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Summary

Cell-cell communication mediated by secreted signaling molecules is crucial to coordinate early
embryonic development. In the classical morphogen model secreted signaling molecules control
embryogenesis as follows: After secretion from a source they disperse in the tissue and instruct target
cells at a distance to adopt different cell fates that are defined by signaling levels. Thus, the signal’s
distribution controls the cellular patterning of the tissue. However, the mechanisms underlying signal
distribution in vivo and the requirement for signals acting at a distance remain controversial.

Nodals are extracellular signaling molecules of the Transforming growth factor-p (TGF-B)
superfamily and are required for mesoderm and endoderm formation in vertebrates. In the zebrafish
Danio rerio, Nodals were proposed to function as classical morphogens that disperse from localized
Nodal-secreting cells to act on distant cells. However, recent findings suggest that Nodals signal only to
neighboring cells and that their signaling is propagated to distant cells by a combination of auto-
induction and cell-to-cell signal relay, thus challenging the classical morphogen model. To directly test
the two models of Nodal signaling | performed in vivo experiments to observe the endogenous Nodal
signaling range. My results suggest that zebrafish Nodals can signal directly — i.e. without relay — to
cells at a distance from their source. However, the importance of Nodal dispersal for its function during
embryonic patterning remains to be determined.

The morphogen model predicts that an altered signal dispersal leads to an altered signaling range
and aberrant tissue patterning. To examine whether extracellular signal movement is required for the
signal’s biological function, tools that restrict extracellular signal mobility are needed. Recently
developed synthetic signal binders can be used to reversibly tether extracellular signals to the cell
membrane and perturb signal spreading. | investigated how the transient membrane-tethering can be
harnessed to experimentally reduce the effective diffusivity of extracellular proteins and thus regulate
their mobility in a tuned manner. This approach allowed me to hinder the diffusion of the long-range
Nodal inhibitor Leftyl and investigate its long-range function in live zebrafish embryos.

In zebrafish, Nodals have lower effective diffusion coefficients and a shorter range than their
antagonists, the long-range Leftys. To explain the contrasting mobilities of these two TGF-B-related
factors that are similar in molecular weight, binding partners in the extracellular matrix were proposed
to act as diffusion regulators. My aim was to reveal these hypothetical diffusion regulators. | established
a co-immunoprecipitation approach for zebrafish Nodals and Leftys and identified putative interaction
partners by mass spectrometry. Surprisingly, known Nodal interaction partners were not identified as
diffusion regulators with this approach, raising the possibility that other factors regulate the Nodal/Lefty
system.

In my work | investigated extracellular signal movement and focused on its modulation by diffusion
regulators. My findings highlight that synthetic membrane tethers can be used as experimental diffusion

regulators and that they serve as valuable tools to challenge models of long-range morphogen function.



Zusammenfassung

Sezernierte Signalproteine sind unabdingbar fur die Zell-Zell-Kommunikation in der friihen
Embryogenese. Im klassischen Morphogenmodell koordinieren diese die zelluldre Musterbildung
folgendermalRen: Ausgehend von einem Quellgewebe verteilen sie sich im Embryo und induzieren in
entfernt gelegenen Zellen konzentrationsabhéngig spezifische Zelltypen. Demnach ist die Verteilung
des Morphogens im Gewebe entscheidend fiir die Embryogenese. Obwohl viele Signalmolekdile als
Morphogene bezeichnet werden, sind die Mechanismen der embryonalen Musterbildung oft unklar.
Besonders strittig ist, wie wichtig die direkte Signaltibermittlung an entfernt gelegene Zellen ist.

Die sezernierten Nodal Signalproteine, welche in Wirbeltieren fir die Bildung von Mesoderm und
Endoderm bendtigt werden, gelten im Zebrafisch seit Langem als Musterbeispiel fiir Morphogene. Im
klassischen Modell verteilen sich Nodals im Gewebe um auf entfernt gelegene Zellen zu wirken.
Allerdings deuten Erkenntnisse der letzten Jahre darauf hin, dass Nodals nur auf benachbarte Zellen
wirken und die Nodal Signalaktivitat sich durch eine Kombination von Zell-Zell-Signaliibertragung und
positiver Autoregulation im Embryo ausbreitet. Um die beiden Modelle der Nodal Funktionsweise zu
vergleichen habe ich die endogene Nodal Signalreichweite in Zebrafischembryos untersucht. Meine
Ergebnisse deuten darauf hin, dass Nodals direkt auf entfernt gelegene Zellen wirken kénnen. Die
Relevanz dieses Sachverhalts fuir die embryonale Musterbildung bedarf noch weiterer Untersuchung.

Laut Morphogenmodell fiihrt eine reduzierte Signalreichweite zu Musterbildungsdefekten. Um
diese Vorhersage zu testen ist es notig die Signalmobilitdt zu manipulieren. Kirzlich entwickelte
Methoden erlauben es extrazellulare Signalproteine reversibel an die Zellmembran zu binden. Ich habe
untersucht wie diese transiente Immobilisierung genutzt werden kann um die effektive Diffusivitét
sezernierter Proteine zu reduzieren und damit ihre Mobilitét in vivo zu modulieren. Basierend auf diesem
Ansatz experimenteller Diffusionsregulation, habe ich die Mobilitdt des Nodal Antagonisten Leftyl
reduziert um die biologische Relevanz dessen langer Reichweite im Zebrafischembryo zu testen.

Im Zebrafischembryo haben Nodals eine kiirzere Reichweite und geringere effektive Diffusivitat
als Leftys. Um zu erklaren warum Nodals und Leftys — die beide zur Transforming growth factor-f
Superfamilie gehéren und ein vergleichbares Molekulargewicht haben — verschiedene Mobilitaten
aufweisen, wurde postuliert, dass Bindepartner in der Extrazellularen Matrix als Diffusionsregulatoren
fungieren. Um potenzielle Nodal/Lefty Interaktionspartner zu extrahieren, habe ich Zebrafisch Nodals
und Leftys immunprazipitiert und mdégliche Bindepartner dann Gber Massenspektrometrie identifiziert.
Uberraschenderweise konnte ich bekannte Nodal Interaktionspartner nicht als Diffusionsregulatoren
identifizieren, was Fragen tber die endogene Regulation von Nodals und Leftys aufwirft.

In meiner Arbeit habe ich untersucht wie die extrazellulare Mobilitat von Signalproteinen moduliert
werden kann. Meine Ergebnisse zeigen, dass die effektive Diffusion eines extrazellularen Proteins durch
dessen transiente Immobilisierung an der Zellmembran reguliert werden kann. Diese Methode ist

nutzlich um das Morphogenmodell beziiglich Signalreichweiten zu testen.
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2. Introduction

2.1 Morphogen distribution and movement in embryology

A longstanding question in developmental biology is how the stereotypical body plan of a species is
generated reproducibly from morphologically simple tissues during embryogenesis. Early
embryological studies have shown that certain “organizer” tissues in the early embryo can determine the
development of surrounding cells (Spemann and Mangold 1924). It was subsequently proposed that
organizing activity may be due to diffusible “evocator” substances from the organizer (Waddington
1936), but the exact mechanisms underlying this inductive effect are still under debate today (Harland
and Gerhart 1997, Schier and Talbot 2001, Stern 2001, Shih et al. 2010, Martinez Arias and Steventon
2018). Secreted signaling molecules and inhibitors are crucial for the organizing process as well as
patterning the tissue into defined cell types (Thisse and Thisse 2015, Martyn et al. 2018). The fact that
organizers control surrounding tissues implies that the secreted factors have to move from the organizer
to act on distant cells.

To explain how biological patterns can arise during morphogenesis, Alan Turing proposed a
theoretical model in which two chemical species can generate a pattern based on reactions between them
and diffusion (Turing 1952). Turing used the term “morphogen” to describe a “form producer” substance
that may pattern tissues through such a reaction-diffusion system. Another theory to explain cellular
patterning and how cells identify their position in a tissue during differentiation is Wolpert’s theory of
positional information (Wolpert 1968, Wolpert 1969). It proposes that a field of cells can be patterned
in response to different concentrations of a substance in the tissue. This principle of threshold-based
responses to a concentration gradient was soon combined with the idea that diffusion from a localized
source in a tissue could cause the graded distribution of a substance (Crick 1970). Both aspects are
reflected in the modern morphogen concept, the definition of which has changed over time (Wolpert
1989, Wolpert 2011) and is still a matter of perspective today: A classical morphogen is a (secreted
signaling) molecule that acts at a distance from its source and induces differential responses at different
concentrations (Figure 1; Tabata and Takei 2004, Nahmad and Lander 2011, Rogers and Schier 2011,
Sagner and Briscoe 2017). The Drosophila melanogaster Bicoid was the first morphogen to be identified
(Driever and Nusslein-Volhard 1988). Bicoid and the D. melanogaster Dorsal (Moussian and Roth
2005) are transcription factors and thus special cases of morphogens (Rogers and Schier 2011). Today,
many signaling molecules are considered to be morphogens, among them are the signaling proteins
Fibroblast growth factor (FGF), Hedgehog, Wnt, the Transforming growth factor-p (TGF-B) superfamily
members Activin, Nodal and Bone morphogenetic protein (Decapentaplegic (Dpp) in D. melanogaster)
as well as the small molecule retinoic acid (Nellen et al. 1996, Zecca et al. 1996, Strigini and Cohen
1997, Gurdon et al. 1999, Chen and Schier 2001, Jiang and Hui 2008, Schilling et al. 2012, Békel and
Brand 2013, Bier and De Robertis 2015, van Boxtel et al. 2015, Routledge and Scholpp 2019).



Loss of morphogen signaling typically leads to devastating developmental defects (Driever and
Nusslein-Volhard 1988, Mullins et al. 1996, Zecca et al. 1996, Feldman et al. 1998). In the classical
morphogen model, morphogen mobility and the resulting morphogen distribution are critical for proper
patterning (Figure 1). Studies have shown that an altered morphogen distribution or mobility can result
in aberrant embryonic patterning (Driever and Nusslein-Volhard 1988, Strigini and Cohen 1997,
Harmansa et al. 2015). Intriguingly, there are cases where patterning is maintained despite an altered
morphogen distribution (Alexandre et al. 2014) or where aberrant embryonic patterning does not
preclude the development into normally patterned adults (Driever and Nisslein-Volhard 1988, Dougan
et al. 2003, Mizutani et al. 2005). These findings emphasize the importance of testing whether the

classical morphogen model applies to the proposed morphogens by perturbing their mobility.

—aberrant morphogen
gradient

Morphogen conc.

Figure 1: The morphogen model. The morphogen is produced at a localized source (gray stripes, left) to pattern
cells (illustrated below x-axis) at a distance. Cells that experience a morphogen concentration above the threshold
T1 respond to the signal and adopt a defined cell type (colored cells). In the morphogen model, the distribution of
the morphogen (green/magenta lines) is crucial to properly pattern the tissue because cells differentially respond
to distinct morphogen threshold concentrations in order to pattern complex tissues with more than two different
cell types (not shown).

2.2 Transport of extracellular signaling molecules

Cell-cell communication is crucial in multicellular organisms and communities of single-celled
organisms to coordinate developmental programs as well as responses to environmental cues (Hill and
Treisman 1995, Downward 2001, Brivanlou and Darnell 2002, Loomis 2014). Extracellular signaling
molecules represent a useful means to transmit information between cells because they can act over large
distances and in complex tissues (Tata 2005, Benham 2012). How signals are transported from the
signal-producing source cells to the target cells depends on the biological context. Hormones, for
example, can be transported rapidly through an animal via the bloodstream (Tata 2005). On a smaller
scale, bacteria can communicate through quorum sensing of diffusible molecules (West et al. 2012,
Whiteley et al. 2017). In tissues that lack specialized transport systems like blood vessels, passive as
well as active transport is possible (Miller and Schier 2011, Mdller et al. 2013). Passive transport by
extracellular diffusion is a mechanistically simple way to achieve signal dispersal in a tissue upon

secretion. Although diffusion is slow over long distances, biomolecules can in theory diffuse over
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embryo-scale distances within biologically relevant time scales (Crick 1970, Lander 2007, Miller and
Schier 2011). Alternative means of signal transport include active transport by cell protrusions
(Gonzalez-Méndez et al. 2019, Kornberg 2019), extracellular vesicles (McGough and Vincent 2016),
transcytosis (Kicheva et al. 2007, Wartlick et al. 2009) or cilia-generated flow (Mdller and Schier 2011,
Olstad et al. 2019).

It is important to realize that long-range transport of secreted signaling molecules is not necessary
to propagate signaling through a tissue. Short-range signaling molecules can propagate their signaling
through relay mechanisms (van Boxtel et al. 2015, Wilcockson et al. 2017, Rogers and Mdller 2019).
In this case the signaling molecules transmit information only to neighboring cells, where auto-induction
generates more signal to reach adjacent cells (that are at a distance from the initial source cell; Figure 2).
Since signal propagation by relay depends on many sequential steps (signal transduction, production and

secretion), it is unclear how fast signaling can be propagated in this way (Ohi and Wright 2007).

Mid-range signaling Relay

Figure 2: Long-range signaling can be mediated by a secreted signal acting directly at a distance or by
signal-mediated relay. The left panel shows a source cell (magenta) that secretes a signal which directly acts on
distant cells (green). The relay model in the right panel is based on positive feedback-mediated cell-to-cell
signaling.

To understand signaling molecule function and how it is regulated in order to ensure correct patterning,
it is important to characterize not only the spatial pattern of signaling activity and signal expression, but
also to know the distribution as well as the transport and turnover kinetics of signaling molecules (Lander
2007, Pomreinke et al. 2017). The mechanisms of signal transport and the characteristics of signal
dispersal are critical in the morphogen context. Although the term morphogen is used frequently for
signaling molecules (Section 2.1), the precise mechanisms underlying the downstream specification of
cells and tissue types often remain unclear. While there is a debate about the concentration-dependent
interpretation of morphogen signaling (Chen and Schier 2001, van Boxtel et al. 2015, Sagner and
Briscoe 2017, van Boxtel et al. 2018), another central controversy concerns morphogen transport: It is
controversial whether diffusion can efficiently transport signaling molecules and faithfully generate
concentration gradients over a long range (Crick 1970, Kerszberg and Wolpert 1998, Lander et al. 2002,
Wolpert 2011, Wolpert 2016, Kornberg 2019), or whether other mechanisms such as relay are used
(Jones et al. 1996, Reilly and Melton 1996). A big challenge in the field is that signaling molecules can
only rarely be visualized directly (Harmansa et al. 2015, Pani and Goldstein 2018) and often their
localization is only inferred from target gene induction (in situ hybridization) or reporters (Chen and
Schier 2001, van Boxtel et al. 2015). With modern technologies, details about morphogen function

including morphogen transport and signaling kinetics can be assessed (Dubrulle et al. 2015, Pomreinke
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et al. 2017). For example, recently developed approaches have been used to hinder signal dispersal
(Harmansa et al. 2015, Harmansa et al. 2017) and are an important tool to test predictions of the
morphogen model. Harmansa et al. (2015) have shown that Dpp dispersal is crucial for patterning the
developing D. melanogaster wing. Experiments that hinder the dispersal of secreted signals in other

systems are necessary to reveal the mechanisms underlying morphogen function.

2.3 Measuring diffusive movement

Since the discovery of morphogen gradients (Driever and Nusslein-Volhard 1988), many studies have
focused on characterizing gradient establishment and morphogen transport by diffusion (Gregor et al.
2005, Muller et al. 2012, Zhou et al. 2012, Pomreinke et al. 2017, Almuedo-Castillo et al. 2018).
Diffusion is based on Brownian motion and can be described by a random walk on the molecular level
(Crick 1970, Gregor et al. 2005, Lander 2007, Muller et al. 2013). Diffusion constants describing free
diffusion can be measured in vitro for example by nuclear magnetic resonance (Stejskal and Tanner
1965) or fluorescence correlation spectroscopy (FCS) for fluorescent species (Elson and Magde 1974,
Magde et al. 1974, Schwille et al. 1997). In model systems where appropriate live imaging of fluorescent
molecules such as fluorescent proteins (Rodriguez et al. 2017) is possible, FCS allows diffusion
measurements in vivo, and has been used with fluorescently-labeled secreted signaling molecules (Yu
et al. 2009, Zhou et al. 2012, Midiller et al. 2013, Wang et al. 2016, Pomreinke et al. 2017). The sub-
micrometer FCS measurements report local diffusion; however, diffusion-driven transport over
micrometer distances in complex tissue architectures is usually much slower and characterized by
effective or global diffusion constants (Muller et al. 2013). Fluorescence recovery after photobleaching
(FRAP) is commonly used to measure effective transport in living cells and tissues (Poo and Cone 1973,
Liebman and Entine 1974, BlaRle et al. 2018, Soh and Miiller 2018). The effective mobility results from
additional processes that reduce transport rates with respect to free diffusion. These include tortuous
movement around cells and reversible binding events (Mdller et al. 2013, BlaRle et al. 2018). The free
diffusion coefficient (Dwee) Of Green fluorescent protein (GFP), for example, is ~90 um?/s in
water/buffer (Terry et al. 1995, Swaminathan et al. 1997, Guiot et al. 2000, Petrasek and Schwille 2008,
BlaRle et al. 2018) and ~89 um?/s in the extracellular space of zebrafish embryos (Yu et al. 2009, Wang
et al. 2016). In contrast, the effective GFP diffusivity in the extracellular space of zebrafish embryos is
~40 um?/s, reflecting tortuosity effects (Muller et al. 2012, BlaRle et al. 2018). FRAP measurements can
also yield information about binding interactions underlying effective diffusivity (Carrero et al. 2003,
Sprague et al. 2004). If the binding reaction rates are fast compared to diffusion, the effective diffusion
coefficient (Defr) resulting from the reversible interaction with an immobilized binder is (Crank 1975,
Sprague et al. 2004, Miura et al. 2009, Muller et al. 2013):

Dfree

Desr = [Binder] +1
Kq
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Thus, immobile structures that bind signaling molecules can act as diffusion regulators and reduce signal
mobility. Since the ratio of diffusivity and decay rate directly influences the length of gradients formed
by diffusion (Eldar et al. 2003, Gregor et al. 2005, Reeves et al. 2006, Kicheva et al. 2007, Lander 2007,
Muller et al. 2013, Wang et al. 2016), diffusion regulators can directly impact signal range.

2.4 Nodal signaling in zebrafish embryogenesis

Smad?2

"

Transcriptional regulation
sqt, cyc, Ift1/2, gsc, fgf8, wnt11, ...
Figure 3: lllustration of the Nodal signaling pathway. Zebrafish Nodals form heterodimers with VVg1/Dvr1/Gdf3
and signal through dimeric Activin receptors (e.g. ActRIIB and ALK4). Nodals are secreted as pro-proteins and
proteolytically processed by convertases. Oep is an essential co-receptor of Nodal signaling and is membrane-

anchored via a glycosylphosphatidylinositol. Leftys are TGF-B superfamily members that antagonize Nodal
signaling. Nodal signaling regulates transcription through Smad effector proteins.

Nodals are conserved secreted signaling molecules of the TGF-f superfamily and required for the
formation of mesoderm and endoderm (mesendoderm) in vertebrates (Schier 2009, Hill 2018, Zinski et
al. 2018). In zebrafish, two Nodals, Squint and Cyclops, are crucial for mesendoderm induction
(Feldman et al. 1998, Rebagliati et al. 1998, Dougan et al. 2003). Nodal signaling in zebrafish requires
the formation of heterodimers with the related TGF-p molecule Vgl/Dvrl/Gdf3 (Bisgrove et al. 2017,
Montague and Schier 2017, Pelliccia et al. 2017) as well as proteolytic processing by convertases
(Constam 2014, Tessadori et al. 2015). Nodals activate Activin receptors, conserved serine/threonine
kinase receptors (Schier 2003, Shi and Massagué 2003, Weiss and Attisano 2013, Derynck and Budi
2019), which requires the EGF-CFC protein Tdgf1/Oep as additional co-receptor (Gritsman et al. 1999,
Yan et al. 2002) and results in phosphorylation of the downstream effectors Smad2/3 (Dick et al. 2000,
Brivanlou and Darnell 2002, Jia et al. 2008, Dubrulle et al. 2015). Phosphorylated Smad2/3 (pSmad2/3)
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binds Smad4 to regulate target gene expression required for mesendodermal differentiation (Schier and
Talbot 2005, Bennett et al. 2007a, Ross and Hill 2008, Derynck and Budi 2019) (Figure 3). Importantly,
among the transcriptional targets of Nodal signaling are Nodals themselves as well as the secreted Nodal
antagonists Leftyl and Lefty2 that provide feedback regulation (Meno et al. 1999, Chen and Schier
2002, Feldman et al. 2002, Dougan et al. 2003, Bennett et al. 2007a, Rogers et al. 2017).

In the zebrafish embryo, Nodal transcripts are maternally deposited, detected at the dorsal margin
around sphere stage (4 hpf; Kimmel 1995) and thereafter found in the extraembryonic yolk syncytial
layer (YSL) as well as the embryonic margin (Feldman et al. 1998, Bennett et al. 2007b, Fan et al. 2007,
van Boxtel et al. 2015). Nodal signaling becomes active around sphere stage and expands its signaling
domain at the margin during gastrulation (Harvey and Smith 2009, Dubrulle et al. 2015, van Boxtel et
al. 2015). The zebrafish Nodal Squint was proposed as a morphogen that can signal at a long range
(Chen and Schier 2001). However, most indications of Nodals acting at a distance are based on
overexpression studies in which the experimental readouts include the induction of Nodal targets at a
distance from Nodal-overexpressing cells (Chen and Schier 2001) and the diffusive dispersal of Squint-
GFP from source cells (Muller et al. 2012). It has recently become clear that Nodal-mediated mesoderm
induction at a distance from Nodal-producing cells is at least in part due to relay by FGF signals
(Rodaway et al. 1999, van Boxtel et al. 2015, van Boxtel et al. 2018). Therefore, it is currently unclear
whether endogenous Nodal signaling can act directly — i.e. without relay — at a distance. According to
the “mid-range morphogen” model, endogenous Nodals disperse by diffusion and activate
mesendodermal target genes at a distance (Chen and Schier 2001, Miiller et al. 2012). In contrast, the
“relay” model states that endogenous Nodals signal on a cell-to-cell basis to directly induce endoderm
locally but induce mesoderm only indirectly through FGF relay (Figure 4; van Boxtel et al. 2015, van
Boxtel et al. 2018).

Mid-range Nodal morpl Nodal +

I A

Figure 4: Models of Nodal signaling in mesendodermal patterning. Inthe “mid-range morphogen” model (left),
Nodal induces endoderm at a short range (dark green) from the source (magenta) but can directly signal at a
distance to induce mesoderm (light green). In contrast, in the “relay” model, Nodal acts exclusively ata short range
to induce endoderm (dark green) and the long-range mesoderm inducer FGF (light green) (van Boxtel et al. 2015).

