61, all
mutations led to decrease in primed conversion efficiency and brightness,
suggesting that the introduction of T40S is not sufficient to engineer primed
convertibility and highlighted the fundamental role of position 69 for primed

conversion. Interestingly, the introduction of R10K and A196C to mEos4b does not

lead to fluorescence loss.
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Fig. 60. Site-directed mutagenesis of pr-mEosFP and pr-mEos4b suggests that position 40 is important
for improving primed conversion efficiency. (A) Relative brightness of mutated variants normalised to the
average brightness of Dendra2. (n=3 ROlIs for each condition, error bars: SD). (B) Relative red intensity
changes upon primed conversion using 488nm and 633nm simultaneous illumination normalised to average
Dendra2 red intensity change. (n=3 ROIs for each condition, error bars: SD). The results confirmed our
hypothesis that specific positions would affect primed conversion either negatively or positively.
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Fig. 61. Site-directed mutagenesis of mEos4b shows that T40S is not sufficient to engineer primed
convertibility. (A) Relative brightness of mutated variants normalised to the average brightness of mEos4b.
(n=3 ROIs for each condition, error bars: SD). (B) Relative red intensity changes upon primed conversion
using 488nm and 633nm simultaneous illumination normalised to average mEos4b red intensity change.
(n=3 ROIs for each condition, error bars: SD). The results demonstrate the fundamental role of position 69
from primed conversion.

3.5 X-ray crystallography of pr-mEosFP

To understand the primed conversion mechanism at the atomic level and guide a
more structure-based FP engineering approach as previously described (Nasu et
al., 2021), we conducted a series of protein crystallisation experiments of pr-mEosFP
followed by X-ray crystallography. To this end, pr-mEosFP was expressed in bacteria
on large scale and subsequently purified using affinity chromatography to produce
highly concentrated protein solutions needed for the initial crystallisation

experiments (see Materials and Methods, Protein purification) (Fig. 62).

Although the structure of the mEosFP green state has been previously solved, our
attempts to replicate the crystallisation conditions did not yield any protein crystals
for pr-mEosFP. To this end, we initially screened 50 crystallisation conditions using
the commercially available Crystal Screen kit from Hampton Research, which

contains solutions with different salts, buffers and precipitants that have been
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previously used to crystallise a variety of proteins (Jancarik and Kim, 1991). An in-
house hanging drop method (1:1 protein:solution ratio for each drop) was used to
setup the initial crystallisation screen consisting of simple 24-well cell culture plates,
19mm round coverslips and silicone grease bought from Amazon for sealing each
well (Fig. 63A-B). After each plate preparation each drop was examined under a
stereoscope and then subsequently monitored every day for crystal formation

(Fig. 63C).

After five days of incubation, crystals were present in solution 21 (0.2M Magnesium
acetate tetrahydrate, 0.1M Sodium cacodylate trihydrate pH 6.5 and 30% v/v (+/-)-
2-Methyl-2,4-pentanediol) of the Crystal Screen kit, with an average size of around
90-150pm (Fig. 64A-B). Green fluorescence was detected, while individual crystals
were successfully primed converted using 488nm and 633nm simultaneous
illumination in the confocal microscope (Fig. 64C-F). After direct cryopreservation,
X-ray crystallography was conducted at the Diamond Light Source (UK's national
synchrotron light source) at the beam 124 in collaboration with Dr Sam Horrell.
Unfortunately, the crystallographic data showed big dark diffraction spots
(Fig. 64G) which indicates that the content of the individual crystals was salt instead

of protein.

Considering that the initial screen proved futile, we decided to start a new more
extensive screening of different conditions with the support of Dr Marc Morgan at
the Centre for Structural Biology at Imperial College London. To this end, a robot-
automated sitting drop method (1:1 protein:solution ratio for each drop) was used
in which 200nl of each screening solution was mixed with 200nl of concentrated pr-
mEosFP protein. In total, 192 conditions (PEG lon 1, PEG lon 2 and Index
crystallisation screening kits from Hampton Research) were tested. After two weeks

of incubation, yellow crystals were present in solution #77 of the Index screening kit
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(0.2 M Lithium sulfate monohydrate, 0.1 M Tris pH 8.5, 25% w/v Polyethylene glycol
(PEG) 3,350) (Fig. 65A-B) which were cryopreserved and sentto 124 at the Diamond
Light source for X-ray crystallography. The crystallographic data confirmed the
protein nature of the crystals, yet no high resolution diffraction spots were detected

(Fig. 65C), rendering further processing of the data impossible.

To improve the quality of the acquired protein crystals, we set out to run two
optimisation screens in which several concentrations of the precipitant (PEG 3,350
from 20% to 31% with 1% increments), salt (Lithium sulfate from 0.05M to 0.4M with
0.05M increments) and pH (ranging from 7.5 to 9.0 with 0.22 increments) were
tested. Again, a robot-automated sitting drop method (1:1 protein:solution ratio for
each drop) was used. After one day of incubation, yellow crystals were formed in
the PEG/pH screening plate (PEG 22% and pH 8.35) (Fig. 66A-B), whereas no
crystals were formed in the PEG/Lithium sulfate screening plate. Individual crystals
were cryopreserved and sent for X-ray crystallographic analysis. As shown in
Fig. 66C, diffraction spots confirmed again the protein nature of the crystals, yet
high resolution spots were not detected. This time the resolution improved to
around 4-4.5A which permitted molecular replacement using the already solved
structure of mEosFP. However, manual improvement of the structure proved not
possible, as the electron density map could not resolve the positions of individual
atoms. Altogether, these data suggest that further optimisation of the crystallisation

conditions and/or the cryopreservation method is needed.
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Fig. 62. Successful large-scale pr-mEosFP protein expression and characterisation. (A) A 2L bacterial
culture for pr-mEosFP purification. (B) pr-mEosFP fluorescent bacterial pellets on the bottom of a 50ml falcon
tube confirmed the induction of the FP expression. (C) Protein concentration after affinity chromatography
was calculated using the Bradford method and interpolation from a standard curve. (Polynomial fitting
according to manufacturer’s instructions). (D) Protein solutions where further concentrated using desalting
columns with a 10K molecular weight cut-off. Here, the concentration of pr-mEosFP increased from around
3mg/ml to around 30mg/ml, in the range of preferable protein concentrations for crystallographic
experiments. (D) The identity of the purified protein was confirmed by absorbance measurements which
showed the typical peaks of the green neutral and anionic form of the pr-mEosFP chromophore.
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Fig. 63. Setup of the in-house hanging drop crystallisation setup. (A) A typical 24-well cell culture plate
that was used for the in-house crystallisation screen. (B) Representative image of a single well showing the
hanging drop setup. The liquid drop is in the middle of a 19mm glass coverslip which sits onto the walls of
an individual well in the 24-well plate. Each well is sealed with silicone grease bought by Amazon. The total
cost of 1 plate is less than £0.20. (C) Representative image of drops directly after setting up a crystallisation
screen. In (1) a clear whole drop can be seen, while several conditions (2-24) form an amorphous precipitate.

104



B  Crystal Dimensions
200

Average x: 145.67 pm
Average y: 87.30 ym

Size (pm)

o
o
1

0-

x-axis  y-axis

Brightfield Green Red

ns
D so0- E 15- F 20
60- ofe 15
10
g1 [1] 2 £ 104 OF
£ L =
o o 5 o
20 5
0 T 0- 0-
] S 4 L @ (4
& & PO & &
Q & 6@ & & o
& P & & S
o & &
& &P
&
S
G ~ he - I
* o - 1 s e .
= : e : .y ‘
] jm. - ' | \
L ] [ TER Rl T T e
TIRETT JUMEL 3 somaEE
J li""""ﬁig : "'-=‘='
e L | T ¢
\ !mr A b, ‘-—“--F S N - Qrm-gr 4 7
- ) : .l =8 2] - " 4
= 5 < - E e
N .
Crystal 1 Crystal 2 Crystal 3

Fig. 64. Initial crystallisation screen resulted in salt crystals instead of protein crystals. (A)
Representative crystals formed in solution 21 of the Crystal Screen kit from Hampton Research. (B) Average
dimensions of crystals formed in solution 21. (n=8 crystals). (C) Representative fluorescence images of
crystals formed in solution 21 sowing bright green fluorescence. (D-F) Single crystals formed in solution 21
can be primed converted in a confocal microscope. (n=4 crystals and values are presented as counted
photons). (G) Diffraction pattern of single crystals formed in solution 21. The big dark spots indicate that the
crystals are made of salt. The fluorescence of the crystals in C can be attributed to pr-mEosFP molecules
trapped on the surface of the crystals which did not detach during the extensive washing.
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Fig. 65. pr-mEosFP protein crystals and representative diffraction pattern upon X-ray irradiation. (A-B)
The second more extensive screening yielded single yellow crystals which were then sent for X-ray
crystallography analysis. (C) Representative diffraction pattern of a single yellow crystal, like the ones in A
and B. Please note the individual small black spots in the low resolution regions confirming that the crystals
are made of protein.
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Fig. 66. pr-mEosFP protein crystals of the optimisation screening and representative diffraction
pattern upon X-ray irradiation. (A-B) The optimisation screening yielded nicely formed single yellow
crystals which were then sent for X-ray crystallography analysis. (C) Representative diffraction pattern of a
single yellow crystal, like the ones in A and B. Please note that there are individual small black spots in higher
resolution regions (circled with yellow line).
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3.6 Evaluation of primed conversion implementation in a single-objective
light-sheet microscope

Despite the advantages of primed conversion for precise cell labelling and tracking,
the implementation of the technique into a volumetric imaging system is lacking. To
this end, in collaboration with Dr Chris Rowlands, we developed a single-objective
light-sheet microscope with primed conversion capabilities (pcOPM) (Fig. 67)
based on previously introduced Oblique Plane Microscopy (OPM) designs (Dunsby,
2008, Bouchard et al., 2015, Yang et al., 2019). The main advantage of OPM designs
is that they can perform light-sheet imaging with a single objective overcoming the
geometry constraints of sample placement between two orthogonal objectives in
other light-sheet setups (Wu et al., 2011). To perform primed conversion using the
pcOPM, light from the priming 488nm and the converting 685nm diode lasers is
expanded onto a set of galvo mirrors which are used for scanning in x- and y- axis.
Then, the two lasers overlap at the focus by the scan lens and are subsequently
merged onto the sample for primed conversion. When conventional OPM imaging
is to be performed, a narrow 488nm beam strikes the edge of the back focal plane
of Objective 1. The resulting tilted light sheet is imaged onto a tilted plane, which is

reimaged onto two cameras by Objective 3.

In order to assess primed conversion efficiency in the pcOPM system, Dendra2
protein was expressed, purified and embedded in polyacrylamide gel. Then, the
gel was imaged at the pcOPM primed conversion mode using the priming 488nm
and converting 685nm lasers. The overlapping focus of the two lasers was scanned
through the sample at different focal points generating a smiley pattern. As shown
in Fig. 68A, primed conversion of Dednra2 was successful, producing a sharp-
edged smiley across the protein gel. One second simultaneous dual laser

illumination led to a significant decrease of green Dendra2 fluorescence and
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significant increase of the red fluorescence of photoconverted Dendra2 across the

smiley pattern (Fig. 68B).

Objective 1

Camera

- e

Lasers Camera
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Fig 67. Schematic diagram of the single-objective primed conversion light-sheet microscope (pcOPM).
The microscope can operate as a conventional eSPIM system or as a primed conversion excitation system.
Briefly, for primed conversion setup, which is shown here, light from the 488nm and 685nm diode lasers is
expanded onto a set of galvo mirrors (x- and y-axis scanning). Then, the two lasers overlap at the focus by
the scan lens and are subsequently merged onto the sample. In the conventional OPM imaging
configuration, no 685nm beam is used and a narrow 488nm beam strikes the edge of the back focal plane
of Objective 1. The resulting tilted light sheet is imaged onto a tilted plane, which is reimaged onto two
cameras (observing different colour channels) by Objective 3. (credit: Dr Chris Rowlands).
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Fig. 68. Successful primed conversion of Dendra2 using the pcOPM. (A) Purified Dendra2 embedded in
polyacrylamide gel was primed converted using 488nm and 685nm lasers to produce a smiley pattern. (B)
Raw intensity values of green and red fluorescence pre- and post- primed conversion of purified Dendra2
embedded in polyacrylamide gel. (n=15 ROlIs for each condition, error bars: SD). Ordinary one-way ANOVA
test.
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To assess whether primed conversion can be also achieved in vivo, we imaged at
the pcOPM primed conversion mode PhOTO-N transgenic zebrafish which
ubiquitously express nuclear Dendra2 (Dempsey et al., 2012a). Primed conversion
of around 10% relative red signal increase was observed in individual cells after 1
min illumination (Fig. 69). However, the heterogeneous photoconversion observed

across the imaging path, suggests that further optimisation is needed (Fig. 69).

3.7 Discussion on primed conversion

The rapid development of molecular biology techniques revealed in more detail
the complex biochemical nature of cells which govern the processes of life. Since
the discovery and the subsequent protein engineering of the GFP, several new
microscopy techniques and imaging probes have developed, pushing the

boundaries of what can be labelled and how it can be imaged.

Primed conversion was discovered as a novel and fundamentally different method
for axially confined and less phototoxic photoconversion. The main difference of
primed conversion in comparison with traditional 405nm photoconversion is that
primed conversion is a dual illumination process. In primed conversion, the
simultaneous illumination of a photoconvertible FP, such as Dendra2, with 488nm
and near-infrared (730nm) light leads to spectral changes similar to traditional
405nm photoconversion. The same red species are produced by using either
primed conversion or traditional photoconversion, yet with the added benefit of
axial confinement for primed conversion. Recently, the initially uncharacterised
“primed” state was identified as a “dark” T; triplet state which can absorb a wide
range of red to near-infrared light, spanning from ~600-850nm. This discovery
opened the way for primed conversion to overcome its niche existence, as
commercially available lasers, such as HeNe 633nm laser, could be now used for

successful primed conversion in confocal laser scanning microscopes (Fig. 53-54).
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Furthermore, the simple rational engineering of primed conversion extended the
platform of available pr-FPs which possess different characteristics, such as

brightness and oligomerisation states.

Despite the recent advances in terms of understanding the nature of the process,
primed conversion efficiency is still inferior to traditional 405nm photoconversion.
To this end, we set out to develop a new screening methodology (Fig. 48) that
would be used for semi-rational engineering of pr-FPs to improve primed
conversion efficiency. After successfully optimising primed conversion conditions
using 488nm and 633nm simultaneous illumination (Fig. 53-54), we observed that
different pr-FPs, members of the mEos protein family (Fig. 55), exhibit differential
primed conversion efficiencies (Fig. 54). We took advantage of this knowledge to
identify positions that could affect primed conversion (Fig. 56-59) and we used site-
directed mutagenesis to test our hypothesis. We demonstrated that the substitution
of position 40 (pr-mEosFP sequence annotation) to a Serine in pr-mEos4b led to
dramatic increase of primed conversion efficiency (Fig.60). However, the
introduction of this mutation to the non-primed convertible parental protein
mEos4b did not render it primed convertible (Fig. 61), suggesting that Serine in
position 40 probably stabilises the changes established on the chromophore niche

by the substitution to Threonine at position 69.

Furthermore, in order to understand primed conversion at the atomic level, we
focused our efforts to crystallise pr-mEosFP which was the pr-FP variant with the
highest primed conversion efficiency at that time. After extensive screening, we
identified and optimised the crystallisation conditions for pr-mEosFP (Fig. 63-66).
Despite our crystallisation efforts increased progressively the quality of the crystals
and their diffraction, we did not manage to produce data of sufficient resolution to

produce a final and accurate structural model of pr-mEosFP. Currently, we are
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evaluating methodologies to further improve the quality of the crystals, such as
microseeding (Oswald et al., 2008). In the future, we aspire to use the produced
crystals for time-resolved serial X-ray crystallography (Baxter et al., 2022). In such
experiments, single microcrystals will be primed converted in situ, cryopreserved
and subsequently analysed to produce a “time-lapse” of the chromophore during
primed conversion. In addition, as we would like to solve both the 405nm
photoconverted and primed converted state of pr-mEosFP, we aim to use the
solved structures for molecular dynamics-based protein engineering (Lu et al.,

2021), to identify more positions that could affect primed conversion.

As primed conversion has been mainly restricted to confocal laser scanning
microscopes, we developed a single-objective light-sheet microscope in
collaboration with the Rowland’'s lab at the Department of Bioengineering at
Imperial College London. The Rowland'’s lab built the system with our support and
we set out to characterise primed conversion implementation both in vitro and in
vivo (Fig. 68-69). Although primed conversion of purified Dendra2 was
impressively successful, in vivo primed conversion efficiency of nuclear Dendra2 in
a zebrafish transgenic model was very weak. Considering the heterogeneous
primed conversion of Dendra2 across the x-axis in the transgenic zebrafish, we
reasoned that light scattering affects the overlapping of the two laser beams and
their power density at the focus, a critical outcome that could lead to poor
photoconversion efficiency. In the future, we aim to optimise primed conversion
efficiency using 2D cell cultures and simpler 3D models, such as tumour organoids

in collaboration with Dr Pascal Meier at Institute of Cancer Research.
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Fig. 69. Successful in vivo primed conversion using the pcOPM system. (A) Representative images of a
PhOTO-N transgenic zebrafish showing a weakly primed converted region of the trunk depicted with
rectangular in the schematic. Scale bar, 500 um. (B) Raw intensity profile lines showing the decrease in the
green fluorescence and the weak increase of red fluorescence across an x- section of the primed converted
region. (C) Raw intensity values of green and red fluorescence pre- and post- primed conversion in a PhOTO-

N zebrafish. (n=3 ROIs for each condition, error bars: SD). Ordinary one-way ANOVA test. (Schematic in A
was created with Biorender.com)
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Chapter 4. Characterisation of

bioharmonophores degradation
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“And God said, “Let there be light’...
and he separated the light from the darkness’

i

Genesis

4.1 Bioharmonophores degradation characterisation in vitro using TEM

As mentioned in Chapter 1, bioharmonophores are a new class of polymer
encapsulated biodegradable SHG nanoprobes. Triphenylalanine, pentalanine and
trileucine peptides have been shown to produce strong SHG signal upon
miniaturisation and encapsulation. To investigate the nano structure of the different
peptide bioharmonophores, we synthesised bioharmonophores from these three
peptides and characterised their morphology using TEM. As shown in Fig. 70,
bioharmonophores made from triphenylalanine, trileucine and pentalanine have

similar nanostructures with a diameter of around 100 nm.

Previous work in the Pantazis lab demonstrated that bioharmonophores can be
degraded by proteases, such as proteinase K, by monitoring the decreasing SHG
signal. However, how the degradation of the probes affects the nanostructure of the

probes has not been investigated. To characterise bioharmonophores
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nanostructure upon degradation, we treated freshly synthesised triphenylalanine
bioharmonophores with Proteinase K for different incubation times and took
representative images using TEM. Our results show progressive degradation of
bioharmonophores within around 4 hours of Proteinase K treatment (Fig. 71).
Notably, after this point we could not reliably identify bioharmonophores in the
samples analysed. While imaging early stages of degradation was informative and
showed the degradation process, TEM after 4 hours of Proteinase K treatment
became challenging, as surfactants and impurities in the sample could be falsely

interpreted as remnants of bioharmonophore structures.

Triphenylalanine Trileucine Pentaalanine

Fig. 70. Synthesised bioharmonophores have similar structures when characterised using
Transmission Electron Microscopy. Representative images of bioharmomophores with different peptide
cores: (A) Triphenylalanine, (B) Trileucine and (C) Pentaalanine. Scale bar, 100nm. (Adapted from (Sonay et
al., 2021)).
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Fig. 71. Proteinase K induced bioharmonophores degradation characterised by Transmission Electron
Microscopy at different time points. Representative images of bioharmonophores treated with Proteinase
K and imaged at different time points. (A) 0 hour, (B) 2 hours, and (C) 4 hours of Proteinase K treatment. The
magnification is the same for the different timepoints, illustrating the degradation of bioharmonophore
structures into smaller fragments within 4 hours. Scalebar, 100 nm. (Adapted from (Sonay et al., 2021)).