Whereas Nodal positive feedback is well established (Meno et al. 1999, Chen and Schier 2002, Feldman
et al. 2002, Dougan et al. 2003, Bennett et al. 2007a, Rogers et al. 2017) and supports the relay model,
it is generally unclear whether the relay kinetics (Nodal signaling kinetics, transcription rates, Nodal
translation, secretion and processing) are fast enough to efficiently propagate signaling (Ohi and Wright
2007, Rogers and Muller 2019).
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Leftys are TGF-B superfamily members and secreted, long-range Nodal antagonists (Chen and Schier
2002, Rogers et al. 2017, Almuedo-Castillo et al. 2018). Leftys have a longer range than the Nodal
signals and because they are linked through feedback regulation, Nodals and Leftys have been suggested
to form a self-regulated reaction-diffusion system (Chen and Schier 2002, Marjoram and Wright 2011,
Muiller et al. 2012, Miller et al. 2013, Sekine et al. 2018). In zebrafish embryos, the longer range of the
Leftys (Leftyl and Lefty2) compared to Nodals is due to an approximately five-fold higher effective
diffusivity (Muller et al. 2012). This difference in mobilities is surprising, considering that Nodals and
Leftys are both TGF-B-related molecules and comparable in molecular weight. It is therefore possible
that interactions with the extracellular matrix (ECM) modulate the dispersal of Nodals and Leftys.
Specifically, it has been suggested that Nodals have a lower effective diffusivity due to interactions with
extracellular diffusion regulators (Muller et al. 2012, Muller et al. 2013). Based on affinities obtained
from FCS measurements, binding to Nodal receptors has been suggested to reduce Nodal mobility
(Wang et al. 2016). Interestingly, overexpression of the Nodal co-receptor Oep reduces the diffusivity
of Squint-GFP (Rogers 2015). Moreover, Cyclops-GFP is known to form membrane-associated clusters
and it is possible that these clusters represent sites of Cyclops-GFP interaction that are responsible for
its low mobility (Mdller et al. 2012). Previous research in zebrafish has shown that Cyclops-GFP clusters
can associate with the membrane-localized glycoprotein Knypek (Rogers 2015). Glycoproteins,
particularly heparan sulfate proteoglycans (HSPGs), are known to regulate the dispersal and function of
several signaling molecules during development (Baeg and Perrimon 2000, Hacker et al. 2005).
Interactions with proteoglycans are known for the Xenopus laevis Nodal Xnrl (Marjoram and Wright
2011) and acidic amino acids in the N-terminus of the mature Squint protein were suggested to reduce
the binding to glycoproteins and explain the longer signaling range of Squint (mid-range) compared to
Cyclops (short-range; Jing et al. 2006). Other examples of glycoprotein function in TGF-f superfamily
signaling are Dally, which promotes Dpp signaling and dispersal, in D. melanogaster (Fujise et al. 2003,
Belenkaya et al. 2004) and Betaglycan, a co-receptor for TGF-$ (Andres et al. 1991, Lopez-Casillas et
al. 1991, Wang et al. 1991, Bilandzic and Stenvers 2011). Additionally, TGF-p is known to associate
with the ECM in a latent complex, and release of active TGF-f3 requires the interaction with Integrin
(Annes et al. 2004, Shi et al. 2011, Derynck and Budi 2019). Little is known about the ECM composition
of early zebrafish embryos, but Fibronectin and Laminin were detected only after 65% epiboly (Latimer
and Jessen 2010). However, transcripts of HSPGs such as Knypek, which is important for Wnt signaling,
are detected also at blastula stages (Topczewski et al. 2001, Gupta and Brand 2013). Thus, a complete
list of potential Nodal binders in the ECM is lacking. Identifying extracellular interaction partners of
Nodals and Leftys may explain their different action ranges and shed light on the molecular mechanisms

underlying mesendodermal patterning.
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3. Aims of this Work

The central theme | address with my doctoral research is the movement of extracellular signaling
molecules during zebrafish embryogenesis. Currently, the extracellular transport mechanisms during
embryogenesis and the importance of the classical morphogen model remain controversial.

In my first project, | directly compared the “mid-range morphogen” and the “relay” models of
Nodal signaling in zebrafish embryos. Previous experiments proposing Squint as “mid-range
morphogen” were based on overexpression (Chen and Schier 2001), which may artificially increase
signaling range. In contrast, | transplanted cells that endogenously secrete Nodals into tissues that do
not normally receive Nodal signaling during zebrafish gastrulation. By comparing Nodal signaling in
host tissues that either have or lack positive Nodal feedback, | was able to assess Nodal signaling range
and the requirement for Nodal relay (Section 4.1).

Testing the classical morphogen model, where proper signal dispersal is thought to be crucial for
morphogenesis, requires tools to perturb signal mobility and range. To understand how extracellular
signal mobility can be modulated in vivo, | used synthetic binding interactions to experimentally
introduce diffusion regulators. Based on the recently developed membrane-tethered GFP binders
(Harmansa et al. 2015), | tested how binders of different affinities modulate the effective diffusion
coefficient of extracellular GFP and Leftyl-GFP. The theoretical basis (Section 2.3) predicts that
effective diffusivity can be tuned using binder concentration and affinity as experimentally amenable
parameters. My aim was to establish experimental diffusion regulators as a tool to test models of
morphogen transport (Section 4.2).

In my third project, 1 addressed the model of hindered Nodal diffusion in which diffusion regulators
explain the different mobilities of zebrafish Nodals and Leftys (Muller et al. 2013). My aim was to
identify zebrafish Nodal and/or Lefty binding partners that may act as diffusion regulators during
embryogenesis. | used co-immunoprecipitation (ColP) of FLAG-tagged Nodals and Leftys followed by
mass spectrometry (MS) to identify proteins that interact with these bait proteins. In subsequent
experiments | aimed to test whether they function as diffusion regulators in vivo (Section 4.3). Diffusion
regulators are thought to underlie Nodal/Lefty dispersal and are thus expected to be crucial for
mesendodermal patterning. Therefore, the identification of Nodal/Lefty interactors has the potential to
reveal novel regulators of the conserved Nodal/Lefty system.

The overall aim of my studies on extracellular protein movement was to understand how the
mobility of secreted signaling molecules is regulated during embryogenesis. | addressed different
aspects of signal mobility, from assessing the endogenous Nodal signaling range to identifying putative
in vivo Nodal diffusion regulators. Additionally, 1 explored the possibility of experimental diffusion
regulation with membrane-tethered binders. These synthetic diffusion regulators will be a useful tool to

test the importance of morphogen diffusion in future research.
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4. Results and Discussion

4.1 Testing the endogenous Nodal signaling range

A. RESULTS
The work described in this section is not published yet. The experimental procedures are described in
detail in Section 6.2.

Recent publications have proposed that during zebrafish gastrulation Nodal signaling does not act
over a distance but is propagated through the tissue by a relay mechanism that is based on cell-to-cell
signaling and positive feedback (“relay” model; van Boxtel et al. 2015, van Boxtel et al. 2018). This
contrasts previous findings that transplanted cells overexpressing Squint can induce Nodal target genes
at a distance (“mid-range morphogen” model; Chen and Schier 2001). However, it cannot be excluded
that overexpression results in an increased Nodal signaling range beyond the typical endogenous range.
To distinguish between these two models of Nodal signaling, | transplanted marginal cells from wildtype
embryos that express Nodals at endogenous levels into the animal pole of host embryos, where there is
no endogenous Nodal signaling. | then detected Nodal signaling in fixed embryos using pSmad2/3
immunofluorescence staining (Figure 5). This approach allowed me to directly observe the induction of
Nodal signaling in the host embryos and, in contrast to previous experiments, is not based on
overexpression. Using wildtype (WT) embryos or maternal-zygotic squint’;cyclops’- mutants
(MZsqt’;cyc”) as hosts, | compared Nodal signaling in embryos with or devoid of Nodal feedback,
respectively (Figure 5A). In the absence of Nodal feedback, Nodal signaling induction at a distance from
the transplant would support the “mid-range morphogen” model, whereas an induction of Nodal
signaling restricted to cells neighboring the transplant would corroborate the “relay” model (Figure 5B).

To label transplanted nuclei, I used zebrafish embryos expressing H2A.F/Z-GFP (referred to as
H2A-GFP here; Pauls et al. 2001) as donors and 2 h after transplantation, pSmad2/3 was detected in the
transplanted cells (Figure 6). pSmad 2/3 negative nuclei in the transplant presumably derive from non-
margin tissue. Consistent with both the relay and the mid-range signaling model, margin transplants
from H2A-GFP embryos induced Nodal signaling in animal pole tissues of WT hosts (Figure 6A).
Strikingly, transplantations of these marginal tissues into MZsqt”;cyc’ embryos also induced Nodal
signaling outside of the transplanted cells (Figure 6B). Interestingly, the pSmad2/3 signal inside and
around the transplants was stronger in MZsqt”;cyc’ host embryos (Supplementary Figure 1). This may
be due to the lack of endogenous Lefty expression, which depends on Nodal signaling (Meno et al. 1999,
van Boxtel et al. 2015, Bisgrove et al. 2017, Montague and Schier 2017, Pelliccia et al. 2017). My
results show that margin-derived H2A-GFP transplants can signal to cells at a distance in
MZsqt”";cyc” hosts (Figure 6B) and imply that positive Nodal feedback is not required to relay Nodal
signaling (Figure 5B).
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Figure 5: Margin transplantations to test the two prevailing models of Nodal signaling. A) Experimental
outline of margin transplantations where embryos expressing a GFP-labeled histone variant (H2A-GFP; Pauls et
al. 2001) are used to trace transplanted nuclei. B) The two models predict different outcomes for the margin
transplantations into MZsqt”-;cyc”-. Nodal signaling at a distance from transplanted cells is not expected in the
relay model because positive feedback is absent in the Nodal mutants.
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Figure 6: Margin transplantations from H2A-GFP embryos into the animal pole of host embryos. The
embryos were fixed 2 h after transplantation. Left panels show maximum intensity projections of the GFP
immunofluorescence signal. The outline of the transplant is shown as white line. The middle panels show
pSmad2/3 immunofluorescence signal from a single slice (30 to 60 um from the animal pole). White arrowheads
point to pSmad2/3 positive nuclei outside of the transplant (white outline). A magnified view of the pSmad2/3

Host: MZsqt”;cyc”
.
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signal (green) fromthe middle panel merged with the GFP signal (magenta) of the same slice is shown in the right
panels (top). The dashed line indicates the profile shown below. The white dashed line in the profiles (bottom right
panels) indicates the slice depth. A) Two examples of wildtype (WT) host embryos with pSmad2/3 signal outside
of the transplant. B) Two MZsqt”-;cyc”’- hosts with pSmad2/3 positive nuclei outside of the transplant. Scale bars:
200 pm.

B. DISCUSSION

Numerous reports in the literature support the idea that Nodals and Leftys function as a pair of a
short/mid-range activator and a long-range inhibitor (Chen and Schier 2002, Marjoram and Wright 2011,
Muller et al. 2012, Sekine et al. 2018). However, it has been controversial whether Nodals can signal
directly at a distance (Chen and Schier 2001) or only by cell-to-cell relay in zebrafish embryos (van
Boxtel et al. 2015, van Boxtel et al. 2018). In zebrafish, the endogenous Nodal signaling range has so
far not been characterized in the absence of confounding feedback regulation. With respect to
mesendodermal patterning, Nodal-induced FGF signaling has been shown to be required for long-range
induction of mesodermal markers at the margin (Figure 4; van Boxtel et al. 2015).

In my proof-of-principle experiments | observed that transplanted cells expressing endogenous
Nodal levels can induce Nodal signaling in distant nuclei even in tissues that lack Nodal feedback
(Section 4.1, A). Although the range of Nodal signaling is limited to 2-3 nuclei from the transplant, this
speaks against the relay model, where signaling is expected only in cells adjacent to transplanted cells.
Since | fixed the embryos 2 h post-transplantation, the experimental time frame corresponds to the
endogenous expansion of Nodal signaling at the margin over 2 h (Dubrulle et al. 2015, van Boxtel et al.
2015). Interestingly, | observed that marginal cells transplanted into MZsqt™;cyc”’- embryos exhibited a
stronger pSmad2/3 signal compared to those cells that were transplanted into wildtype tissues
(Supplementary Figure 1). This possibly results from the loss of leftyl/2 expression in the absence of
Nodal signaling (Meno et al. 1999, van Boxtel et al. 2015, Bisgrove et al. 2017, Montague and Schier
2017, Pelliccia et al. 2017). While this finding seems to confirm the long range of Leftys observed with
ectopic expression (Chen and Schier 2002, Almuedo-Castillo et al. 2018), future experiments will have
to test this hypothesis by transplanting marginal cells into lefty1”;lefty2”- mutants (Rogers et al. 2017).
Moreover, control experiments are needed to assess cell division and cell migration in transplanted
embryos to rule out the possibility that Nodal signaling at a distance is the result of cell migration or
division of pSmad2/3 positive host cells.

My experiments indicate that Nodal signaling in zebrafish can act at a distance without cell-to-
cell relay at the animal pole of host embryos. Additional experiments should test whether Nodal
signaling behaves similarly at the margin. This could be examined by transplanting marginal cells from
H2A-GFP embryos into the margin of MZsqt’;cyc’- embryos. In the context of the FGF relay-based
model for mesendodermal patterning (Figure 4), it will be important to address the relevance of Nodal
signaling at a distance. If transgenic knock-in lines expressing GFP-tagged Nodals are available in the
future, a GFP binder-based approach (Harmansa et al. 2015) could be used to abolish Nodal spreading

and observe the effects on mesendodermal patterning and embryogenesis.
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4.2 Experimental diffusion regulation using membrane-tethered nanobodies

A. RESULTS

i) Membrane-tethered nanobodies as diffusion regulators

Whether extracellular diffusion is sufficiently fast and precise to control the dispersal and the action
range of signaling proteins in living tissues is a matter of debate (Kerszberg and Wolpert 1998, Lander
et al. 2002, Gregor et al. 2005, Lander 2007, Wolpert 2011). In the context of the classical morphogen
model, diffusion would have to establish the correct morphogen distribution for patterning to occur
properly. To test such a diffusion-based model, tools that interfere with diffusion-driven transport are
needed. The morphotrap, a membrane-tethered anti-GFP nanobody that traps GFP-tagged extracellular
molecules on the cell surface, was developed to test the importance of extracellular Dpp-GFP mobility
(Harmansa et al. 2015). Harmansa et al. have shown that “trapping” Dpp-GFP on the source cells in the
developing fly wing results in patterning defects, implying an important role for Dpp movement in wing
patterning.

In the light of diffusion regulation by reversible binding to immobile binders (Section 2.3),
morphotrap-mediated “trapping” is the result of a very low effective diffusion coefficient due to high
binding affinity (in vitro Ky approximately 0.32 nM; Saerens et al. 2005, Harmansa et al. 2015). From
the equation that was introduced in Section 2.3, it is evident that lowering the binder dissociation
constant and/or increasing binder concentration should reduce the effective diffusivity:

Dfree
Desy = [Binder] (1)

K, +1
To test the importance of diffusion for the functional range of extracellular signals, a fine-tuned
manipulation of effective diffusivities is needed. In the morphogen model, for example, an altered signal
range is expected to change the morphogen gradient and signaling threshold-based tissue patterning.
With the aim of generating a low-affinity diffusion regulator, | cloned alternative anti-GFP nanobodies
of various in vitro affinities (Pellis et al. 2012, Fridy et al. 2014) into the morphotrap scaffold
(Section 6.2).

ii) A weak membrane-tethered GFP binder can modulate the effective GFP diffusivity

In the following paragraphs, | summarize my results on the modulation of GFP diffusivity using a weak
GFP binder that were published in Morsdorf and Muller (2019). Details regarding the experiments can
be found in the attached publication (Section 8).

To investigate the effects of membrane-tethering on extracellular mobility, | studied recombinant
GFP, the mobility of which has previously been characterized in zebrafish embryos (Muller et al. 2012,
Blakle et al. 2018). In theory, the effective diffusivity of extracellular GFP can be modulated by
changing binder affinity or binder concentration (Equation 1). My experiments focused on a weak GFP
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binder that is based on the morphotrap scaffold (Harmansa et al. 2015, Almuedo-Castillo et al. 2018),
but contains a low-affinity anti-GFP nanobody (in vitro Kq approximately 600 nM; Fridy et al. 2014) in
contrast to the high-affinity morphotrap (nanobody in vitro Kq approximately 0.32 nM; Saerens et al.
2005, Harmansa et al. 2015).

I first wanted to test the effects of different binder affinities at comparable expression levels. To
generate embryos with comparable expression levels of the morphotrap and the weak binder, | injected
the same amount of morphotrap or weak binder mRNA. Since the morphotrap and the weak binder
contain an intracellular mCherry tag (Harmansa et al. 2015), comparable expression levels were
confirmed by mCherry fluorescence intensities (Supplementary Figure 2). Whereas morphotrap
expression leads to strong membrane tethering of extracellular GFP, the weak binder only partially
tethers GFP to the cell membrane (Figure 7A&B). The different affinities of the morphotrap and the
weak binder are also reflected by FRAP measurements, where expression of the morphotrap results in a
lower effective diffusion coefficient (5+2 pm?/s) compared to expression of the weak binder
(22+7 um?/s; 50 pg mRNA in Figure 8A&B), consistent with Equation 1.
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Figure 7: The weak GFP binder partially tethers GFP to the membrane. Figure was modified from Mérsdorf
and Miller (2019). A) Zebrafish embryos expressing either no binder (top panel), the weak binder (middle panel),
or the morphotrap (bottom panel) were injected extracellularly with GFP. The images on the left show GFP signal,
the images on the right show the mCherry signal of the binders. The weak binder only partially tethers GFP to cell
membranes, whereas the morphotrap results in strong membrane tethering. Scale bars: 50 pm. B) Quantification
of extracellular GFP signal shows that the morphotrap strongly reduces free extracellular GFP levels. Magenta
bars indicate mean values.

In a second approach, I sought to alter GFP mobility by changing the GFP binder expression level. |
showed that titration of the weak binder allows the fine-tuning of the effective diffusivity of GFP,
consistent with Equation 1 (Figure 8A). A mild reduction of effective GFP diffusivity is also possible

with the morphotrap if low expression levels (25 pg mRNA) are used (Figure 8B; Equation 1). However,
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modulating GFP mobility and detecting the mCherry signal to visualize the morphotrap may be difficult

at lower expression levels.
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Figure 8: The weak GFP binder canact as diffusion regulator. Figure was modified from Morsdorfand Muller
(2019). A) Titration of the weak binder by mRNA microinjections leads to a stepwise reduction in Dess measured
by FRAP from 42+12 pm?/s (0 pg) to 22+7 (50 pg), 10+3 (100 pg), 7+4 (200 pg) and 4+2 um?/s (400 pg). This
trend is consistent with the model (Equation 1). Note that the in vivo Kq and binder concentrations are assumed
here. B) Even at low expression levels, the morphotrap results in low effective GFP diffusivities (Det of
1145 pm?s for 25 pg and 52 um?s for 50 pg of mRNA). Magenta bars indicate mean effective diffusion
constants.

iii) Leftyl-GFP diffusion regulation

Here | summarize my results on Leftyl-GFP membrane-tethering with the morphotrap and the weak
GFP binders. Parts of this work were published in Almuedo-Castillo et al. (2018). Additional data from
experiments with weak GFP binders is provided in Supplementary Figures 3-5. Details regarding the
experiments can be found in the attached publication (Almuedo-Castillo et al. 2018; Section 8) and in
Section 6.2.

Testing the importance of high mobility and long-range action for secreted molecule function in
vivo requires the modulation of signal mobility and dispersal. The Nodal/Lefty system has been studied
as a paramount example of a short-range activator and a long-range inhibitor pair (Meinhardt 2009,
Schier 2009, Kondo and Miura 2010). In zebrafish, Leftys have higher in vivo diffusivities than Nodals
(Muller et al. 2012), and Lefty-overexpressing transplants have been shown to repress Nodal target
genes at a distance (Chen and Schier 2002). Additionally, such transplants can rescue
lefty1”;lefty2”- mutants, where normally Nodal target gene expression is increased (Rogers et al. 2017).
However, the importance of high mobility and long action range for Lefty’s endogenous function in
embryonic patterning had not been tested at the start of my project. Addressing whether long-range
inhibition by Leftys is required for proper patterning requires the modulation of Lefty mobility in vivo.

In a collaboration with my colleague Dr. Maria Almuedo-Castillo | have explored diffusion
regulation of Leftyl-GFP using the morphotrap (Harmansa et al. 2015) and the weak GFP binder

(Section 4.2, A.ii) in zebrafish embryos. In initial experiments, | ubiquitously overexpressed Lefty1-
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GFP and could show that its diffusivity can be hindered when the morphotrap is co-expressed. The
reduction in the effective diffusion coefficient of Leftyl-GFP from 7.7+3.2 um?/s (Lefty1-GFP only) to
0.2+0.2 um?/s (Lefty1-GFP with morphotrap) is clearly evident from the recorded fluorescence recovery

curves (Figure 9).
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Figure 9: The morphotrap reduces Leftyl-GFP mobility. Figure adapted from Almuedo-Castillo et al. (2018).
A) Representative FRAP experiment of an embryo expressing only Leftyl-GFP. B) Representative FRAP
experiment of an embryo co-expressing Leftyl-GFP and the morphotrap. Note that the morphotrap increases GFP
fluorescence (Kirchhofer et al. 2010). Scale bar: 200 pm.

Co-expressing the weak binder with Leftyl-GFP led to a weaker reduction in Leftyl-GFP mobility as
expected, compared to the morphotrap (Supplementary Figure 3). However, when Leftyl-GFP was
ubiquitously expressed, co-expression of the weak binder strongly reduced the potency of Leftyl-GFP
to suppress mesendoderm formation. This is in contrast to morphotrap co-expression, which only has a
mild effect on Leftyl-GFP activity (Supplementary Figure 4). Therefore, the weak GFP binder could
not be used to test the effect that reduced diffusivity and range have on Leftyl-GFP function during
patterning. | tested seven alternative anti-GFP nanobodies (Pellis et al. 2012, Fridy et al. 2014) in the
morphotrap scaffold (Section 6.2) and found that they have variable effects on Leftyl-GFP activity
(Supplementary Figure 5). Among those, the binder containing the GBP-5 nanobody (Pellis et al. 2012)
appeared to be comparable to the morphotrap with respect to Leftyl-GFP activity. However, the effect
this binder has on Lefty1-GFP diffusivity still has to be tested. These findings highlight that it is crucial
to control for the biological activity of a GFP-tagged protein when anti-GFP nanobodies are used as in
vivo diffusion regulators.

In Almuedo-Castillo et al. (2018), we investigated the robust tissue scaling that is observed during
zebrafish development: Experimentally shortened embryos adjust (“scale”) their early tissue patterning,
including mesendodermal patterning, to their smaller body size and later develop into embryos with

normal tissue proportions. My colleagues proposed a model in which the highly mobile Leftys adjust
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Nodal signaling to the smaller embryo size by accumulating to higher levels (Figure 10). This model
requires high Lefty diffusivity because Lefty has to reach the boundary of the patterning field. To test
this requirement experimentally, we used an artificial, localized Leftyl-GFP source that mimics
endogenous Leftyl production. This system can not only rescue leftyl”;lefty2”" mutants, but also allows
for the visualization and manipulation of Leftyl-GFP distribution. As expected, expression of the
morphotrap in leftyl”;lefty2”- mutants hinders Leftyl-GFP dispersal from the localized source.
Importantly, our experiments revealed that local Leftyl-GFP expression can efficiently rescue
mesendoderm formation in experimentally shortened leftyl”;lefty2”- mutants when Leftyl-GFP
mobility is high, but not when it is reduced by the morphotrap. This manipulation of Lefty mobility
highlights the importance of Lefty long-range action to repress Nodal signaling and supports the
proposed model (Figure 10).

In summary, together with Dr. Maria Almuedo-Castillo, | could show that membrane-tethered
nanobodies can be used as diffusion regulators to modulate the range of secreted proteins in live

zebrafish embryos, revealing a key role for high Lefty diffusivity in mediating scaling.
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Figure 10: Highly diffusive Lefty is required to “sense” embryo size in the proposed model of
mesendodermal scaling. A) Nodal and Lefty disperse from the source (gray stripes, left). Short-range Nodal forms
a steep gradient and induces mesendoderm (green) close to the source. Lefty has a long range, forms a shallow
gradient and represses mesendoderm induction by Nodal at a distance. B) The vertical dashed line illustrates the
tissue boundary in experimentally shortened embryos. Here, the highly diffusive Lefty acts as a size sensor: It
accumulates to higher levels, thus shortens the domain of active Nodal signaling and scales the mesendoderm to
the embryo size. For details see Almuedo-Castillo et al. (2018).

B. DISCUSSION

To study the roles of extracellular protein mobility in zebrafish embryos, | used recently developed
membrane-tethered nanobodies (Harmansa et al. 2015) to generate low-affinity diffusion regulators. In
agreement with the theory of reversible immobilization by binding (Section 2.3; Crank 1975), | found
that strong binders, such as the morphotrap (Harmansa et al. 2015), drastically reduce the effective
diffusivity of their diffusible binding partners. As predicted, lower expression levels of strong GFP
binders lead to milder effects on GFP mobility. To achieve a fine-tuned diffusion regulation in zebrafish
embryos, the weak GFP binder is, however, the better tool, because intermediate expression levels allow

mild reduction in diffusivity while ensuring the robust detection of mCherry binder fluorescence as an
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expression control. My proof-of-concept titration of the weak GFP binder shows the modulated diffusion
regulation of extracellular GFP, the trend of which is in agreement with the mathe matical model (Figure
8B; Section 4.2, A.i; Crank 1975). Fitting the mathematical model to the measured effective diffusivities
is currently not possible, because the absolute concentrations of the weak binder in the experiments are
not known. Future studies could infer the concentrations of GFP binders based on their mCherry
fluorescence. Effective diffusion coefficients obtained by FRAP under the same conditions could then
be fit to the model in order to obtain the in vivo affinities of the GFP binders. In future experiments the
expression levels of GFP binders may have to be adjusted to the abundance of the GFP-tagged protein
of interest in order to avoid binder saturation and allow optimal diffusion regulation.

In collaboration with Dr. Maria Almuedo-Castillo | used the morphotrap (Harmansa et al. 2015) to
hinder the diffusion of Leftyl-GFP and address the importance of high Lefty diffusivity for its
endogenous function. By ectopically expressing leftyl-GFP from the YSL, we closely mimicked
endogenous leftyl expression (van Boxtel et al. 2015). In order to regulate the diffusion of endogenous
Leftys using membrane-tethered nanobodies in the future, two approaches are plausible. Transgenic
leftyl-GFP or lefty2-GFP knock-in lines expressing biologically active Lefty fusion proteins (Muller et
al. 2012) would be compatible with the morphotrap or weak GFP binders as diffusion regulators.
Alternatively, it may be possible to make nanobodies against zebrafish Leftys (Pellis et al. 2012, Fridy
et al. 2014) and generate a membrane-tethered Lefty binder similar to the morphotrap (Harmansa et al.
2015). Regulating the diffusion of endogenous zebrafish Nodals and Leftys in future experiments will
allow the requirement for their mobility in vivo to be directly tested, similar to the morphotrap
experiments with Dpp-GFP in the D. melanogaster wing disc (Harmansa et al. 2015, Harmansa et al.
2017) or Wnt/EGL-20-YPET in Caenorhabditis elegans (Pani and Goldstein 2018). In the context of
the threshold-based interpretation of morphogen gradients, reduced signal diffusivity can lead to
counterintuitive changes in gene expression patterns (Lander 2007). It will therefore be crucial to
observe the effects that, for example, reduced Nodal diffusivity has on mesendodermal gene expression

patterns in zebrafish embryos.

4.3 A ColP/MS approach to identify endogenous Nodal/Lefty diffusion requlators

A. RESULTS
The results in this section are not published yet. Detailed experimental procedures can be found in
Section 6.2.

i) Identification of potential Nodal/Lefty binding partners by MS

Hindered Nodal diffusion was proposed to explain the short range and low effective diffusivities of
Nodals compared to Leftys in zebrafish (Muller et al. 2013). Although Oep overexpression was shown
to reduce Squint-GFP diffusivity, oep mRNA knockdown did not affect Nodal diffusivity (Rogers 2015).

Thus, to date no interactions are known that act as endogenous Nodal or Lefty diffusion regulators.
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To identify Nodal and Lefty interaction partners that could act as diffusion regulators during early
zebrafish development | adopted a co-immunoprecipitation (ColP) protocol. FLAG-tagged zebrafish
Nodals (Squint-FLAG, Cyclops-FLAG) or Leftys (Leftyl-FLAG, Lefty2-FLAG; Miiller et al. 2012)
were expressed in zebrafish embryos and lysates were prepared around sphere stage (~4 hours post
fertilization (hpf); Kimmel et al. 1995). Lysates from uninjected embryos and embryos expressing a
secreted GFP (secGFP; Section 6.2) served as controls. In my initial experiments | found that this ColP
protocol can be used to specifically precipitate the EGF-CFC protein and Nodal co-receptor encoded by
tdgfl/oep (Gritsman et al. 1999, Cheng et al. 2004) with Squint (Figure 11). The interaction of Nodals
and EGF-CFC proteins is well established and serves as a positive control (Reissmann et al. 2001, Yan
etal. 2002, Chen and Shen 2004, Cheng et al. 2004). | also tested formaldehyde crosslinking to stabilize
potentially transient interactions. However, this did not lead to an obvious increase in the amount of
Oep-GFP that co-immunoprecipitated with Squint-FLAG (Figure 11).
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Figure 11: Anti-GFP western blot shows interaction between Oep-GFP and Squint-FLAG in an anti-FLAG
ColP. Western blots show 20% input controls (top panel) and ColP fractions (bottom panel). Experiments with
(+) and without (-) formaldehyde (FA) crosslinking are shown. “Uninj.” is acontrol ColP from uninjected embryos.

To increase the probability that low-affinity interactions are identified in the ColP/MS experiments, the
expression of FLAG-tagged proteins was strongly increased compared to previous studies (Muller et al.
2012). Supplementary Figure 6 shows that injection of increased levels of mMRNA up to ~1 ng leads to
increased Cyclops-FLAG expression. Importantly, it appears that the secretory machinery is not
saturated under these conditions, as the signal of the corresponding GFP fusion proteins is mostly
extracellular when they are expressed at similarly high levels (Supplementary Figure 7).

For the MS analysis of Nodal and Lefty binding partners | performed ColPs from 82 embryos per
sample. A western blot of the input fractions confirmed the presence of the bait proteins (Supplementary
Figure 8). Silver stained protein gels (Supplementary Figure 9) were then submitted to the Proteome
Center at the University of Tubingen for MS (Section 6.2). 72 proteins were identified in the Nodal/Lefty

27



samples that were not identified under control conditions (excluding bait proteins; Section 6.2 and
Supplementary Table 1). To find proteins in this list that could potentially act as diffusion regulators for
the extracellular Nodals and Leftys, | filtered the results based on the GO annotation for “Cellular
Component” (Ashburner et al. 2000, The Gene Ontology Consortium 2019) or the presence of a signal
peptide (Section 6.2). The resulting list of MS candidates is shown in Table 1.

Table 1: List of MS candidates that are absent from negative controls. X indicates the sample(s) in which
peptides of the protein were identified: Squint-FLAG (Sqt), Cyclops-FLAG (Cyc), Leftyl-FLAG (Lftl) or Lefty2-
FLAG (Lft2).

Sample
Gene name Sgt | Cyc | Lftl | Lft2 | Comment
cx43.4 X X | Gap junction?
dvrl X Vgl/Gdf3 2
epcam X X | Cell adhesion?®
hsp90b1 X X X ER chaperone *
jupb X Junction plakoglobin b, y-catenin ®
si:ch211-226h8.14 X X Extracellular lectin ®
si:dkey-7j14.6 X MS4A homolog ’
tpte X Transmembrane phosphatase 8
vidir X X | VLDL receptor °

1 Essner et al. (1996), de Boer and van der Heyden (2005), Hatler et al. (2009); 2 Bisgrove et al. (2017), Montague
and Schier (2017), Pelliccia et al. (2017); ® Slanchev et al. (2009), Lu et al. (2013), Kuechlin et al. (2017); 4 Yang
et al. (2007), Liu et al. (2013); 5> Miller and Moon (1997), Zhurinsky et al. (2000b); ¢ Tateno (2010); 7 Eon Kuek
et al. (2016); & Walker et al. (2001), Tapparel et al. (2003), Santos et al. (2007); ® Imai et al. (2012), Di Donato et
al. (2018)

The Dvrl/Vgl/Gdf3 protein, which is known to form (disulfide-linked) dimers with Nodals (Figure 3;
Bisgrove et al. 2017, Montague and Schier 2017, Pelliccia et al. 2017), was identified in the Squint-
FLAG sample (Table 1) and serves as a positive control.

In the following experiments | sought to test the function of the MS candidates with respect to
Nodal signaling in zebrafish embryos. Because any kind of interaction may be identified with ColP/MS,
the candidate proteins are not necessarily diffusion regulators, but could have other functions, for
example in Nodal secretion or signal transduction. A hypothetical diffusion regulator is expected to
behave similarly to the membrane-tethered GFP binders from Section 4.2. However, | consider not only

membrane-associated, but also secreted proteins as possible diffusion regulators in my approach.
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ii) Validation of MS candidates by co-localization with tagged Nodals and Leftys

To visualize the MS candidates in the zebrafish embryo, | generated C-terminal GFP fusions of the
proteins described in Table 1 (excluding Vg1, which is known to form heterodimers with Nodals and is
required for Nodal signaling; Figure 3; Montague and Schier 2017). If the candidates bind Nodals/Leftys
or localize to the same microscopic structures, co-localization with the Nodal/Lefty bait protein should
be observed. The known localization of fluorescently-labeled zebrafish Nodals and Leftys (Mller et al.
2012, Rogers 2015) is illustrated in Figure 12.

Outline Actual

Outline fluorescence fluorescence
= —+— Cell
'g_ — Membrane
) — Sqt-mCherry
g — Cell
8 Ce
Y —— Membrane
Y — Cyc-RFP

Figure 12: lllustration of the known distribution of fluorescently labeled zebrafish Nodals. Left panel:
Whereas Squint fusion proteins are diffuse inthe extracellular space, Cyclops forms membrane-associated clusters.
Note that fluorescent Leftys are diffuse in the extracellular space, similar to Squint (Muller et al. 2012, Rogers
2015). Right panel: The Squint-mCherry and Cyclops-RFP fusion proteins also form cytoplasmic clusters.

I injected mMRNAs encoding the fluorescent candidate fusions into zebrafish embryos at the one-cell
stage in order to achieve uniform expression. | examined their subcellular localization and co-expressed
fluorescent Nodals/Leftys to test whether this changes the localization of the MS candidate or the
Nodal/Lefty. Confocal microscopy of embryos expressing GFP-tagged MS candidates revealed
characteristic subcellular localizations (Table 2), some of which overlap with red-fluorescent Nodals
(Figures 13-15). The results are summarized in Figures 13-15, where the MS candidates are separated
by localization: Figure 13 shows intracellular candidates (Hsp90b1-GFP, Si:dkey7j14.6-GFP and VIdIr-
GFP), Figure 14 summarizes the membrane-localized candidates (Epcam-GFP, Jupb-GFP and Tpte-
GFP) and Figure 15 presents Cx43.4-GFP, which is expressed in a punctate pattern, as well as the
extracellular candidate Si:ch211-226h8.14-GFP.
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Figure 13: Intracellular MS candidates. A) Hsp90b1-GFP is mainly cytoplasmic and does not co-localize with
Squint-mCherry. Co-expression of Hsp90bl-GFP increases cytoplasmic clusters with mCherry signal
(arrowheads). B-C) Hsp90b1-GFP does not co-localize with RFP-tagged Leftys. Co-expression of Hsp90b1-GFP
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and Leftyl-RFP (B) or Lefty2-RFP (C) appears to reduce overall Lefty-RFP levels. D) The Si:dkey7j14.6-GFP
(Si:dkey-GFP) signal is intracellular and forms clusters that co-localize with cytoplasmic Sqt-mCherry signal
(arrowheads). E) VIdIr-GFP localizes to the cytoplasm and partially overlaps with Sqt-mCherry in cytoplasmic
clusters (arrowhead). F) VIdIr-GFP partially overlaps with Lft2-RFP only in a few cytoplasmic clusters
(arrowhead). Scale bars: 25 pm.

Although the candidates Si:dkey7j14.6-GFP (Figure 13D), VIdIr-GFP (Figure 13E&F), Epcam-GFP
(Figure 14A) and Si:ch211-226h8.14-GFP (Figure 15C&D) partially co-localize with the Squint-
mCherry/Cyclops-RFP signal they do not markedly alter the extracellular localization of the Nodal
signal. In contrast, co-expression of the chaperone Hsp90b1-GFP with tagged Squint, Leftyl or Lefty2
appears to reduce their extracellular levels (Figure 13A-C). It is possible that Hsp90bl overexpression
interferes with Nodal/Lefty secretion. The signals of the candidate fusion proteins Jupb-GFP (Figure
14C), Tpte-GFP (Figure 14D) and Cx43.4-GFP (Figure 15A&B) do not obviously overlap with the
fluorescent signals of their corresponding bait. The Connexin Cx43.4-GFP localizes to punctate
structures, some of which are associated with the membrane (Figure 15A&B). The Squint-mCherry
fusion protein also forms cytoplasmic clusters, which in rare cases overlap with the Cx43.4-GFP
structures (Figure 15A). In order to test whether Cx43.4 has an effect on Squint localization, untagged
Cx43.4 was co-expressed with Squint-GFP, which is mainly extracellular and forms few cytoplasmic
clusters (Supplementary Figure 10). Although the overall GFP signal was reduced, the localization of
Squint-GFP was unaltered compared to embryos expressing only Squint-GFP. Table 2 summarizes the

MS candidate localization results.

Table 2: GFP fusion proteins of MS candidates mark different subcellular compartments. PM = plasma
membrane.

Gene name Localization Co-localization
cx43.4 PM, cytoplasm Partial

epcam PM Partial

hsp90b1l Cytoplasm Partial

jupb PM, cytoplasm, nucleus No
si:ch211-226h8.14 Extracellular, PM Partial
si:dkey-7j14.6 Cytoplasm Yes

tpte PM No

vidir Cytoplasm Partial
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Figure 14: Membrane-localized MS candidates. A) Epcam-GFP localizes to the plasma membrane. Although
the GFP signal overlaps with the membrane-associated Cyclops-RFP clusters (arrowheads), Epcam-GFP
overexpression does not markedly change the appearance of the Cyclops-RFP signal. B) Epcam-GFP does not co-
localize with Lefty2-RFP. C) Jupb-GFP localizes to the plasma membrane and appears to be present in the
cytoplasm and nucleus. It does not co-localize with Squint-mCherry. D) Tpte-GFP localizes mainly to the cell
membrane and does not co-localize with Squint-mCherry. Scale bars: 25 um.

Among the MS candidates, the secreted lectin Si:ch211-226h8.14-GFP is the only with a mostly
extracellular signal. Interestingly, it also forms membrane-associated clusters that co-localize with
Cyclops-RFP clusters (Figure 15C). These clusters are present also in the absence of Cyclops-RFP
overexpression, however, clusters are observed with variable frequency and cluster formation depends

on high expression levels (Supplementary Figure 11).
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Figure 15: GFP fusion proteins of Cx43.4 and the secreted lectin encoded by si:ch211-226h8.14 localize to
punctate clusters and the extracellular space, respectively. A) The Squint-mCherry signal overlaps the Cx43.4-
GFP signal only in a few cytoplasmic or membrane-associated clusters (arrowheads). B) Lefty2-GFP and Cx43.4-
GFP do not co-localize. C) Si:ch211-226h8.14-GFP (Si:ch211-GFP) is mainly extracellular, but also co-localizes
with Cyclops-RFP in membrane-associated clusters (arrowheads). The Si:ch211-GFP signal overlaps with the Sqt-
mCherry signal in the extracellular space. Scale bars: 25 pum.

iii) Phenotypes resulting from MS candidate overexpression

The signals of several MS candidate GFP fusions overlap with those of fluorescently labeled Nodals or
Leftys (Section 4.3, A.ii). However, such co-localization does not necessarily imply interaction (Dunn
et al. 2011) and may be an artifact resulting from fluorescent tagging. To help identify any specific
functions of the MS candidates in Nodal signaling, | overexpressed the untagged MS candidates in
zebrafish embryos and evaluated the resulting phenotypes 1 day post fertilization (dpf). If the candidates
have important functions in Nodal signaling, increasing their levels may cause Nodal-related
phenotypes, such as defective mesendoderm formation (Toyama et al. 1995, Feldman et al. 1998, Rogers
et al. 2017).
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Upon microinjection of 250 pg mRNA, most MS candidates caused diverse, but mild phenotypes that
were not clearly linked to Nodal signaling (Supplementary Figure 12). Only the overexpression of
si:ch211-226h8.14 or jupb led to distinct phenotypes (Figures 16&17). The phenotypes resulting from
si:ch211-226h8.14 overexpression were mostly tail defects, such as a shortened tail, and blood-related
defects (blood accumulation). These phenotypes are not typical for defects in Nodal signaling, and only
apparent with high amounts of si:ch211-226h8.14 mRNA (Figure 16). In contrast, microinjection of
250 pg jupb mRNA results in early developmental defects without formation of a body axis (Figure
17A&B). The tissue “clumps” that were observed instead of well-formed embryos at 1 dpf are typical
of excess Nodal activity (Rogers et al. 2017). At lower expression levels (microinjection of 50 pg jupb
mRNA) the phenotypes were similar to mutations in repressors of Wnt/p-catenin signaling (Figure
17A&C) such as headless (Kim et al. 2000) or masterblind (Heisenberg et al. 2001), indicating increased
Wnt/B-catenin signaling. Jupb/y-catenin is homologous to B-catenin, supporting the idea that Jupb
overexpression increases Wnt/p-catenin activity (Karnovsky and Klymkowsky 1995, Miller and Moon
1997, Zhurinsky et al. 2000b). Since Nodal genes are Wnt target genes (Shimizu et al. 2000, Agathon
et al. 2003, Zinski et al. 2018), strong Jupb overexpression may also induce Nodal expression and

explain the phenotypes observed with 250 pg jupb mRNA.
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Figure 16: Expressing high amounts of secreted lectin mRNA results in tail and blood-related defects 1 dpf.
A) Representative examples of phenotypes. B) Injection of 250 pg si:ch211-226h8.14 mRNA (si:ch211) results in
tail and blood-related defects. C) Injection of 50 pg si:ch211-226h8.14 mRNA cause only mild defects. n is the
number of embryos that were analyzed in the respective group.
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Figure 17: High levels of jupb mRNA cause phenotypes that indicate excess Nodal signaling. A)
Representative examples of phenotypes. B) Microinjection of 250 pg jupb mRNA results in high lethality and
severe phenotypes. C) Microinjection of 50 pg jupb mRNA results in head defects that are consistent with excess
Whnt signaling (see text). nis the number of embryos that were analyzed in the respective group.

iv) Effects of MS candidate overexpression on Nodal signaling

The Jupb overexpression phenotypes were indicative of excess Nodal signaling and thus consistent with
the proposed function of Jupb in Wnt/B-catenin signaling (Karnovsky and Klymkowsky 1995, Miller
and Moon 1997, Williams et al. 2000, Zhurinsky et al. 2000b, Maeda et al. 2004). To test whether the
phenotypes caused by si:ch211-226h8.14 or jupb overexpression are associated with changes in Nodal
signaling, | fixed zebrafish embryos overexpressing these MS candidates around shield stage (6 hpf;
Kimmel et al. 1995) and detected pSmad2/3 by immunofluorescence staining. Using a double staining
protocol (Section 6.2), | additionally stained the same embryos for expression of the Nodal target gene
and dorsal marker goosecoid (gsc; Stachel et al. 1993, Thisse et al. 1994, Gritsman et al. 1999, Bennett
et al. 2007a, Shih et al. 2010, Dubrulle et al. 2015) by fluorescence in situ hybridization (FISH;
Figure 18). Maternal-zygotic sqt’- mutant embryos (MZsqt’"), where gsc expression is reduced (Pei et
al. 2007), and embryos overexpressing GFP or Squint-FLAG served as controls. Similar to uninjected

controls, embryos overexpressing the secreted lectin exhibit pSmad2/3 signal around the margin and gsc
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Figure 18: Nodal signaling appears largely unaltered in embryos overexpressing the secreted lectin
Si:ch211-226h8.14. Embryos were injected with 250 pg of the indicated mMRNAs (si:ch211-226h8.14, jupb, GFP).
MZsqt’- embryos and embryos injected with 30 pg sqt-FLAG mRNA serve as negative and positive controls,
respectively. The embryos shown were fixed when uninjected control embryos had reached shield stage. Samples
were stained for pSmad2/3 by immunofluorescence (green, left panels) and gsc expression by FISH (magenta,
right panels). A) Lateral views, dorsal is to the right. B) Dorsal views of the same embryos. Scale bars: 200 pum.
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expression on the dorsal margin. In contrast, embryos injected with jupb mRNA have a gsc signal that
is distributed around the margin, without apparent radial asymmetry (Figure 18). This resembles
previous findings that gsc expression is expanded in the margin when B-catenin is overexpressed in
zebrafish embryos (Pelegri and Maischein 1998, Dougan et al. 2003) and again supports a function for
Jupb in Wnt/B-catenin signaling. Additionally, in Figure 18 the pSmad2/3 signal of Jupb-overexpressing
embryos appears to be extended towards the animal pole, compared to uninjected controls. An increase
in Nodal signaling in these embryos is possibly due to increased Nodal expression downstream of Wnt/3-
catenin (Shimizu et al. 2000, Agathon et al. 2003, Dougan et al. 2003). However, the pSmad2/3 signal
appears also expanded in GFP-overexpressing embryos (Figure 18). This apparent expansion of
pSmad2/3 in the maximum intensity projection (Figure 18) results, at least in part, from staining of
enveloping layer (EVL) at the surface of the embryo (Supplementary Figure 13). It is unclear whether
this signal is a staining artifact or represents active Nodal signaling in the EVL under these conditions.
Consistent with the literature, MZsqt” embryos have reduced gsc expression (Pei et al. 2007) and also
weaker dorsal pSmad2/3 staining (Figure 18). The remaining Nodal signaling in these embryos is
explained by the action of Cyclops. Both gsc expression and pSmad2/3 signal are ubiquitous in positive
control embryos injected with squint-FLAG mRNA (Figure 18), as expected for Nodal overexpression
(Mdiller et al. 2012).