4.2 Bioharmonophores degradation upon cellular uptake

Following the in vitro structural characterisation of bioharmonophores degradation,
we decided to investigate the subcellular localisation of bioharmonophores upon
cellular uptake. Hela cells were incubated with thiol-PEG functionalised
bioharmonophores to promote cellular uptake (Loretz et al., 2007, Gasparini et al.,
2015) or 1X PBS (control) for 24 hours and subsequently stained for the lysosomal
associated membrane 2 (LAMP2) to label late endosomes/lysosomes. Fig.72
demonstrates that endocytosed bioharmonophores mainly localise in late
endosomes/lysosomes after 24 hours of cell incubation, visible as large and bright
SHG signal spots positive for LAMP2 (white arrows). Only a minor fraction of smaller
SHG signal spots can be detected without co-labelling with LAMP2 (Fig. 72A-F,
white arrowheads), whereas no SHG signal spots are detected in the control cells
(Fig. 72G-l). Our data show that internalised bioharmonophores accumulate in
lysosomes, where they can produce a bright, pH resistant SHG signal prior to

biodegradation.
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4.3 Discussion on bioharmonophores

As we detailed previously, SHG nanoprobes have been used for successful cell
labelling and targeting both in vitro and in vivo. The main advantage of SHG
nanoprobes lies in their superiority compared to fluorescent probes; SHG
nanoprobes do not exhibit the inherent limitations of fluorescence, such as blinking,
bleaching and saturation. Despite their advantages over fluorescent probes, such
as fluorescent proteins, their inorganic nature is a cause of concern. Especially for
clinical and therapeutic imaging where biocompatibility is preferred and
nanoprobes accumulation sparks health-related apprehension for long-term

toxicity risks (Xuan et al., 2023).

In the Pantazis lab, to overcome this limitation of inorganic SHG nanoprobes, we
developed bioharmonophores which are both biocompatible and biodegradable
SHG nanoprobes made of self-assembling peptides (Fig. 15). Bioharmonophores
possess the same qualities of their inorganic predecessors in terms of light
conversion efficiency while simultaneously being biodegradable due to their
peptide-core nature. Although previous work in the Pantazis lab showed that
bioharmonophores can be degraded by proteinases, such as Proteinase K, by
monitoring the decrease of SHG signal, structural analysis of the process and the

cellular degradation pathway they follow upon cellular uptake remained unknown.

To provide a structural view of bioharmonophores degradation via proteinases and
visualise the effect of their degradation to their structural integrity, we performed
TEM on freshly produced triphenylalanine bioharmonophores incubated with
proteinase K at different time points (Fig71). Our results showed that
bioharmonophores are effectively degraded by proteinase K in around 4 hours
whereas almost 50% of their structural integrity is lost at around 2 hours.

Considering these results, future applications of bioharmonophores especially for
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thiol-PEG Bioharmonophores
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Fig. 72. Bioharmonophores accumulate in lysosomes after cellular uptake and produce a bright SHG
signal prior to biodegradation. Representative images of bioharmonophores and lysosomes localisation
in Hela cells incubated with thiol-PEG functionalised bioharmonophores (A-F) or 1X PBS (G-I) for 24 hours
followed by immunofluorescence staining for LAMP2. (A, D) SHG signal by internalised bioharmonophores.
(B, E) Overlay images of SHG signal and fluorescent LAMP2 immunostaining of late endosomes/lysosomes
that demonstrate bioharmonophores accumulation in LAMP2 positive vesicles. (C, F) Brightfield images of
cells in A-B and D-E. (G, H) No SHG signal is detected in the 1X PBS control. (1) Brightfield image of the cells
in G-H. Scale bars, 10um.
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diagnostic or therapeutic purposes should carefully evaluate the bioavailability of
bioharmonophores and minimise their time on blood stream as they will potentially

show reduced clearance time due to degradation.

When we evaluated the fate of bioharmonophores upon cellular uptake, we
observed noticeable accumulation in lysosomes (Fig. 72). This accumulation in
lysosomes indicates that bioharmonophores follow the endosome-lysosomal
pathway; yet, further investigations into the the cellular degradation pathway are
essential to ensure a thorough understanding of bioharmonophore behaviour post-
internalisation. Unravelling these mechanisms will enable us to fine-tune the
properties of bioharmonophores for enhanced efficacy in diagnostic and

therapeutic applications.

bioharmonophores

A
Ié/p\h/tv QWM» @
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Fig. 73. The concept of bioharmonophores mediated photodynamic therapy. Cancer-targeting
bioharmonophores are chemically conjugated with photosensitising agents (PS). The SHG signal produced
by bioharmonophores is used to effectively excite the photosensitising agents which subsequently produce
reactive oxygen species (ROS) resulting in localised cell death. (Created with Biorender.com).

The most potent future application for bioharmonophores lies in their use for
Photodynamic Therapy (PDT) (Fig.73), an emerging and highly promising
therapeutic modality (Correia et al., 2021) that has already gained approval for
treating several types of cancer, including skin cancer (Ou-Yang et al., 2023),

oesophageal cancer (Inoue and Ishihara, 2021), and lung cancer (Crous and
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Abrahamse, 2022). PDT involves employing photosensitising agents to generate
reactive oxygen species upon exposure to light, leading to targeted cell damage or
death. Bioharmonophores, with their intrinsic characteristic of highly localised light
conversion (SHG signal), offer a unique advantage for PDT treatment. The
conjugation of cancer-targeting bioharmonophores with an appropriate
photosensitiser provides both cancer cell specificity and efficient excitation of the
photosensitiser, coupled with greater tissue penetration due to the use of near-
infrared (nIR) light. This combination maximises the treatment's effectiveness.
Additionally, the self-assembling peptides forming the core of bioharmonophores
introduce a novel dimension of safety and versatility for therapeutic use in PDT,
without posing the long-term health risks associated with bioharmonophores'

inorganic counterparts.

Altogether, bioharmonophores represent a significant leap forward in addressing
the limitations associated with traditional inorganic SHG nanoprobes. Their
biocompatibility and biodegradable nature, coupled with sustained imaging
capabilities even within lysosomal compartments, where conventional fluorescence
imaging becomes challenging, position bioharmonophores as a promising tool for
future biomedical applications, diagnostic imaging and therapy in combination with

other contrast and therapeutic agents.
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Chapter 5. Conclusions and Outlook

«To apayvi] T0is Pavepoic TeXUXOOU »
“What is not seen you infer based on what is seen”

Solon

In the various biological kingdoms and magnitudes of life on the planet,
multicellular living organisms, and thus humans, showcase organisational structures
with highly dynamic behaviours. Shared among all these structures is a dual nature:
the imperative to safeguard information for robust and reproducible organismal
development and the fundamental requirement to perceive and adjust to
environmental shifts, whether chemical or mechanical. Therefore, for a
comprehensive understanding of a biological system, an all-encompassing
approach would prove most suitable, necessitating scrutiny of both its biochemical
and biomechanical constituents. This is what we can call as "systems biology," a field
that was first introduced a bit more than 20 years ago (Chuang et al., 2010) and lies

in the realm of the modern "4D cellular physiology."

During my PhD, | aimed to unravel the intricate interplay between biochemical and
mechanical signals across biological scales by developing new tools to holistically
study development, disease, and homeostasis across animal kingdoms and
organisational levels; from the single cell to the whole organism. In my pursuit, | led
the development of an advanced toolkit of versatile bioimaging tools that have

broad applicability in biomedical sciences and establish new classes of novel

121



imaging probes and biosensors. This toolkit encompasses the first genetically-
encoded biosensor for the mechanosensitive ion channel Piezo1 (GenEPi), new
improved green-to-red photoconvertible fluorescent proteins (primed conversion),
a cutting-edge volumetric imaging microscope (primed conversion), and the first
biodegradable SHG nanoprobes (bioharmonophores) that could potentially
transform biomedical diagnostic and therapeutic imaging. All these new tools are
interrelated and interconnected under the umbrella of bioimaging, a field of
research that has changed the way we approach biological research since the
discovery of the first fluorescent protein in the early 60s, ushering in a new era of

understanding the fundamental processes of life.

GenEPi as a versatile tool to image mechanosensation

The recent advances in the study of cellular biomechanics underscore the role of
mechanical forces in guiding cell responses in development, disease, and
homeostasis. However, there is an increasing need to develop new tools and
methods to study mechanics in a non-invasive, non-destructive, and quantitative
way. As | have always been fascinated by the idea of making invisible things, such
as mechanical forces, visible, | continued previous efforts in the Pantazis lab to
develop and meticulously characterise GenEPi, the first biosensor that enables the

visualisation and study of Piezo1 in a non-invasive and highly specific way.

Using a variety of experimental approaches in a highly collaborative manner, |
proved that GenEPi provides a truthful functional readout of Piezo1-dependent
activity, showcasing effectiveness from the microscopic to organismal levels. Using
TIRF imaging and GenEPi, | revealed previously described (Pathak et al., 2014,
Ellefsen et al., 2019) transient, local Piezo1 activities in the plasma membrane of
individual cells, simultaneously demonstrating GenEPi's ability to unify the study of

localisation and function dynamics of Piezo1. Moving to the tissue level, | resolved

122



contraction-triggered Piezo1 stimulation within mESC-derived cardiac microtissues,
showcasing for the first time a qualitative correlation of GenEPi responses to the
amplitude of the applied force shown in the norepinephrine experiments. The
qualitative nature of GenEPi responses were also be observed in the case of

chemical agonism using Yoda1, enabling relative comparisons.

Eventually, moving to the organismal level, | generated, in collaboration with the
Holley lab, a zebrafish GenEPi transgenic line, which enables the robust and reliable
monitoring of Piezo1-dependent activity in vivo. Interestingly, GenEPi fluorescence
across the body of GenEPi zebrafish embryos seemed to vary among different
tissues and organs, indicating different levels of Piezo1 baseline activity. These
differences could be attributed to the differential mechanical status of the various
cells and organs, either in the form of membrane tension or intrinsic cellular forces,
which subsequently activate Piezo1, leading to the fluorescence increase. Future
experiments and combinatorial calibration measurements of GenEPi and tension
sensors such as Flipper-TR (Pandzic et al., 2022) could answer the question of why
GenEPi activity levels vary in different organs and cells, considering that the

expression levels of GenEPi are similar among the tissues.

Upon answering this question, imaging of the zebrafish and the currently being
developed mouse GenEPitransgenic lines will enable the extraction of “force maps”
during embryo development, disease progression, and general homeostasis,
answering key questions on how cell mechanics and specifically Piezo1 activity
regulate biological processes. In the future, the design principle of GenEPi will lay
a solid foundation for developing similar optical biosensors for various ion channels,
such as Piezo2 (Coste et al., 2010), to study their role in development and disease
progression. While GenEPi excels in reporting Ca?* influx upon Piezo1 activation

with high resolution, challenges persist in correlating different forces with its on-off
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fluorescence response. Overcoming these challenges will necessitate meticulous in
vitro calibrations and the potential integration of improved fluorescent probes with
advanced capabilities and dynamic ranges. For instance, the introduction of
chemigenetic- (Farrants et al., 2023, Claire et al., 2020), FLIM- (van der Linden et al.,
2021b) and bioluminescence- (Gerard et al., 2023) based ion indicators presents a
promising avenue for obtaining a quantitative readout of calcium dynamics during
Piezo1 activation. Altogether, | believe that GenEPi's novel capabilities open new
avenues for studying cellular biomechanics and promise to unravel the intricate

dynamics of Piezo1 and other ion channels across biological scales.

The next generation of primed conversion bioimaging toolkit

As | mentioned above, the study of cellular mechanics is increasingly revealing
novel ways in which cell behaviours are regulated. Nonetheless, the importance of
genetic factors cannot be overlooked if we aim to fully understand systems biology,
given the critical role of biochemical components in interacting with mechanics and
shaping the adaptive nature of cells, tissues, and organisms. Traditionally,
bioimaging approaches have played a vital role in cell labelling, tracking, and
lineage tracing, resulting in remarkable accomplishments in fate mapping and
understanding the complex dynamics within cell populations during development
or disease progression. Among various lineage tracing methods, dual labelling
techniques utilising green-to-red photoconvertible fluorescent proteins stand out
for their effectiveness in capturing the dynamics of both the sparsely labelled,
photoconverted cells or structures, and the remaining, green-labelled global
population. However, concerns arise with the use of traditional 405nm
photoconversion, as its high energy can cause phototoxicity and cytotoxicity
(Ramakrishnan et al., 2016, Waldchen et al., 2015). Additionally, the single-photon

nature of 405nm photoconversion leads to non-axially confined photoconversion,
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limiting its application when fine structures need to be photoconverted in dense 3D

environments.

In 2015, the Pantazis lab discovered primed conversion as a novel method to
convert green-to-red photoconvertible fluorescent proteins for dual labelling
precision imaging. Primed conversion was introduced as an innovative approach
for axially confined and non-toxic photoconversion and has since represented a
significant leap forward from conventional methods for lineage tracing using
405nm photoconversion. Primed conversion is a dual illumination process utilising

488nm and red to nIR light, resulting in axially confined photoconversion.

Intrigued by the nature of this novel photochemical process, | worked on
developing the next generation of primed conversion imaging toolkit, which
comprises improved fluorescent proteins and a novel single-objective light sheet

microscope.

To enhance primed conversion efficiency of currently available pr-FPs, | employed
a semi-rational protein engineering approach and conducted X-ray crystallography
experiments. My approach has yielded promising results, and the screening
methodology | pursued identified amino acid positions that influence primed
conversion efficiency either negatively or positively. My initial hypothesis that some
positions would affect primed conversion efficiency was confirmed, yet the role of
these positions seems to be secondary in further stabilising the chromophore and
cannot render a non-pr-FP primed convertible. In the future, saturated mutagenesis
of these positions could yield combinations of amino acids that could challenge this
notion and provide insight into the primed conversion mechanism. Continuation of
the crystallography experiments, now that the crystallisation conditions have been

established and optimised, and more advanced time-resolved serial X-ray
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crystallography experiments will unravel the exact chromophore dynamics as
primed conversion occurs. These results could then be used for molecular dynamics
simulations to further guide protein engineering of pr-FPs, as previously described
by the Campbell lab for the photoconvertible optogenetic tool PhOCI2 (Lu et al.,
2021). A fascinating future avenue for exploration would be to investigate whether
primed conversion can be generalised as a feature of all fluorescent proteins. More
intriguing would be to develop fluorescent proteins that require double excitation,
providing confinement and sectioning similar to traditional 2P imaging without the

need for a pulsed laser.

As primed conversion has only been implemented in confocal laser scanning
microscopes, which possess inherent limitations, in the pursuit of developing the
next generation of the primed conversion imaging toolkit, | worked on the
evaluation of primed conversion in a single-objective volumetric imaging platform
based on an OPM design in collaboration with the Rowlands lab. In vitro tests
proved impressive, as primed conversion of purified protein embedded in gels was
pronounced and well-confined, permitting even the drawing of a smiley face by
primed converting the protein. In contrast, in vivo primed conversion using the OPM
microscope proved challenging as light scattering affected the overlap of the laser
beams. Yet, future experiments using phantom media to mimic tissue scattering and
further adaptations using improved pr-FPs will permit primed conversion in vivo
using this system. Moreover, technical adaptations of the microscope itself to
perform dual-side illumination (such as in (Yang et al., 2022a)) will contribute to
better imaging quality and overcome concerns related to tissue light scattering for
both imaging and primed conversion. Such a system will be an ideal platform for
primed conversion lineage tracing experiments using zebrafish, mouse embryos
and organoids. The most fascinating avenue would be to adapt such a system to be

a smart microscope in which an initially primed converted population of cells of
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interest performed by the experimenter will be infinitely monitored and the red
fluorescence of the progenies of the first cells will be continuously primed
converted when their fluorescence goes below a specific limit. A smart microscope
like that would permit the monitoring of cells in a non-supervised way while
maintaining the fidelity of the lineage tracing (Welling et al., 2019, Welling et al.,
2020).

Overall, the evolution and use of primed conversion, coupled with improvements
in fluorescent proteins and the novel volumetric imaging platform, mark a
substantial advancement in deciphering cellular dynamics, promising improved

precision imaging of biological systems.

Bioharmonophores as the next generation of SHG nanoprobes

In fluorescence-based bioimaging experiments, such as the dual labelling lineage
tracing | described above, the inherent limitations of blinking, saturation, and
bleaching associated with the fluorescent probes can impede accurate
observations, especially in prolong imaging sessions. To overcome these
challenges, SHG nanoprobes have been proven effective for both in vitro and in vivo

cell imaging.

SHG nanoprobes produce light in a second-order nonlinear optical process, where
two photons interact with the non-symmetric material of the nanoprobe. This
interaction results in the generation of a single photon with double the frequency
of the incident photons and half the wavelength. Unlike their fluorescent
counterparts, SHG nanoprobes exhibit no blinking or bleaching, and their signal
remains unaffected by increasing illumination intensity, a feature that can be
extremely useful in long-term imaging experiments. As the application of SHG

nanoprobes in conventional microscopy setups involves the use of nIR light, SHG
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nanoprobes are well-suited for deep tissue imaging, a scenario where fluorescence
imaging often faces significant challenges. Hence, the use of SHG nanoprobes
represents a promising strategy to enhance the reliability and depth of bioimaging
experiments, addressing critical limitations associated with traditional fluorescent

probes.

While inorganic SHG nanoprobes, such as BaTiO3, offer distinct advantages over
fluorescent proteins, their extended stability within cells and in vivo for prolonged
periods raises concerns regarding potential long-term health effects (Staedler et al.,
2012). These concerns become particularly significant when considering the
application of such nanoprobes for diagnostic or therapeutic purposes, including

cancer treatment.

Efforts to enhance the biocompatibility of nanoprobes, as demonstrated by
eliminating cellular uptake (Luo et al., 2018), are essential. However, a challenge
arises in balancing biocompatibility with the diagnostic and therapeutic
requirements. Specifically, for effective diagnosis and therapy, nanoprobes need to
exhibit specific uptake to enhance diagnostic precision and eliminate "sick" cells
while sparing the surrounding healthy tissue. This delicate balance underscores the
complex requirements in deploying inorganic SHG nanoprobes for applications

with potential health implications.

Recently, research in the Pantazis lab was focused on overcoming the limitation of
inorganic SHG nanoprobes by introducing the first biodegradable SHG
nanoprobes, known as bioharmonophores. As a novel class of biocompatible and
biodegradable SHG nanoprobes, bioharmonophores address concerns linked to
the inorganic nature of their traditional counterparts. During my PhD, | focused on

bioharmonophores and conducted a detailed structural analysis of their
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degradation via proteinases, a crucial aspect of their advantages over inorganic
nanoprobes. Collaborating with the Landfester lab and employing TEM imaging, |
revealed the temporal degradation profile of bioharmonophores in vitro while
demonstrating that different peptide-core bioharmonophores produce
nanoprobes with very similar structures. Transitioning to a cell-based in vitro system,
| investigated the cellular uptake of bioharmonophores and showed that they
accumulate in lysosomes, suggesting movement through the endosome-lysosomal
pathway upon endocytosis. Unravelling the exact endocytosis mechanism and post-
internalisation cellular degradation pathway is vital for refining bioharmonophores
for enhanced efficacy in diagnostic and therapeutic applications. Moreover, the
utilisation of alternative canonical and non-canonical peptides as cores for
bioharmonophores could yield improved and brighter SHG nanoprobes with better
light conversion efficiency. An exciting avenue for future experimentation involves
designing genetically-encoded bioharmonophores, representing a natural
progression in the evolution of these probes. Such improved and genetically-
encoded SHG nanoprobes will find applications in both basic research and
biomedical imaging. In future applications of bioharmonophores in PDT, their
highly localised light conversion properties offer a unique advantage for targeted
cell damage or death. Coupled with their self-assembling peptide core,
bioharmonophores introduce a novel dimension of safety and versatility for
therapeutic use in PDT, mitigating long-term health risks associated with traditional

inorganic nanoprobes.

Hence, the ongoing advancements in bioharmonophores, from refining their
structural properties to exploring genetically-encoded variations, hold great
promise for ushering in a new era of biocompatible and highly efficient SHG
nanoprobes. As these innovative probes continue to demonstrate their potential in

diagnostic and therapeutic applications, particularly in PDT, they not only enhance
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precision in cellular imaging but also mitigate long-term health risks, marking a

significant stride towards safer and more effective biomedical tools.

Future of Advanced Optical Precision Imaging in systems biology

In essence, this integrated advanced imaging toolkit, comprising GenEPi, primed
conversion, and bioharmonophores, signifies a key step in expanding our ability to
understand the complex interplay between biochemical and mechanical signals in
systems biology. GenEPi's versatility and novel way to image mechanosensation
across scales, ongoing efforts to enhance primed conversion efficiency, and its
emergence as a novel player for precise and non-toxic photoconversion, alongside
the promising potential of bioharmonophores in therapeutic applications,
collectively will advance the field of systems biology in ways that were not possible
before. The envisioned improvements of the technologies presented in my thesis
and the future breakthroughs that will accompany the use of this advanced imaging
toolkit underscore the dynamic nature of advanced optical precision imaging,
laying the groundwork for a more profound understanding of the fundamental

processes governing life.

Looking ahead, the convergence of such advanced bioimaging technologies is a
natural step to provide a holistic view of biological systems, from their genetic
components and the dynamics of transcription factors to the biomechanical
feedback loops. The integration of novel genetically-encoded mechanosensation
biosensors, primed conversion imaging, and biocompatible SHG nanoprobes will
offer a multi-dimensional view. In addition, the merging of primed conversion
abilities with mechanosensation biosensors will unlock new dimensions for studying
mechanotransduction and ion channels. This convergence will not only enhance our
ability to decipher cellular dynamics but will also contribute to the development of

safer and more effective tools for diagnostic and therapeutic applications.
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In summary, as we stand on the cusp of a new era in imaging systems biology, the
fusion of advanced optical precision imaging techniques with innovative genetic
tools and probes will reveal the intricacies of life processes with unprecedented
resolution and clarity. The journey through systems biology, propelled by these
advancements, promises a future where the invisible becomes visible, and the
complexities of biological systems are deciphered with precision that was once

unimaginable.
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Chapter 6. Materials and Methods

«[...] AlOot te ol wAlVOoL xail EVAc xail xEpoos
ATAXTWE UEY EOQUUUEVO OVOEY YOO ETTLY...»

“l...] stones and bricks, woodwork and tiles,
tumbled together in a heap are of no use at all...”

Xenophon

Molecular cloning

The human Piezo1 cDNA was previously obtained from Kazusa Inc, Japan and the
generation of the first four types of GCaMPs; mGCaMPés-EF4 (GCaMP-G1),
mGCaMP6f-EF4 (GCaMP-G2), mGCaMPés RS1-EF3 (GCaMP-G3) and mGCaMPés
RS1-EF4 (GCaMP-G4) were described by (Helassa et al., 2016). Fast-GCaMP-EF20
(here denoted as GCaMP-G5) was a gift from Samuel Wang (Addgene plasmid
#52645) (Sun et al., 2013). pGP-CMV-NES-jRCaMP1a was a gift from Douglas Kim
(Addgene plasmid #61462) (Dana et al., 2016).

The XLone-GenEPi (XLGenEPi) plasmid was prepared by subcloning GenEPi from
the original pCMV-GenEPi (Addgene plasmid #140236) to the XLone-EGFP
backbone with traditional restriction enzyme cloning. XLone-GFP (Randolph et al.,
2017) was a gift from Xiaojun Lian (Addgene plasmid #96930;
http://n2t.net/addgene:96930; RRID: Addgene_96930). The original pCMV-
GenEPi (Addgene #140236) and XLone-EGFP plasmids were digested with Hindlll
and Kpnl, respectively. Both sticky ends were blunted (Hindlll filled-in, Kpnl
overhangs removed) using the Quick Blunting Kit (NEB, E201), digested with Sphl
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and ligated using T4 Ligase (M0202, NEB). Clones were screened using restriction

digest and sequenced by Eurofins Genomics (https://eurofinsgenomics.eu/) using

our custom-made sequencing primers (see Appendix A.1). Plasmid DNA isolation

was carried out using Qiagen Plasmid Midi Kit (Qiagen, 12143).

The hsp70:GenEPi plasmid was prepared using Gibson Assembly (NEB, E2611L)
following manufacturer’s instructions. The backbone vector containing the 1517 bp
hsp70-1 promoter sequence was amplified with PCR using the Gibson Assembly
primers (see Appendix A.1). The original pCMV-GenEPi plasmid (Addgene
plasmid #140236) was linearized using Notl/Hindlll. Clones were screened using

restriction digest and sequenced by Eurofins Genomics

(https://eurofinsgenomics.eu/) using our custom-made sequencing primers (see
Appendix A.1). Plasmid DNA isolation was carried out using Qiagen Plasmid Midi
Kit (Qiagen, 12143).

For site-directed mutagenesis, the Q5 Site-Directed Mutagenesis Kit (NEB, E0554S)

was used following manufacturer’s instructions. The site-directed mutagenesis

primers were designed using NEBaseChanger (https://nebasechanger.neb.com/)
and they are listed in Appendix A.1. Clones were sequenced by Eurofins Genomics

(https://eurofinsgenomics.eu/). Plasmid DNA isolation was carried out using

Qiagen Plasmid Midi Kit (Qiagen, 12143).

Cell culture and transfection

HEK293T, HFF and Hela cells were cultured at 37°C, 5% COy, in high glucose
DMEM with GlutaMAX (10569010, Thermo Fisher), supplemented with 10% FBS
(P40-37500, Pan Biotech) and 1X Penicillin-Streptomycin solution (15140122,
Thermo Fisher). Cells were routinely tested and were negative for mycoplasma

infection using Mycoplasma detection kit (B39032, LuBioScience GmBH). Plasmid
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DNA for transfections was isolated from 50 ml LB culture (244610, BD Bioscience)
containing appropriate antibiotics using the Zymopure Plasmid Midiprep kit
(D4200, Zymo Research) or the Qiagen Plasmid Midi Kit (Qiagen, 12143). The
amount of DNA was measured using the Nanodrop 2000c or NanoDrop One.

Spectrophotometer (Thermo Fisher).

For the Yodal and EGTA experiments, Hela cells were transfected with the
XLGenEPi plasmid (Tet-on, dox-inducible expression) using lipofection (L3000001,
Lipofectamine 3000, Thermo Fisher) following manufacturer’s instructions. At
24 hours post transfection, the cells were dissociated and seeded onto 0.1%
gelatine-coated 20 mm-wide cover-glass bottom confocal dishes (734-2906, VWR),
with a density of 200,000 cells per well. 200 ng/ml doxycycline (D9891, Merck) was
added to induce GenEPi ‘s expression 24 hours prior to imaging. 200 ng/ml
doxycycline was used to induce GenEPi's expression and generate sufficient
contrast which is in the lower range of previously used concentrations(Randolph et
al.,, 2017). We used several concentrations of Yodal (5586, Tocris Bioscience)
diluted in DMSO (D8418, Sigma-Aldrich) ranging from 5pM to 50uM and 2mM
EGTA (OmniPur EGTA, 4100) diluted in water.

For the loss-of-function GenEPi experiments, Hela cells were transfected with the
XLGenEPi-S217L plasmid (Tet-on, dox-inducible expression) using lipofection
(L3000001, Lipofectamine 3000, Thermo Fisher) following manufacturer’s
instructions. At 24 hours post transfection, the cells were dissociated and seeded
onto 0.1% gelatine-coated 20 mm-wide cover-glass bottom confocal dishes (734-
2906, VWR), with a density of 200,000 cells per well. 200 ng/ml doxycycline (D9891,
Merck) was added to induce GenEPi s expression 24 hours prior to imaging. We
used 10pM Yodal (5586, Tocris Bioscience) diluted in DMSO (D8418, Sigma-
Aldrich).
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For TIRFM imaging experiments, HEK293T, HFF and Hela cells were transfected
with the XLGenEPi plasmid (Tet-on, dox-inducible expression) using lipofection
(L3000001, Lipofectamine 3000, Thermo Fisher) following manufacturer’s
instructions. At 24 hours post transfection, the cells were dissociated and seeded
onto 0.1% gelatine-coated 20 mm-wide cover-glass bottom confocal dishes (734-
2906, VWR), with a density of 200,000 cells per well. 200 ng/ml doxycycline (D9891,

Merck) was added to induce GenEPi's expression 24 hours prior to imaging.

Generation of inducible GenEPi-mESC cell lines

Doxycycline-inducible GenEPi-mESCs were generated using ZX1 mESCs carrying
rtTA in the Rosa26 locus and dox-inducible cre flanked by self-incompatible LoxP
sites in the HPRT locus (lacovino et al., 2011), kindly provided by Dr. Michael Kyba.
ZX1 mESCs were cultured in DMEM (Life Technologies), 15% FBS (PAN Biotech),
2mM L-Glutamine (Invitrogen), 1X non-essential amino acids, 0.1 mM -
mercaptoethanol, 100 U/ml leukemia inhibitory factor (Peprotech), 1 uM
PD0325901 (Selleckchem) and 3 uM CHIR99201 (R&D Systems) on 0.1% gelatine
coated plates. Prior to electroporation, ZX1 mESCs were exposed to 500 ng/ml
doxycycline (D9891, Merck) for 24 hours. 1 x 10® ZX1 mESCs were electroporated
with 3 pg p2lox-GenEPi plasmid in a 0.4 cm electroporation cuvette at 230 mV,
500 pF and maximum resistance in a Biorad electroporator (Biorad Genepulser
Xcell). 24 hours after electroporation, antibiotic selection was started with
300 pg/ml G418 (Sigma). Colonies that incorporated GenEPi were verified by FACS
analysis and expanded. Dox-inducible GenEPi mESCs were differentiated to
cardiomyocytes as previously described (Wang et al., 2011). GenEPi mESCs were
seeded as 500 cell /20 pl in hanging drops on non-adherent plates to generate
embryoid bodies (EBs) in EB medium, IMDM (Life Technologies), 20% FBS (PAN
Biotech), 2 mM L-Glutamine (Invitrogen), 1X non-essential amino acids and 0.1 mM

B-mercaptoethanol. After 2 days, EBs were transferred to uncoated petri dishes.
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From day 3-5, 1 uM XAV939 was added to the culture conditions and EBs were
plated on 0.1% gelatine coated dishes from day 4. Beating EBs appeared at day 10
of differentiation. Beating EBs were either directly imaged within the multi-patch
beating microtissue environment or manually dissected and dissociated using
2 mg/ml Collagenase/Dispase (Sigma) to generate smaller beating patches and
single-cells. For blebbistatin experiments, 40-120 uM Blebbistatin (B0560, Sigma-
Aldrich) diluted in DMSO (D8418, Sigma-Aldrich) was applied to the cells until
contractions were stopped. For norepinephrine experiments, 10 nM-10 uM of
Norepinephrine (1468501, Merck) diluted in PBS was applied to the cells. Under
these experimental conditions we did not observe cardiomyocyte beating
irregularities, such as arrhythmia. For nifedipine experiments, 100nM of Nifedipine

(Merck, N7634) diluted in PBS was applied to the cells.

Confocal and Total Internal Reflection Microscopy (TIRFM) imaging

Images were acquired either on a Zeiss 780 confocal laser scanning microscope
equipped with an argon laser, a 561 nm diode pumped solid-state laser and a
633 nm HeNe laser using a C-Apochromat 40x/1.1 DICIIl water immersion objective
or on a Leica SP8 confocal laser scanning microscope equipped with a white light
laser (WLL, Leica) using either an HC PL APO CS2 40x/1.3 oil immersion objective
or an HC PL APO CS2 63x/1.2 water immersion objective or on a STELLARIS 8
confocal laser scanning microscope equipped with a white light laser (WLL, Leica)
using either an HC PL APO CS2 40x/1.3 oil immersion objective or an HC PL APO
CS2 63x/1.2 water immersion objective. Images of single-cells were acquired at 8-
or 16-bit depth, excited with 488 nm. To ensure fast image acquisition, we imaged
small regions of interest within the field of view, recording a single z-plane over
several minutes (pinhole size ranged from 3 Airy units to maximum pinhole size)
using the maximum acquisition speed. When imaging was performed on the Leica

SP8 confocal, bidirectional scanning with off-set correction was used to increase
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acquisition speed even more. Live imaging of cells was carried out either in Live Cell
Imaging Solution (A14291DJ, ThermoFisher) or culture medium without phenol
red.

TIRFM images were obtained on an inverted widefield microscope (Ti Eclipse, Ti-
TIRF-E Motorized TIRFM Illuminator, Nikon) operating in TIRFM mode, equipped
with a 488 nm diode laser for excitation coupled with a 525/50 nm emission filter
under ambient temperature conditions of 37°C, 5 % CO, using a 60x CFI Plan Apo
TIRF NA 1.49 oil immersion objective (Nikon). Time lapse images were recorded at
10 frames per second using a sCMOS camera (Neo sCMOS camera, Andor)
combined with the Nikon NIS-Elements (Nikon) software to facilitate imaging. To
minimize driftin the focus across time and multiple regions, the perfect focus system

(Nikon) was used to maintain axial focus.

The concentration of calcium is 1.8 mM in Live Cell Imaging Solution, 1.8 mM in
DMEM culture medium, 1.5 mM in IMDM culture medium and 33 nM in E3 zebrafish

medium.

Primed conversion was performed on a Leica SP5 confocal laser scanning
microscope equipped with an argon laser and a 633 nm HeNe laser. Effective laser
powers were measured using a laser power meter (Coherent) and were about

~10 pW for 488nm and ~750 pW for 633nm lasers at the focus.

X-ray crystallography

Generated crystals were cryopreserved and then subsequently sent to Diamond
Light Source for X-ray diffraction characterisation. Briefly, individual crystals stored
in liquid nitrogen were mounted in front of the X-ray optics at the synchrotron while

a cooling N2 stream was securing that the temperature of the crystals was
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maintained. Data were acquired at a 2.50 A resolution, exposure time of 0.1
seconds, beam size of 7x7 pym and transmission 50%. Auto processing software was
used to calculate several parameters of the acquired data, such as resolution and
space group. When possible, molecular replacement was performed using Phenix
(Liebschner et al., 2019) and the previously solved mEosFP structure (PDB: 3P8U).

Electron density maps were visualised with Coot (Emsley et al., 2010).

Patch-clamp electrophysiology

HEK293T cells were transfected with the plasmids using lipofectamine 2000
(Invitrogen) following manufacturer’s instructions. 48 hours after transfection,
whole-cell and cell-attached patch-clamp recordings were made on the cells at
room temperature with the Axopatch-200B (Axon Instruments, Inc.) equipped with
the Digidata 1550B and the pCLAMP 10.6 software (Molecular Devices, Sunnyvale,
CA, USA). The tip resistance of recording glass pipettes was between 3 and 5 MQ.
The currents were sampled at 20 kHz and filtered at 2 kHz. The mechanical force
was applied through a recording pipette using a Patchmaster-controlled pressure-

clamp HSPC-1 device (ALA Scientific Instruments).

For whole-cell recordings, the external solution consisted of 133 mM NaCl, 3 mM
KCI, 2.5 mM CaClz, 1 mM MgCl,, 10 mM HEPES and 10 mM glucose (pH 7.3 with
NaOH). The pipette solution was composed of 133 mM CsCl, 1 mM CaCly, 1 mM
MgClz, 5 mM EGTA, 10 mM HEPES, 4 mM MgATP and 0.4 mM NaGTP (pH 7.3 with
CsOH).

For cell-attached recordings, the extracellular solutions were composed of 140 mM
KCI, 1 mM MgCly, 10 mM glucose and 10 mM HEPES (pH 7.3 with KOH). The pipette
solutions consisted of 130 mM NaCl, 5 mM KCI, 1 mM CaClz, 1 mM MgCl,, 10 mM
TEA-Cl and 10 mM HEPES (pH 7.3 with NaOH).
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Live staining and immunostaining

Live cell staining of cells was achieved using the ER tracker red (E34250, Thermo-
Fisher) or BODIPY TR Ceramide (Thermo Fisher, D7540) according to product
specifications. For antibody staining, the cells were washed with 1X PBS, fixed with
4% PFA for 15 min, permeabilized with 1X PBST (1X PBS containing 0.01%
Tween20) for 15 min, blocked with 10% goat serum in 1X PBST for at least 1 h, and
incubated overnight with mouse anti-LAMP2 (ab25631, Abcam, 1:200), Alexa
fluor647 anti-GFP (ThermoFisher Scientific, A31852, 1:200 dilution) in 5% goat
serum at 4 °C. The next day, cells were rinsed with 1X PBST and ,if needed,
incubated for 1 hour with the goat anti-mouse Alexa488 conjugated secondary
antibody (A28175, Thermo Scientific, 1:1000), washed thoroughly with TX PBST and
mounted in mowiol mounting medium containing 2.5% v/v DABCO (290734,
Merck).

Zebrafish transgenesis and in vivo experiments
Experiments involving zebrafish were conducted in accordance with UK Home
Office requirements (Animals Scientific Procedures Act 1986, project license

P219D3ABD). All experiments were conducted up to 5 days post-fertilization.

To generate a GenEPi zebrafish transgenic line, Tol2-mediated transgenesis was
used. 30 pg of the hsp70:GenEPi plasmid and 120 pg of Tol2 transposase mRNA
were injected into the blastomere of single WT/TL zebrafish embryos at the one-cell
stage. The injected zebrafish embryos were heat-shocked at 16 hpf (hours post
fertilization) and those showing fluorescence were raised to adulthood. F1 founders
were subsequently screened and stable transgenic strains were established by
selecting fish at F3 generation. Before imaging, Tg(hsp70:GenEPi) embryos were
heat-shocked at 37.5°C for 1 hour to induce the expression of the GenEPi and

optically screened ~4-5hours post-heat-shock. All the zebrafish images were
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acquired at least 5 hours post-heat-shock when a steady state of fluorescence is

reached.

For the in vivo pharmacological intervention experiments, dechorionated zebrafish
embryos were anesthetized in 0.2 mg/ml tricaine. Then, single embryos were
sequentially transferred in aqueous solutions of (i) 10 uM Yoda1, (ii) 10 uM Yoda'
and 10 uM Ruthenium Red, (iii) 10 pM Ruthenium Red and washed out in the
original egg medium (E3 medium). After 5 min in each condition, each embryo was
imaged in a MVX10 stereo microscope (Olympus), equipped with a X-Cite® 120Q
excitation light source (Lumen Dynamics), using a 2x MV PLAPO objective
(Olympus). ZEISS Efficient Navigation (ZEN) blue software was used to facilitate

imaging.

For the longitudinal analysis of GenEPi expression post-heat-shock, individual
embryos were placed in a glass-bottom 96-well plate (Greiner) and imaged every

30 minutes using the Imaging Machine (Acquifer) with a 4X objective at 28°C.

For membrane colocalisation analysis, zebrafish embryos were either injected with
mRFP RNA or live stained with 100pM BODIPY TR Ceramide (Thermo Fisher, D7540)

for 1 hour or overnight before imaging.

Zebrafish heart beating measurements were manually measured over a MVX10
stereo microscope (Olympus) at specific timepoints and data were further analysed

and plotted using GraphPad Prism 9.

Protein purification
For the 405nm photoconversion, primed conversion and X-ray crystallography

experiments Dendra2 and pr-mEosFP were expressed in BL21 (DE3) cells by IPTG
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induction. After 5-7 hours of incubation, bacteria were pelleted by centrifugation at
13000 rcffor 5-10 min at 4 °C and protein purification using affinity chromatography
columns (Protino, Macherey-Nagel) was performed following manufacturer’s
instructions. Desalting of the elutes was performed in 1X PBS using Pierce protein
concentrators with a 10K molecular weight cut-off (Thermo Fisher) following
manufacturer’s instruction. Protein concentration was measured using the Bradford
method (Abcam) following manufacturer’s instructions. The absorption spectrum of
protein solutions was measured using NanoDrop One. Spectrophotometer

(Thermo Fisher) and was further analysed and plotted using GraphPad Prism 9.

Bioharmonophores synthesis and functionalisation

30 mg of PLLA was dissolved in 3 ml of chloroform (Sigma) along with 15 mg of
triphenylalanine, 30 mg of pentalalanine (Bachem), and 30 mg of trileucine (Sigma)
peptides in separate glass vials. The resulting suspension was mixed with aqueous
SDS (Sigma) solution with a final 0.3% SDS concentration. A macroemulsion was
obtained by stirring the samples at 1000 rpm for 1 h. Then, the samples were
sonicated (Branson Sonifier) with a 1.5 in. tip at 70% power in a pulsed mode (30 s
ON and 10 s OFF) for 2 min under ice cooling. The chloroform was evaporated from

the obtained emulsions by stirring the samples at 500 rpm at 40 °C overnight.

For bioharmonophores functionalisation, the bioharmonophores suspension was
centrifuged at 13500 rpm for 3 min and resuspended in 1% Tween 80 in 1X PBS
and mixed with 10 mg of N-(3-(dimethylamino)propyl)-N'-ethylcarbodiimide
hydrochloride (EDC) (Sigma), 10 mg of N-hydroxysuccinimide (NHS) (Sigma), and
10 mg of thiol-PEG-NH; (Sigma) for 2 h. The suspension was centrifuged and

resuspended in 1% Tween 80 in 1X PBS and stored at 4 °C prior to use.
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Transmission Electron Microscopy

Bioharmonophore samples were spun down to remove aggregated nanoparticles
at 3000 rpm for 3 min. Five microliters of the sample (i.e., the supernatant of the
centrifuged solution) was placed on a carbon coated grid (Quantifoil, D) previously
glow-discharged for 30 s (Emitech K100X, GB). The drop was allowed to remain for
60 s; after this interval, excess fluid was drained along the periphery using a piece
of filter paper followed by staining with 2% uranyl acetate for 1 and 15 s,
respectively. Excess moisture was drained after each step, and when dry, the grid

was examined in an FEI Morgagni 268 TEM operated at 100 kV.