Together with the localization (Section 4.3, A.ii) and phenotype (Section 4.3, A.iii) assays these
results suggest that Jupb is a regulator of Wnt signaling, whereas the evidence is less clear for the
secreted lectin. Although Nodal signaling is not obviously altered in embryos overexpressing the
secreted lectin, the secreted lectin can localize to Nodal-containing structures at the membrane (Section
4.3, A.ii).

v) Morpholino-mediated knockdown of secreted lectin transcripts

In the following experiments | focused on the secreted lectin to clarify its potential role in Nodal
signaling. I chose it over the other MS candidates because the experiments described previously did not
indicate functions for the others in Nodal signaling. To complement the results obtained with secreted
lectin overexpression (Sections 4.3, A.iii and 4.3, A.iv), | wanted to deplete endogenous
Si:ch211-226h8.14 levels using Morpholino-mediated knockdown, which is commonly used to block
the processing or the translation of transcripts (Summerton and Weller 1997, Bill et al. 2009, Blum et
al. 2015, Stainier et al. 2017). | tested three different Morpholinos (MOs): MOL1 targets the start codon
(designed to block translation) and MO2/3 target splice sites (designed to interfere with correct splicing,
Supplementary Table 4). | titrated the amounts of MO that | injected and evaluated the resulting
phenotypes 1 dpf (Figure 19, Supplementary Figures 14&15). Injecting MO1 caused minor phenotypes
in a large fraction of embryos; however, the phenotypes were not obviously related to Nodal signaling
(Supplementary Figure 14). MO3 gave rise to phenotypes only in a small fraction of embryos

(Supplementary Figure 15). Of the three MOs, only MO2 caused strong phenotypes. Figure 19 shows
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that amounts between 0.8 ng and 1.6 ng result in a large fraction of embryos with shortened tails, where
the somites appear compressed. This is reminiscent of convergent extension phenotypes (Solnica-Krezel
et al. 1996, Jessen et al. 2002, Williams and Solnica-Krezel 2019 pre-print). Importantly, amounts above
1.6 ng MO2 resulted in massive lethality.
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Figure 19: MO2-induced tail phenotypes are not rescued by injection of 50 pg si:ch211-226h8.14 mRNA. A)
Representative examples of phenotypes. B) Titration shows that 1.6 ng MO2 cause phenotypes in a large fraction
of embryos. C) 50 pg si:ch211-226h8.14 mRNA cannot rescue the phenotypes caused by 1.6 ng MO2. Equimolar
amounts (83 pg) of epcam mMRNA were co-injected with MO2 as rescue control. Note that embryos injected with
50 pg si:ch211-226h8.14 mRNA alone mostly exhibit wildtype phenotypes (Figure 16) and that overexpression of
epcam does not induce strong phenotypes (Supplementary Figure 12). Embryos with overall normal morphology,
but necrotic tissue in the head are described as “wildtype*”. nis the number of embryos that were analyzed in the
respective group.

To determine whether MO-induced phenotypes are specific to the desired target transcript, rescue
experiments are crucial (Eisen and Smith 2008, Bill et al. 2009, Blum et al. 2015, Stainier et al. 2017).
In a control experiment, | tried to rescue phenotypes caused by the splice-inhibiting MO2 by co-injecting
50 pg si:ch211-226h8.14 mRNA. 50 pg of secreted lectin mRNA alone caused very few phenotypes
(Figure 16C). As shown in Figure 19C, co-injection of si:ch211-226h8.14 mRNA does not rescue the
phenotypes resulting from MO2 injection. This indicates that the phenotypes that are observed with

1.6 ng MO2 (Figure 19B) may be unspecific and not due to depletion of the secreted lectin. However, it
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is also possible that 50 pg si:ch211-226h8.14 mRNA are not sufficient to overcome the depletion of
endogenous secreted lectin. Since high amounts of si:ch211-226h8.14 mRNA also cause phenotypes
(Figure 16), a careful titration of si:ch211-226h8.14 mRNA could be performed in future experiments
to test this possibility. An important consideration for MO-mediated si:ch211-226h8.14 knockdown is
the presence of secreted lectin transcripts in the zygote (White et al. 2017). This implies that
corresponding mRNAs are maternally contributed, and therefore splice-inhibiting MOs should not
effectively knock down expression (Draper et al. 2001, Eisen and Smith 2008, Bill et al. 2009). To

overcome this, future experiments will require the generation of maternal-zygotic mutants.

vi) Nodal mobility is unaltered in embryos overexpressing secreted lectin

The phenotypes resulting from si:ch211-226h8.14 overexpression (Section 4.3, A.iii) indicate that the
secreted lectin may have important functions for early embryonic development. Moreover, the co-
localization of Si:ch211-226h8.14-GFP with Cyclops-RFP implicates it as a potential Nodal binding
partner (Section 4.3, A.ii). To test whether it can act as a diffusion regulator of the zebrafish Nodals
Squint and Cyclops, | performed FRAP of Squint-GFP and Cyclops-GFP (Muller et al. 2012) with and
without overexpression of si:ch211-226h8.14 mRNA (Figure 20). The effective diffusion coefficients
of Cyclops-GFP (0.8+0.4 um?/s) and Squint-GFP (4.4+1.9 um?/s) in control embryos were consistent
with previous findings (Miller et al. 2012, BlaRle et al. 2018). When the secreted lectin is expressed in
addition to the tagged Nodals, the effective diffusion coefficients are not obviously altered
(1.1+0.5 pm?/s for Cyc-GFP and 5.2+0.5 um?/s for Sqt-GFP; Figure 20).
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Figure 20: Overexpression of the secreted lectin Si:ch211-226h8.14 (Si:ch211) in zebrafish e mbryos does not
change the effective diffusivity of Squint-GFP (Sqt-GFP) and Cyclops-GFP (Cyc-GFP). The mean effective
diffusion coefficients (magenta bars) for Cyc-GFP are 0.8+0.4 pum?/s in the absence and 1.1+0.5 um#s in the
presence of additional secreted lectin. For Sqt-GFP the mean effective diffusion coefficients are 4.4+1.9 um?#'s
without and 5.2+0.5 um?/s with secreted lectin overexpression.
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B. DISCUSSION

My validation of the MS candidates revealed that jupb and si:ch211-226h8.14 overexpression results in
distinct phenotypes (Section 4.3, A.iii). Junction plakoglobin, also known as y-catenin, is a -catenin
homolog (Zhurinsky et al. 2000b). There are two paralogs in zebrafish, junction plakoglobin a (jupa)
and junction plakoglobin b (jupb). In zebrafish, Junction plakoglobin was proposed to have structural
functions in cell junctions as well as negative functions in Wnt/B-catenin signaling (Martin et al. 2009).
However, there are also several indications that Junction plakoglobin can activate transcription of Wnt
targets either directly, or by stabilizing -catenin (Karnovsky and Klymkowsky 1995, Miller and Moon
1997, Kolligs et al. 2000, Williams et al. 2000, Zhurinsky et al. 2000a, Maeda et al. 2004). The lack of
head structures (Section 4.3, A.iii) as well as the expanded gsc expression (Section 4.3, A.iv) that are
observed with jupb overexpression indicate increased Wnt/B-catenin signaling (Pelegri and Maischein
1998, Kim et al. 2000, Heisenberg et al. 2001, Dougan et al. 2003) and are therefore consistent with
most literature. High jupb expression levels may induce “clump” phenotypes indicative of excess Nodal
signaling (Rogers et al. 2017) possibly due to Nodal induction by Whnt signaling (Shimizu et al. 2000,
Agathon et al. 2003, Dougan et al. 2003, Zinski et al. 2018). My validation experiments do not suggest
a direct function for Jupb in Nodal signaling and it is unclear why Jupb was identified in my ColP/MS
screen as Squint-FLAG binding partner (Table 1). It is possible that wntl1 upregulation by the Squint
bait protein (Gritsman et al. 1999, Bennett et al. 2007a, Dubrulle et al. 2015) stabilized Jupb through
B-catenin signaling, since Junction plakoglobin can stabilize the homologous B-catenin (Miller and
Moon 1997). Upregulated Junction plakoglobin levels that would be present in the Squint-FLAG, but
not in the secGFP-FLAG control may result in unspecific interactions with the bait or the antibody-
conjugated beads used for ColP. However, | cannot exclude that Squint has an unknown function in
[-catenin/Junction plakoglobin signaling.

The si:ch211-226h8.14 gene encodes a previously uncharacterized protein with a signal peptide
and an SUEL (sea urchin egg lectin) domain. As the name suggests, SUELs are present in sea urchin
eggs and their expression has been studied in early sea urchin embryogenesis (Sasaki and Aketa 1981,
Ozeki et al. 1995). SUEL domains are found in proteins of many species including mammals and they
may act in eggs as part of the innate immune system (Tateno 2010). In zebrafish, lectins homologous to
Si:ch211-226h8.14 were found to be enriched in poor-quality eggs in a recent MS study (Yilmaz et al.
2017). Based on data from the zebrafish gene expression atlas (White et al. 2017), si:ch211-226h8.14
transcripts are present in the egg at the earliest stages, implying maternal contribution. My results show
that Si:ch211-226h8.14-GFP is efficiently secreted and its localization is mainly diffusely extracellular.
Only at high expression levels does it additionally form membrane-associated clusters and the GFP
signal of these clusters overlaps with Cyclops-RFP membrane-associated clusters. This suggests that the
secreted lectin binds, possibly with low affinity, Cyclops or Cyclops-containing glycan structures of the
ECM. The fact that both Squint and Cyclops carry consensus NXS/T glycosylation sites in their pro-
domains may explain why the secreted lectin was identified in the Nodal ColPs (Table 1).
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Interestingly, the secreted lectin was not identified in the Leftyl/2 ColP/MS, although Leftyl is
glycosylated (Westmoreland et al. 2007) and also Lefty2 carries consensus glycosylation sites. Thus,
the secreted lectin may specifically bind Nodals. Although the secreted lectin does not appear to be a
membrane-associated binder as the diffusion-regulating, membrane-tethered nanobodies (Section 4.2),
it may be a mobile diffusion regulator: Theoretically, it could act as a positive diffusion regulator and
increase Nodal diffusion by shuttling (Mller et al. 2013). Despite the evidence of Si:ch211-226h8.14
binding Nodals, overexpression of the secreted lectin did not unambiguously alter Nodal mobility based
on FRAP (Section 4.3, A.vi). It is possible that endogenous Si:ch211-226h8.14 levels are high in order
to assure maximum Nodal mobility, in which case a reduction of secreted lectin levels would be
predicted to affect Nodal mobility. To test this hypothesis, future experiments could knock-out
si:ch211-226h8.14 using CRISPR/Cas9 (Gagnon et al. 2014, Wu et al. 2018). However, there are several
homologous secreted lectins encoded in the zebrafish genome, which may function redundantly and
additionally hinder a specific gene targeting.

In zebrafish, Nodals have lower diffusivities than Leftys (Miller et al. 2012). Among the Nodals,
Cyclops-GFP forms membrane-associated clusters, possibly an indication for binders similar to the
experimental diffusion regulators in Section 4.2. Intriguingly, Squint-GFP is also present in membrane-
associated clusters at high expression levels (Supplementary Figure 7), raising the possibility that the
two zebrafish Nodals have different affinities for membrane-associated binders. To date, the putative
binders remain elusive; however, HSPGs are potential players for the regulation of Nodal mobility
during embryogenesis since they are known to regulate the dispersal of Xnrl (Marjoram and Wright
2011) and other TGF-B superfamily members (Baeg and Perrimon 2000, Héacker et al. 2005).
Surprisingly, several known Nodal binders could not be identified in my ColP/MS analysis. These
include the type | and type Il Activin receptors (Cheng et al. 2004, Wang et al. 2016) as well as the
Nodal co-receptor Oep (Yan et al. 2002), which I could co-immunoprecipitate in control experiments
(Figure 11). It is possible that these proteins are of low abundance in the embryo and could therefore not
be detected by MS. An important limitation of my ColP/MS approach is that only peptides can be
detected. Thus, it is possible that carbohydrates (Broussard and Boyce 2019) or lipids directly bind to

Nodals/Leftys and act as diffusion regulators, but were not identified in the present analysis.
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5. Conclusion and Outlook

There are several lines of evidence supporting the existence of diffusion regulators that restrict Nodal
mobility in zebrafish embryos. These include the short Nodal signaling range (Section 4.1; van Boxtel
et al. 2015) and low Nodal diffusion coefficients (Mdller et al. 2012). The identification of endogenous
Nodal regulators is crucial to understand the mechanisms that control Nodal signaling during vertebrate
embryogenesis. Future MS screening projects could use proximity labeling based on APEX (Lobingier
et al. 2017) or BiolD (Roux et al. 2012) in order to identify transient Nodal interactions. An alternative
approach to investigate the hindered diffusion of zebrafish Nodals is to characterize the kinetics
underlying Nodal movement. For example, recently developed single-molecule imaging technology
could be used with photoactivatable Nodal constructs to infer the in vivo binding kinetics between
Nodals and their diffusion regulators (Reisser et al. 2018).

Moreover, the visualization of endogenous Nodal distribution and transport will be necessary to
understand how Nodals function. Knock-in lines that encode fluorescent zebrafish Nodals and Leftys
may allow in vivo imaging of their production, distribution and transport. Importantly, the morphotrap
(Harmansa et al. 2015) or other membrane-tethered nanobodies (Section 4.2) could be expressed in these
transgenic embryos to perturb the dispersal of GFP-tagged Nodals/Leftys and directly test the
morphogen model.

Almost 20 years after the zebrafish Nodal Squint was proposed as a morphogen (Chen and Schier
2001), many important aspects of Nodal signaling have been characterized (Bennett et al. 2007a, Muller
et al. 2012, Dubrulle et al. 2015, van Boxtel et al. 2015, Bisgrove et al. 2017, Montague and Schier
2017, Pelliccia et al. 2017, Rogers et al. 2017). Refining the understanding of extracellular Nodal
interactions and transport will help to systematically test proposed Nodal signaling mechanisms in the
future (Rogers and Muller 2019). In my doctoral studies, | have examined the endogenous Nodal
signaling range and my results indicate that Nodal signaling does not require relay to signal to cells at a
distance. Perturbing endogenous Nodal dispersal in future experiments will be required to test the
importance of Nodal mobility for germ layer patterning. To modulate the extracellular diffusion of
secreted proteins | have established weak membrane-tethered nanobodies that can be used as
experimental diffusion regulators. They may allow the modulation of morphogen gradient range and the
functional investigation of short-range activator/long-range inhibitor systems in the future. In
combination with gene editing to generate endogenously tagged morphogens and modern live imaging

these approaches promise exciting insights into morphogen function.
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6. Supplementary Material

6.1 Supplementary data
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Supplementary Figure 1: Margin transplants exhibit higher pSmad2/3 intensities in MZsqgt”-;cyc”- mutants
than in wildtype (WT) embryos. Fluorescence intensities were normalized to the mean WT fluorescence. The
mean fluorescence intensities are 1.00+0.27 (WT) and 1.89+0.48 (MZsqt”-;cyc’).
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Supplementary Figure 2: mCherry fluorescence intensities are comparable between embryos that were
injected with 50 pg of MRNA encoding either the weak binder or the morphotrap. Shown are mean mCherry
fluorescence intensities (measured in the whole slice) from the samples in Figure 7A&B (black dots). The mean
value of each group is shown as magenta bar. Fluorescence intensities were normalized to the mean weak binder
fluorescence. The mean fluorescence intensities are 1.00+£0.33 (Weak binder) and 1.02+0.41 (Morphotrap).
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Supplementary Figure 3: The effective diffusion coefficient of Leftyl-GFP is reduced by membrane-
tethered GFP binders. Black dots represent single FRAP experiments. The following mean effective diffusion
coefficients (magenta bars) were determined: 7.74+3.2 pm?#s (No binder), 0.4+0.1 pn?/s (Weak binder) and
0.2+0.2 um?/s (Morphotrap).
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Supplementary Figure 4: The weak binder reduces Leftyl-GFP activity. A) Leftyl-GFP overexpression
results inarange of phenotypes 1 day post fertilization (dpf). Images of representative embryos are shown for each
phenotype class. Classes S1 through S3 indicate increasing severity of the phenotype. B) Phenotype statistics for
embryos that were injected at the one-cell stage with 5 pg Ift1-GFP mRNA. C) Phenotype statistics for embryos
that were injected at the one-cell stage with 30 pg Ift1-GFP mRNA. The embryos were co-injected with the
indicated GFP binder. nis the number of embryos that were analyzed in the respective group.
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Supplementary Figure 5: Alternative GFP binders in the morphotrap scaffold have variable effects on
Leftyl-GFP activity. Shown are the phenotypes that were observed when 30 pg Leftyl-GFP mRNA were injected
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with morphotrap (Morphotrap) or an alternative binder (Morpho-...) mRNA or alone (No binder). Classes S1
through S3 indicate increasing severity of the phenotype. Note that the morpho-GBP-5 binder results in Leftyl-
GFP activity that is comparable to the morphotrap (F). n is the number of embryos that were analyzed in the

respective group.
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Supplementary Figure 6: Anti-FLAG western blot showing cyclops-FLAG mRNA titration. Increasing
amounts of mature Cyclops-FLAG protein (arrow) are detected when higher amounts of mRNA are injected.
Between 249 and 938 pg mRNA were injected per embryo. For each sample, protein sample corresponding to

eight embryo caps was loaded.
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Supplementary Figure 7: Strong overexpression of GFP-tagged zebrafish Nodals and Leftys does not change
their overall distribution. A) Embryos expressing 1025 pg cyc-GFP mRNA imaged at 30 um depth. Although
cytoplasmic GFP signal is evident at 6% laser power (LP), the majority of the GFP signal is in characteristic
membrane-associated clusters (Miller 2012). B) Pseudo-colored GFP signal of embryos expressing either high
(approximately 1000 pg) or low (30 pg) levels of leftyl-GFP, lefty2-GFP or squint-GFP mRNAs (imaged at 35 pm
depth). In general, most of the GFP signal is extracellular. Note that membrane-associated clusters appear only
when high levels of squint-GFP mRNA are expressed. Scale bars: 100 pum.
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Supplementary Figure 8: Western blot shows that FLAG-tagged bait proteins are present in the samples
used for MS analysis. 4% of the total ColP eluates were analyzed by anti-FLAG western blot. Note that two
secGFP-FLAG controls were used. Mature Nodals and the corresponding pro-proteins were detected, however the
mature Cyc-FLAG signal is very weak.

] Lft1-FLAG, Lft2-FLAG
&-secGFP-FLAG

<-mature Sqt-FLAG

i

&-s5ecGFP-FLAG

-
25 —_—
<4-mature Cyc-FLAG

e

10 - -—

Supplementary Figure 9: Silver stained protein gels of ColP eluates. The gel was cut as indicated by horizontal
white lines and processed by the Proteome Center Tuibingen. ColP eluates were run on three different gels. A) Gel
with secGFP-FLAG sample #1 (G1), Squint-FLAG (S), Leftyl-FLAG (L1) and Lefty2-FLAG (L2) samples. B)
Gel with uninjected control (U) and Cyclops-FLAG (C) samples. C) Gel with secGFP-FLAG sample #2 (G2).
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Supplementary Figure 10: Co-expression of Cx43.4 does not alter Squint-GFP localization. Left panel:
Embryos expressing Squint-GFP have mostly extracellular GFP signal. Right panel: Co-expression of Cx43.4 does
not alter the overall distribution of Squint-GFP. In general, Squint-GFP expression was weaker, when untagged
MS candidates were co-expressed. Note that membrane-associated clusters in the embryo periphery (enveloping
layer) are present in both conditions (arrowheads). Scale bar: 50 pm.
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Supplementary Figure 11: Si:ch211-226h8.14-GFP forms membrane-associated clusters only at high
expression levels. Embryos injected with 250 pgsi:ch211-226h8.14 mRNA exhibit membrane-associated clusters
(arrowheads, left), but embryos injected wiht 50 pg MRNA do not (right). Scale bar: 50 pum.
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Supplementary Figure 12: Most MS candidates do not cause drastic phenotypes when overexpressed. 250 pg
of each mRNA were microinjected into zebrafish embryos and the phenotypes assessed 1 dpf. A representative
sample of uninjected embryos is shown. nis the number of embryos that were analyzed in the respective group.
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Supplementary Figure 13: pSmad2/3 immunofluorescence signal at the surface of the embryo appears as
signal in the middle of the embryos in maximum intensity projections. Left panels show single slices of the
acquired z-stacks at different distances from the embryo surface, right panels show maximum intensity projections
(MIPs). Embryos injected with GFP (A) or jupb mRNA (B) are shown. The embryos are the same as in Figure 18.
Scale bars: 200 um
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Supplementary Figure 14: Titration of MO1 induces only mild phenotypes. Top panel: Representative
examples of the phenotypes. Lower panel: 2 ng MO1 cause mild yolk extension phenotypes in a large fraction of
embryos. 4 ng MOL1 result in additional head defects. Embryos with overall normal morphology, but necrotic tissue
in the head are described as “wildtype*”. nis the number of embryos that were analyzed in each group.
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Supplementary Figure 15: Titration of MO3 induces phenotypes only in a small fraction of embryos. Top
panel: Representative examples of the observed phenotypes. Lower panel: Titration shows that high amounts (4 ng)
of MO3 cause diverse phenotypes. Embryos with overall normal morphology, but necrotic tissue in the head are
described as “wildtype*. n is the number of embryos that were analyzed in each group.
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Supplementary Table 1: MS identified 72 proteins in samples that were absent from controls. Shown are
proteins where peptides were identified with a PEP<0.01 in the Nodal/Lefty samples, but not in the negative

controls (excluding bait proteins).

Sample
Gene name UniProt ID(s) Sqt Cyc Lftl | Lft2
- A0ADG2KG42 X
pl10;ddx3 F1RCB2;B0S6P6; AOAOH2UJY3; X1WFBO X
mf213b AOAOR4I9Y1 X
him AOAOR4IAVO X X
syncripl AOAOR4ICNS;F1R8D7;Q6N YJ5 X
capzalb;capzala Q6ZM50; AOAOR4IEP3;Q6NWK1 X
tubalb;tuba8l4;tubala;si:ch211-114n24.6;tubalc;tuba2 | B8A516;Q06 NWJ5;Q6NWKT7;E7F244; B8 A518;131SC4;Q6P972 X
gapdh AOAOR4IGI1;Q5XJ10;E9QIH5;E9QGA9 X
vidir E9QBAS; E7TFF13;A0A0R4IGN2 X X
hspa8 Q1L Y29, A0A0R41VB0; AOAOR4IMF8,Q6N YR4 X
si:ch211-244b2.1 Q1L881; AOAOR4IPS4 X X X X
actr3b F1QEB3; AOAOR4IP U5;F1QKV8 X
purba A2BFY7; AOAOR4IS70 X
camk2gl Q4VIP8; AOAOR4IUL7; U3JAY8 X
igf2bp3 ADAOR4IYT0;Q9PWS0 X
eif2s3 A0A286Y8C2;F1IQGW6;FIRBM8 X
tuba7l Q6GQM1; A0A286 Y8F4 X
immt A0A286 YID5;Q6PFS4 X X
hsp90b1 Q7T3L3;A0A286 YAP4 X X X
ybx1 A1AB05 X X X
gnb5a Al1L271 X
camk2bl E9QDQ2; A2BGW3 X
crath A3KPZ2 X
aldh18al A41GC8 X
2gc:171719;tpml A7TE2K1;E7TFBZ3 X
rfc3 ATMCR5 X X
atp5b ABWGC6 X
cx43.4;gjcl BOUYC0;Q92052 X X
krt15 BOUYSO X
ncl E9QB18;B8JLQ3;F1R6L6 X X X X
epcam B8JM11 X X
ighpl B8JMI3 X
capl B8JMDO0;Q6YBS2 X
kdfla E7TF2A2 X
si:dkey-7j14.6 X1WE35;X1WCQO;E7FD05 X
ddx6;si:ch211-175g6.7 E7FD91;E7F1G8 X
mrpl18 E9QDQ8;F1R1S5 X
rpl17 E9QHBT7;Q7T1K0 X X X X
eno3 E9QJI6;Q6TH14 X
fmrl F1Q664;F10Q663;F1R159 X
zgc:110800 F1Q7J1 X
eif2s2 F1Q8P7 X
hspa9 F1QFCO X
tpte F10G29 X
si:ch211-226h8.14 F1QJD7 X X
29c:56576 F1QKI4;Q7ZUH1 X
79c:114104 F1QKW1 X
adnpa F1QLG5 X X
jupb F8W4M8;F1QUV8 X
si:ch211-69g19.2 F1QZD2 X X
rfc2 F1ROTO X
prmtl F1R3J9 X
srpk1b F1RENS8 X X
dvrl P35621 X
rpl36a P61485 X
rps7 P62084 X
atp5al QO08BA1 X X X
rbb4;rbbp4 Q1LXD4;Q6P3H7 X
rfcs Q6DRK4 X
tomm22 Q61QJ1 X
rbm4.3 Q6NXC1 X X
ilf2 Q6NZ06 X
rtch Q6NZS4 X
rps5 Q6PC80 X X
cctd Q6PH46 X X
eif3d Z4YIM6,Q6TH15 X
29c:56493 Q7zZUl4 X
eif3i Q7Z\/55 X
rpsa Q803F6,J9J105 X
ywhagb Q803M8 X
fthia Q9DDTO X
cal5b R4GDY8 X X
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6.2 Supplementary materials and methods

Zebrafish
The TE line was used as wildtype Danio rerio. For the described Nodal mutants, the sqt®® (Feldman et
al. 1998) and cyc™** (Schier et al. 1996) alleles were used. Zebrafish expressing H2A.F/Z-GFP (Pauls
et al. 2001) are referred to as H2A-GFP line throughout the text. In all experiments, staging (Kimmel
1995) was based on the development of untreated control embryos. The control embryos were taken
from the same batch (same sets of parents) as the treated samples.

Embryo medium (250 mg/l Instant Ocean sea salt mix) contained 1 mg/l methylene blue, except
when used for confocal imaging. Embryos were dechorionated with pronase (Roche) as described

previously (Muller et al. 2012, Rogers et al. 2015).

Margin transplantations

Donor embryos were obtained from an H2A-GFP incross. TE as well as sqt”;cyc’ host embryos were
collected 1 h later. Note that sqt’;cyc’”" embryos were obtained by incrossing sqt”;cyc” germ line
mutants (Ciruna et al. 2002; germ line transplantations were performed by Patrick Miller and Gary H.
Soh). Only H2A-GFP embryos exhibiting strong fluorescence were used as donors. The embryos were
transferred to Ringer’s solution (116 mM NacCl, 2.9 mM KClI, 1.8 mM CaCl,, 5 mM HEPES pH 7.2) for
the margin transplantations. Margin cells were taken from donors around the 30-40% epiboly stage and
transplanted into the animal pole of hosts (hosts were around sphere stage) using glass needles with an
inner tip diameter of ~80-90 um. Typically, two margin transplants were derived from each donor
embryo (taken from opposing regions). In order to keep the experimental groups as similar as possible,
transplantations were performed such that TE and sqt’;cyc’” embryos were used as hosts in an
alternating manner. The embryos were kept in Ringer’s solution for 30 min at room temperature (RT),

transferred to embryo medium at 28°C afterwards and fixed 2 h post-transplantation.

Plasmids

Previously published FLAG-tagged and GFP-tagged zebrafish Nodals and Leftys in the pCS2 vector
were used (Miiller et al. 2012). pCS2-leftyl-RFP and pCS2-lefty2-RFP (Rogers 2015) as well as pCS2-
cyclops-RFP were generated by Katherine W. Rogers and are based on previous fluorescent fusion
constructs (Miiller et al. 2012; see also Montague and Schier 2017 for pCS2-cyclops-RFP). pCS2-squint-
mCherry was kindly provided by Gary H. Soh who generated it based on previous fusion constructs
(Muller et al. 2012). pCS2-GFP contains the GFP coding sequence and was used to make GFP mRNA.
The secGFP construct was generated by adding the signal sequence of the secreted lectin-encoding
zgc:171717 to the GFP coding sequence by successive PCR with primers #1+#3 and #2+#3
(Supplementary Table 3). Based on this construct, secGFP-FLAG was generated by adding a FLAG-
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tag-encoding sequence by PCR (primers #2+#4; Supplementary Table 3). Both secGFP and secGFP-
FLAG were cloned into the pCS2 vector.

In vitro transcription
To generate mMRNASs for microinjection, the corresponding pCS2 vectors were linearized by restriction
digestion, purified and used in a 20 pl mMMESSAGE mMACHINE SP6 reaction (Invitrogen) according

to the manufacturer’s instructions.

Microinjections
Approximately 1 nl injection mix, containing 0.1% phenol red (Sigma) and the indicated concentrations

of mMRNA or Morpholino (see sections below), was injected at the one- to two-cell stage.

Phenotypic analyses

The phenotypes of zebrafish embryos were assessed 1 dpf, between 26 and 30 hpf. If a small fraction of
dead embryos was observed in both treated and control embryos, dead embryos were not considered in
the phenotype statistics. The phenotype “clump” describes cases where the embryonic tissue exhibits
neither recognizable body axis formation nor massive necrosis. Morpholino-injected embryos with

necrotic tissue in the head are described as “wildtype*” if their gross morphology is that of a wildtype.

Cyclops-FLAG titration
For the titration of Cyclops-FLAG (Supplementary Figure 6), injection mixes containing 249, 360, 720

or 938 ng/pl cyclops-FLAG mRNA were microinjected into zebrafish embryos at the one-cell stage.

Testing Nodal/Lefty secretion at high expression levels

To compare the secretion of Nodals and Leftys at low and high expression levels (Supplementary
Figure 7), either low (30 ng/ul) or high mRNA concentrations were injected. For high expression levels,
the following mRNA concentrations, which are equimolar to 912 ng/pl cyclops-FLAG mRNA, were
used: 1064 ng/ul leftyl-GFP, 1056 ng/ul lefty2-GFP, 1110 ng/ul sqt-GFP. For cyclops-GFP, the
highest possible mRNA concentration (1025 ng/ul) was injected.

Anti-FLAG co-immunoprecipitation (ColP)
This protocol uses the Anti-FLAG M2 Affinity Gel (Sigma, #A2220) and is based on the product
information provided by the manufacturer.

120-180 pl of the original bead slurry (30 ul slurry corresponding to 15 ul resin per sample) were
prepared by washing twice with TBS (50 mM Tris, 150 mM NaCl; pH 7.4), once with 0.1 M glycine

(pH 3.5) and three times with TBS as described by the manufacturer. The resin was re-suspended in IP
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buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100; pH 7.4; % Mini cOmplete EDTA-free protease
inhibitor pill (Roche) was added per 10 ml) afterwards.

Dechorionated zebrafish embryos were transferred to 1.5 ml reaction tubes when control embryos
were around sphere stage (4 hpf; Kimmel et al. 1995). They were lysed by pipetting ten times with a
200 pl pipette in cold IP buffer (typically 230 ul IP buffer were used to lyse embryos). All following
steps were performed at 4°C. After removing the input control, IP buffer was added to the lysate such
that after addition of the prepared agarose resin the total volume was 1 ml. The tubes were rotated axially
at 4°C over night. The samples were centrifuged at 8,200 rcf for 1 min and the supernatant was
discarded. 500 pl IP buffer were added to the agarose resin and the agarose was washed by carefully
pipetting ten times with a 1 ml pipette. This wash step was repeated two more times. After centrifugation
at 8,200 rcf for 1 min, the supernatant was discarded and 50 pl FLAG peptide (100 pg/ml in TBS, Sigma,
#F3290) were added to the agarose. The samples were rotated axially at 4°C for 30 min, centrifuged at
8,200 rcf for 1 min and the supernatant was saved as eluate. The elution step was repeated with 50 pl
FLAG peptide; the eluates were combined and dried in a speedvac concentrator before addition of SDS-
PAGE loading buffer.

Sqt-FLAG/Oep-GFP ColP with crosslinking

Zebrafish embryos were injected at the one-cell stage with approximately 1 nl of a mix containing
100 ng/pl sqt-FLAG mRNA and 100 ng/pl oep-GFP mRNA (sample) or 100 ng/ul sqt-FLAG mRNA
and 100 ng/ul secGFP mRNA (negative control). 500 mM formaldehyde stock solution was prepared
by dissolving 750 mg paraformaldehyde in 50 ml water at 85°C over night (Nadeau and Carlson 2007).
57 dechorionated embryos from each sample were transferred to 1.5 ml reaction tubes and 100 pl
crosslinking buffer (50 mM HEPES, 116 mM NacCl, 2.9 mM KCI, 1.8 mM CacCl,; pH 7.2) containing
1:20 formaldehyde stock solution or 1:20 water (negative control) were added. The tubes were incubated
at 28°C for 30 min. 800 ul IP buffer were added and the embryos were lysed by pipetting. After
guenching the crosslinking reaction at 37°C for 30 min, the lysate was used for anti-FLAG ColP. Note
that 20% of the lysate were used as input sample and were precipitated with acetone (Fic et al. 2010)
before addition of SDS-PAGE loading buffer. Instead of eluting the proteins after the ColP, 25 pl SDS-
PAGE loading buffer were added to the agarose resin. All samples were boiled at 99°C for 20 min and
vortexed before using them in SDS-PAGE.

ColP for MS
mMRNAs encoding FLAG-tagged Nodals/Leftys or secGFP-FLAG were injected at concentrations
equimolar to 1000 ng/ul cyclops-FLAG mRNA. From each sample, 82 embryos were used for ColP

(without crosslinking) as described above.
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SDS-PAGE, silver staining and western blot
For silver staining, proteins were separated on 4-15% Mini-PROTEAN TGX Stain-Free gels (Bio-Rad)
and the Pierce Silver Stain Kit (Thermo Scientific) was used according to the manual.

For western blotting, embryos were deyolked manually around sphere stage (4 hpf), rinsed in
embryo medium and lyzed by vortexing in SDS-PAGE loading buffer. Proteins were separated on 4-
15% TGX Mini-PROTEAN TGX Stain-Free gels (Bio-Rad; Supplementary Figure 8) or home-made
10% (Figure 11) or 12% (Supplementary Figure 6) SDS-PAGE gels. Western blotting was performed
in principle as in Almuedo-Castillo et al. (2018). The primary anti-GFP antibody (Life Technologies,
A11122; dilution 1:5,000) was used with the secondary, peroxidase-conjugated AffiniPure anti-rabbit
IgG antibody (Jackson ImmunoResearch, #111-035-003; dilution 1:10,000). The anti-FLAG M2
antibody (Sigma, #F3165; dilution 1:5,000) was used with the peroxidase-conjugated, secondary
AffiniPure anti-mouse IgG antibody (Jackson ImmunoResearch, 715-035-150; dilution 1:10,000).

Mass spectrometry (MS)
In order to account for variability in unspecific binding between experiments, two secGFP-FLAG ColP
samples were analyzed.

Silver stained protein gels (Supplementary Figure 9) were submitted to the Proteome Center at the
University of Tibingen for MS analysis. In brief, the following steps were performed. The gels were
digested with trypsin (Borchert et al. 2010) and the peptides desalted with C1s StageTips (Rappsilber et
al. 2007). After extracting the peptides, they were separated on an EASY-nLC 1200 System coupled to
a Q Exactive HF mass spectrometer (Thermo Scientific) as in Kliza et al. (2017), with the following
modifications: A 57 min segmented gradient from 10-33-50-90% solvent B (80% acetonitrile in 0.1%
formic acid) in solvent A (0.1% formic acid) and a flow rate of 200 nl/min were used; the seven most
intense precursor ions were sequentially fragmented by higher energy collisional dissociation in each
scan cycle; for all measurements, the sequenced precursor masses were excluded from further selection
for 30 s; target values for MS/MS fragmentation were 10° charges and for the MS scan 3-10° charges.
The resulting spectra were processed using the MaxQuant software (version 1.5.2.8.; Cox and Mann
2008) with Andromeda (Cox et al. 2011). The peptides were searched against a target-decoy Danio rerio
database, which was obtained from UniProt (The UniProt Consortium 2019). It contained 44,355
proteins, the FLAG-tagged bait protein sequences (Squint-FLAG, Cyclops-FLAG, Leftyl-FLAG,
Lefty2-FLAG, sec-GFP-FLAG) as well as 285 commonly observed contaminants. Trypsin was defined
as endoprotease with a maximum of two missed cleavages. N-terminal acetylation and methionine
oxidation were set as variable modifications and cysteine carbamidomethylation was defined as fixed
modification. The initial maximum allowed mass tolerance was 4.5 ppm for the survey scan and 20 ppm
for the fragmentation by higher energy collisional dissociation. The false discovery rate was set to 1%

at both the peptide and the protein level.
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Identification of MS candidates

Among the identified proteins, those absent from the two secGFP controls and the uninjected control
were considered specific to the Nodal/Lefty ColPs. Proteins were only counted if at least one peptide
with a posterior error probability (PEP; Kéll et al. 2008) <0.01 was found. The following Gene Ontology
(GO) “Cellular Component” terms (Ashburner et al. 2000, The Gene Ontology Consortium 2019) were
used to identify MS candidates: “extrinsic to membrane” (jupb), “intrinsic to membrane” (vidlr, cx43.4,
si:dkey-7j14.6), “membrane” (tpte, si:ch211-226h8.14, epcam), “extracellular region” (dvrl). hsp90bl
was considered because it has a predicted signal sequence (Almagro Armenteros et al. 2019).

Note that a high number of peptides from the bait proteins were identified in the corresponding
samples. Additionally, Nodal/Lefty peptides were identified in the following samples: Squint peptides
in the secGFP-FLAG (R11) and Leftyl-FLAG (R13) samples, Leftyl peptides in the Lefty2-FLAG
(R14) sample and Lefty2 peptides in the Cyclops-FLAG (R16) sample. It is unclear, whether this results
from cross-sample contamination of the highly abundant bait proteins or represents actual interactions.

Cloning MS candidates

Coding sequences for the MS candidates were either amplified by PCR from wildtype zebrafish cDNA
(sphere stage; 4 hpf) or ordered as gBlock gene fragments (IDT; Supplementary Table 2). C-terminal
GFP fusions were generated with splicing by overlap extension PCR (Higuchi et al. 1988, Ho et al.
1989, Heckman and Pease 2007) starting from two fragments (one encoding the MS candidate, one
encoding GFP). All constructs were cloned into the pCS2 vector. The primers that were used for cloning

are shown in Supplementary Table 3.

Supplementary Table 2: Sequence information for cloning the MS candidates. *The amplified sequence
encodes a protein with an R68C mutation compared to the shown reference.

Gene name NCBI Reference Sequence | UniProt ID | Source
cx43.4 - BOUYCO cDNA
epcam - Q568H0* cDNA
hsp90b1 NM_198210.2 Q7T3L3 cDNA
jupb XM_002665476.6 - gBlock
si:ch211-226h8.14 | NM_001102392.3 - cDNA
si:dkey-7j14.6 NM_001199721.1 E7FD05 gBlock
tpte XM_005155259.4 F1QG29 gBlock
vidir NM_200923.2 E7FF13 gBlock
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Supplementary Table 3: Primers used for cloning. Note that the GFP primers GFP R and GFP R #2 were used
as reverse primers for multiple forward primers (indicated in brackets). frag. = fragment; Restr. = Restriction

# |Sequence Purpose Restr. site

1 |CATTTTACTGAACTCAAGCCTGCTGAT ATCAGCGAGTGGTGGACATGGTCATATGGTGAGCAAGGGC |secGFP F1 -

2 |TCCCATCGATGCGCCACCATGTTCTCTCTCAGTTTAGTGATCACCTTCATTTTACTGAACTCAAG secGFP F2 Clal

3 |GAGGCCTTGAATTCTCACTTGTACAGCTCGTC GFP R(1, 2, 13) EcoRI

4 |GGCCTTGAATTCTCACTTGTCGTCGTCGTCCTTGTAGTCGGAGCCCTTGTACAGCTCGTC secGFP-FLAG R EcoRI

5 |TTTGCAGGATCCCGCCACCATGTCACTGCAAATGAG jupb F BamHI

6 |GCCTTGAATTCTTAAAGAGGATTTGGATACAC jupb R EcoRI

7 |GCTCACCAT AGATCCAAGAGGATTTGGATAC jupb-GFP frag. 1R -

8 |GTATCCAAATCCTCTTGGATCTATGGTGAGC jupb-GFP frag. 2F -

9 [GGCCTTGAATTCTTACTTGTACAGCTCGTC jupb-GFP frag. 2R EcoRlI
10 [GATCCCATCGATGCGCCACCATGTTCTCGCTCAGC si:ch211-226h8.14 F Clal
11 |[GCCTTGAATTCTCAGCTCCT ACGACGTGTGCAGC si:ch211-226h8.14 R EcoRlI
12 |[CTTGCTCACCATGCTCCTACGACGTGTG si:ch211-226h8.14 frag. 1 R|-

13 |CACACGTCGTAGGAGCATGGTGAGCAAG si:ch211-226h8.14 frag. 2 F|-

14 |GATCCCATCGATGCGCCACCATGAGGCGGCTGTG hsp90bl F Clal
15 [GCCTTGAATTCTTACAGCTCATCTTTGGATGTGGC hsp90bl R EcoRI
16 [CCCTTGCTCACCATCAGCTCATCTTTGG hsp90bl frag. 1 R -

17 |CCAAAGATGAGCTGATGGTGAGCAAGGG hsp90b1 frag. 2 F -

18 [GCCTTGAATTCTTACTTGTACAGCTCGTCCATGC GFP R #2 (17, 27, 36) EcoRI
19 [GGCCTCTCGAGGCCACCATGAGCTGGAGTTTTCTTACG cx43.4 F Xhol
20 [CTATAGTTCTAGATCAAGCATGGATCCCTTTTTC cx43.4 R Xbal
21 [CCTTGCTCACCATAGCATGGATCCCTTTTTC cx43.4 frag. 1R -

22 |GAAAAAGGGATCCATGCTATGGTGAGCAAGG cx43.4 frag. 2F -

23 [CTATAGTTCTAGACTCACTTGTACAGCTCGTC cx43.4 frag. 2R Xbal
24 |GATCCCATCGATGCGCCACCATGAAGGTTTTAGTTGCC epcam F Clal
25 |GCCTTGAATTCTTAAGAAATTGTCTCCATCTCTCTGGC epcam R EcoRI
26 |GCCCTTGCTCACCATAGAAATTGTCTCCATCTC epcam frag. 1R -

27 |GAGATGGAGACAATTTCTATGGTGAGCAAGGGC epcam frag. 2F -

28 |GATTCGAATTCGCCACCATGGTCAGGTCTATG vldir F EcoRI
29 |GAGGCTCGAGTTATGACAAGTCATCTTCTGTG vldir R Xhol
30 |GCCCTTGCTCACCATTGACAAGTCATCTTCTG vldir frag. 1 R -

31 [CAGAAGATGACTTGTCAATGGTGAGCAAGGGC vldir frag. 2 F -

32 |GAGGCTCGAGTTACTTGTACAGCTCGTC vldir frag. 2 R Xhol
33 |GATCCCATCGATGCGCCACCATGGCCTCTTCAATGACTAC si:dkey-7j14.6 F Clal
34 |GCCTTGAATTCTTAAGAGCTGGAGATGGAATCCAG si:dkey-7j14.6 R EcoRlI
35 |GCCCTTGCTCACCAT AGAGCTGGAGATGGAATC si:dkey-7j14.6 frag. 1R -

36 |GATTCCATCTCCAGCTCTATGGTGAGCAAGGGC si:dkey-7j14.6 frag. 2 F -

37 |GATTCGAATTCGCCACCATGACGTCTGTGCATTTTAAC tpte F EcoRI
38 |GAGGCTCGAGTCAAGGCTCAGTGAAAGACAGCGTC tpte R Xhol
39 |GCCCTTGCTCACCATAGGCTCAGTGAAAGAC tpte frag. 1 R -

40 |GTCTTTCACTGAGCCTATGGTGAGCAAGGGC tpte frag. 2 F -

41 |GAGGCTCGAGTCACTTGTACAGCTCGTCCATGC tpte frag. 2 R Xhol

Co-expression of GFP-tagged MS candidates with fluorescently-labeled Nodals/Leftys

To test for co-localization of GFP-tagged MS candidates with fluorescently-labeled Nodals/Leftys the
injection mixes contained 250 ng/pl MRNA encoding the GFP-tagged MS candidate. mMRNAs encoding
fluorescent Nodals/Leftys were included in the mixes at the following concentrations: 250 ng/pl squint-
mCherry, 60 ng/ul cyclops-RFP, 60 ng/ul leftyl-RFP or 60 ng/ul lefty2-RFP.
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MS candidate overexpression for phenotypic analysis
MRNAs encoding untagged MS candidates were injected at 50 or 250 ng/ul for total amounts of 50 or
250 pg, respectively.

Fixation

At the indicated time points, the embryos were transferred to 2 ml reaction tubes with PBS (137 mM
NaCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM KH2PO4; pH 7.4) containing 4% formaldehyde and fixed
at 4°C over night. The fixative was removed and the following wash steps were performed by shaking
(back-and-forth) for 5 min at RT each: PBS, PBS-T (PBS containing 0.1% Tween 20), PBS-T:methanol
(50:50), methanol, methanol. Fresh methanol was added and the embryos were stored at -20°C up to

two months.

Digoxigenin-labeled RNA probes

The plasmid for the gsc probe (Mdller et al. 2012) was linearized by restriction digest with EcoRI. This
template was purified and used ina 20 pul T7 RNA Polymerase (Roche) reaction containing 2 pul enzyme,
2 ul DIG RNA Labeling Mix (Roche) and 1 pl RNase inhibitor (Applied Biosystems). After addition of
2 ul DNasel (Roche) and 15 min incubation at 37°C, the RNA probe was purified with RNeasy Columns
(Qiagen). It was diluted to 100 ng/pl with prehybridization solution (50% deionized formamide, 5X SSC
(diluted from 20X UltraPure SSC; Invitrogen), 0.5 mg/ml RNA from torula yeast (Sigma), 50 pg/ml

heparin, 0.1% Tween 20; in nuclease-free water) containing 5% dextran sulfate and stored at -20°C.

goosecoid Fluorescence in situ hybridization (FISH) followed by pSmad2/3 immunofluorescence
Approximately 20-30 fixed embryos were used per sample. In situ hybridization was performed in an
InsituPro VSi robot (Intavis), similar to published protocols (Thisse and Thisse 2008, Almuedo-Castillo
et al. 2018). For every wash/incubation step, 250 pl solution were used and the incubation temperature
was RT if not mentioned otherwise.

The samples were washed in 70%, 50% and 30% methanol mixtures with PBS-T for 10 min each.
After washing the samples six times for 10 min with PBS-T, they were incubated with PBS-T containing
4% formaldehyde for 30 min. The samples were rinsed with PBS-T; they were then washed four times
with PBS-T for 10 min. After 1 h incubation with prehybridization solution at 70°C, the solution was
replaced and the samples were incubated for another hour at 70°C. The samples were incubated with the
RNA probes (1 ng/ul in prehybridization solution; heated to 80°C for 15 min before use) for 16 h at
70°C and then washed with posthybridization solution (50% deionized formamide, 5X SSC, 0.1%
Tween 20; in nuclease-free water) at 70°C for 10 min. The following dilutions of posthybridization
solution in 2X SSC were used for 15 min wash steps at 70°C: 75%, 50% and 25% posthybridization
solution. The samples were washed three times in 2X SSC and three times in 0.2X SSC for 15 min at

70°C each. After cooling to RT, the samples were washed with the following dilutions of 0.2X SSC in
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PBS-T for 15 min each: 75%, 50% and 25% 0.2X SSC. After two 15 min PBS-T washes the samples
were removed from the robot and transferred to 2 ml reaction tubes containing PBS-T.