For the in vitro degradation experiments, 1 ml of bioharmonophores suspension
was incubated with 100 pg/ml final proteinase K concentration at 37 °C. TEM

analysis was performed as described above every 2 hours.

Subcellular localisation of bioharmonophores upon cellular uptake

Hela cells were cultured at 37 °C, 5% CO2, in high glucose DMEM with GlutaMAX
(10569010, Thermo Fisher), supplemented with 10% FBS (P40-37500, Pan Biotech)
and 1x penicillin-streptomycin solution (15140122, Thermo Fisher). A 13 mm round
coverslip was coated with 0.1% gelatine (G1393, Merck) for 1 h, and cells were
seeded to reach around 70% confluency. The following day, 400 pL of freshly
prepared thiol-PEG functionalised bioharmonophores (2 mg/ml) or an equal
volume of 1X PBS (control) was added to the cells and incubated for 24 h.

Immunostainings were performed as described above.

Image processing and analysis
Image analysis of the local and systemic responses of GenEPi in the differentiated
cardiomyocytes experiments was performed using FiJi/lmageJ (Schindelin et al.,

2012) (release 1.53f51). F/Fy images were calculated using the built-in image
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calculator function (Fp was the average of the first 5 frames of the time-lapse). The
resulting F/Fp images were pseudo-colored with the mpi-Inferno LUT to better
demonstrate the fold increase differences. Quantitative data of the F/Fy changes
over time were collected from regions of interest or whole images using the plot z-
axis profile (where z dimension was time, usually in milliseconds or seconds). Data

were further analysed and plotted using GraphPad Prism 9.

Image analysis of TIRFM imaging was performed with FiJi/ImageJ(Schindelin et al.,
2012) (release 1.53f51). To segment GenEPi (Piezo1) clusters 8- or 16- bit single
channel TIRFM images were masked by (i) subtracting background (rolling ball
radius of 2 pixels), (ii) applying a median filter (radius of 2 pixels) and (iii)
thresholding (Otsu). The mask image was then subsequently watersheded, dilated
and watersheded again before the built-in analyze particles function of FiJi/lmageJ
was used to obtain quantitative data, such as mean gray value, area and perimeter
in the original image. Single-pixel measurements due to masking artifacts were
excluded from the subsequent analysis. Average camera noise was subtracted from
images that are displayed. When further filtering was used for illustration purposes
it is stated in the Fig. legends. To track individual GenEPi (Piezo1) membrane
clusters Trackmate (Tinevez et al., 2017) was used with LoG detector (Laplacian of
Gaussian filter), estimated object diameter of 1 ym, quality threshold of 1.0 and sub-
pixel localisation. The tracker used was the simple LAP tracker with linking max
distance of 1pum, gap closing distance and frames of 1 um and 20 frames,
respectively. Data were saved as xml files and subsequently analysed with MATLAB
(R2021b) and @msdanalyser(Tarantino et al., 2014). Data were further analysed and

plotted using GraphPad Prism 9.

To quantify fluorescence intensity changes in the zebrafish experiments, images

were opened on FilJi/lmaged (Schindelin et al.,, 2012) (release 1.53f51) and a
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rectangular region of interest was manually selected. Then, mean intensity values

were exported and analysed/plotted using GraphPad Prism 9.

To quantify fluorescence intensity changes in the zebrafish longitudinal analysis
experiments, images were opened on FiJi/lmageJ (Schindelin et al., 2012) (release
1.53f51) and a circular region of interest covering the whole embryo was manually
selected. Then, mean intensity values for individual embryos were exported and

analysed/plotted using PlotTwist (Goedhart, 2020) (Shiny apps).

Colocalisation analyses were performed on FiJi/lmageJ (Schindelin et al., 2012)
(release 1.53f51). Images were opened and a rectangular region covering one or
more individual cells was manually selected. Then, the colocalisation analysis
Coloc2 plugin was used to implement and perform the pixel intensity correlation
over space Pearson method. Individual Pearson’s correlation coefficients were

exported and analysed/plotted using GraphPad Prism 9.

To quantify fluorescence intensity changes pre- and post- primed conversion in
purified protein gels, bacterial pellets or zebrafish, images were opened on
FiJi/lmageJ (Schindelin et al., 2012) (release 1.53f51) and a rectangular region of
interest was manually selected. Then, mean intensity values were exported and

analysed/plotted using GraphPad Prism 9.

TEM images were also analysed on FiJi/lmageJ (Schindelin et al., 2012) (release

1.53f51) and had to be rescaled for illustration purposes.

Statistical analysis
All data are expressed means = SEM or SD. Sample sizes (n) are provided in the text

or Fig. legend of each experiment. Each data set was subjected to the Shapiro-Wilk
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normality test to determine whether the data set has a Gaussian distribution; p>0.05
indicated it has a Gaussian distribution and p<0.05 indicated it did not. When all
the compared data sets had Gaussian distribution, two-tailed Student's t-test was
applied to compare two independent datasets; with an F-test to compare variances.
When F-test resulted in p<0.05, Welch’s correction was applied to the t-test. When
more than 2 datasets were present with Gaussian distribution, one-way ANOVA was
used to compare datasets, followed by Holm-Sidak’s post hoc multiple comparisons
test. When at least one of the compared data sets did not have a Gaussian
distribution, Mann-Whitney test was applied to compare two independent datasets;
and Wilcoxon rank-sum test was applied when the data sets were paired. When
more than 2 datasets were present without Gaussian distribution, Kruskal-Wallis test
was applied, followed by Dunn’s post hoc multiple comparisons test. For all
statistics, either p-value number was reported or with n.s.=p>0.05, *=p<0.05,
**=p<0.01, ***=p<0.001 and ****=p<0.0001. Mean Squared Displacement analysis
and linear fitting of the GenEPi (Piezo1) membrane clusters tracking dynamics were

performed using MATLAB (R2021b) and @msdanalyser (Tarantino et al., 2014).
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Appendix

A.1 List of primers

Oligo name

Oligo sequence (5'>3’)

Gibson Assembly F

GAAGTAAGGAAGGAAAAAAGCGGCCGCGTCTAGAGATCCAGACATGATAAGATACATTG

Gibson Assembly R

CATCATTTTGGCAAAGAAATCAAGCTTATCGCATGGAGCCGCACGT

Gen EPISGq FW1 GAGGTCTATATAAGCAGAGCTGG
Gen EPiSeq FW2 CTACCTGCTGCTCTTCCTGG
Gen EPiSeq FW3 CTGTATGGGATGACGCTGTG
GenEP|SeqFW4 CTCACAGGCAGGATGCAGTG
Gen EPiSeq FW5 CAGCTGGACCAGGATCTGC
GenE PiSeq FWé CGTCACCGTCATCATCTCCAA
GenEP|SeqFW7 GAACAGGCAGGACAGCTACC
Gen EF’iSeq FW8 ATCCCGAGGCCCAGCAA
Gen EPISGq FW9 ATCATCATTTTTGGCTTCTGGGC
Gen EPiSeq FW10 CTGTTCACCATGAGCGCC
GenEPiSeqFW'I 1 GACCGCATCCTCAAGCTCT
GenEPiSeqFW'I 2 GGCAAGCTGACCCTGAAGTT

XLGenEPi_S217L_FW

TGGCCCTCTCCAGTGTCTACCTGCTGCTC

XLGenEPi_S217L_R

GGGGGTGGGCGATGCCTGCCAGTGCAAG

R10K Q5SD F CCAGACATGAAGATCAAACTC
R10K Q5SD R CTTAATCGCACTCACCATG
Y35F_Q5 S D_F GGCAAGCCTTTTGAGGGAAAAC
Y35 F_Q5 S D_R TGTACCATCTCCGTCGATC
T40S O5SD F GGAAAACAGAGCATGGATCTTG
T40S O5SD R CTCATAAGGCTTGCCTGTAC

A196C_Q5SD_F

TGTGGACCACTGCATTGAGATTTTAAGCCATGAC

A196C_Q5SD_R

AAGTGGGCGCCTGGTAAC

N11K Q5SD F TGAAGATCAAACTCCGTATGG
N11K Q5SD R TGTCTGGCTTAATCGCAC
E70K Q5SD F GGTATTCACCAAATATCCAGACC
E70K Q55D R CTGTTGCCGTAATGGAATG

H121Y_Q5SD_F

AGTTCGATTTTACGGTACAAAC

H121Y_Q5SD_R

TTATTATAGAAAGTGTCCCC

H74N_Q5SD_F

ATATCCAGACAACATACAAGACTATTTTAAG

H74N_Q5SD_R

TCGGTGAATACCCTGTTG
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A.2 List of plasmids

Plasmid name

Used for

pCMV-GenEPi Overexpression of GenEPi in different cell lines,
electrophysiology analyses
XLGenEPi Temporally controlled inducible expression of GenEPi in

different cell lines, TIRFM

XLGenEPi-S217L

Temporally controlled inducible expression of GenEPi-S217L
mutant in different cell lines

p2lox-GenEPi

Generation of inducible GenEPi-mESCs

hsp70-GenEPi

Generation of the Tg(hsp70:GenEPi) zebrafish transgenic line

pRSET-Dendra2

Bacterial expression of pr-FP Dendra2

pQE32-pr-mEosFP

Bacterial expression of pr-FP pr-mEosFP

PRSET-pr-mEos2

Bacterial expression of pr-FP pr-mEos2

PRSET-pr-mEos3.1

Bacterial expression of pr-FP pr-mEos3.1

PRSET-pr-mEos3.2

Bacterial expression of pr-FP pr-mEos3.2

PRSET-pr-mEos4a

Bacterial expression of pr-FP pr-mEos4a

pPRSET-pr-mEos4b

Bacterial expression of pr-FP pr-mEos4b

pRSET-mEos4b

Bacterial expression of the non-primed convertible FP mEos4b
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A.3 Different fluorescent proteins and their respective maximum excitation

and emission wavelengths used to generate Fig. 6C

Excitation
Fluorescent Protein Wavelength (nm) Emission Wavelength (nm)
Sirius 355 424
Sandercyanin 375 630
shBFP-N158S/L173I 375 458
Azurite 383 450
EBFP2 383 448
mKalama1 385 456
mTagBFP2 399 454
Sapphire 399 511
T-Sapphire 399 511
shBFP 401 458
TagBFP 402 457
mAmetrine 406 526
Aquamarine 430 474
ECFP 433 475
Cerulean 433 475
mCerulean3 433 475
SCFP3A 433 474
mTurquoise 434 474
mTurquoise2 434 474
CyPet 435 477
LSSmOrange 437 572
mKeima 440 620
mBeRFP 446 611
TagCFP 458 480
LSS-mKate2 460 605
mTFP1 462 492
LSS-mKate1 463 624
monomeric Midoriishi-Cyan 470 496
TurboGFP 482 502
TagGFP2 483 506
mUKG 483 499
Superfolder GFP 485 510
Emerald 487 509
EGFP 488 507
Monomeric Azami Green 492 505
mWasabi 493 509
NowGFP 494 502
CyOFP1 497 589
Clover 505 515
mNeonGreen 506 517
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mClover3 506 518
TagYFP 508 524
EYFP 513 527
Topaz 514 527
Venus 515 528
SYFP2 515 527
Citrine 516 529
Ypet 517 530
lanRFP-AS83 521 592
mCyRFP1 528 594
mPapayal 530 541
Monomeric Kusabira-Orange 548 559
mOrange 548 562
mOrange2 549 565
mKOk 551 563
mKO2 551 565
tdTomato 554 581
TagRFP 555 584
TagRFP-T 555 584
RRvT 556 583
mRuby 558 605
mNectarine 558 578
mRuby3 558 592
mRuby2 559 600
mTangerine 568 585
mApple 568 592
mScarlet 569 594
mScarlet-I 569 593
mStrawberry 574 596
FusionRed 580 608
mCherry 587 610
mKate2 588 633
HcRed-Tandem 590 637
mPlum 590 649
mStable 597 633
mRaspberry 598 625
TagRFP675 598 675
mGarnet2 598 671
mNeptune 600 650
mCardinal 604 659
NirFP 605 670
mMaroon1 609 657
TagRFP657 611 657
TDsmURFP 642 670
miRFP670 642 670
iRFP670 643 670
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iRFP682 663 682
iRFP702 673 702
milFP 683 704
iFP1.4 684 708
iRFP713 (iRFP) 690 713
iFP2.0 690 711
iRFP720 702 720
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A.4 Piezo1 and Piezo2 protein sequences used for the similarity analyses

>Human_Piezo1
MEPHVLGAVLYWLLLPCALLAACLLRFSGLSLVYLLFLLLLPWFPGPTRCGLQGHTGRLL
RALLGLSLLFLVAHLALQICLHIVPRLDQLLGPSCSRWETLSRHIGVTRLDLKDIPNAIRLVA
PDLGILVVSSVCLGICGRLARNTRQSPHPRELDDDERDVDASPTAGLQEAATLAPTRRS
RLAARFRVTAHWLLVAAGRVLAVTLLALAGIAHPSALSSVYLLLFLALCTWWACHFPIST
RGFSRLCVAVGCFGAGHLICLYCYQMPLAQALLPPAGIWARVLGLKDFVGPTNCSSPH
ALVLNTGLDWPVYASPGVLLLLCYATASLRKLRAYRPSGQRKEAAKGYEARELELAELD
QWPQERESDQHVVPTAPDTEADNCIVHELTGQSSVLRRPVRPKRAEPREASPLHSLGH
LIMDQSYVCALIAMMVWSITYHSWLTFVLLLWACLIWTVRSRHQLAMLCSPCILLYGMT
LCCLRYVWAMDLRPELPTTLGPVSLRQLGLEHTRYPCLDLGAMLLYTLTFWLLLRQFVK
EKLLKWAESPAALTEVTVADTEPTRTQTLLQSLGELVKGVYAKYWIYVCAGMFIVVSFA
GRLVVYKIVYMFLFLLCLTLFQVYYSLWRKLLKAFWWLVVAYTMLVLIAVYTFQFQDFPA
YWRNLTGFTDEQLGDLGLEQFSVSELFSSILVPGFFLLACILQLHYFHRPFMQLTDMEH
VSLPGTRLPRWAHRQDAVSGTPLLREEQQEHQQQQQEEEEEEEDSRDEGLGVATPH
QATQVPEGAAKWGLVAERLLELAAGFSDVLSRVQVFLRRLLELHVFKLVALYTVWVALK
EVSVMNLLLVVLWAFALPYPRFRPMASCLSTVWTCVIIVCKMLYQLKVVNPQEYSSNCT
EPFPNSTNLLPTEISQSLLYRGPVDPANWFGVRKGFPNLGYIQNHLQVLLLLVFEAIVYRR
QEHYRRQHQLAPLPAQAVFASGTRQQLDQDLLGCLKYFINFFFYKFGLEICFLMAVNVI
GQRMNFLVTLHGCWLVAILTRRHRQAIARLWPNYCLFLALFLLYQYLLCLGMPPALCID
YPWRWSRAVPMNSALIKWLYLPDFFRAPNSTNLISDFLLLLCASQQWQVFSAERTEEW
QRMAGVNTDRLEPLRGEPNPVPNFIHCRSYLDMLKVAVFRYLFWLVLVVVFVTGATRISI
FGLGYLLACFYLLLFGTALLQRDTRARLVLWDCLILYNVTVIISKNMLSLLACVFVEQMQ
TGFCWVIQLFSLVCTVKGYYDPKEMMDRDQDCLLPVEEAGIIWDSVCFFFLLLQRRVFL
SHYYLHVRADLQATALLASRGFALYNAANLKSIDFHRRIEEKSLAQLKRQMERIRAKQEK
HRQGRVDRSRPQDTLGPKDPGLEPGPDSPGGSSPPRRQWWRPWLDHATVIHSGDYFL
FESDSEEEEEAVPEDPRPSAQSAFQLAYQAWVTNAQAVLRRRQQEQEQARQEQAG
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QLPTGGGPSQEVEPAEGPEEAAAGRSHVVQRVLSTAQFLWMLGQALVDELTRWLQE
FTRHHGTMSDVLRAERYLLTQELLOQGGEVHRGVLDQLYTSQAEATLPGPTEAPNAPST
VSSGLGAEEPLSSMTDDMGSPLSTGYHTRSGSEEAVTDPGEREAGASLYQGLMRTASE
LLLDRRLRIPELEEAELFAEGQGRALRLLRAVYQCVAAHSELLCYFIIILNHMVTASAGSLV
LPVLVFLWAMLSIPRPSKRFWMTAIVFTEIAVVVKYLFQFGFFPWNSHVVLRRYENKPYFP
PRILGLEKTDGYIKYDLVQLMALFFHRSQLLCYGLWDHEEDSPSKEHDKSGEEEQGAEE
GPGVPAATTEDHIQVEARVGPTDGTPEPQVELRPRDTRRISLRFRRRKKEGPARKGAAAI
EAEDREEEEGEEEKEAPTGREKRPSRSGGRVRAAGRRLQGFCLSLAQGTYRPLRRFFHD
ILHTKYRAATDVYALMFLADVVDFINIFGFWAFGKHSAATDITSSLSDDQVPEAFLVMLLI
QFSTMVVDRALYLRKTVLGKLAFQVALVLAIHLWMFFILPAVTERMFNQNVVAQLWYF
VKCIYFALSAYQIRCGYPTRILGNFLTKKYNHLNLFLFQGFRLVPFLVELRAVMDWVWTD
TTLSLSSWMCVEDIYANIFIIKCSRETEKKYPQPKGQKKKKIVKYGMGGLILFLIAIWFPLL
FMSLVRSVVGVVNQPIDVTVTLKLGGYEPLFTMSAQQPSIIPFTAQAYEELSRQFDPQPL
AMQFISQYSPEDIVTAQIEGSSGALWRISPPSRAQMKRELYNGTADITLRFTWNFQRDL
AKGGTVEYANEKHMLALAPNSTARRQLASLLEGTSDQSVVIPNLFPKYIRAPNGPEANP
VKQLQPNEEADYLGVRIQLRREQGAGATGFLEWWVIELQECRTDCNLLPMVIFSDKVS
PPSLGFLAGYGIMGLYVSIVLVIGKFVRGFFSEISHSIMFEELPCVDRILKLCQDIFLVRETR
ELELEEELYAKLIFLYRSPETMIKWTREKE