The staining procedure was performed manually and all following wash steps were performed by
shaking the samples back-and-forth at RT. The PBS-T was replaced with 300 ul FISH blocking solution
(2% blocking reagent (Roche) in MABTw (150 mM maleic acid, 100 mM NaCl, 0.1% Tween 20;
pH 7.5)) and the samples were kept shaking for 2 h at RT. After removing the blocking solution, 200 pul
of a 1:100 dilution of Anti-Digoxigenin-POD (Roche, #11207733910) in FISH blocking solution were
added and the samples were kept shaking at 4°C over night. PBS-T was added to ~1.5 ml and removed
right away. The samples were washed with ~1.5 ml PBS-T six times for 20 min each. The PBS-T was
removed and 100 ul TSA Plus Working Solution containing 1:75 Cyanine 3 TSA Plus Stock Solution
(Perkin Elmer) were added. The tubes were gently flicked and incubated for 45 min at RT in the dark
(no shaking). To protect the samples from light, they were wrapped in aluminum foil for all following
incubation steps. The samples were rinsed briefly by addition of PBS-T to ~1.5 ml. The solution was
removed right away and the samples were washed for three times 10 min with ~1.5 ml PBS-T. After
removing the PBS-T, the samples were briefly rinsed with quench solution (0.1 M glycine; pH 2.2).
Fresh quench solution was added (~1.25 ml) and the samples were incubated for 30 min at RT (no
shaking). After removal of the quench solution, the samples were rinsed with ~1.5 ml PBS-T. They were
then washed with ~1.5 ml PBS-T for three times 10 min.

The pSmad2/3 immunofluorescence staining was performed as described below with the
modification that the samples were washed in PBS-T six times for 20 min each after the incubation with
anti-pSmad2/3 antibody. After the amplification reaction that visualizes the pSmad2/3 signal, the
samples were washed five times with PBS-T for 20 min each and stored in PBS-T containing 1 mg/I

DAPI at 4°C until they were imaged by lightsheet microscopy.

pSmad2/3 and GFP immunofluorescence

Fixed embryos (approximately 20-30) or FISH samples were transferred to a 2 ml reaction tube
containing ice-cold acetone and kept at -20°C for 20 min. The acetone was removed and the samples
were washed three times for 5 min with PBS-T. ~1.5 ml PBS-T were used for this and all following
washes. If not stated otherwise, the wash and incubation steps were performed shaking (back-and-forth)
at RT. After washing, the samples were incubated with 500 ul IF blocking solution (10% fetal bovine
serum in PBS-T) for 1 h. The blocking solution was removed and replaced with 500 pl of a 1:5,000
dilution of anti-phospho-Smad?2 (Ser465/467)/Smad3 (Ser423/425) antibody (Cell Signaling, #8828) in
IF blocking solution. The samples were shaken (back-and-forth) at 4°C over night. To briefly rinse the
samples, PBS-T was added to ~1.5 ml PBS-T and removed right away. The samples were washed eight
times for 15 min each. They were then incubated with 500 ul IF blocking solution for 1 h. After
removing the blocking solution, the samples were incubated with a 1:500 dilution of peroxidase-
conjugated AffiniPure anti-rabbit 1gG antibody (Jackson ImmunoResearch, #111-035-003) in IF
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blocking solution, shaking at 4°C over night. The samples were rinsed briefly by adding PBS-T to
~1.5 ml and removing it right away. They were then washed six times for 20 min each. The PBS-T was
removed and 100 pl TSA Plus working solution containing 1:75 Fluorescein TSA Plus Stock Solution
(Perkin Elmer) were added. After gentle flicking of the tubes they were incubated for 45 min in the dark
(no shaking). The samples were wrapped in aluminum foil for all following incubation steps. PBS-T
was added to ~1.5 ml for a brief rinse and the samples were washed four times for 10 min each.

The PBS-T was removed, 500 pl IF blocking solution were added and the samples were incubated
for 1 h. After removing the IF blocking solution, 500 pl IF blocking solution containing 1:1,000 anti-
GFP antibody (Aves Labs, #GFP-1020) were added and the samples were shaken (back-and-forth) at
4°C over night. PBS-T was added to ~1.5 ml and the solution was removed right away. The samples
were washed six times for 20 min each before blocking with 500 pul IF blocking solution for 1.5 h. The
blocking solution was removed and a 1:500 dilution of Alexa Fluor 568-conjugated anti-chicken IgY
(abcam 175477) in IF blocking solution was added to the samples which were then kept shaking at 4°C
over night. PBS-T was added to ~1.5 ml to briefly rinse the samples and the samples were then washed
twelve times for approximately 20 min each. They were stored in PBS-T containing 1 mg/l DAPI at 4°C

until imaging by lightsheet microscopy.

Overexpression of MS candidates to test effects on Nodal signaling by FISH/immunofluorescence
mRNAs encoding untagged MS candidates or GFP were injected at a concentration of 250 ng/ul. squint-
FLAG mRNA (positive control) was injected at a concentration of 50 ng/ul. sqt” control embryos were

obtained from a sqt”- incross. All embryos were fixed when the uninjected controls were at shield stage
(6 hpf).

Morpholinos
Morpholinos were ordered from Gene Tools, LLC and diluted tol mM stocks with water. Morpholino
sequences are given in Supplementary Table 4. For microinjections, the Morpholinos were diluted to

concentrations between 0.4 and 4 pg/ul, depending on the final dose as indicated.

Supplementary Table 4: Morpholino sequences.
Name | Target Sequence Target specifics
MO1 | si:ch211-226h8.14 | AAGCTGAGCGAGAACATGATTCTGC | Start codon
MO2 | si:ch211-226h8.14 | ACCCAAAAAGAAACTCACAGGTGAA | Exonl-Intronl
MO3 | si:ch211-226h8.14 | AGGTCTGTTAAATCCATACCATGAT | Exon4d-Intron4
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Widefield imaging of zebrafish embryos
To image the phenotypes of zebrafish embryos 1 dpf, they were mounted in 2% methylcellulose (in
embryo medium). Images were acquired with an Axio Zoom.V16 (Zeiss) and a PlanNeoFluar Z 1x/0.25

objective. The white balance was auto-adjusted to the background for each sample.

Lightsheet microscopy

FISH and/or immunofluorescence samples were imaged on a Lightsheet Z.1 (Zeiss) with a W Plan-
Apochromat 20x/1.0 objective. The samples were mounted in 1.5% NuSieve GTG Agarose (Lonza; in
embryo medium) and imaged in water. All samples and controls from one experiment were imaged
within the same day to ensure comparable fluorescence between embryos.

To image embryos after margin transplantations and immunofluorescence staining, the embryos
were mounted with the animal-vegetal axis orthogonal to the agarose column. Z-stacks over 130 pm
from the animal pole were acquired (10 pm steps; 13 slices) and maximum intensity projections over
110 pm (ignoring the two animal-most slices) were generated using Fiji (Schindelin et al. 2012). The
outline of the transplants was drawn around cells that exhibited immunofluorescence signal for GFP. To
measure pSmad2/3 intensities (Supplementary Figure 1), a circular region of interest was used to
measure the mean pSmad2/3 immunofluorescence signal inside of the transplant. The shape and size of
the region of interest was the same for all images.

To acquire dorsal and lateral views of embryos after MS candidate overexpression (FISH and
immunofluorescence), they were mounted with the animal-vegetal axis parallel to the agarose column.
The side with highest gsc FISH intensity was defined as the dorsal side. In the Jupb overexpression
sample with distributed gsc signal around the margin, a part with strong gsc signal was defined as the
dorsal side. In the squint-FLAG overexpression sample, where the gsc signal is homogenous throughout
the embryo, a random side was defined as dorsal. For the acquisition of lateral views, the sample was
rotated +90° with respect to the dorsal view. Z-stacks were acquired over 300 um from the embryo
surface (15 um steps; 20 slices) and maximum intensity projections were generated using Fiji
(Schindelin et al. 2012).

Confocal microscopy

Live zebrafish embryos were mounted in glass bottom dishes as described previously (Mdérsdorf and
Mdller 2019), when uninjected controls were around sphere stage (4 hpf). An LSM 780 NLO (Zeiss)
system was used to acquire animal pole views with an LD LCI Plan-Apochromat 25x/0.8 Imm Korr DIC
objective. Images were acquired at a depth of approximately 35 pm from the animal pole, if not

mentioned otherwise.
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Fluorescence recovery after photobleaching (FRAP)
The FRAP experiments with the weak binder presented in Supplementary Figure 3 were performed as
described for the morphotrap in Almuedo-Castillo et al. (2018).

For the FRAP experiments shown in Figure 20, zebrafish embryos were injected with injection
mixes containing 30 ng/ul squint-GFP mRNA or 100 ng/ul cyclops-GFP mRNA. For co-expression of
the secreted lectin, 250 ng/ul si:ch211-226h8.14 mRNA were included in the injection mix. Embryos
were mounted around sphere stage (4 hpf) and FRAP was performed as previously described (Mller et
al. 2012). PyFRAP (BlaRle et al. 2018) was used to analyze the FRAP data. The default settings were
used with two exceptions: A mesh with an element size of 25 pixels® was generated and the published

decay rates of Squint and Cyclops (Miiller et al. 2012) were used for fitting.

Characterization of additional weak GFP binders
The weak GFP binders that were used in the experiments for Supplementary Figure 5 were cloned using
the strategy described in Morsdorf & Muller 2019. The following binders were used: LaG-6, LaG-17,
LaG-29 from Fridy et al. (2014) and PD-GBP-1, PD-GBP-2, PD-GBP-5 as well as PD-GBP-6 from
Pellis et al. (2012).

The experiments testing the effects of the weak GFP binders on Leftyl-GFP activity
(Supplementary Figures 4&5) were performed as the corresponding experiments in Almuedo-Castillo
et al. (2018).

Statistics

Standard deviations are reported as errors.
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Tuning Protein Diffusivity with Membrane Tethers
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ABSTRACT: Diffusion is essential for biochemical
processes because it dominates molecular movement on
small scales. Enzymatic reactions, for example, require fast
exchange of substrate and product molecules in the local
environment of the enzyme to ensure efficient turnover.
On larger spatial scales, diffusion of secreted signaling
proteins is thought to limit the spatial extent of tissue
differentiation during embryonic development. While it is
possible to measure diffusion in vivo, specifically
interfering with diffusion processes and testing diffusion
models directly remains challenging. The development of
genetically encoded nanobodies that bind specific proteins
has provided the opportunity to alter protein localization
and reduce protein mobility. Here, we extend the
nanobody toolbox with a membrane-tethered low-aflinity
diffusion regulator that can be used to tune the effective
diffusivity of extracellular molecules over an order of
magnitude in living embryos. This opens new avenues for
future applications to functionally interfere with diffusion-
dependent processes.

D iffusion is fast over short distances but slow over longer
spatial scales. It can therefore theoretically limit the
dispersal and action range of signaling proteins within tissues,
for example during early development.”” Most multicellular
organisms develop from an embryo that initially consists of
equivalent stem cell-like “naive” cells. A long-standing
concept in developmental biology is that a subset of cells,
the source, secretes signals that diffuse into the surrounding
tissue and instruct naive cells to form embryonic organs. The
idea that extracellular signaling molecules spread by diffusion
appears to be straightforward due to the passive nature of
diffusion,™* but the relevance of extracellular diffusion for the
dispersal of signaling molecules from source to target tissues
is still largely unclear. Despite evidence for free diffusion of
the Drosophila melanogaster bone morphogenetic protein
(BMP) homolog Decapentaplegic (Dpp),” models of active
Dpp transport have also been proposed.® Similarly, the extent
to which extracellular diffusion of the vertebrate signaling
molecules BMP’~” and Nodal*'°™'* is required for their
endogenous function is unclear. Thus, classical models in
which diffusion determines signal dispersal and tissue
patterning are still being debated.”'*'°

To examine the mechanisms underlying signal dispersal
and to probe diffusion models, the Affolter lab has recently
pioneered the morphotrap approach, in which a high-affinity
anti-GFP nanobody'’ (reviewed in ref 18) is targeted to the
cell surface with a transmembrane domain tagged with
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Figure 1. Using membrane-tethered nanobodies to immobilize
extracellular GFP fusion proteins. (a) The morphotrap consists of a
high-affinity anti-GFP nanobody, a transmembrane (TM) domain,
and an intracellular mCherry (mCh) tag. Binding of extracellular
GFP or GFP fusion proteins holds them on the plasma membrane."”
(b) Ilustration of the Dpp-GFP distribution in the D. melanogaster
wing disc upon expression of the morphotrap from a localized
source.”” Normally, Dpp-GFP spreads from the source through the
surrounding tissue (cells illustrated below the «x-axis), forming a
concentration gradient (green line). Cells that receive sufficiently
high signal levels respond and induce downstream signaling (green
cells). When the morphotrap is co-expressed in the source tissue
(magenta cell outlines), Dpp-GFP is retained in the source and the
formation of a relevant signaling gradient is abolished (green dashed
line). Only cells in the immediate vicinity of the source receive
signaling, whereas cells at a distance do not. (c) Illustration of the
Leftyl-GFP distribution expressed from a localized source in
zebrafish embryos.** Leftyl-GFP forms a long-range gradient from
the source tissue (green solid line). When the morphotrap is
homogeneously expressed in zebrafish embryos, Leftyl-GFP
mobility is reduced, resulting in a steep gradient ~2 h after the
onset of Leftyl-GFP production (green dashed line). The range of
Leftyl-GFP is illustrated by the green cells below the x-axis. (d). If
GFP reversibly interacts with a binder such as an anti-GFP
nanobody, GFP’s effective diffusion coeflicient D is predicted to be
modulated by the concentration of the binder as well as its GFP
binding affinity,>"** Kj.
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Figure 2. A low-affinity GFP binder partially tethers extracellular GFP to cell membranes in zebrafish embryos. (a) Schematic of the localization
assay. GFP binders were expressed in zebrafish embryos by microinjecting 100 pg of the corresponding mRNAs at the one-cell stage. After 3.5 h
of embryonic development, GFP and a fluorescent dextran were injected extracellularly followed by confocal microscopy to determine the
localization of GFP, the GFP binder (mCherry), and dextran (Cascade Blue). The panel on the right illustrates the localization of the three
fluorescent signals shown in panel b. (b) Without GFP binders, GFP is distributed homogeneously in the extracellular space. In embryos
expressing the weak GFP binder, GFP can be detected both on cell membranes and in the extracellular space. In the presence of the
morphotrap, the majority of GFP localizes to cell membranes. Scale bars correspond to S0 um. (c) A mask was created from the extracellular
dextran signal and used to extract the GFP signal in cell-free areas within a circular region of interest (ROI, white). The graph shows
measurements of extracellular GFP normalized to total GFP in the ROI from single embryos (black dots). Red lines indicate mean values. The

scale bar corresponds to 50 ym.

mCherry (Figure la, refs 19 and 20). The morphotrap binds
extracellular GFP-tagged signaling molecules and thus tethers
the signal to the cell membrane. In a tissue expressing the
morphotrap, this presumably transient GFP—nanobody
interaction slows the long-distance transport of the
extracellular GFP-tagged population, resulting in a reduced
“effective” diffusivity.””"** In the context of development,
where signaling typically occurs in a defined time frame,
decreasing the signal mobility results in a reduced signaling
range, shortening the spatial domain in which signaling is
active. Thus, the morphotrap provides a means to directly
test the effect of decreasing the spatial range of GFP-tagged
signaling molecules on the development of living systems.
Three examples have shown how the morphotrap can be
used with GFP-tagged signals to test the importance of their
mobility for biological functions. First, in the developing fly
wing, Dpp-GFP normally exhibits a graded distribution away
from producing cells, but co-expression of the morphotrap in
these source cells abolished Dpp-GFP spreading'® (Figure
1b) and resulted in a loss of Dpp-dependent signaling outside
of the source. Second, a morphotrap was used in
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Caenorhabditis elegans to tether a fluorescently labeled Wnt
homolog to membranes and prevent its extracellular spread-
ing, resulting in a loss of cell migration.23 Third, we have
recently used the morphotrap in living zebrafish embryos to
drastically slow the spreading of the normally highly mobile
Nodal antagonist Leftyl-GFP, which leads to defective body
size scaling after experimental shortening24 (Figure 1c). The
strong effect on the mobility of GFP fusion proteins can be
explained by the high-affinity anti-GFP nanobody used in the
morphotrap (in vitro dissociation constant Ky of approx-
imately 0.32nM'”). However, to understand the extent to
which signal diffusion determines the range over which the
signal acts, it is crucial to decrease signal mobility in a
gradual, fine-tuned manner.

To enable fine-tuned regulation of signaling molecule
diffusivity, we have generated an alternative GFP binder by
swapping the morphotrap nanobody'® with an anti-GFP
nanobody that has a dissociation constant of 600nM in
vitro.”> The lower affinity of this GFP binder should result
in a reduced degree of GFP membrane tethering compared
to the morphotrap and thus a weaker effect on overall GFP

DOI: 10.1021/acs.biochem.8b01150
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Figure 3. Titration of a low-affinity GFP binder modulates the mobility of extracellularly injected GFP in zebrafish embryos. (a) Different
amounts of mRNA encoding the weak binder (K; = 600 nM in vitro) were injected into zebrafish embryos at the one-cell stage (50, 100, 200,
or 400 pg); negative controls were left uninjected (0 pg of mRNA), and positive controls were injected with S0 pg of mRNA encoding the
morphotrap (K3 = 0.32nM in vitro). Before the embryos were mounted for FRAP experiments at blastula stages, they were injected
extracellularly with approximately 100 pg of recombinant GFP. FRAP experiments were performed as previously described®'' and analyzed
using PyFRAP.”” Scale bars correspond to 50 um. (b and c) The effective diffusion coefficients (D) of independent experiments executed as
described for panel a are shown as black dots, and red lines indicate mean values. The dashed line in panel b shows an overlay with the effective
diffusion model calculated from the equation in Figure 1d (see the Supporting Information for details).

mobility. Binding of GFP by membrane-tethered binders can D depends on the concentration of the binder and the
be described by a second-order chemical reaction (Figure dissociation constant Ky = kyg/k,, of the binding
1d). Because the binder and the GFP—binder complex are reaction*"*%2° (Figure 1d).
immobilized on the cell surface, formation of the GFP— The nanobody LaG-42 is a well-characterized GFP binder
binder complex decreases the amount of free GFP diffusing with an in vitro Ky of approximately 600 nM.>> To test the
with the molecular diffusion coefficient D, If k,, and k. effect this low-affinity GFP binder has on the localization of
(Figure 1d) of the GFP binding reaction are fast, the effective extracellular GFP, we expressed the weak GFP binder or the
diffusion coefficient D which describes GFP mobility over original morphotrap in zebrafish embryos and subsequently
tissue-wide scales, is decreased in the presence of the binder. injected recombinant GFP into the extracellular space (Figure
179 DOI: 10.1021/acs.biochem.8b01150
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Figure 4. Potential future applications of weak GFP binders. (a)
Homogeneous expression of weak GFP binders is predicted to
moderately shorten gradients of GFP-tagged signaling molecules. (b)
Potential use of weak GFP binders to change the characteristic
wavelength of reaction—diffusion patterning systems.

2a). Assuming that the total levels of GFP and its binders are
similar between experiments, a higher concentration of free
GFP is expected for the weak binder compared to the
morphotrap. Indeed, extracellular GFP levels were higher for
the binder with a higher K; in measurements in which
independent masks for the extracellular space were used (see
Figure 2b,c and the Supporting Information).

The relationship between D, Dg., and binder levels in
the equation of Figure 1d predicts that weak GFP binders
could be used to fine-tune the effective diffusivity of
extracellular GFP by using different binder concentrations.
To test this prediction, we injected different amounts of
mRNA encoding the low-affinity GFP binder into zebrafish
embryos at the one-cell stage. Following extracellular
injections of GFP at blastula stages, we performed FRAP
experiments”'' and determined the resulting effective
diffusion coefficients.””** Our results show that the mobility
of extracellular GFP can be fine-tuned by expressing different
levels of the weak GFP binder (Figure 3). In good agreement
with previous measurements in zebrafish embryos,'"”” we
found a mean effective diffusion coefficient of 42 um?/s for
extracellular GFP in the absence of a GFP binder. Strikingly,
this effective diffusivity was reduced stepwise after micro-
injection of 50, 100, 200, and 400 pg of mRNA encoding the
weak binder to 22, 10, 7,and 4 ym?/s, respectively (Figure
3b). In contrast, just S0 pg of morphotrap-encoding mRNA
reduced the effective GFP diffusivity to S um?*/s (Figure 3c).
Although a reduced level of morphotrap expression resulted
in a higher GFP mobility (Figure 3c), fine-tuning GFP
mobility using even lower morphotrap expression levels may
be difficult. GFP binders are expected to saturate more easily
at low levels, and free diffusion may then dominate
fluorescence recovery.”” Interestingly, the difference in GFP
mobilities with SO pg of morphotrap mRNA [Dg ~ S yum?/s
(Figure 3c)] and SOpg of weak binder mRNA [D
22 um?*/s (Figure 3b)] was weaker than expected on the basis
of the in vitro dissociation constants, which differ by a factor
of 2000. It is therefore possible that the in vivo dissociation
constants of the nanobodies in zebrafish embryos are
different from the values measured in vitro,"”*> and
fluorescence correlation spectroscopy (FCS) measurements
might be able to dissect these potential differences in future
experiments. 1429,30

Controlled expression of a GFP binder allowed us to tune
the effective diffusivity of extracellular GFP over an order of
magnitude, whereas alternative approaches that change the
molecular weight of the attached fluorophore would be

~
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expected to have a much smaller effect size. Since the free
diffusion of spherical molecules is proportional to their radii,
even tripling the number of attached GFP molecules would at
most lead to a 30% reduction in diffusivity,”'" for instance.
To gradually reduce the mobility of a GFP-tagged signaling
molecule, it is theoretically also possible to use distinct GFP
binders with different affinities. In our experience, however,
there are two caveats when comparing different GFP binders
in combination with a GFP fusion protein. First, GFP binders
can reduce the biological activity of a GFP fusion protein,
depending on the nanobody used. Second, nanobody binding
can increase or decrease GFP fluorescence.” We therefore
chose to titrate a single GFP binder to obtain a gradual
reduction of GFP mobility (Figure 3).

Long-range diffusion of ligands is responsible for the
propagation of signaling in classical models of tissue
patterning.”>** However, the requirement of signal mobility
for patterning has so far only in a few cases been directly
tested by tethering extracellular signaling molecules to cell
membranes with a strong GFP binder.'””"**** Qur proof-of-
principle experiments demonstrate that a weak GFP binder
can be used to reduce the effective diffusivity of extracellular
GFP in a tunable manner between 2- and 10-fold. We expect
that this control over signal mobility will allow the range of
GFP-tagged signals to be shortened in future experiments,
allowing a functional assessment of the extent to which
diffusion controls signaling range during development (Figure
4a). Furthermore, this tool could be used to probe previously
postulated self-organizing reaction—diffusion patterning sys-
tems,""** whose characteristic wavelength should change with
reduced eﬁectwe diffusivities of the involved signaling
molecules”™ ™7 (Figure 4b). For biological processes that
are controlled by intracellular reaction kinetics, low-affinity
anti-GFP nanobodies could be incorporated into the
intracellular morphotrap™ to generate weak binders that
modulate the mobility of cytoplasmic proteins. For example,
the kinetics of Poml-GFP gradient formation in Schizo-
saccharomyces pombe could be perturbed to test the
importance of Poml1-GFP distribution for symmetric
cytokinesis.”® Finally, purification of weak GFP binders
might find useful applications in in vitro reaction—diffusion
networks, such as the Min system,””*' to modulate pattern
formation processes.