>Mouse_Piezo1
MEPHVLGAGLYWLLLPCTLLAASLLRFNALSLVYLLFLLLLPWLPGPSRHSIPGHTGRLLR
ALLCLSLLFLVAHLAFQICLHTVPHLDQFLGQONGSLWVKVSQHIGVTRLDLKDIFNTTRL
VAPDLGVLLASSLCLGLCGRLTRKAGQSRRTQELOQDDDDDDDDDDEDIDAAPAVGLK
GAPALATKRRLWLASRFRVTAHWLLMTSGRTLVIVLLALAGIAHPSAFSSIYLVVFLAICT
WWSCHFPLSPLGFNTLCVMVSCFGAGHLICLYCYQTPFIQDMLPPGNIWARLFGLKNF
VDLPNYSSPNALVLNTKHAWPIYVSPGILLLLYYTATSLLKLHKSCPSELRKETPREDEEHE
LELDHLEPEPQARDATQGEMPMTTEPDLDNCTVHVLTSQSPVRQRPVRPRLAELKEMS
PLHGLGHLIMDQSYVCALIAMMVWSIMYHSWLTFVLLLWACLIWTVRSRHQLAMLCSP
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CILLYGLTLCCLRYVWAMELPELPTTLGPVSLHQLGLEHTRYPCLDLGAMLLYLLTFWLLL
RQFVKEKLLKKQKVPAALLEVTVADTEPTQTQTLLRSLGELVTGIYVKYWIYVCAGMFIV
VSFAGRLVVYKIVYMFLFLLCLTLFQVYYTLWRKLLRVFWWLVVAYTMLVLIAVYTFQFQ
DFPTYWRNLTGFTDEQLGDLGLEQFSVSELFSSILIPGFFLLACILQLHYFHRPFMQLTDL
EHVPPPGTRHPRWAHRQDAVSEAPLLEHQEEEEVFREDGQSMDGPHQATQVPEGTA
SKWGLVADRLLDLAASFSAVLTRIQVFVRRLLELHVFKLVALYTVWVALKEVSVMNLLLV
VLWAFALPYPRFRPMASCLSTVWTCIIVCKMLYQLKIVNPHEYSSNCTEPFPNNTNLQP
LEINQSLLYRGPVDPANWFGVRKGYPNLGYIQNHLQILLLLVFEAVVYRRQEHYRRQHQ
QAPLPAQAVCADGTRQRLDQDLLSCLKYFINFFFYKFGLEICFLMAVNVIGQRMNFMV
ILHGCWLVAILTRRRREAIARLWPNYCLFLTLFLLYQYLLCLGMPPALCIDYPWRWSKAIP
MNSALIKWLYLPDFFRAPNSTNLISDFLLLLCASQQWQVFSAERTEEWQRMAGINTDH
LEPLRGEPNPIPNFIHCRSYLDMLKVAVFRYLFWLVLVVVFVAGATRISIFGLGYLLACFYL
LLFGTTLLOQKDTRAQLVLWDCLILYNVTVIISKNMLSLLSCVFVEQMQSNFCWVIQLFSL
VCTVKGYYDPKEMMTRDRDCLLPVEEAGIIWDSICFFFLLLORRIFLSHYFLHVSADLKAT
ALQASRGFALYNAANLKSINFHRQIEEKSLAQLKRQMKRIRAKQEKYRQSQASRGQLQ
SKDPQDPSQEPGPDSPGGSSPPRROQWWRPWLDHATVIHSGDYFLFESDSEEEEEALPE
DPRPAAQSAFQMAYQAWVTNAQTVLRQRRERARQERAEQLASGGDLNPDVEPVDV
PEDEMAGRSHMMQRVLSTMQFLWVLGQATVDGLTRWLRAFTKHHRTMSDVLCAERY
LLTQELLRVGEVRRGVLDQLYVGEDEATLSGPVETRDGPSTASSGLGAEEPLSSMTDDT
SSPLSTGYNTRSGSEEIVTDAGDLQAGTSLHGSQELLANARTRMRTASELLLDRRLHIPE
LEEAERFEAQQGRTLRLLRAGYQCVAAHSELLCYFIILNHMVTASAASLVLPVLVFLWA
MLTIPRPSKRFWMTAIVFTEVMVVTKYLFQFGFFPWNSYVVLRRYENKPYFPPRILGLEKT
DSYIKYDLVQLMALFFHRSQLLCYGLWDHEEDRYPKDHCRSSVKDREAKEEPEAKLES
QSETGTGHPKEPVLAGTPRDHIQGKGSIRSKDVIQDPPEDLKPRHTRHISIRFRRRKETPG
PKGTAVMETEHEEGEGKETTERKRPRHTQEKSKFRERMKAAGRRLQSFCVSLAQSFYQ
PLOQRFFHDILHTKYRAATDVYALMFLADIVDINIFGFWAFGKHSAATDIASSLSDDQVP
QAFLFMLLVQFGTMVIDRALYLRKTVLGKLAFQVVLVVAIHIWMFFILPAVTERMFSQNA
VAQLWYFVKCIYFALSAYQIRCGYPTRILGNFLTKKYNHLNLFLFQGFRLVPFLVELRAV
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MDWVWTDTTLSLSNWMCVEDIYANIFIIKCSRETEKKYPQPKGQKKKKIVKYGMGGLIIL
FLIAHWFPLLFMSLIRSVVGVVNQPIDVTVTLKLGGYEPLFTMSAQQPSIVPFTPQAYEEL
SQQFDPYPLAMQFISQYSPEDIVTAQIEGSSGALWRISPPSRAQMKQELYNGTADITLR
FTWNFQRDLAKGGTVEYTNEKHTLELAPNSTARRQLAQLLEGRPDQSVVIPHLFPKYIR
APNGPEANPVKQLQPDEEEDYLGVRIQLRREQVGTGASGEQAGTKASDFLEWWVIEL
QDCKADCNLLPMVIFSDKVSPPSLGFLAGYGIVGLYVSIVLVWGKFVRGFFSEISHSIMFE
ELPCVDRILKLCQDIFLVRETRELELEEELYAKLIFLYRSPETMIKWTRERE

>Rat_Piezo1
MEPHVLGAGLYWLLLPCTLLAASLLRFNALSLVYLLFLLLLPWLPGPSRHSIPGHTGRLLR
ALLCLSLLFLVAHVAFQICLHTMPRLNQLLGQNCNLWANVSQHIGVTRLDLKDIFNTTR
LVAPDLGVLVASSLCLGLCGRLTRKARQSQRTQELEEDDIDAAPAAGLQGAPTLATKRR
LWLAPRFRITAHWLLVTSGRMLVIVLLALAGIAHPSAFSSVYLMVFLAICTWWSCHFPLSS
LGFENTLCVMVSCFGAGHLVCLYCYQTPFVQSVLLPGSLWARLFGLKNFVDIPNCSSPN
VLVLNTKHAWPIYVSPGILLLLYYTATSLLKLRKGRFSELRKEIPREDEEHELELDQLEPEPQ
ARGTTQGATPTTTGPDIDNCTVHVLTSQSPVRQRPVRPRLAELKEMSPLHGLGHLILDQ
SYVCALIAMMVWSIMYHSWLTFVLLLWACLIWTVRSRHQLAMLCSPCILLYGLTLCCLR
YVWAMELPELPTTLGPVSLHQLGLEHTRYPCLDLGAMLLYLLTFWLLLRQFVKEKLLKKR
KAPSTLLEVTVSDTEPTQTQTLLRSLGELVTGIYVKYWIYVCAGMFIVVSFAGRLVVYKIVY
MFLFLLCLTLFQVYYTLWRKLLRVFWWLVVAYTMLVLIAVYTFQFQDFPTYWRNLTGFT
DEQLGDLGLEQFSVSELFSSILIPGFFLLACILQLHYFHRPFMQLTDLEHVPPPGTRRLRW
AHRQDTVSEAPLLOQHQEEEEVFRDDGQSMDGPHQTTQVPEGTASKWGLVADRLLDL
ASSFSAVLTRIQVFVRCLLELHVFKLVALYTVWVALKEVSVMNLLLVVLWAFALPYPRFRP
MASCLSTVWTCIHIVCKMLYQLKIVNPHEYSSNCTEPFPNNTNLQPLEISQSLLYRGPVDP
ANWFGVRKGYPNLGYIQNHLQILLLLVFEAVVYRRQEHYRRQHQQAPLPAQALCADG
TRQRLDQDLLSCLKYFINFFFYKFGLEICFLMAVNVIGOQRMNFMVILHGCWLVAILTRRR
REAIARLWPNYCLFLTLFLLYQYLLCLGMPPALCIDYPWRWSQAIPMNSALIKWLYLPDF
FRAPNSTNLISDFLLLLCASQQWQVFSAEQTEEWQRMAGVNTDHLEPLRGEPNPIPNF
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IHCRSYLDMLKVAVFRYLFWLVLVVVFVTGATRISIFGLGYLLACFYLLLFGTTLLQKDTRA
QLVLWDCLILYNVTVIISKNMLSLLSCVFVEQMQSNFCWVIQLFSLVCTVKGYYDPKEM
KTRDRDCLLPVEEAGIIWDSICFFFLLLQRRVFLSHYFLHVSADLKATALQASRGFALYNA
ANIKNINFHRQTEERSLAQLKRQMKRIRAKQEKYRQSQASRGQLQSTDPQEPGPDSPG
GSSPPRTQWWRPWQDHATVIHSGDYFLFESDSEEEEEALPEDPRPAAQSAFQMAYQ
AWVTNAQTVLRQRREQARRDRAEQLASGGDLSPEVELVDVPENEMAGHSHVMQRVL
STMQFLWVLGQATVDGLTRWLRTFTKDHRTMSDVLCAERYLLTQELLRGGEVHRGVL
DQLYVSEDEIALSGPVENRDGPSTASSGLGAEEPLSSMTDDTGSPLSTGYNTRSGSEEI
TDTGGLQAGTSLHGSQELLANARTRMRTASELLLDRRLRIPELEEAEQFEAQQGRTLRL
LRAMYQCVAAHSELLCYFIHILNHMVTASAASLVLPVLVFLWAMLTIPRPSKRFWMTAIVF
TEVMVVTKYLFQFGFFPWNSYIVLRRYENKPYFPPRILGLEKTDSYIKYDLVQLMALFFHR
SQLLCYGLWDHEEDGVPKDHCRSSEKDQEAEEESEAKLESQPETGTGHPEEPVLTGTP
KDHIQGKGSVRSKDEIQDPPEDLKPQHRRHISIRFRRRKETQGPKGAAVVEAEHEEGEE
GREAAGRKRLRRPREGLKIREKMKAAGRRLQSFCLSLAQSFYQPLRRFFHDILHTKYRAA
TDVYALMFLADIVDIWIIFGFWAFGKHSAATDIASSLSDDQVPQAFLFMLLVQFGTMVI
DRALYLRKTVLGNLAFQVVLVWAIHLWMFFILPAVTERMFRQNAVAQLWYFVKCIYFAL
SAYQIRCGYPTRILGNFLTKKYNHLNLFLFQGFRLVPFLVELRAVMDWVWTDTTLSLSN
WMCVEDIYANIFIIKCSRETEKKYPQPKGQKKKKIVKYGMGGLIILFLIAIIWFPLLFMSLIR
SVWGVVNQPIDVTVTLKLGGYEPLFTMSAQQPSIVPFTPEDYEELSQQFDPYPLAMQFIS
QYSPEDIVTAQIEGSSGALWRISPPSRAQMKHELYNGTADITLRFTWNFQRDLAKGGSV
EYTNEKHTLELAPNSTARRQLAQLLEGRPDQSVVIPHLFPKYIRAPNGPEANPVKQLQP
DEEEDYLGVRIQLRREQVGTGTSGEQAGTKASDFLEWWVIELODCQAECNLLPMVIFS
DKVSPPSLGFLAGYGIVGLYVSIVLVWGKFVRGFFSDISHSIMFEELPCVDRILKLCQDIFLV
RETRELELEEELYAKLIFLYRSPETMIKWTREKE

>Zebrafish_Piezo1

DSYLALCTLLLPSAVTCIFRYNALSLVYLLYLLLLPWFQWPNKHTLRGHTGCYIKALFSTSL
IFILGHVTFQICLYTIPSLDDALGHNCSSWETLSRHVGVSRLPLEDPQGVLWLLTPDLGVF
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IMSLITLILCSRLLKKRDEGSVPHMSADETEDDDEDVEGEDEGMLSCSETEDEESPSSSS
AAQLAARLRATAQRFLRNMGRILAVTLLALAGITLPSAFSAFYFLLFIGVCTWWACHFPI
SHLGFNALCVMVAFFTGGHLVCLYLYQSSFAQAMFSPAGLWARLFGLKDLVTPGNCT
TFEVTLNTQYDWPVYVNPGILLLLYISVTIVLKINSNTGEEVELRLWEARRQSSEDDTKQT
LLTTVDSTLSESHITKEPVINGSSQHDIGPSGEATVDNPLRLVGRMVLQQSYICALIAMM
VWSITYHSWLTFVLLLWSCVIWMLRTRQRFAAYCSPFILLYGLALCCLQYVWAMDLETE
LPQHIGSMSLHQLGLDRAQYPCLRLGALLLFTLTFWLLLRQSVKDTFSRKKSLTVPLQEV
TTGESTGRNESILKVFGGLVMSLYAKYWIYVCGGMFIMVSFAGKLVAYKIVYMLLFLLCM
CLYQVYYSLWRRLLKAFWWMVVAYTMVVLIAIYTFQFEDFPGYWGNFTGFTEQQLAD
MGLETFKLSELFTSIVIPGFFLLACILOQLHYFHKPFMKITDLENVSPIHRHEPEEEELIVDQD
DYPSEADEVIPSKWGLVMDRLMVLSRKFSDTLTHVQSFIWRVLELHIVKIVAFFVVWVAL
LEPSAMNLVLVVLWSFAMPYGRFRAMASCLSTIWVCVIIVCKMLYQLSVVNPAEYSNNC
TAPMVNETSLEPDEVLNSTLYRASVDPASWFGVRKDDTVLGYVKDHLLVLMLLVFEATV
YRHQIHHYRQQQRSPPPIPVIFPQATRDTLDQGLLHCIKYMLNYSFYKFGLEICFLMTVN
VIGQRMNFLVIIHGCWLVAIMVRRRRANIATIWSKYCLFLVVEMIYQYVLCVGIPPALCID
YPWRWRSTVTIHSALVKWMYLPDFYTVPNSKNLISDFLLLMCASQQWTVFDNEKKEE
WMVMGGENRDNPDPMENMLFENPAPNFINCRSYLDMAKILVFRYMFWFVLSVVEVTG
ATRISVFGLGYLMACFFFLLFGTKLLTKPSRTRLVMWDCLIYNVAVIISKNILSILACVFVM
EMQKNFCWVIQLFSLVCTVKGYYDPESVCNKDCSLPVEEAGIIWDSICFFFLLLORRVFL
SFYFLHVSADLQASARQASRGFELFRASIIKNMHFHQQAERKSIQQLKESMKRIRGKQQ
KYKDGRITSDIEEQPSEQKKETKLSKSKSWQYPWVDHATVLHSGEYYMFESDSGEEDE
TFQEEQKPRRQTAFQLAYQAWVTSAKDALKERQQRQRKQRAEAEKQQNAQATDD
AEEGETVFDGENSQHAEEMQEEGEDAGGDMVQRILDILKFLWVLFLAMVDGFTMWL
NLLTKQYVDTSMVLSEERYLFIHNVSQRASRENMDDQISHDSEDLTLETCLDETDTDNI
CDTNVVESETLGGFAKSRDFSSTTLSSELTLELDCEPFYSQTASELLSERPFRVDELIQSRE
FYSSQNRLLKLLFALYNVLAAHSELVCYFIIVLNNLVTASVISLVLPVLVFLWAMLSVPRPSK
RFWMTAIYTEVMVVVKYLFQFGFFPWNTEYELKLNEDKPFFPPRILGLEKTDNYIRYDLL
QLLVLFFHRSLLQRYGLWDQEGPLEEKSDLSPAENKPNTETDPEPNSHTNNTKTSDTVK
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NDGMKKSHFLRFRKKKKAEPDAVQKEPKKKKKKCKTKHSKETSKKLLNAIEGKFKSLFLS
VVKNVYRPTWDFFQNILHAEYRASTDVYALMFLTDVVDFINIFGFWAFGKHSAAADIAS
SLSEDQVPEAFLVMLLIQFSTMIIDRALYLRKSILGKLIFQVILVFGIHLWMFFILPAVTERM
FNHNSVAQLWYFFKCIYFTLSAYQIRCGYPTRILGNFLTKKFNHLNLFLFQGFRLVPFLVE
LRAVMDWVWTDTTLSLSNWMCVEDIYANIFIIKCSRETEKKYPQPKGQKKKRIVKYGM
GGLILFLICIIWFPLLFISLVKSVWGVVNHPVDVTVTVKLGGYEPLFTMSVQQQSIQPFTES
RYNQLNNQFSKNAVAMQFITMYSYEDIVTANIEGSSGSVWRISPPSRQELIKELLSSTGD
MTLRLDWNFQRDLGKGGTVENTFDKHSISLAPKNPVRADLASLLLGTRKDPVHVPHMF
PNYIRAPSGAEAKPVMQLFDGDEEGFQDVTVSLMREASVNTTGAQEWWDISIADCKE
SCNVLPMIIFNDKVSPPSLGFLAGYGIMGLYVSVVLVIGKFVRGFFSEISHSIMFEELPCAD
RILKLCMDIFLVRETGELELEEELYSKLIFLYRSPETMIKWTREKNHN