To date, nanobodies have been generated against various
proteins and together with other types of small protein
binders (recently reviewed in ref 42) could be used to alter
the mobility of several signaling molecules. Future experi-
ments combining these tools have the potential to
revolutionize in vivo studies by testing the importance of
signal diffusion in various biological settings.
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Experimental Procedures
Molecular cloning

A DNA fragment encoding the low-affinity GFP binder LaG-42 (ref. 1) was ordered as a gBlock
gene fragment (IDT) such that the 5’ sequence was 5'-actagtATGGACCAGGTGCAGCTG-3'
(Spel site in lower case), encoding the amino acid sequence TSMDQVQL, and the 3’ sequence
was 5'-actagtGCTGCTCACGGTCACCTG-3’ (Spel site in lower case), encoding the amino acid
sequence QVTVSSTS. The gBlock was digested with Spel, cloned into the plasmid pCS2(+)-
morphotrap? (replacing the original nanobody sequence) and sequenced to confirm the correct
orientation of the insert.

Microinjections

mRNAs for microinjections were synthesized using the mMessage mMachine SP6 Transcription
Kit (Invitrogen) after linearization of the pCS2(+) plasmids with Notl. Approximately 1nl of
mRNA was injected into TE embryos at the one- or two-cell stage. If not mentioned otherwise,
an injection mix containing 100 ng/ul mRNA was used. To inject higher amounts of mRNA, the
mRNA concentration was adjusted (e.g. 400 ng/ul for 400 pg injections). All mRNA injection
mixes contained 0.1% phenol red (Sigma). No toxicity was observed for the tested mRNA
amounts, and the injected zebrafish embryos were phenotypically normal at 24 hours post
fertilization.

For extracellular injections of GFP, recombinant EGFP (MBL) was diluted in PBS to a
concentration of 200 ng/ul. Around oblong stage, five boli of approximately 100 pl were injected
into the extracellular space at different positions of pronase-dechorionated embryos. When a
mask for the extracellular space was needed (see “Quantification of extracellular GFP levels”
below), 500 ng/ul Cascade Blue-conjugated 3 kDa dextran (Molecular Probes) was included in
the extracellular injection mix.

Quantification of extracellular GFP levels

Dechorionated embryos were mounted for imaging around sphere stage® with the animal pole
facing the objective using 1.5% low-melting point agarose in glass bottom culture dishes



(MatTek corporation). Imaging was performed on an Olympus FV1200 confocal microscope
using a UPlanSApo 60 x W objective, approximately 20 um deep from the animal pole.

To compare the relative levels of extracellular GFP when either the weak binder or the
morphotrap was expressed, the Cascade Blue signal was used to define the extracellular space. A
mask was generated from the Cascade Blue signal in Fiji* using the Convert to Mask function.
The value 254 was subtracted from the resulting binary image to obtain a mask with values of 1
(extracellular space) or 0 (cells and region outside of embryo). Regions with extracellular GFP
were then obtained by multiplying the GFP signal with the mask. To exclude cells in the
periphery of the embryo, a large circular region of interest (ROI) was defined (Fig. 2c¢).

The following Fiji macro was used to measure extracellular GFP:

Current_Image=getTitle;

run("Split Channels");
selectWindow("C1l-"+Current_Image);
setOption("BlackBackground", false);
run("Convert to Mask");

run("Subtract...", "value=254");
selectWindow("C2-"+Current_Image);
imageCalculator("Multiply create"”, "C2-"+Current_Image,"C1l-"+Current_Image);
selectWindow("Result of C2-"+Current_Image);
makeOval(27, 35, 746, 746);

run("Measure");

The integrated density within the ROI was measured in the GFP channel before (total GFP) and
after masking (extracellular GFP). For each sample (“no binder”, “weak binder” or
“morphotrap”), multiple embryos from three biological replicates (independent injections) were
quantified and extracellular/total GFP ratios were calculated.

FRAP

Embryos were mounted for imaging around sphere or dome stages®, and FRAP was performed
on a Zeiss LSM 780 NLO confocal microscope as described previously®. A 20 min time series
with 10 s intervals of spatially averaged data from the bleached region was used for model fitting
to determine effective diffusion coefficients.

Comparison of FRAP measurements to a theoretical model of effective diffusion
The curve shown in Fig. 3b was calculated from the effective diffusion model

Dfree

Desr = [Binder] 1
Kq

with Dgee = 40 umz/s (refs. 5, 6) and values for K4 and [Binder] that led to a good match with the
experimental data. We assume a linear relationship between injected mRNA and the protein it
encodes; however, the concentration of membrane-bound nanobody in our FRAP experiments is

unknown. Furthermore, the in vivo affinity of the nanobody has not been determined in zebrafish
embryos. Given these two unknown factors, the model curve in Fig. 3b can be interpreted in

2



multiple ways: Assuming that the in vitro and in vivo affinities of the nanobody are identical (K4
= 600 nM), the full scale of the x-axis from 0 pg to 400 pg mRNA in Fig. 3b would correspond
to a range of 0 to 4.8 UM membrane-bound nanobody protein. In contrast, assuming that the in
vivo affinity of the nanobody differs from its affinity in vitro, with a K4 of e.g. 50 nM the full
scale of the x-axis in Fig. 3b would correspond to a range of 0 to 400 nM membrane-bound
nanobody.
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Scale-invariant patterning by size-dependent
inhibition of Nodal signalling

Maria Almuedo-Castillo'?, Alexander Blaf3le', David Mérsdorf©', Luciano Marcon'3, Gary H. Soh’,
Katherine W. Rogers'?, Alexander F. Schier? and Patrick Miiller ®™

Individuals can vary substantially in size, but the proportions of their body plans are often maintained. We generated smaller
zebrafish by removing 30% of their cells at the blastula stages and found that these embryos developed into normally patterned
individuals. Strikingly, the proportions of all germ layers adjusted to the new embryo size within 2 hours after cell removal. As
Nodal-Lefty signalling controls germ-layer patterning, we performed a computational screen for scale-invariant models of this
activator-inhibitor system. This analysis predicted that the concentration of the highly diffusive inhibitor Lefty increases in
smaller embryos, leading to a decreased Nodal activity range and contracted germ-layer dimensions. In vivo studies confirmed
that Lefty concentration increased in smaller embryos, and embryos with reduced Lefty levels or with diffusion-hindered Lefty
failed to scale their tissue proportions. These results reveal that size-dependent inhibition of Nodal signalling allows scale-

invariant patterning.

generate the correct tissue proportions'. During develop-

ment, tissue patterning is achieved by gradients of signalling
proteins that induce distinct differentiation programmes in discrete
spatial domains®'. To adjust tissue patterning and organ propor-
tions to their body size, embryos need to appropriately scale the
underlying signalling gradients''. Scaling mechanisms for individ-
ual tissue-specific signalling systems at different stages of develop-
ment have been proposed, but how these mechanisms are integrated
and coordinated during development to generate the correct pro-
portions of all tissues is currently unclear''-*'. Here, we analysed
how signalling gradients adjust tissue proportions in differently
sized zebrafish embryos and identified a size-dependent mecha-
nism that mediates scale-invariant germ-layer patterning to provide
the correct amount of progenitor cells for all future tissues.

D espite often substantial variability in size, embryos faithfully

Results

Scaling of tissue proportions in differently sized zebrafish
embryos. We found that the removal of ~30% of cells by extirpation
from the animal pole before gastrulation (Fig. 1a) generates zebraf-
ish embryos that become normally patterned adults. Extirpated
embryos developed into smaller individuals with the same number
of proportionally thinner somites as untreated embryos (Fig. 1a).
Consistently, the size of various organs, including the hatch-
ing gland (a mesodermal derivative, hggl positive) and the eye
(an ectodermal derivative, vsx2 positive), was reduced in individu-
als developing from extirpated embryos (Fig. 1b). Strikingly, scal-
ing of tissue proportions to embryo size already occurred during
the gastrulation stages within 2hours following extirpation. Using
in situ hybridization, we quantified the extent of the presumptive
ectoderm (sox3 positive; Fig. 1c) and mesendoderm (fascin posi-
tive; Fig. 1d) and found that the germ-layer proportions adjusted
progressively after extirpation: at 1-hour post-extirpation (1hpe),
extirpated embryos had excess mesendoderm and insufficient
ectodermal progenitors as cells were removed from the animal pole

containing presumptive ectoderm (Fig. 1c,d). Interestingly, 1 hour
later (2hpe), the ectoderm and mesendoderm proportions had
adjusted in extirpated embryos (Fig. 1c,d). Using in toto light-sheet
imaging, we confirmed that the mesendoderm scaled throughout
the embryonic marginal zone (Fig. le-g). Even though cells were
removed from the animal pole, the number of endodermal pre-
cursor cells (sox17 and sox32 positive) at the opposite side within
the marginal zone of extirpated embryos was also proportionally
reduced by the gastrulation stages (Fig. 1h).

Smaller embryos do not adjust developmental speed after extir-
pation. The cell density did not change (Fig. 2a) and the proliferation
rates did not increase in extirpated embryos (Fig. 2b,c), indicating
that neither changes in cell density nor compensatory proliferation
underlie germ-layer scaling. Moreover, the spatial expression kinet-
ics of goosecoid”?’—a highly sensitive indicator of developmental
progression—were similar in untreated and extirpated embryos at
different developmental time points (Supplementary Fig. 1). Even
though smaller embryos displayed a reduced apparent epiboly due
to the shortened blastoderm but unchanged yolk extent after extir-
pation, the spreading of the blastoderm during epiboly occurred at
a similar pace (Fig. 2d-i). Thus, scaling can also not be explained by
altered developmental speed in differently sized embryos.

Nodal signalling scales in smaller embryos. As the Nodal-Lefty
activator-inhibitor system patterns the germ layers during early
development'®*, we hypothesized that Nodal signalling adjusts in
smaller embryos to allow proportionate patterning. The activator
Nodal is secreted from the marginal zone of the embryo and induces
the endoderm and mesoderm, whereas the highly diffusive Nodal
inhibitor Lefty*, which is also expressed at the margin and induced
by Nodal signalling, limits the mesendodermal domain***-**. To test
whether Nodal signalling adjusts in smaller embryos, we measured
the extent of Nodal activity by assessing the phosphorylation of the
Nodal signal transducer Smad2/3 (pSmad2/3)**** (Fig. 3a-d and

'Friedrich Miescher Laboratory of the Max Planck Society, Tiibingen, Germany. 2Department of Molecular and Cellular Biology, Harvard University,
Cambridge, MA, USA. 3Present address: Centro Andaluz de Biologia del Desarrollo, Universidad Pablo de Olavide, Sevilla, Spain.

*e-mail: patrick.mueller@tuebingen.mpg.de
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Fig. 1| Scaling in smaller embryos after extirpation. a, Schematic of embryo extirpation (lateral views); hpf, hours post-fertilization. The total length of
extirpated embryos at 1-day post-fertilization is smaller than untreated individuals (n of untreated =40, n of extirpated =37; ***P < 0.00001), whereas
the yolk size remains unchanged (n of untreated =23, n of extirpated = 24; P> 0.05) (bottom left). The length of the 24 posterior-most somites is
proportionately smaller in extirpated embryos (bottom right, n of untreated =15, n of extirpated =13; *P< 0.05). The error bars in the ‘Somite length’
graph are the s.e.m. b, Maximum intensity projections of confocal FISH stacks (top) and the quantification of hggT-positive cells (n of untreated =9, n of
extirpated=11; *P< 0.05) and vsx2-positive cells (n of untreated =13, n of extirpated =11; **P < 0.01) (bottom). ¢,d, Maximum intensity projections of
lateral confocal FISH stacks (top) and the quantification of the relative and absolute length of sox3 (ectoderm; €) and fascin (mesendoderm; d) domains
(bottom). The ectoderm proportions are smaller at Thpe (n of untreated =14, n of extirpated =14; ***P < 0.001) but scale by 2 hpe (n of untreated=28, n
of extirpated =28; P> 0.05). Similarly, the mesendoderm proportions are too large at 1Thpe (n of untreated =23, n of extirpated =31; **P < 0.01) but scale
by 2 hpe (n of untreated =24, n of extirpated =37; P> 0.05). e-g, 2D maps of 3D-reconstructed embryos imaged by light-sheet microscopy (e) and the
quantification (f,g) of normalized fascin domains along the vegetal-animal axis show scaling (n of untreated =9, n of extirpated=9). The shaded regions in
f and g are the s.e.m. h, Lateral views and the quantification of the number of endodermal cells positive for sox17 (n of untreated =30, n of extirpated =27,
*P<0.05) or sox32 (n of untreated = 26, n of extirpated =28; **P < 0.01). The box plots show the median (blue line), the mean (black (untreated) and
grey (extirpated) lines inside the box), the 25% and 75% quantiles (box) and all included data points (red markers). Whiskers extend to the smallest data
point within the 1.5 interquartile range of the lower quartile and to the largest data point within the 1.5 interquartile range of the upper quartile. Two-sided
Student's t-tests were performed (a=0.05). See Supplementary Table 1 for statistics source data. Scale bars, 200 um.

Supplementary Fig. 2a,b). Similar to the mesendodermal domain

(Fig. le,f), Nodal signalling scaled throughout the embryonic
marginal zone by 2hpe (Fig. 3b,c). Interestingly, Nodal signalling
had already scaled by 1hpe (Fig. 3a and Supplementary Fig. 2a,b),
preceding the scaling of the presumptive ectoderm/mesendoderm
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(Fig. 1c,d) and the feedback-induced Nodals (cyclops and squint)
and Leftys (leftyl (Ift1) and lefty2 (Ift2)) (Fig. 3e-i).

A computational screen to identify scaling mechanisms. To identify
the mechanism by which Nodal signalling might sense embryo size
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Fig. 2 | Germ-layer proportions scale in extirpated embryos without increases in cell proliferation or changes in cell density or developmental

speed. a, Cell density measured in untreated and extirpated H2A-GFP embryos at different time points after extirpation. Thpe: n of untreated =10, n of
extirpated=14, P> 0.05; 2 hpe: n of untreated =9, n of extirpated=14; P> 0.05. b,c, The number of proliferating cells (pH3 positive) relative to the embryo
diameter (b) and the density of proliferating cells (¢) in untreated (Unt) and extirpated (Ext) embryos at different time points after extirpation. 0.75 hpe:
n of untreated =13, n of extirpated=11, P> 0.05; 1.5 hpe: n of untreated =12, n of extirpated =11, P> 0.05; 2.25 hpe: n of untreated =12, n of extirpated =12,
**P<0.01; 3hpe: n of untreated =12, n of extirpated =10, P> 0.05; 3.75 hpe: n of untreated =12, n of extirpated =11, P> 0.05. Individual data points are
shown in b; the mean and s.e.m. of the same data are shown in c. d, Lateral views of untreated and extirpated embryos. The progression of gastrulation
and epiboly spreading is unchanged after extirpation. Scale bar, 200 um. e-i, Quantification of the epiboly (%) (that is, the ratio of the embryo proper
extent to the total length (embryo proper +uncovered yolk) (e), blastoderm spreading (that is, the difference between the embryo proper extent at 1.5,

2, 3 and 4 hpe and the embryo proper extent at the first time point of analysis (1hpe) (f), the extent of the embryo proper (g), the uncovered yolk (h)

and the blastoderm thickness (i) at different time points after extirpation. Thpe: n of untreated =28, n of extirpated =59; 1.5 hpe: n of untreated =51,

n of extirpated =55; 2 hpe: n of untreated =62, n of extirpated =58; 3 hpe: n of untreated =59, n of extirpated =33; 4 hpe: n of untreated =38, n of
extirpated=55. *P < 0.05; **P < 0.01; ***P < 0.001. The mean and s.e.m. are shown in f. The box plots show the median (blue line), the mean (black
(untreated) and grey (extirpated) lines), 25% and 75% quantiles (box) and all included data points (red markers). Whiskers extend to the smallest data
point within the 1.5 interquartile range of the lower quartile and to the largest data point within the 1.5 interquartile range of the upper quartile. Two-sided
Student's t-tests were performed (a=0.05). See Supplementary Table 1 for statistics source data.

and adjust tissue proportions, we performed a computational screen
that included known positive and negative interactions in the Nodal-
Lefty system®*>** while keeping model complexity to a minimum
(Fig. 4a,b and Supplementary Note 1). We constrained the screen with
the measured biophysical properties, including Nodal/Lefty diffu-
sivities and half-lives”, and systematically varied the unknown para-
meters to identify systems that recapitulate the scaling observed during
germ-layer patterning. To keep model complexity to a minimum,
we did not account for spatial biases influencing the Nodal-Lefty
system’ and did not explicitly model receptor interactions™.

We screened more than 400,000 parameter combinations rep-
resenting the production of Lefty, the inhibition strength and
the Nodal-mediated feedback on Nodal and Lefty production.
By assessing the overlap between Nodal signalling in simulations
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of normally sized and shortened embryos, we found that systems
that are capable of scaling require precise levels of highly diffu-
sive Lefty, whose concentration increases in extirpated embryos to
adjust the Nodal signalling gradient (Fig. 4c—e). In such systems,
the boundary located more proximal to the marginal zone in short-
ened compared to normally sized embryos affects the long-range
Lefty but not the short-range Nodal gradient (Fig. 4c). As we short-
ened embryos before the onset of Lefty protein secretion without
removing Ift-expressing cells from the marginal zone (Fig. 3e-i),
the same amount of Lefty should be produced in early extirpated
and untreated embryos. Thus, the concentration of Lefty should
increase in smaller embryos, contracting the Nodal activity range
to re-establish the correct tissue dimensions relative to the new size
of the embryo.
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Fig. 3 | Scaling of Nodal-mediated patterning. a, Maximum intensity projections of lateral confocal pSmad2/3 immunostaining stacks (top) and

the quantification of the absolute and relative length of the pSmad2/3 domain (bottom). Thpe: n of untreated =7, n of extirpated=10; 2 hpe: n of
untreated =19, n of extirpated =21. b-d, 2D maps of 3D-reconstructed embryos imaged by light-sheet microscopy (b) and the quantification of
normalized pSmad2/3 domains along the vegetal-animal axis show scaling (n of untreated =5, n of extirpated =6). Intensity as a function of embryo
length (%) (¢) and intensity as a function of the absolute distance from the margin (d) are shown. The shaded regions in ¢ and d are the s.e.m. e-h,
Lateral images showing the expression of cyclops and squint Nodals and Ift1 and Ift2 Leftys in untreated and extirpated embryos at Thpe (e) and 2 hpe (g),
and the quantification of embryo length and expression domains at Thpe (f) and 2 hpe (h). 1hpe: total: n of untreated =42, n of extirpated = 20; cyclops:

n of untreated =14, n of extirpated = 6; squint: n of untreated =11, n of extirpated =3; Ift1: n of untreated =12, n of extirpated =5; Ift2: n of untreated =5,

n of extirpated =6. 2 hpe: total: n of untreated =11, n of extirpated =10; cyclops: n of untreated =4, n of extirpated =5; squint: n of untreated =2, n of
extirpated = 2; Ift1: n of untreated =5, n of extirpated =3. Nodal and Lefty domains are unchanged in differently sized embryos at Thpe but scale by 2 hpe.
i, Maximum intensity projections of lateral confocal IftT and Ift2 FISH stacks in untreated and extirpated embryos at Thpe (top) and the quantification of
expression domains (bottom). IftT: n of untreated =12, n of extirpated =11; Ift2: n of untreated =12, n of extirpated =17. The box plots show the median
(blue line), the mean (black (untreated) and grey (extirpated) lines), 25% and 75% quantiles (box) and all included data points (red markers). Whiskers
extend to the smallest data point within the 1.5 interquartile range of the lower quartile and to the largest data point within the 1.5 interquartile range of the
upper quartile. Two-sided Student'’s t-tests were performed (a=0.05). *P< 0.05; **P< 0.01; ***P < 0.001. See Supplementary Table 1 for statistics source
data. Scale bars, 200 pm (a,e,g) and 100 pm (i).

In our simulations of the Nodal-Lefty system (Supplementary specification expand as development proceeds, Nodal signalling
Video 1), scale-invariant germ-layer patterning only became appar-  levels peakaround 2 hpe (6 hours post-fertilization (6 hpf)) and Nodal
ent around 2hpe, as observed experimentally (Fig. 1c,d). The signalling rapidly decreases afterwards (Supplementary Video 1).
simulations further closely matched the time window of germ- Together, the experimental observations and computational
layer specification: Nodal signalling levels and mesendoderm simulations suggest that germ-layer scaling at 2hpe results from
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coefficient Dy, Nodal removal with the clearance rate constant p,, Lefty-mediated Nodal inhibition with the inhibition strength 1 and the steepness
parameter K, basal Nodal production described by the space (x)-dependent rectangular pulse function r(x,m) representing the length m of the Nodal
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function of Lefty diffusion with the diffusion coefficient D, Lefty removal with the clearance rate constant y, and Nodal-dependent Lefty induction with
the rate constant 6, and the steepness parameter ;. ¢, Example of a scale-invariant system identified by the screen, showing an increase in Lefty and
dampening of Nodal signalling after extirpation. Simulations were fitted to the experimentally measured total length and mesendoderm extent (vertical
red solid (untreated) and dashed (extirpated) lines). d, A parameter screen showing the influence of Lefty levels (s,), Nodal inhibition strength (1) and
Lefty induction steepness (x;) on scaling; the maximum projection through the six-dimensional parameter space is shown with the following discrete
values: for 6,: 0,104,103, 1072, 11.12, 22.23, 33.34, 44.45, 55.56, 66.67, 77.78, 88.89 and 102 for A: 10, 1.12x 1072, 2.23x 1072, 3.34x 102, 4.45x 1072,
556 %107, 6.67 %1072, 7.78 x 1072, 8.89 x 102 and 107; for x,: 102, 1.12 x 10°, 2.23 x10°,3.34 X 10°%, 4.45 x10°, 5.56 X 10°, 6.67 X 10°, 7.78 x 10°, 8.89 x 10°
and 10°. Parameter configurations that resulted in biologically unrealistic gradients were excluded. e, A parameter screen showing the influence of Lefty
diffusivity on scaling; the maximum projection through the six-dimensional parameter space is shown. The model predicts that scaling should fail if Lefty
induction (a,) or diffusion (D,) is too low (that is, less than ~7 um?s™).

adjustments in mesendoderm expansion dynamics over time rather  this prediction, we assessed mesendoderm proportions in embryos
than from shrinking an initially too broadly specified mesendo-  with varying numbers of functional Ift alleles (IftI and Ift2)*. As
dermal domain. expected, both untreated and extirpated double-homozygous Ift17-;

Ift2”- mutants showed dramatically increased Nodal signalling
Scaling depends on Lefty levels. Our model predicted that scaling and an expanded mesendoderm™ (Fig. 5c-gand Supplementary Fig.
crucially depends on the levels of Lefty (Figs. 4d and 5a,b). To test ~ 3a—c). By contrast, untreated and shortened double-heterozygous
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Ift1*51ft2%- embryos exhibited nearly normal Nodal signalling
and mesendoderm and ectoderm proportions, indicating that one
functional allele of each Ift is sufficient for proper spatial Nodal
signalling and scaling, possibly due to dosage adjustments that
result in similar amounts of protein (Fig. 5c-h and Supplementary
Fig. 3a-c). Normally sized and extirpated single-homozygous Ift2-~
mutants had excess Nodal signalling and mesendoderm at the
expense of the ectoderm (Fig. 5c-h and Supplementary Fig. 3a-c).
By striking contrast, single-homozygous IftI”- embryos displayed
expanded Nodal signalling and mesendoderm and a reduced
ectoderm only after extirpation (Fig. 5c-h and Supplementary Fig.
3a-c). Interestingly, Lefty1 is less inhibitory than its paralogue Lefty2
(Supplementary Fig. 3d,e); thus, although highly active Lefty2 is
sufficient for germ-layer patterning in normally sized embryos, the
correct levels of less-active Leftyl are required for scale-invariant
patterning in substantially smaller embryos. These experimental
findings support the simulations of our size-dependent inhibi-
tion model (Figs. 4d and 5a,b), showing that a small reduction in
Lefty production, which does not significantly affect mesendoderm
formation, abrogates scaling.