>Chimpanzee_Piezo1
MEPHVLGAVLYWLLLPCALLAACLLRFSGLSLVYLLFLLLLPWFPGPTRCGLQGHTGRLL
RALLGLSLLFLVAHLALQICLHTVPHLDQLLGPSCSRWETLSRHIGVTRLDLKDIPNAIRLV
APDLGILVVSSVCLGICGRLARNTRQSPHPRELDDDERDVDASPTAGLQEAATLAPTRR
SRLAARFRVTAHWLLVAAGRVLAVTLLALAGIAHPSALSSVYLLLFLATCTWWACHFPIS
TRGFSRLCVAVGCFGAGHLICLYCYQMPLAQALLPPAGIWARVLGLKDFVGPTNCSSP
HALVLNTSLDWPVYASPGVLLLLCYATASLRKLRAYRSSGQRKEAAKGYEARELELAELD
QWPQERESDQHVVPTAPDTEADNCIVHELTGQSSLRQRPVRPKRAEPREASPLHSLGH
LIMDQSYVCALIAMMVWSITYHSWLTFVLLLWACLIWTVRSRHQLAMLCSPCILLYGMT
LCCLRYVWAMDLRPELPTTLGPVSLRQLGLEHTRYPCLDLGAMLLYTLTFWLLLRQFVK
EKLLKWAESPAALTEVTVADTEPTRTQTLLOQSLGELVKGVYAKYWIYVCAGMFIVVSFA
GRLVVYKIVYMFLFLLCLTLFQVYYSLWRKLLKAFWWLVVAYTMLVLIAVYTFQFQDFPA
YWRNLTGFTDEQLGDLGLEQFSVSELFSSILVPGFFLLACILQLHYFHRPFMQLTDMEH
VSLPGTRLPRWAHRQDAVSGTPLLOQEEQEEQQQEEEEDSRNEGLGVATPHQATQVPE
GAAKWGLVAERLLELAAGFSDVLSRVQVFLRRLLELHVFKLVALYTVWVALKEVSVMNL
LLVWLWAFALPYPRFRPMASCLSTVWTCVIIVCKMLYQLKVVNPQEYSSNCTEPSPNSTN
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LLPTEISQSLLYRGPVDPANWFGVRKGFPNLGYIQNHLQVLLLLVFEAIVYRRQEHYRRQ
HQLAPLPAQAVFASGTRQQLDQDLLGCLKYFINFFFYKFGLEICFLMAVNVIGQRMNF
LVILHGCWLVAILTRRHRQAIARLWPNYCLFLALFLLYQYLLCLGMPPALCIDYPWRWSR
AVPMNSALIKWLYLPDFFRAPNSTNLISDFLLLLCASQQWQVFSAERTEEWQRMAGVN
SDRLEPLRGEPNPVPNFIHCRSYLDMLKVAVFRYLFWLVLVVVFVTGATRISIFGLGYLLA
CFYLLLFGTALLOQRDTRARLMLWDCLILYNVTVVISKNMLSLLACVFVEQMQTGFCWVI
QLFSLVCTVKGYYDPKEMMDRDQDCLLPVEEAGHIWDSVCFFFLLLOQRRVFLSHYYLHV
RADLQATALLASRGFALYNAANLKSIDFHRRIEEKSLAQLKRQMERIRAKQEKHRQGRV
DRSRPQDTLGPKDPGLEPGPDSPGGSSPPRROQWWRPWLDHATVIHSGDYFLFESDSE
EEEEAVPEDLRPSAQSAFQLAYQAWVINAQTVLRRRQQEQEQARQEQAGQLPTGGG
PSQEVEPAEGPEEAAAGRSHVVQRVLSTAQFLWMLGQALVDGLTRWLQEFTRHHGT
MSDVLRAERYLLTQELLOGGEVHRGVLDQLYTSQAEATLPGPTEAPNAPSTVSSGLGA
EEPLSSMTDDTGSPLSTGYHTRSGSEEAVTDPGEREAGASLYQGRMRTASELLLDRRLRI
PELEEAELFAEGQGRALRLLRAVYQCVAAHSELFCYFIILNHMVTASAGSLVLPVLVFLW
AMLSIPRPSKRFWMTAIVFTEIAVVVKYLFQFGFFPWNSHVVLRRYENKPYFPPRILGLEK
TDGYIKYDLVQLMALFFHRSQLLCYGLWDHEEESPSKEHDKSGEEEQGAEEGPGVPA
ATTKDHVQVEARVGPTDGTPEPQVELRPRDTRRISLRFRRRKKEEGPARKGAAAIEAEDR
EEEEGEEEKEAPTGREKRPSRSGGRVRAAGRRLOGFCLSLAQGTYRPLRRFFHDILHTKY
RAATDVYALMFLADVVDFIIIFGFWAFGKHSAATDITSSLSDDQVPEAFLVMLLIQFSTM
VVDRALYLRKTVLGKLAFQVVLVLAIHLWMFFILPAVTERMFNQNVVAQLWYFVKCIYF
ALSAYQIRCGYPTRILGNFLTKKYNHLNLFLFQGFRLVPFLVELRAVMDWVWTDTTLSLS
SWMCVEDIYANIFIIKCSRETEKRYPQPKGQKKKKIVKYGMGGLIILFLIAHWFPLLFMSLV
RSVVGVVNQPIDVTVTLKLGGYEPLFTMSAQQPSIIPFTAQAYEELSRQFDPQPLAMAQFI
SQYSPEDIVTAQIEGSSGALWRISPPSRAQMKRELYNGTADITLRFTWNFQRDLAKGGT
VEYANEKHMLALAPNSTARQQLASLLEGTSDQSVVIPNLFPKYIRAPNGPEANPVKQLQ
PNEEADYLGVRIQLRREQGAGATGFLEWWVIELQECRTDCNLLPMVIFSDKVSPPSLGF
LAGYGIMGLYVSIVLVIGKFVRGFFSEISHSIMFEELPCVDRILKLCQDIFLVRETRELELEEE
LYAKLIFLYRSPETMIKWTREKE
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>Bovine_Piezo1
MEPHVLGAVLYWLLLPFALLAACLFRVNALSLVYLLFLLLLPWFPGPSRHSIRGHTGRLLR
ALLGFSLLFLAAHITFQICLHTVPRLDQLLEPNCSTGDAITWDAISQLIGVTRLDLKDIPNA
IRLVAPDLGILVVSSLCLGVCRRLTRTARRSQHVQEPDDDSEELDTGSLGELREAPELSPT
RRSRLAARFRITAHWLLVAAGRTLAIMLLALAGIAHPSAFSSVYFLLFLAIGTWWACHFPI
SLLGFNTLCVMVSCIGTGHLICLYCYQTPLAQATLPPAGIWARVFGLKDFLAPTNCSSP
NVLVINANHDWPVYVSPGILLLLCYTVTSLLKLHAHQPVDQRKEAAGDDDTREVELTEV
DQWPQGQARVVAIKEEGAAQHTMPTPTTPDPEDNCIHHDLTGHSAVQQRTSCPRLAE
PKETSPLHGLGHLIMDQSYVCALIAMMVWSITYHSWLTFVLLLWACLIWTVRSRHQLA
MLCSPFILLYGLALCCLRYVWAMDLRPELPTALGPVSLRQLGLEHTRYPCLDLGAMLLCT
LTFWLLLRQFVKEKLLRRARAPVALTEVTVAATEPTRTQMLLRSLGELVRGIYAKYWIYVC
AGMFIVVSFAGRLVVYKIVYMLLFLLCLILFQVYYSLWRKLLKAFWWLVVAYTMLVLVAV
YTFQFQDFPAYWRNLTGLTDEQLGDLGLEQFSVSELFSSILVPGFFLLACILQLHYFHRP
FMQLTDPEHRPLPGACTPRWVPGRDAVSRTPLLOQQEEEEEVPRDEGLGTASPHQVTQ
VPEASKWGLVAERLLDLATGFSDVITRVQVLVRRLLELHVFKLVALYTVWVALKEVSVLN
FLLVVLWAFALPYPRFRPMASCLATVWTCHIVCKMLYQLKVVNPHEYASNCTEPFPNST
NLQKTEIRQSLLYRGPVDPANWFGVRKGFPNLGYIQNHLQILLLLVFEAMVYRSQDYHH
RRHQLAPLPAQAVCAEGTRQRLDRDLPSCLKYYVNFFFYKFGLEVCFLAAVNVIGQRM
NFMVILHGCWLVAILTRRRREAIARLWPNYCLFLALFLLYQYLLCLGVPPALCIDYPWRW
SRAVPMNSALIKWLYLPDFFSTPNATNLISDFLLLLCASQQWQVFSAERMEEWRHMAG
VNTDRLEPLRGEPNPVPNFIHCRSYLDMLKVAVFRYFFWLVLVVVFITGATRISVFGLGYL
LACFYLLLFGTSLQQKDTRARLVLWDCLILYNVTVIVSKNMLSLLSCVFVEQMQSSFCW
VIQLFSLVCTVKGYYDPKEMLGRDQDCLLPVEEAGVLWDSVCFLFLLLQRRVFLSYYFLH
VQAELRATALQASRGFALYNAANLKTIELHRRAEEKSLAQLKRQMERIRAKQEKHRQG
RANRGCLQGSPDPGQEPGPSSPGGSSPPQQQWWRPWLDHATVIHSGDYFLFESDSE
EEEEAQPEDPRPSSQSAFQMAYQAWVTNAQTVLRQQRQQRAEQLRTGGDPSQEAG
PAEGLEDEVTGRSHVMQRVLSAVQFLWVLGQALVDGLTRWLHDFTRHHRAISDVLRA
ERYLLTQELLRGGEVRRDVLDQLYANEAEAARDALSTASSGLGVEEPLSSVTEDTSSPLS
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TGYNTRSSSEEVVTEPGASLRSSGELPAGGRARMRTASELLVDRRVHIPELEEAEQFAAG
RGRALRLLEALYQCVAAHSELLCYFVIVLNHMVTASATSLVLPVLVFLWAMLSIPRPSKRF
WMTAIIFTEVTVVAKYLFQFGFFPWNSHAVLRRYENKPYFPPRILGLEKSDSYVKYDLLQL
MALFFHRAQLLCYGLWDHEDPPLSKEHDRGSAKEKGAEEEPALPAPQEEPGGAARPP
AEDNVQAEAKGGPLEPGGKRRISLRFRRRRKESTETRGQAIEGEEEEEEAAVAVVAAGA
ATLRREKRRSRPQERVRVLGVRLQSFCLSLARSMYWPVRRFFQDILHTKYRAATDVYAL
MFLADVIDFINIFGFWAFGKHSAATDITSSLSDDQVPEAFLVMLLIQFSTMVIDRALYLRK
TVLGKLAFQVVLVLAVHLWMFFILPAVTERMFSQNAVAQLWYFVKCIYFALSAYQIRCG
YPTRILGNFLTKKYNHLNLFLFQGFRLVPFLVELRAVMDWVWTDTTLSLSNWMCVEDIY
ANIFIIKCSRETEKKYPQPKGQKKKKIVKYGMGGLIILFLVAIIWFPLLFMSLVRSVVGVVN
QPIDVTVTLKLGGYEPLFTMSAQQPSIVPFTHHAYEELSKQFDPHPLAMQFISQYSPEDI
VTVHIEGSSGALWRISPPSRAQMKRELYNGTADITLRFTWNFQRDLAKGGSVEYTNEKH
TLDLAPNSTARRQLASLLEGTSDQSVVIPHLFPKYIRAPSGPEANPVKQLQOPNEEADYLG
VRIQLRRERVGTGAAGFLEWWVIELODCQANCNLLPMVIFSDKVSPPSLGFLAGYGIM
GLYVSIVLVIGKFVRGFFSEISHSIMFEELPCVDRILKLCQDIFLVRETRELELEEELYAKLIFL
YRSPETMIKWTRDKE

>Gorilla_Piezo1
MEPHVLGAVLYWLLLPCALLAACLLRFSGLSLVYLLFLLLLPWFPGPTRCGLQGHTGRLL
RALLGLSLLFLVAHLALQICLHTVPHLDQLLGPSCSRWETLSRHIGVTRLDLKDIPNAIRLV
GPDLGILMVSSVCLGICGRLARNTRQSPHPRELDDDERDVDASPTAGLREAATLAPTRR
SRLAARFRVTAHWLLVAAGRVLAVTLLALAGIAHPSALSSVYLLLFLATCTWWACHFPIS
TRSFSRLCVAVGCFGAGHLICLYCYQMPLAQALLPPAGIWARVLGLKDFVGPTNCSSP
HALVVNTSLDWPVYASPGVLLLLCYATASLHKLRAYRPSGQRKEAAKGYEARELELAEL
DQWPQERESDQHVVPTAPDTEADNCIVHELTGQSSLRQRPVRPKRAEPREASPLHSLG
HLIMDQSYVCALIAMMVWSITYHSWLTFVLLLWACLIWTVRSRHQLAMLCSPCILLYGM
TLCCLRYVWAMDLRPELPTTLGPVSLRQLGLEHTRYPCLDLGAMLLYTLTFWLLLRQFVK
EKLLNWAESPAALTEVTVADTEPTRTQTLLQSLGELVKGVYAKYWIYVCAGMFIVVSFA
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GRLVVYKIVYMFLFLLCLTLFQVYYSLWRKLLKAFWWLVVAYTMLVLIAVYTFQFQDFPA
YWRNLTGFTDEQLGDLGLEQFSVSELFSSILVPGFFLLACILQLHYFHRPFMQLTDMEH
VSLPGTRLPRWAHRQDAVSGTPLLOQEEQEEQQQEEESRDEVLGVATPHQATQVPEGA
AKWGLVAERLLELAAGFSDVLSRVQVFLRRLLELHVFKLVALYTVWVALKEVSVMNLLLV
VLWAFALPYPRFRPMASCLSTVWTCVIIVCKMLYQLKVVNPQEYSSNCTEPSPNSTNLLP
TEISQSLLYQGPVDPANWFGVRKGFPNLGYIQNHLQVLLLLVFEAIVYRRQEHYRRQHQ
LAPLPAQAVFSSGTRQQLDQDLLGCLKYFINFFFYKFGLEVRQGHCLPLGQGLAVGRE
GRLHRAQAIARLWPNYCLFLALFLLYQYLLCLGMPPALCIDYPWRWSRAVPMNSALIK
WLYLPDFFRAPNSTNLISDFLLLLCASQQWQVFSAERTEEWQRMAGVNTDRLEPLRGE
PNPVPNFIHCRSYLDMLKVAVFRYLFWLVLVVVFITGATRISIFGLGYLLACFYLLLFGTALL
QRDTRARLVLWDCLILYNVTVIISKNMLSLLACVFVEQMQTGFCWVIQLFSLVCTVKGY
YDPKEMMDRDQDCLLPVEEAGIIWDSVCFFFLLLQRRVFLSYYYLHVRADLQATALLAS
RGFALYNAANLKSIDFHRRIEEKSLAQLKROQMERIRAKQEKHRQGRVDRSHPQDTLGPK
DPGLEPRPDSPGGSSPPRROQWWRPWLDHATVIHSGDYFLFESDSEEEEEAVPEDPRPS
AQSAFQLAYQAWVTNAQTVLRRRQQEQEQARQEQAGQLPTGGGPSQEVEPAEGPE
EAAEGRSHVVQRVLSTAQFLWMLGQALVDGLTRWLQEFTRHHGTMSDVLRAERYLLT
QELLOQGGEVHRGVLDQLYTSQAEAKLPGPAEAPNAPSTVSSGLGAEEPLSSMTDDTG
SPLSTGYHTRSGSEEAVTDPGEREAGASLYQGRMRTASELLLDRRLHIPELEEAELFAEG
HGRALRLLRAMYQCVAAHSELLCYFIHILNHMVTASAGSLVLPVLVFLWAMLSIPRPSKRF
WMTAIVFTEIAVVVKYLFQFGFFPWNSHVVLRRYENKPYFPPRILGLERTEGYIKYDLVQL
MALFFHRSQLLCYGLWDHEEDSPSKEHDKSGEEEQGAKEGPGVPAATTKDHVQVEA
RVGPTDGTPEPQVELRPRDTRRISLRFRRRKKEGPAQKGEAAIEAEDREEEEGEEEKEAP
MGREKRPSRSGGRVRAAGRRLOGFCLSLAQGTYRPLRRFFHDILHTKYRAATDVYALM
FLADVVDFIINIFGFWAFGKHSAATDITSSLSDDQVPEAFLVMLLIQFSTMVVDRALYLRKT
VLGKLAFQVVLVLAIHLWMFFILPAVTERWAHTAVSDGVLDLDVQPECGGPAVVLREV
HLLRPVPHLTGTLAVGRFRLVPFLVELRAVMDWVWTDTTLSLSSWMCVEDIYANIFIIKCS
RETEKKYPQPKGQKKKKIVKYGMGGLIILFLIAHWFPLLFMSLVRSVVGVVNQPIDVTVTL
KLGGYEPLFTMSAQQPSIIPFTAQAYEELSQQFDPQPLAMQFISQYSPEDIITAQIEGSS
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GALWRISPPSRAQMKRELYNGTADITLRFTWNFQRDLAKGGTVEYANEKHMLALAPNS
TARQQLASLLEGTSDQSVVIPNLFPKYIRAPNGPEANPVKQLQPNEEADYLGVRIQLRRE
QGAGATGFLEWWVIELQECQTNCNLLPMVIFSDKVSPPSLGFLAGYGIMGLYVSIVLVI
GKFVRGFFSEISHSIMFEELPCVDRILKLCQDIFLVRETRELELEEELYAKLIFLYRSPETMIK
WTREKE

>Killifish_Piezo1
SRENLLSLVYLIFLLLLPWFSSPNKYSLRGHTGCFLRAVLCTSLLFVLAHVCFQTVLYTFPPL
SEALGDNCSQWDTISRHIGLSRYVCTDLSVSSTLDQLIFLNLCIRRWHIHDGCHRTEEET
SGDEDQEEDSLNADPEEVFTATRAKHLAEHLKATAWKVLQDLGRILAVGLLGLAGITLP
SGFSAFYFLFFLGVCTWWACHLPISQLGFSALCVMVGFFAAGHIVCLYLYQSLLAQALF
PPHSLWARLFGLKDFIVPGNCSLPDELILNTNHDWPVYVNPGILLLLYVTVVAVLRSGSHT
RVQGSHPRDPSPLKQQGGPEAPVLEPCPQSRGCRTLERPSPPMTRFLAEHETPLSLLYS
YSNAFLFLRPSGESPFFLLGKVVMQQSYVSALIAMMVWSITYHSWLTFVLLLWACLIWIL
RARRHAATLCSPFILLYGLVLCCLQYIWAMELHPELPTSVGTMSLRQLGLDKAQYPCLRL
GAMLLFVLTFWLLLRQAVMENFRRKSSSQTPLOQEVATKGQNQSMLKVVGGMVMSCY
AKYWIYVCGGMFIMVSFAGKLVAYKIVYMLLFLLCLCFYQVYYSLWRHLLKLFWWLVVA
YTMLVLITIYTYQFEDFPVYWKNLTGFTDEQLAAIGLETFDLSELFTSILIPGFFLLACILQL
HYFHKPFMRITDLENVTPTHKRRNSDAVGSADAVELNTEEDPSNTEESADEGRTQKTTK
ELMPSKWGLVMDRLLVLSRKFSEILSKVQVFLWRLLELHILKMVAFFTVWVALQEASVM
NLVLVVLWSLATPFCRFRPMASCLSTVWVCVIIICKMLYQLSVVNPEEYSRNCSTPLTNH
TKLLLNSSLYKEPVDPAKWFGIRKDATALGYSKNHLIVLMLLVFEATVYRHQAHHYRQL
QRSPPPIPAVFPSATRDSLDQGLVACLKYLVNYTFYKFGLEICFLMTVNVIGQRMNFLVLI
HGCWMVAILVRRRRAAIARIWPKYCLFLSIFMIYQYLLCVGIPPVLCMDYPWRWSNPVL
QDWGTLDALIKWLYLPDFFTVPNSGNLMADFVLLMCASQQWKVFDCERTEEWMVLA
GENSDEPEPMEGRLFNPAPNFINCRSYLDMLKVLVFRYFFWFVLSVVFITGASRISVFGL
GYLLGCFFFLLFGTKLMVKRSRTRLILWDCLI'YNVAVIISKSVLSILACVFVFKMQERFCW
VIQLFSLVCTVKGYYDRDDTCTLPIEEAGILWDGFCFICLLLQRRVFLSFYFLHVSAELQA
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SAKQASRGFELFRASMMKNMDFHKQAEDKSLSQLKRSQTLMSCCAAVIHSGEYYLFE
SDSEDEEDLSSEEKRPRRLTASOMQALHEHVFPSWRTRLHGEMLQKILDVLRLLWAIILA
LVDGLTDWLNLLTKQYRETSTVLCNERYLITHKIQQVRAVRDSLLSSSSSGVCSDIMKMS
SSSFGSSSHLLNEETRPSGSSGLOPNMFTAHRRPELFLREFFESQNRLLKLLLALYSLLSA
HSELLCYLIIVLNNVVSASVISVVLPILVFLWAMLALPRPSKRFWMTAIVYTEVMVVLKYIFQ
FGFFSWNSAHEMTVNKDRPFFPPRILGLEKTDNYLRYDLLQLLALFFHRALLMVCTLNLK
SFRPDQEALLAKAAALRKKEALVPEEIHLRAKEEEEEMRLRAKKEQLELETDLTVASARLK
VYESLKDVQSSPAQNFFKNLMHNKHQASTDVYALMFLTDMVDFVIIFGFWAFGKHSA
AADIASTLSEDQVPEAFLVMLLIHFSTMIIDRALYLRKAVLGKLIFQGILVLGIHVWMEFFILP
SVTERKFNQNFVAQLWYFVKCIYFGLSAYQIRCGYPTRILGNFLTKNFGHLNLFLFQGFR
LVPFLVELRAVMDWVWTDTTLSLSNWMCVEDIYANIFIIKCSRETEKKYPQPKGQKKKKI
VKYGMGGLIVFFLICIIWFPLLFISLVRSVVGVVNHPIDVTVTVKLGGYEPLFTMSVQQQSI
QPFNNSQYEELTKMFKDNTAMQFITLYSYEDIVTAQIEGSSGSVWRISPPSRQEVIKELL
GSQVDLTLRLAWNFQRDLGKGGTVEHTFDKYSIDLEPGNLVRAELASLLIGNRTEPVLV
PNFFPNYIRAPNGAEAKPVSQLYKGGEDGYLGITLSLKSDRSSNSSGTREWWDIAVEGC
VPPSCGVLRMVIFNDKVSPPSLGFLAGYGIMGLYVSVVLVIGKFVRGFFSEISHSIMFEELP
CVDRILKLCTDIFLVRETGELELEEELYSKLIFLYRSPETMIKWTRENRAANRD

>Human_Piezo2
MASEVVCGLIFRLLLPICLAVACAFRYNGLSFVYLIYLLLIPLFSEPTKTTMQGHTGRLLKSL
CFISLSFLLLHIIFHITLVSLEAQHRIAPGYNCSTWEKTFRQIGFESLKGADAGNGIRVFVP
DIGMFIASLTIWLLCRNIVOKPVTDEAAQSNPEFENEELAEGEKIDSEEALIYEEDFNGG
DGVEGELEESTKLKMFRRLASVASKLKEFIGNMITTAGKVVVTILLGSSGMMLPSLTSSVY
FFVFLGLCTWWSWCRTFDPLLFSCLCVLLAIFTAGHLIGLYLYQFQFFQEAVPPNDYYA
RLFGIKSVIQTDCSSTWKIIVNPDLSWYHHANPILLLVMYYTLATLIRIWLQEPLVQDEGT
KEEDKALACSPIQITAGRRRSLWYATHYPTDERKLLSMTQDDYKPSDGLLVTVNGNPVD
YHTIHPSLPMENGPGKADLYSTPQYRWEPSDESSEKREEEEEEKEEFEEERSREEKRSIKV
HAMVSVFQFIMKQSYICALIAMMAWSITYHSWLTFVLLIWSCTLWMIRNRRKYAMISSP
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FMVVYGNLLLILQYIWSFELPEIKKVPGFLEKKEPGELASKILFTITFWLLLRQHLTEQKAL
QEKEALLSEVKIGSQENEEKDEELQDIQVEGEPKEEEEEEAKEEKQERKKVEQEEAEEE
DEQDIMKVLGNLVWAMFIKYWIYVCGGMFFFVSFEGKIVMYKITYMVLFLFCVALYQVHY
EWWRKILKYFWMSVVIYTMLVLIFIYTYQFENFPGLWQNMTGLKKEKLEDLGLKQFTVA
ELFTRIFIPTSFLLVCILHLHYFHDRFLELTDLKSIPSKEDNTIYRLAHPEGSLPDLTMMHLTA
SLEKPEVRKLAEPGEEKLEGYSEKAQKGDLGKDSEESEEDGEEEEESEEEEETSDLRNK
WHLVIDRLTVLFLKFLEYFHKLQVFMWWILELHIIKIVSSYIIWVSVKEVSLENYVFLISWAF
ALPYAKLRRLASSVCTVWTCVIIVCKMLYQLQTIKPENFSVNCSLPNENQTNIPFNELNK
SLLYSAPIDPTEWVGLRKSSPLLVYLRNNLLMLAILAFEVTIYRHQEYYRGRNNLTAPVSRT
IFHDITRLHLDDGLINCAKYFINYFFYKFGLETCFLMSVNVIGQRMDFYAMIHACWLIAVL
YRRRRKAIAEIWPKYCCFLACIITFQYFICIGIPPAPCRDYPWRFKGASFNDNIIKWLYFPD
FIVRPNPVFLVYDFMLLLCASLQRQIFEDENKAAVRIMAGDNVEICMNLDAASFSQHNP
VPDFIHCRSYLDMSKVIIFSYLFWFVLTHFITGTTRISIFCMGYLVACFYFLLFGGDLLLKPIK
SILRYWDWLIAYNVFEVITMKNILSIGACGYIGTLVHNSCWLIQAFSLACTVKGYQMPAA
NSPCTLPSGEAGIIWDSICFAFLLLORRVFMSYYFLHVVADIKASQILASRGAELFQATIV
KAVKARIEEEKKSMDQLKRQMDRIKARQQKYKKGKERMLSLTQEPGEGQDMQKLSEE
DDEREADKQKAKGKKKQWWRPWVDHASMVRSGDYYLFETDSEEEEEEELKKEDEEP
PRRSAFQFVYQAWITDPKTALRQRHKEKKRSAREERKRRRKGSKEGPVEWEDREDEPIK
KKSDGPDNIIKRIFNILKFTWVLFLATVDSFTTWLNSISREHIDISTVLRIERCMLTREIKKGN
VPTRESIHMYYQNHIMNLSRESGLDTIDEHPGAASGAQTAHRMDSLDSHDSISSEPTQC
TMLYSRQGTTETIEEVEAEQEEEAGSTAPEPREAKEYEATGYDVGAMGAEEASLTPEEE
LTQFSTLDGDVEAPPSYSKAVSFEHLSFGSQDDSAGKNRMAVSPDDSRTDKLGSSILPP
LTHELTASELLLKKMFHDDELEESEKFYVGQPRFLLLFYAMYNTLVARSEMVCYFVIILNH
MVSASMITLLLPILIFLWAMLSVPRPSRRFWMMAIVYTEVAIVVKYFFQFGFFPWNKNVE
VNKDKPYHPPNIIGVEKKEGYVLYDLIQLLALFFHRSILKCHGLWDEDDMTESGMAREES
DDELSLGHGRRDSSDSLKSINLAASVESVHVTFPEQQTAVRRKRSGSSSEPSQRSSFSSN
RSQRGSTSTRNSSQKGSSVLSIKOKGKRELYMEKLQEHLIKAKAFTIKKTLEIYVPIKQFFY
NLIHPEYSAVTDVYVLMFLADTVDFIIVFGFWAFGKHSAAADITSSLSEDQVPGPFLVMV
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LIQFGTMVVDRALYLRKTVLGKVIFQVILVFGIHFWMFFILPGVTERKFSQNLVAQLWYF
VKCVYFGLSAYQIRCGYPTRVLGNFLTKSYNYVNLFLFQGFRLVPFLTELRAVMDWVWT
DTTLSLSSWICVEDIYAHIFILKCWRESEKRYPQPRGQKKKKVVKYGMGGMIIVLLICIVW
FPLLFMSLIKSVAGVINQPLDVSVTITLGGYQPIFTMSAQQSQLKVMDQQSFNKFIQAF
SRDTGAMQFLENYEKEDITVAELEGNSNSLWTISPPSKQKMIHELLDPNSSFSVVFESWSI
QRNLSLGAKSEIATDKLSFPLKNITRKNIAKMIAGNSTESSKTPVTIEKIYPYYVKAPSDSNS
KPIKQLLSENNFMDITIILSRDNTTKYNSEWWVLNLTGNRIYNPNSQALELVVFENDKVSP
PSLGFLAGYGIMGLYASVVLVIGKFVREFFSGISHSIMFEELPNVDRILKLCTDIFLVRETGE
LELEEDLYAKLIFLYRSPETMIKWTREKTN

>Mouse_Piezo2
MASEVVCGLIFRLLLPICLAVACAFRYNGLSFVYLIYLLLIPLFSEPTKATMQGHTGRLLQS
LCITSLSFLLLHIFHITLASLEAQHRITPAYNCSTWEKTFRQIGFESLKGADAGNGIRVFVP
DIGMFIASLTIWLVCRTIVKKPDTEEIAQLNSECENEELAGGEKMDSEEALIYEEDLDGEE
GMEGELEESTKLKILRRFASVASKLKEFIGNMITTAGKVVVTILLGSSGMMLPSLTSAVYFF
VFLGLCTWWSWCRTFDPLLFGCLCVLLAIFTAGHLIGLYLYQFQFFQEAVPPNDYYARL
FGIKSVIQTDCASTWKIIVNPDLSWYHHANPILLLVMYYTLATLIRIWLQEPLVQEEMAKE
DEGALDCSSNQONTAERRRSLWYATQYPTDERKLLSMTQDDYKPSDGLLVTVNGNPVD
YHTIHPSLPIENGPAKTDLYTTPQYRWEPSEESSEKKEEEEDKREDSEGEGSQEEKRSVR
MHAMVAVFQFIMKQSYICALIAMMAWSITYHSWLTFVLLIWSCTLWMIRNRRKYAMISS
PFMVVYANLLLVLQYIWSFELPEIKKVPGFLEKKEPGELASKILFTITFWLLLRQHLTEQKA
LREKEALLSEVKIGSQELEEKEDEELQDVQVEGEPTEKEEEEEEEIKEERHEVKKEEEEEV
EEDDDQDIMKVLGNLVVALFIKYWIYVCGGMFFFVSFEGKIVMYKII'YMVLFLFCVALYQ
VHYEWWRKILKYFWMSVVIYTMLVLIFIYTYQFENFPGLWQNMTGLKKEKLEDLGLKQF
TVAELFTRIFIPTSFLLVCILHLHYFHDRFLELTDLKSIPSKEDNTIYSHAKVNGRVYLIINRLA
HPEGSLPDLAIMNMTASLDKPEVQKLAESGEERPEECVKKTEKGEAGKDSDESEEEEDE
EEESEEEESSDLRNKWHLVIDRLTVLFLKFLEYFHKLQVFMWWILELHIIKIVSSYIIWVTVK
EVSLFENYVFLISWAFALPYAKLRRAASSVCTVWTCVIIVCKMLYQLQTIKPENFSVNCSLP
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NENQTNIPLHELNKSLLYSAPVDPTEWVGLRKSSPLLVYLRNNLLMLAILAFEVTVYRHQ
EYYRGRNNLTAPVSKTIFHDITRLHLDDGLINCAKYFVNYFFYKFGLETCFLMSVNVIGQ
RMDFYAMIHACWLIGVLYRRRRKAIAEVWPKYCCFLACIITFQYFVCIGIPPAPCRDYPW
RFKGAYFNDNIIKWLYFPDFIVRPNPVFLVYDFMLLLCASLQRQIFEDENKAAVRIMAGD
NVEICMNLDAASFSQHNPVPDFIHCRSYLDMSKVIIFSYLFWFEVLTIIFITGTTRISIFCMGY
LVACFYFLLFGGDLLLKPIKSILRYWDWLIAYNVFVITMKNILSIGACGYIGALVRNSCWLI
QAFSLACTVKGYQMPEDDSRCKLPSGEAGIWDSICFAFLLLOQRRVEMSYYFLHVVADI
KASQILASRGAELFQATIVKAVKARIEEEKKSMDQLKRQMDRIKARQQKYKKGKERMLS
LTQESGEGQDIQKVSEEDDEREADKQKAKGKKKQWWRPWVDHASMVRSGDYYLFE
TDSEEEEEEELKKEDEEPPRKSAFQFVYQAWITDPKTALRQRRKEKKKLAREEQKERRK
GSGDGPVEWEDREDEPVKKKSDGPDNIIKRIFNILKFTWVLFLATVDSFTTWLNSISREHI
DISTVLRIERCMLTREIKKGNVPTRESIHMYYQNHIMNLSRESGLDTIDEHSGAGSRAQA
AHRMDSLDSRDSISSCYTEATLLISRQSTLDDLDGQDPVPKTSERARPRLRKMFSLDMSS
SSADSGSVASSEPTQCTMLYSRQGTTETIEEVEAEAEEEVVEGLEPELHDAEEKEYAAEY
EAGVEEISLTPDEELPQFSTDDCEAPPSYSKAVSFEHLSFASQDDSGAKNHMVVSPDDS
RTDKLESSILPPLTHELTASDLLMSKMFHDDELEESEKFYVDQPRFLLLFYAMYNTLVARS
EMVCYFVIILNHMTSASIITLLLPILIFLWAMLSVPRPSRRFWMMAIVYTEVAIVVKYFFQFG
FFPWNKDLEIYKERPYFPPNIIGVEKKEGYVLYDLIQLLALFFHRSILKCHGLWDEDDIVDS
NTDKEGSDDELSLDQGRRGSSDSLKSINLAASVESVHVTFPEQPAAIRRKRSCSSSQISP
RSSFSSNRSKRGSTSTRNSSQKGSSVLSLKQKSKRELYMEKLQEHLIKAKAFTIKKTLQIYV
PIRQFFYDLIHPDYSAVTDVYVLMFLADTVDFIIVFGFWAFGKHSAAADITSSLSEDQVP
GPFLVMVLIQFGTMVVDRALYLRKTVLGKVIFQVILVFGIHFWMFFILPGVTERKFSQNLV
AQLWYFVKCVYFGLSAYQIRCGYPTRVLGNFLTKSYNYVNLFLFQGFRLVPFLTELRAV
MDWVWTDTTLSLSSWICVEDIYAHIFILKCWRESEKRYPQPRGQKKKKAVKYGMGGMII
VLLICIVWFPLLFMSLIKSVAGVINQPLDVSVTITLGGYQPIFTMSAQQSQLKVMDNSKY
NEFLKSFGPNSGAMQFLENYEREDVTVAELEGNSNSLWTISPPSKQKMIQELTDPNSCF
SVWFSWSIORNMTLGAKAEIATDKLSFPLAVATRNSIAKMIAGNDTESSNTPVTIEKIYPY
YVKAPSDSNSKPIKQLLSENNFMNITIILFRDNVTKSNSEWWVLNLTGSRIFNQGSQALE
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LVVENDKVSPPSLGFLAGYGIMGLYASVVLVIGKFVREFFSGISHSIMFEELPNVDRILKLC
TDIFLVRETGELELEEDLYAKLIFLYRSPETMIKWTREKTN

>Rat_Piezo2
MASEVVCGLIFRLLLPICLAVACAFRYNGLSFVYLIYLLLIPLFSEPTKATMQGHTGRLLQS
LCITSLSFLLLHIFHITLASLEAQHRIAPAYNCSTWEKTFRQIGFESLKGADAGNGIRVFVP
DIGMFIASLTIWLVCRTIVKKPDTEEVAQFNSECENEELAGGEKMDSEEALIYEEDLDGE
EGMEGELEESTKLKMFRRLASVASKLKEFIGNMITTAGKVVVTILLGSSGMMLPSLTSAV
YFFVFLGLCTWWSWCRTFDPLLFGCLCVLLAIFTAGHLIGLYLYQFQFFQEAVPPNDYY
ARLFGIKSVIQTDCSSTWKIVNPDLSWYHHANPILLLVMYYTLATLIRIWLQEPLVQEEM
SKEEEGALDGCSNQNTAERRRSLWYATQYPTDERKLLSMTQDDYKPSDGLLVTVNGN
PVDYHTIHPSLPIENGPAKTDLYTTPQYRWEPSEESSEKKEEEEDKREDSEGEGSQEEKR
SVRIHAMVAVFQFIMKQSYICALIAMMAWSITYHSWLTFVLLIWSCTLWMIRNRRKYAMI
SSPEFMVVYANLLLVLQYIWSFELPEIKKVPGFLEKKEPGELASKILFTITFWLLLRQHLTEQ
KALQEKEALLSEVKIGSQELDEKDEELQDIQVEGEPIEKEEEEEEIKEDRHEVKKEEEEEE
EDDDDQDIMKVLGNLWWALFIKYWIYVCGGMFFFVSFEGKIVMYKITYMVLFLFCVALYQ
VHYEWWRKILKYFWMSVVIYTMLVLIFIYTYQFENFPGLWQNMTGLKKEKLEDLGLKQF
TVAELFTRIFIPTSFLLVCILHLHYFHDRFLELTDLKSIPSKEDNTIYRLAHPEGSLPDLAIMN
MTASLDKPERQKLAEPGEERTEECAKKAEKGEAGKDSDESEEEEGEEEESEEEESSDLR
NKWHLVIDRLTVLFLKFLEYFHKLQVFMWWILELHIIKIVSSYIIWVTVKEVSLFNYVFLISW
AFALPYAKLRRVASSVCTVWTCVIIVCKMLYQLQTIKPENFSVNCSLPNENQTNIPLNEL
NKSLLYSAPVDPTEWVGLRKSSPLLVYLRNNLLMLAILAFEVTVYRHQEYYRGRNNLTAP
VSKTIFHDITRLHLDDGLINCAKYFVNYFFYKFGLETCFLMSVNVIGQRMDFYAMIHAC
WLIGVLYRRRRKAIAEVWPKYCCFLACHTFQYFVCIGIPPAPCRDYPWRFKGANFNDNII
KWLYFPDFIVRPNPVFLVYDFMLLLCASLQRQIFEDENKAAVRIMAGDNVEICMNLDAA
SFSQHNPVPDFIHCRSYLDMSKVIIFSYLFWFVLTHFITGTTRISIFCMGYLVACFYFLLFGG
DLLLKPIKSILRYWDWLIAYNVFVITMKNILSIGACGYIGALVRNSCWLIQAFSLACTVKGY
KMPEDDSRCKLPSGEAGIIWDSICFAFLLLOQRRVFMSYYFLHVVADIKASQILASRGAELF
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QATIVKAVKARIEEEKKSMDQLKRQMDRIKARQQKYKKGKERMLSLTQESGEGQDIQK
VSEEDDEREADKQKAKGKKKQWWRPWVDHASMVRSGDYYLFETDSEEEEEEELKKE
DEEPPRKSAFQFVYQAWITDPKTALRQRRKEKKKMAREEQKGRRKGSGEGPVEWEDR
EDEPIKKKSDGPDNIIKRIFNILKFTWVLFLATVDSFTTWLNSISREHIDISTVLRIERCMLTR
EIKKGNVPTRESIHMYYQNHMMNLSRESGLDTIDEHSGAGSRAQAAHRMDSLDSHDSI
SSEPTQCTMLYSRQGTTETIEEVEAEAEEEVVESLEPELHDAEEKEYAADYEAGVEEVSL
TPDEELPQFSTDDGDVEAPPSYSKAVSFEHLSFASQDDSGGKNHMVVSPDDSRTDKLE
SSILPPLTHELTASDLLMSKMFRDDELEESEKFYVDQPRFLLLFYAMYNTLVARSEMVCYF
VIILNHMISASIITLLLPILIFLWAMLSVPRPSRRFWMMAIVYTEVAIVVKYFFQFGFFPWNK
DLEIYKDRPYFPPNIIGVEKKEGYVLYDLIQLLALFFHRSILKCHGLWDEDDIVDSNTDKE
GSDDELSLGQGRRGSSESLKSINLAASVESVHVTFPEQPAAIRRKRSCSSSQISPRSSFSS
NRSKRGSTSTRNSSQKGSSVLSIKOQKSKRELYMEKLQEHLIKAKAFTIKKTLQIYVPIRQFF
YDLIHPDYSAVTDVYVLMFLADTVDFIIVFGFWAFGKHSAAADITSSLSEDQVPGPFLV
MVLIQFGTMVVDRALYLRKTVLGKVIFQVILVFGIHFWMFFILPSVTERKFSQNLVAQLW
YFVKCVYFGLSAYQIRCGYPTRVLGNFLTKSYNYVNLFLFQGFRLVPFLTELRAVMDWV
WTDTTLSLSSWICVEDIYAHIFILKCWRESEKPIFTMSAQQSQLKVMDGTKYNEFIKSFG
PNSGAMQFLENYERQDITVAELEGNSNSLWTISPPSKQKMIQELTDPNSCFSVVFSWSI
QRNMTLGAKAEIATDKLSFPLTDATRSSIAKMIAGNDTESSNTPVTIEKIYPYYVKAPSDS
NSKPIKQLLSENNFMNITHLFRDNVTKSNSEWWVLNLTGSRIFNQGSQALELVVENDKV
SPPSLGFLAGYGIMGLYASVVLVIGKFVREFFSGISHSIMFEELPNVDRILKLCTDIFLVRET
GELELEEDLYAKLIFLYRSPETMIKWTREKTN

>Bovine_Piezo2
MASEVVCGLVFRLLLPICLAVACAFRYNGLSFVYLIYLLLIPLFSEPTKATMQGHTGRLLKS
LCFTSLSFLLLHIIFHITLASLEAQHRIAPGYNCSTWEKTFRQIGFESLKGADAGNGIRVFV
PDVGMFIASLTIWLVCRNIVOKPVAEEAAQCNPEFENEESAGGEKIDSEEALIYEEDLDE
GDGAEGDLEESAKLKLFRRLASVASKLKEFIGNMITTAGKVVVTILLGSSGMMLPSLTSSV
YFFVFLGLCTWWSWCRTFDPLLFSCLCVLLAIFTAGHLIGLYLYQFQFFQEAVPPNDYY
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ARLFGIKSVIQTDCSSTWKIANPDLSWYHHANPIVLLVMYYTLATLIRIWLQEPVVQEER
TKEEDRALACSPAPITAERRRSLWYATHYPTDERKLLSMTQDDYKPSDGLLVTVNGNPV
DYHTIHPSLPLENGPAKADLYSTPQYRWEPAAASPEKKEEDDDEKEEFEEERSREEKRSV
KVHAMVSVFQFIMKQSYICALIAMMAWSITYHSWLTFVLLIWSCTLWMIRNRRKYAMIS
SPFMVVYGNLLLILQYIWSFELPEIKKVPGFLEKKEPGELASKILFTITFWLLLRQHLTEQKA
LQEKEALLSEVKIGSQEREEKDDEQDLQVDSEAQEKEEEEEPKEEQQERREEEEEEEAD
EQDVMKVLGNLVVALFIKYWIYVCGGMFFFVSFEGKIVMYKIIYMVLFLFCVALYQVHYE
WWRRILKYFWMSVVIYTMLVLIFIYTYQFENFPGLWQNMTGLKKEKLEDLGLKQFTVAE
LFTRIFIPTSFLLVCILHLHYFHDRFLELTDLKSIPTHASSARPSRPLTENLTYTCHDSQLAHP
EGSLPDLAMMKLTASLEVAEVKQLAGPGEEMPGGCPAKAKKGEPGRDSEDEDEDED
EEEEETSDLRNKWHLVIDRLTVLLLRFLEGFHQLQTFLWWILELHIVKIVSSYIIWVSVKEVS
LENYVFLISWAFALPYARLRRLASSVCTVWTCVIIVCKMLYQLQTIKPENFSVNCSLPNEN
QTNIPLHQLNKSLLYSAPIDPTEWVGLRKSSPLLVYLRNNLLMLAILAFEVTVYRHQEYYR
GRNNLSTPVSKTIFHNITRLOLDDGLVNCAKYFINYFFYKFGLETCFLMSVNVIGQRMDF
YAMIHACWLIAVLYRRRRKAIAEIWPKYCCFLACHTFQYFICIGIPPAPCRDYPWRFKGAS
FNDNIVKWLYFPDFIVRPNPVFLVYDFMLLLCASLQRQIFEDENKAAVRIVAGDNVEICM
NLDAASFSQHNPVPDFIHCRSYLDMSKVVIFSYLFWFVLTIFITGTTRISIFCMGYLVACF
YFLLFGGDLLLKPIKSILRYWDWLIAYNVFVITMKNILSIGACGYIEKLVQNSCWLIQAFSL
ACTVKGYKMPDDDSSCKLPSGEAGIHWDSICFAFLLLOQRRVFEMSYYFLHVVADIKASQIL
ASRWGLSFSRPPL

>Chimpanzee_Piezo2
MASEVVCGLIFRLLLPICLAVACAFRYNGLSFVYLIYLLLIPLFSEPTKTTMQGHTGRLLKSL
CFISLSFLLLHIFHITLVSLEAQHRIAPGYNCSTWEKTFRQIGFESLKGADAGNGIRVFVP
DIGMFIASLTIWLLCRNIVQKPVTDEAAQSNPEFENEELAGGEKIDSEEALIYEEDFNGG
DGVEGELEESTKLKMFRRLASVASKLKEFIGNMITTAGKVVVTILLGSSGMMLPSLTSSVY
FFVFLGLCTWWSWCRTFDPLLFSCLCVLLAIFTAGHLIGLYLYQFQFFQEAVPPNDYYA
RLFGIKSVIQTDCSSTWKIIVNPDLSWYHHANPILLLVMYYTLATLIRIWLQEPLVQDEGT
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KEEDKALACSPIQITAERRRSLWYATHYPTDERKLLSMTQDDYKPSDGLLVTVNGNPVD
YHTIHPSLPMENGPGKADLYSTPQYRWEPSDESSEKREEEEEEKEEFEEERSREEKRSIKV
HAMVSVFQFIMKQSYICALIAMMAWSITYHSWLTFVLLIWSCTLWMIRNRRKYAMISSP
FMVVYGNLLLILQYIWSFELPEIKKVPGFLEKKEPGELASKILFTITFWLLLRQHLTEQKAL
QEKEALLSEVKIGSQENEEKDEELQDIQVEGDPKEEEEEEAKEEKQERKKVEQEEAEEE
DEQDIMKVLGNLVWAMFIKYWIYVCGGMFFFVSFEGKIVMYKITYMVLFLFCVALYQVHY
EWWRKILKYFWMSVVIYTMLVLIFIYTYQFENFPGLWQNMTGLKKEKLEDLGLKQFTVA
ELFTRIFIPTSFLLVCILHLHYFHDRFLELTDLKSIPSKEDNTIYRLAHPEGSLPDLTMMHLTA
SLEKPEVRKLAEPGEEKPEGYSEKAQKGDLGKDSEESEEDGEEEEESEEEEETSDLRNK
WHLVIDRLTVLFLKFLEYFHKLQVFVWWILELHIIKIVSSYIWVSVKEVSLFNYVFLISWAFA
LPYAKLRRLASSVCTVWTCVIIVCKMLYQLQTIKPENFSVNCSLPNENQTNIPFNELNKSL
LYSAPIDPTEWVGLRKSSPLLVYLRNNLLMLAILAFEVTIYRHQEYYRGRNNLTAPVSRTIF
HDITRLHLDDGLINCAKYFINYFFYKFGLETCFLMSVNVIGQRMDFYAMIHACWLIAVLY
RRRRKAIAEIWPKYCCFLACIHTFQYFICIGIPPAPCRDYPWRFKGASFNDNIIKWLYFPDFI
VRPNPVFLVYDFMLLLCASLQRQIFEDENKAAVRIMAGDNVEICMNLDAASFSQHNPV
PDFIHCRSYLDMSKVIVFSYLFWFVLTHFITGTTRISIFCMGYLVACFYFLLFGGDLLLKPIK
SILRYWDWLIAYNVFEVITMKNILSIGACGYIGTLVHNSCWLIQAFSLACTVKGYQMPAA
NSPCTLPSGEAGIIWDSICFAFLLLORRVFMSYYFLHVVADIKASQILASRGAELFQATIV
KAVKARIEEEKKSMDQLKRQMDRIKARQQKYKKGKERMLSLTQEPGEGQDMQKLSEE
DDEREADKQKAKGKKKQWWRPWVDHASMVRSGDYYLFETDSEEEEEEELKKEDEEP
PRRSAFQFVYQAWITDPKTALRQRHKEKKRSAREERKRRRKGSKEGPVEWEEREDEPIK
KKSDGPDNIIKRIFNILKFTWVLFLATVDSFTTWLNSISREHIDISTVLRIERCMLTREIKKGN
VPTRESIHMYYQNHIMNLSRESGLDTIDEHPRAASGAQTAHRMDSLDSHDSISSEPTQC
TMLYSRQGTTETIEEVEAEQEEEAGSMAPEPREAKEYEATGYDVGAMGAEEASLTPEE
ELTQFSTLEGDVEAPPSYSKAVSFEHLSFGSQDDSAGKNHMAVSPDDSRTDKLGSSILP
PLTHELTASELLLKKMFHDNELEESEKFYVGQPRFLLLFYAMYNTLVARSEMVCYFVIILN
HMVSASMITLLLPILIFLWAMLSVPRPSRRFWMMAIVYTEVAIVVKYFFQFGFFPWNKNV
EVNKDKPYHPPNIIGVEKKEGYVLYDLIQLLALFFHRSILKCHGLWDEDDMTESGMDKE
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ESDDELSLGHGRRDSSDSLKSINLAASVESVHVTFPEQQTAVRRKRSGSSSEPSQRSSFS
SNRSQRGSTSTRNSSQKGSSVLSTKQKSKRELYMEKLQEHLIKAKAFTIKKTLEIYVPIKQF
FYNLIHPEYSAVTDVYVLMFLADTVDFIIVFGFWAFGKHSAAADITSSLSEDQVPGPFLV
MVLIQFGTMVVDRALYLRKTVLGKVIFQVILVFGIHFWMFFILPGVTERKFSQNLVAQLW
YFVKCVYFGLSAYQIRCGYPTRVLGNFLTKSYNYVNLFLFQGFRLVPFLTELRAVMDWV
WTDTTLSLSSWICVEDIYAHIFILKCWRESEKRYPQPRGQKKKKVVKYGMGGMIIVLLICI
VWFPLLFMSLIKSVAGVINQPLDVSVTITLGGYQPIFTMSAQQSQLKVMDQQSFNKFIQ
AFSRDTGAMQFLENYEKEDITVAELEGNSNSLWTISPPSKQKMIHELLDPNSSFSVVES
WSIQRNLSLGAKSEIATDKLSFPLKNITRKNIAKMIAGNSTESSKTPVTIEKIYPYYVKAPSD
SNSKPIKQLLSENNFMDITIILSRDNTTKYNSEWWVLNLTGNRIYNPNSQALELVVFNDK
VSPPSLGFLAGYGIMGLYASVVLVIGKFVREFFSGISHSIMFEELPNVDRILKLCTDIFLVRE
TGELELEEDLYAKLIFLYRSPETMIKWTREKTN

>Killifish_Piezo2
MASEVACGLIFRFLLPLCLAAACLFRYNVLSFIYLIYLLLIPLFPEPTCTTMQGHTGCLLQSL
CFTSMSFLLLHIIYQITVNSLLAGNSISSNFSCSSWERSIRQIGFESVIGADAGNGIRVFIPDI
GMFVAGLAIWLVCRSLVQKRPPEDMALDNADFEAEEEDEEEKPSLDDDDILLEEDLEA
GYEAEEDEDNEELYGDEEEEYEEEEEEARESTKMKILRMVAEVASKVKEVIGNLITTAGK
VWTVLLGMTGIMLPSLTSFVYFSIFLFLCTWWSLRRTENTLIFSCMCVLMAIFSAGHLIVL
YLYQFQFFQDSIHPEDSYIRVFGISPIVOTNCSFTWKLIVRPERKWHHFVNPIMLLILYYTL
ATLIRLWLQEPIDQLMDKEDDVNEEEEHSGSRVNNSANRKROQMWWESRQGTDEKNA
IPTSNGTSFDFVATENGQVCLDLYSTPQYKPDKPTDGTEKKEECVYEVSLPPEDSGQKE
SEDEENDIKKKGVGAMVKIFHFIMKQSYICALIAMMTWSITYVSWQTFVFLMWSCILW
MVRDRRRYAMLSSPFMVAYGNLVIVLQYIGSFETMKPVPGFIVAKNNLFHSLSSKMMCL
VTFWLLLRQTLTEREEKTKEDNAGLSDVYVEDQKKKEEEQSEEGGEQDIMHVLGNLM
MSMLVKYWIYICGGMFFFVSFEGDIVMYKITYMMMLLFCVALYQVHYEWWRRILKYFW
MTVWVIYTMLVLTIVYTFQFERSEGFWVGMLNIKNESLKDLGLERFSLSTLFTRIFIPTSFLLV
CNLHLHYFHDRFLQLTDLQAVVAKEESTIYRLVDQDGSLADLTMLSGSSVDAALPKEKE
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AQQEEQEGWDSEREKKQALVAVMDTDTHMTREKPRSFSDQRQSSTEESQHCSAATE
PEPSTEQSSGLKNKWHLVVDRLTVLFLKFLEYFHKLQLFIWWLLEIHIKIVSCYIIMVTIYEV
SLLNYVFLATWAFALPYSKYRPLASIVCTVWTCVIIVCKMLYQLKSISPAPYNCTMDSRYE
PKQKEELAGSLLYSDKKGDPGNWVGLRKSTDLLGYLRYNLLMLALLAFEVTIYRHQEYF
RLRNKLLPPAARIIFHDITRQHLDIGHCFIKYFINYFFYKFGLETCLLLVVNVIGQRMDFYA
MLHAFALIAVMYRRRRKAIAEIWSKYCFFLASMLTLQYFICIGIPPAACKEYPWRLPGSYT
DSNVIKWLYIPDFLMRPNPNFLIYDFMLLLCASLQRQIFDDENKAAVRLMAGDNVEICR
DLDAASFSVHNPVPDFIHCRSYLDMLKVIMFSYLFWFVLTHFFTGTTRISVFCMGYLVAC
FYFLLFGGNLLLKPIKKILHYWDFLIAYNIFVITMKNILSILACGYITSLVKNHCWLIQFFSLA
CTIKGYNTTLDIDSRKSCELPKDEAGIIWDSICFAFLLLOQRRVFMSYYFLHVVADIRASQIL
ASRGAELFQATIVKAVKARLEEERKSVEQLKRQMDRIKVRQQKFKRGKEKMLSLAQESV
DGQTAAVQDEDDDDGAQRTKAKTKKKQWWRPWVDHASMVRSGDYYLFETDS

>Zebrafish_Piezo2
MFVVSLVTWLLCRSLEKPSIKEDSQHNSDFEVDNQEKEDEEEDENREKRELEDELLFED
FELRDGDCELPENEEEEEEAADADDGDLEEPDIEESTKTRILRQIADAASKLKEIVGNLIT
SAGKVVWVTVLLGLTGMMLPSLTSSVYFFTFLGLCTWWSFCRSFDPLLFSCLCVLMAIFSA
GHLVFLYLYQFQFFQEAVPPGNTYASLFGISPVWQTDCSHTWMFKVNPALEWHHFVN
PIMLLVLYYTLATLIRLWLQESEDTVRDAEAEGKDDAASPENTDINVYTADQRRQLWRM
AHYHTDERNLLTAQEAYNSPEVLIVTSNGASLDFTSVSHEKRPKCVERNLYSTPHYKAD
QPESDTQSLDCGVYRIDSAYVELSELPVAVVRVNSVVKVFRFIMKQSYICALIAMMAWSI
TYVSWLTFVFLIWSCTLWMVRDRRKYSMVTSPFMVEFYGNLLILQYIWSFECLQPVPGLF
LKKEVPFRELGSKTLCLLSFWLLLRQFLTERREKHTDDPQLSDVTVDGHKLGLQDEAAG
HREMMEVLGSSLMAMLNKYWIYICGGMFFFVSFEGRIVMYKIIYMMMFLFCVALYQLH
YERWRWMLKYFWMSVVVYTMLVLILVYTFQFESSINVWSNMTGMSREKLEDLGLEKFS
VPALFTRIFIPTWFLLVCILHLHYFHERFLELTDIKTVADKQKSTISRLVHLDGSLVDISMIKP
TENSTNEEEVEKQEDEEDNNYHNEDEDEDERVELEEEDVKQTEEQKMEDSLFTCPMT
ADPVLEQTSELKSKWHLVVERLTVLFLKFLDCIQKLQLFIWWILELHIIKIVSSYIIWVSVKE
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VSLENYVFVVSWAFALPFCQFRPLASSVCTVWTCHIVCKMLYQLTSISPAAYARNCSMP
DNYTEAQRMDMAKSLLYIGPVDPANWIGLRKFSPLLEYLRNNLLMLALLAFEVTIYRHQ
DFYRMKNNITPPVTRTIFHNITRQHLDDGIVNCAKYFINYFFYKFGLETCFLLAVNVIGQR
MDFFAMLHAFGLIAVMYQRRRKAIAHVWSKYCCFLACLLSFQYLMCIGIPPAACTDYP
WRRSSSSMDSNVIKWLYFPDFHTKPNSLFLLYDFMLLLCASLQGRVFEEECVSPVQLLA
GDNVEICRDLDAATFSQHNPVPDFIHCRSYLDMLKVMVESYLFWFVLTIFITGTTRISIFC
MGYLVACFYFLIFGGELLLKPIKSILHYWDFLIAYNVFVITMKNILSIAACGYIKALVANHC
WLIQLFSLACTIKGYSKPEQQANKQCELPSDEAGIIWDSICFAFLLLORRVEMSYYFLHV
VADIRSSQLLASRGAELFQATIVKAVKARIEEEKKSMDLLKRQMDRIKSRQQKFKRGKER
MLSLAQESGERHSVLKEEEEEEEEESSKEKKKGKRKQWWRPWVDHASMVRSGNYYLF
ETDSEEEEEDEDRKDEEPKRSAFQFVYHAWITDSKTAMKERRKEKRRFWQKYTESNTN
KREQKEANVTVEEGDQDGVTEDELSDSPDNMMKRVFNMVKFSWVLFLALLDSFTAW
LNSICQEHIDISSVLRIERCMLTHEAKKGNVPSRDSIRMYYQRQMCRPASTQSSLEPTEE
AYSDFSPLRTDPDLPPQEHTELQTSTENLASVYTESSIVEDSTLDEERVLKTSQRSRPKLC
RISGVDVPSSADSAASSEHTQGTELYSRQGTSDTVEECGADTLWSSASDLLQTPHRDV
PPSYSRATGLDCICDERKLKIQTPEDSSSGTPHTSSHRLTASELLOTRMFYDADLEQSER
FYRSQPQLLQLCYSLYNVLVSHSQMVCYLVIILNHMISASVATLVLPVLIFLWAMLSVPRP
SKRFWMTAIVYTEVTIVIKYFFQFGFFPENQSIEVDKSKPFHPPNIIGVEKKEGYVHYDLV
QLLALFFHRSILKCYGLWDEEEPRSVSPHTHSGAEEKAECFSEKSPVEDTYTHALSHTHL
RLARKQQSSAGVRRQSSSISORSARSKTGSSVSRSSVRRSLSAQQKSRKELLMEKLREQL
IRAKRFTVKTVLDVYIPIRQFFYSLIHPEYSAVTDVYVLMFLADTVDFIIVFGFWAFGKHSA
AADITSSLSEDQVPEAFLVMVLIQFGTMVVDRALYLRKTVMGKVIFQVILVFGIHFWMFFI
LPGVTERRFSONTVAQLWYFVKCIYFGLSAYQIRCGYPTRVLGNFLTKSYNYLNLFLFQG
FRLVPFLTELRAVMDWVWTDTTLSLSSWICVEDIYAHIFVLKCWRESEKRYPQPRGQKK
KKVWKYGMGGMIVMLLICIVWFPLLFMSLVKSVAGVVNKPLDVSVTITLGGFQPIFTMSA
QQNQLKELTESDFKNFINSYNYVPSAMQFLEAYRAEDVTVAELEGSSNSLWTISPPSRK
NLMDVLSKEDQFPVTMTWSIQRNLSLGAKSEFAMDKHVTYLDIKTRQELIALLNGTRNT
PVLIEQVFPCFIRAPSDSNAKPIEQLYEDGVYKSIQLDLERSANSSEDLQEWWIVDELRSA
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QKQQREAGLQLYVFSDKVSPPSLGFLAGYGIMGLYASVVLVIGKFVREFFSGISHSIMFE
ELPCVDRILKLCTDIFLVRETGELELEEDLYAKLIFLYRSPETMIKWTREKNK
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A.5 Statistical analysis results for Fig. 26

sample  |cytosclic |nalinker [1xGSGG |2xGSGGE |stimuli

. R 20 15 15 13|shear strass

Stamp 61 18 15 15 9licnomyain
. . 18 13 18 1d|shear strass

Gtamp 62 21 19 18 18]icnomycin
17 q 1h 1d|shear stress

GCaMP-G3 15 17 16 15ionomycin
13 14 12 17]shear slress

GCaMP-G4 18 13 15 12]ignomycin
18 14 11 14]shear stress

GCaMP-63 19 1 14 17]ionomycin
SGFF 16 shear stress

19 Ionemycin

p value (Shaplro-WIllk normallty tes
sample |cytosolic |nolinker |1xG5GG |2xGSGE |stimuli
1.4054 0.8072]  0.0014| 0.0424)shear stress

GCaMP-G1 0507 0.0nn4 N.0106| 04371 [lannmyein
0.2208 0498 U./1b2 0.681|shear stress
Gramp-ez 0.0787) 03882 0.0018] 0.3088|ionomycin
<0001 00134 0.0751 0.2232|shoar stross
GCaMPpP-G3
i 0.24356) <0.0001] 00471 0.4208]icnomycin
0,796 063878 0.0384| 0.1181|shear slress
GCaMP-G4
At T 00ms| 02133] 0.0002]  0.0088[ionomycin
. 0.0406) 0.8833 0.223| 0.2232|shear stress
GCaMPGS 0 0183 0.0123]  0.0879]  0.001|ionomysin
BOFF 0.0283 shear stress
i Q132 ienomyein
shear stress response (F/F0)
p value it linker 1xGRGE 2x(35GG sample
cytosaolic vs. 0.4232 0.0427 0.1884[GCaMP-C1
cytosolic vs. 0.3668 0.0035 0.0515[GCaMP-G2
cytosolic vs. 0.0388 0.0078 0.0208|GCaMP-G3
cytosolic vs. 0.7339 0.0188 (.0432|GGaMP-G4
cytosolic vs. 0.0001 0.0922 0.0143|GCamMP-G5

ionomycin response (F/F0)

p value no linker 1xGSGG 2¥xGSGG sample

oylosolic vs. <0.0001 <0.0001 0 D016|GCaMP-G1
cytosclic vs. 0.0002 0.0004 <0.0001 |GCaMP-G2
cytosolic vs. 0.0003 <0.0001 0.0003[GCaMP-G3
cytosalic vs. 0.0036 <0.0001 0.3684|GCaMP-G4
aytasalic vs. 0.0183 0.0001 0.0231|GCaMP-GS

shear stress vs. ionomycin response (F/F0}

sample na linker 1xGSGE 2xG5GG
GCaMP-G1 <0.0001 0./68 0.0004
GCaMP-G2 U.b842 U.2811 U.83
GCaMP-G3 0./918 D.6180 00024 p value
GCaMP-G4 0.011 <0.0001 04187
GCaMP-Go {.2441 <. LU . UbYG
F/FQ

p valug PiezoG4

. . <{2.0001 shear stress (10 dyne/cm2)
Plezo1-eGFF ve. 0.9454 fonomycin (1 M)
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A.6 Sequence alignment of pr-FPs of the mEos family and amino acid ratios

per position

pr-mEosFP
pr-mEcs2
pr-mEos3.1
pr-mEosdb

pr-mEosFP
pr-mEos2
pr-mEos3.1
pr-mEos4b

pr-mEosFP
pr-mEcs2
pr-mEos3.1
pr-mEosdb

Position
9
11
34
39
70
74
102
121
157
158
189
195

CLUSTAL W

9 11 34 39 70 74
M- SATKPDMKINLRMEGNV§EEFVIDGDGT G EK 0sMDLEVKEGGP LPF AlTEAr ey o rREETE T ol
M- SATKPDMK IKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILETAFHY GNRVFTKYPD! IQDYF
M- SATKPDMKIKLRMEGNVNGHHEVIDGDGTGKPFEGKOSMDLEVKEGGPLPFAFDILETAFHYGNRVFTKYPD IQDYF
MVSATKPDMRIKLRMEGNVNGHHFVIDGDGTGKPYEGKQTMDLEVKEGGPLPFAFDILITAFHY GNRVFTKYPD! IQDYF
* \xtk**lt: A:\xﬂ*’(kxttxtt**ltxi*xi**:xtt*: A**At\xi**k**k\xtk***ttlt\xi*tht:xtt:*At\xi
102 121 157
EEEER - v swERSLTFENGG I IARNDI TMEEBT FYNKVRE - GTNF b GHIMlK X TLXWE PSTEKMY VRDGVLTGDTHM
KQSFPKGYSWERSLTFEDGGICIARNDITMEGDTFYNKVRF Y GTNF PANGPVMOKK TLKWE PSTEKMY VRDGVLTGDIHM
KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTF YNKVRF Y GTNF PANGPVMOKKTLKWE PSTEKMY VRDGVLTGDNEM
KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTF YNKVRF Y GTNF PANGPVMOKKTLKWE PSTEKMY VRDGVLTGDEEM
HAKAEKAHR AT AR AN A AT AR R AH A AT Aw b & k*wk**t:*lw*k** LR R R R R ERE R LR A*WA**A:.*
173 189 195
ALLLlAHYRCDFRTTYKARERGVK LPG[|HFVDHECIE ILS HOJ¥NKVK LY HHAVAH S GIElNARR
ALLLEGNAHYRCDERTTYKAKERGVKLPGYHFVDHCIEILSHDKDYNKVKLYBHAVAHSGLPDNARR
ALLLEGNAHYRCDERTTYKAKEKGVKLPGAHFVDHCIE ILSHDKDYNKVKLYBHAVAHSGLPDNARR
ALLLEGNAHYRCDERTTYKAKEKGVKLPGAHFVDHAIE ILSHDKDYNKVKLYBHAVAHSGLPDNARR

Ah AR A AR AR R AR A AR A R R A AR KA A RA R KA AAR AAAA KA ARRN K AR AR A Ak A XA ARk A h k&

pr-mEosFP  pr-mEos2 pr-mEos3.1 pr-mEosdb Ratios

K

N<I—I—ImuwuvmZ

3K:1R
1IN:3K
3F:1Y
35:1T
1E:3K
1H:3N
21:2N
1H:3Y
PARATI
2H:2E
2Y:2A
3C:1A

N<I-—-=<-—Z2="wLT=xZ=RX
NPrPmMC<Z2Z2A0nTARR
PP mM—=<22xH4<=x2

(1.83) multiple seguence alignment
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