Scaling depends on highly diffusive Lefty. The second predic-
tion of our model is that scaling depends on the high diffusivity
of Lefty, which must reach the end of the patterning field (Figs. 4e
and 6a,b). To test this prediction, we decreased Lefty diffusivity
and determined the consequences on scaling. To obtain a pattern-
ing system in which the diffusion of Leftyl can be experimentally
manipulated, we first generated embryos in which the only source
of Lefty was Leftyl-GFP (green fluorescent protein). We rescued
Ift1751ft27~ double mutants by injecting highly precise and physi-
ologically relevant amounts (see Methods for details) of Ift1-GFP
mRNA into the yolk syncytial layer (YSL) to mimic the secretion
of endogenous Lefty from the marginal zone (Fig. 6¢). Consistent
with the high diffusivity of Lefty’>*, Leftyl-GFP reached the end of
the patterning field within 60 minutes after YSL injection (Fig. 6d,e
and Supplementary Video 2). A large proportion of Ift17/=lft2--
mutant embryos was rescued to adulthood with this method in nor-
mally sized (~70% fully or partially rescued) and extirpated (~60%
fully or partially rescued) embryos (Fig. 6f-h and Supplementary
Fig. 4a-d). Thus, Leftyl-GFP provided from the marginal zone is
sufficient not only to pattern germ layers but also to allow scaling.
Next, to hinder Leftyl-GFP diffusion, we used a ‘morphotrap’—an
mCherry-labelled membrane-localized GFP-binding nanobody™.
Co-injection of mRNA encoding the morphotrap and IftI-GFP
mRNA into one-cell-stage embryos changed the localization of
Leftyl-GFP from uniform extracellular to strongly membrane asso-
ciated (Supplementary Fig. 4e). Crucially, the diffusion coefficient
(D) of Leftyl-GFP in embryos expressing the morphotrap was
significantly lower (D=7.7+32um?s? for Leftyl-GFP and
0.2+0.2 pm?*s~*for Lefty1-GFP 4+ morphotrap (mean + s.d.); Fig.61,j).
In addition, the activity of Lefty was decreased by morphotrap bind-
ing (Supplementary Fig. 4f,g).

We then injected mRNA encoding the morphotrap into Ift17;
Ift27- mutant embryos at the one-cell stage and generated local
sources of Leftyl-GFP at the marginal zone (Fig. 6d,e). The expres-
sion of the morphotrap dramatically changed the range of Leftyl-
GFP from a nearly uniform distribution to a short-range gradient that
did not reach the end of the embryo (Fig. 6d,e and Supplementary
Videos 2 and 3). In normally sized embryos, hindered Lefty diffu-
sion did not significantly affect germ-layer patterning (Fig. 6f-h),
possibly owing to decreased Lefty activity in the presence of
morphotrap (Supplementary Fig. 4f,g). The change in Lefty dis-
tribution correlated with a steep drop in the rescue of extirpated
embryos (Fig. 6f,g) and with an expanded mesendoderm (Fig. 6h
and Supplementary Fig. 4c,d). Simulations of the size-dependent
inhibition model with hindered Lefty diffusion recapitulated the
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experimentally observed change in Lefty distribution (Fig. 6a,b,d,e):
the decreased Lefty range precludes scaling of Nodal signalling as
Lefty cannot reach the distal end of the patterning field. Together,
these observations show that hindering Lefty diffusion prevents
scaling in extirpated embryos, supporting the prediction of the size-
dependent inhibition model.

Lefty concentration increases in smaller embryos. The third pre-
diction of our model is that the inhibitor concentration increases
to reduce Nodal signalling in extirpated embryos (Figs. 4c and 7a),
whereas the total amount of Lefty should slightly decrease over time
due to feedback regulation (Fig. 7b). To test this prediction, we used
quantitative immunoblotting and measured the amount of endo-
genous Leftyl and histone H3 as a proxy for cellular mass. Histone
H3 levels were reduced by approximately one-third after extirpa-
tion (Supplementary Fig. 5a—c). Importantly, the histone H3 signal
intensity increased proportionally when 5, 10 or 15 embryos were
loaded, showing that changes in total protein can be detected reli-
ably (Supplementary Fig. 5c). The decrease in Leftyl amounts in
extirpated embryos was less pronounced than histone H3 levels,
resulting in an increased Leftyl concentration as predicted by
the model (Supplementary Fig. 5b). However, Leftyl intensities
detected by the only currently available antibody against a zebrafish
Lefty® were low (Supplementary Fig. 5a and see Supplementary
Fig. 8 for unprocessed data); sufficient Leftyl levels could only be
reliably detected after 50% epiboly stages, so that earlier dynamics
of potential changes in Lefty1 levels could not be analysed. To cor-
roborate these findings and to uncouple the rise in Lefty concentra-
tion from feedback regulation, we quantified the GFP intensity after
injection of physiologically relevant amounts of Ift]-GFP mRNA in
the YSL and found that extirpated embryos exhibited a higher GFP
intensity than normally sized embryos (Fig. 7c).

Exogenous inhibitor can mediate scaling in lieu of Lefty. To
assess whether this increase in inhibitor concentration is required
for germ-layer scaling, we analysed mesendoderm patterning in
untreated and extirpated Ift1”/;Ift2”- mutants upon exposure to the
small-molecule Nodal inhibitor SB-505124 (ref. *°). In contrast to the
YSL injection rescue approach, a reduction in embryo size should
not affect the concentration of the tonic Nodal inhibitor in this
experimental setup (Supplementary Fig. 6a-d). A large fraction
of untreated Ift175lft2”- mutants (~90%; Fig. 7d,e) was rescued
by 4.8uM of Nodal inhibitor exposure. By contrast, exposure of
extirpated Ift17/lft2”- mutants to the same inhibitor concentration
resulted in abnormal mesendoderm proportions and only ~30%
displayed some phenotypic rescue (Fig. 7d,e and Supplementary
Fig. 6e,f). These results show that tonic size-independent inhi-
bition levels that are effective in normally sized embryos do not
allow scaling, as the inhibitor concentration cannot increase in
shortened embryos.

Our model implies that increasing tonic Nodal inhibitor levels
should restore the appropriate Nodal signalling range in extirpated
embryos. Consistent with this prediction, increasing the exposure
of the small-molecule Nodal inhibitor from 4.8 uM to 6-7 uM signi-
ficantly improved the rescue of extirpated Ift17=lft27~ mutants
from ~26% to ~64% (Fig. 7e and Supplementary Fig. 6g), demon-
strating that increased inhibitor levels are required for scaling in
extirpated embryos.

Discussion

Together, four lines of evidence suggest that scale-invariant germ-
layer patterning is achieved by size-dependent inhibition of Nodal
signalling. First, the reduction of Lefty levels (Fig. 5) precludes
scaling. Second, decreasing Lefty diffusivity interferes with scale-
invariant patterning (Fig. 6). Third, the concentration of the
Nodal inhibitor Lefty increases in extirpated embryos (Fig. 7c and
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Supplementary Fig. 5b). Fourth, the rescue of extirpated Ift17/5Ift2-~
mutants requires higher amounts of a Nodal inhibitor drug than
non-extirpated mutants (Fig. 7e and Supplementary Fig. 6g). In
agreement with our mathematical model (Fig. 4, Supplementary
Fig. 7 and Supplementary Note 1), these results support the idea
that the concentration and high diffusivity of Lefty are essential to
adjust germ-layer proportions.

The initial computational screen used fascin as a proxy for
mesendoderm formation, which, in addition to Nodal, is also under
the control of fibroblast growth factor (FGF) signalling'®*. For the
simplified screening model, we subsumed the action of Nodal and
FGF into one effective signalling gradient, as the induction of both
fefand fascin depends on Nodal signalling®*'~**, Nodal and FGF sig-
nals have similar effective mobilities in zebrafish embryos®*, and
the range of fascin can be changed by Lefty-dependent modulation
of Nodal signalling*>*’. Thus, our conclusions are not affected by
how FGE, acting downstream of Nodal signalling, helps to regulate
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fascin expression together with Nodal. In more-refined simula-
tions, we demonstrate the plausibility of our model for Nodal sig-
nalling based on pSmad2/3 activity (Supplementary Fig. 7m,n),
a direct readout of Nodal activity. Although tissue proportions
might be further refined by interactions with other signalling path-
ways, such as bone morphogenetic protein (BMP) and FGF'**>**
(Supplementary Fig. 70,p and Supplementary Note 1), the scaled
distribution of the Nodal signal transducer pSmad2—which is inde-
pendent of BMP and FGF—and the scaled tissue proportions in Ift
mutants rescued by feedback-uncoupled Lefty—in which Lefty pro-
duction is not under any transcriptional regulation—demonstrate
the central role of Lefty in germ-layer scaling.

In agreement with previous findings'>*****, our results suggest
that Nodal-mediated germ-layer patterning is robust to variations
in signalling. Although the mesendoderm is significantly expanded
in Ift1”"- extirpated and Ift2-- untreated embryos (Supplementary
Fig. 3¢), most of them develop with normal morphology (Fig. 5 and
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hindered Lefty diffusion (morphotrap binds to Ift1-GFP; b) predict that a reduction in Lefty diffusivity—preventing Lefty from reaching the animal pole—
should preclude scaling. ¢, Schematic of morphotrap-mediated Lefty1-GFP diffusion hindrance in extirpated embryos. d, Maximum intensity projections of
confocal stacks of Ift17~;Ift2- embryos injected with (right panel) or without (left panel) morphotrap (injected at the one-cell stage) and Ift1-GFP mRNA
in the YSL (injected at the sphere stage). Lateral views are shown. e, Spatial distribution of Lefty1-GFP secreted from the YSL. The morphotrap prevents
spreading of Leftyl-GFP towards the animal pole of the embryo. n of Ift1-GFP mRNA injection =6, n of morphotrap + Ift1-GFP mRNA injection=3, n of
background values =1, n of background values for morphotrap =2. The experimentally determined distributions of Lefty1-GFP with morphotrap-mediated
diffusion hindrance resemble the simulation of the scenario in b. The shaded regions are the s.e.m. f, Lateral views of representative 26 hpf IftT/Ift27~
embryos with different treatments. The numbers in the figure panel indicate the fraction of these representative embryos. g, Phenotype distributions in
Ift17~Ift27- embryos after different treatments (n of Ift17Ift2-=39; Ift1/;Ift27~ + Ift1-GFP: n of untreated (Unt) =137, n of extirpated (Ext) =44; Ift1"~
;Ift27- 4+ morphotrap + Ift1-GFP: n of untreated =91, n of extirpated =44). Embryos with partial rescue display imperfect tails and reduced cephalic
structures (that is, very mild Lefty mutant phenotypes). h, The fraction of treated Ift17~;Ift2- embryos with low (<22%), normal (22-33%) and high
(>34%) mesendoderm proportions (n of Ift17~Ift27- =44, Ift17;Ift2~ + Ift1-GFP: n of untreated = 67, n of extirpated = 66; Ift17~;Ift2- + morphotrap +
Ift1-GFP: n of untreated =35, n of extirpated =37). The fraction of rescued and non-rescued Ift17Ift2- embryos correlates with the fraction of normal and
high mesendoderm proportions in g and h. i,j, FRAP experiments demonstrate that Lefty1-GFP diffusion is hindered by the morphotrap. Representative
FRAP data for Lefty1-GFP (i) and Lefty1-GFP with morphotrap (j) are shown. Microscopy images are shown before photobleaching (Pre), immediately after
(0s), as well at 2,000s and 3,000 after photobleaching. Diffusion coefficients and production rates were fitted to the recovery curves using previously
published values for Lefty1-GFP protein stability®. The mean (+s.d.) diffusion coefficients were 7.7 + 3.2 um?s™ for Lefty1-GFP (from n= 6 independent
experiments) and 0.2 + 0.2 um?s™ for Lefty1-GFP with morphotrap (from n=4 independent experiments). See Supplementary Table 1 for statistics source

data. Scale bars, 200 um (d.f,i,j).
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statistics source data. Scale bars, 200 um (c,d).

Supplementary Fig. 3b). This suggests that embryos can adapt to
a certain degree of mesendoderm expansion, possibly up to ~42%
(Supplementary Fig. 3a—c). However, this margin of tolerance is
reduced in Ift175lft2”- embryos rescued with YSL-expressed Leftyl-
GFP, and an increase in the mesendoderm domain above ~35% in
this context seems to invariably prevent phenotypic rescue. Thus,
patterning robustness might arise from Nodal-Lefty regulatory
feedback, which is absent in [ft]”Ift2”- mutant embryos but pres-
ent in embryos with at least one intact Lefty paralogue.

Previously postulated feedback-dependent scaling systems rely
on modulators whose concentrations change depending on tissue
size to adjust the signalling activity range by modulating the diffu-
sion or clearance of the signal'"'***°. The Nodal-Lefty activator-
inhibitor system is an excellent candidate for a modulator-based
scaling mechanism: (1) Lefty (modulator) inhibits Nodal activ-
ity by binding and preventing it from activating its receptors,
(2) the Nodal activity range is unaffected by the size reduction
in extirpated embryos, as the Nodal distribution is restricted to
the marginal zone owing to its low diffusivity*, (3) Lefty diffuses
significantly faster than Nodal and exhibits a nearly uniform dis-
tribution®*¢ (Figs. 4c and 6d,e,i and Supplementary Video 2), and
(4) the production of Lefty is largely independent of the changes
in size as Lefty-producing cells are located at the margin, which
remains unaffected immediately following extirpation (Fig. 3e-1i).
An example of a modulator-based scaling mechanism is the
recently proposed ‘expansion-repression’ model, in which scaling
of signalling gradients is achieved by an expander that increases
the range of the signal and that is itself repressed by the signal®'.
Superficially, our model can be interpreted as a mirror image of the

1040

‘expansion-repression’ model—that is, a ‘contraction-activation’
system—as the ‘inhibitor’ (or the ‘contractor’) Lefty restricts the
range of the signal (Nodal) and is activated by the signal. However,
our theoretical model does not depend on feedback between the
signal and the modulator. Because in our system the modulator
inhibits the signal, it is sufficient to couple the changes in the con-
centration of the inhibitor to size to confer proportionate pattern-
ing. Similarly, we showed experimentally that Nodal-mediated
Lefty activation is dispensable for scaling (Figs. 6 and 7 and
Supplementary Figs. 4 and 6). This suggests that scale-invariant
patterning is purely based on size-dependent Nodal inhibition
that is mediated by Lefty, providing a foundation for the propor-
tionate allocation of all future tissues.

The scaling mechanism that we found crucially depends on
the coupling of the inhibitor concentration to embryo size, which
is conferred by the high diffusivity of Lefty. Strikingly, a similar
mechanism based on the coupling of cell volume to the concentra-
tion of a cell-cycle inhibitor has recently been found to control cell
size in yeast”. Thus, it is possible that this simple mechanism might
be widespread across various levels of biological organization to
coordinate growth with cellular functions and patterning.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41556-018-0155-7.
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Methods

Generating smaller embryos by extirpation. All procedures involving
animals were executed in accordance with the guidelines of the State of Baden-
Wiirttemberg (Germany) and approved by the Regierungsprisidium Tibingen
(35/9185.46-5 and 35/9185.81-5).

Extirpation assays were performed using a glass capillary holder mounted on
a Hamilton syringe and fixed in a micromanipulator (Narishige). Extirpations
were performed in 4-hpf pronase-dechorionated sphere-stage embryos in Ringer’s
solution (116 mM NaCl, 2.8 mM KCI, 1 mM CaCl, and 5 mM HEPES). To allow
wound healing after extirpation, embryos were left undisturbed for 30 min at 28°C.
The wound typically healed within 15 min after extirpation and the extirpated
embryos were then transferred to normal embryo medium. To assess the survival
of extirpated embryos without considering other mechanical disruptions of the
extirpation assay (such as wound-healing failure or mechanical constraints due to
changes in the embryo/yolk ratio), embryos that did not survive extirpation or that
did not proceed to gastrulation were discarded.

For the quantification of cell numbers, extirpated cells from pools of ten
embryos were transferred to individual PCR tubes containing 0.05% trypsin
solution (Gibco) and incubated for 15min at 37 °C. Dissociated cells were then
quantified using a Neubauer chamber on an Olympus CKX41 microscope. Pools
(10-20) of extirpated cells from 10 embryos were quantified per extirpation
experiment. The average number of extirpated cells per embryo was 820+ 130
cells, which corresponds to ~30% of the cells of an embryo at the sphere stage with
~3,000 cells.

Whole-mount in situ hybridization. fascin, hggl, vsx2, sox3, sox17 and sox32
RNA probes for in situ hybridization assays were synthesized using SP6 or T7
polymerase (Roche) and digoxigenin (DIG)-modified (Roche) or dinitrophenol
(DNP)-modified (Perkin Elmer) ribonucleotides. RNA probes were purified
by ethanol precipitation with 7.5 M lithium chloride. For chromogenic in situ
hybridizations, embryos were fixed overnight at 4°C in 4% formaldehyde and
then processed using an In situ Pro hybridization robot (Abimed/Intavis) and, as
previously described™, with the following modifications: no proteinase K treatment
before the 90% epiboly stage; no pre-absorption of the anti-DIG antibody
(11093274910, Roche); 5% dextran sulfate (Sigma) added to the hybridization
solution™; riboprobes were denatured at 80 °C for 15 min and chilled on ice prior
to hybridization using a final concentration of 1-2ngpl™.
For fluorescent in situ hybridization (FISH), the following modifications
were used: the blocking solution contained 2% Blocking Reagent (Roche) in
1X MABTw; incubation with anti-DIG (Roche) or anti-DNP-POD (FP1129,
Perkin-Elmer) antibodies at a dilution of 1:150 in blocking solution was carried out
overnight with shaking at 4 °C; after antibody incubation, embryos were washed six
times for 20-30 min at room temperature with PBS containing 0.1% Tween (PBST)
and the signal was developed with 100 ul TSA Cy3 or Cy5 at a dilution of 1:75 in
amplification buffer (Perkin Elmer) for 1 h at room temperature without shaking.
For imaging, embryos were embedded in 1% low-melting point agarose,
transferred to glass-bottom culture dishes (MatTek corporation) and oriented
manually. Only embryos that were mounted with the vegetal-animal axis
completely parallel to the cover glass were used for analysis. For chromogenic
in situ samples, images were captured using an Axio Zoom.V16 (Zeiss). For
fluorescent in situ samples, confocal laser scanning microscopy was performed
using an LSM 780 NLO microscope (Zeiss). Images were processed using Fiji®’.
The number of hggl-, sox17- and sox32-positive cells was quantified using the
‘multi-point selection’ tool®. fascin and sox3 expression domains***' in the central-
most embryo regions were quantified using the ‘measure’ tool in Fiji. fascin was
quantified from the margin of the embryo to the end of the domain with high
expression values. sox3 was quantified from the animal pole to the end of the
domain with high expression values. The shield was excluded in the selection
due to a higher expression of mesendodermal markers in this region. The size
of embryos (from the margin to the animal pole) was measured similarly using
bright-field images.

Immunostaining. For immunostainings, anti-phospho-histone H3 (anti-pH3;
33778, Cell Signaling Technologies) and anti-pSmad2/3 (8828, Cell Signaling
Technologies) antibodies were used.

Immunostaining for pH3 was carried out as described previously* with a 1:500
dilution of the primary antibody. For pSmad2/3, specimens were incubated in
cold acetone at 20 °C for 20 min before blocking™. To ensure staining specificity,
samples were exposed to low concentrations of anti-pSmad2/3 antibody (1:2,000
or 1:5,000) and samples were washed for 24 h with PBST before adding the
secondary antibody. The signal was then amplified using horseradish peroxidase
(HRP)-conjugated anti-rabbit antibodies (111-035-003, Jackson ImmunoResearch)
and TSA Cy3 or Cy5 at a dilution of 1:75 in amplification buffer (Perkin Elmer)
for 45min at room temperature without shaking. Embryos were mounted for
imaging as described above for FISH, but with the dorsal-ventral axis parallel to
the cover glass in the case of pH3 staining. Confocal laser scanning microscopy
was performed using an LSM 780 NLO (Zeiss) confocal microscope and images
were processed using Fiji. The number of pH3-positive cells was quantified
over a depth of 140 um using the find maxima’ plug-in in Fiji, with a fixed noise
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tolerance of 10,000 and manual correction. pSmad2/3 distributions were quantified
from the margin of the embryo to the end of the pSmad2/3 nuclear staining

using the ‘measure’ tool in Fiji. Non-nuclear staining was excluded. The extent of
pSmad2/3 signalling was variable along the embryonic margin, and the mean of
the pSmad2/3 domain at ten different points along the marginal zone is shown in
all figures. The size of embryos from the margin to the animal pole was measured
similarly using 4,6-diamidino-2-phenylindole (DAPI)-stained images.

Cell density quantification. Cell density measurements were performed in
untreated and extirpated H2A-GFP* transgenic embryos. Embryos were mounted
at 1hpe and 2 hpe as described above for pH3 immunostaining. The number of
cells was quantified as described above for pH3-positive cells but over a depth of
80 um. The automatic segmentation and assignment of nuclei within the highly
dense field of cells were carefully inspected visually and manually corrected.

Epiboly measurements. Untreated and extirpated embryos were imaged every

30 min after extirpation. Lateral images were taken. The extent of the embryo
proper, the uncovered yolk, the blastoderm thickness and the total length

(embryo proper +yolk) were measured. To calculate the percentage of epiboly,

the percentage of the total length that was covered by the embryo proper was
calculated. Blastoderm spreading during epiboly was calculated by subtracting the
extent of the embryo proper at 1.5, 2, 3 and 4 hpe from the embryo proper extent at
the first time point of analysis (1 hpe).

Light-sheet imaging for 3D reconstructions of fascin and pSmad2/3 domains.
For 3D imaging, a Light-sheet Z.1 microscope (Zeiss) was used. Embryos were
embedded in 1% low-melting point agarose and mounted in glass capillaries.
For merging of the different views, far-red or green fluorescent beads (Thermo
Fischer Scientific) were added to the agarose at a 1:200,000 dilution. After 3D
reconstruction, 2D maps were generated as described previously** and rotated to
the correct perspective using Hugin panorama photo stitcher software (http://
hugin.sourceforge.net).

To quantify the signal distribution in the resulting 2D maps, images were
opened in Fiji and rotated by 90°. The region corresponding to the whole embryo
was selected, and the average intensity of fascin or pSmad2/3 from every point of
the embryonic vegetal-animal axis was obtained using the ‘plot profile’ plug-in
in Fiji. Distances in pixels were transformed into percentages of the total embryo
length with the vegetal-most side defined as 0% and the animal-most side as 100%.
Intensity was then normalized by subtracting background values (that is, the lowest
intensity value closest to the animal pole of the embryo) and setting the highest
intensity value to 1. For the quantification of pSmad2/3 distributions, background
values were obtained by imaging lefty mRNA-injected embryos after pSmad2/3
immunostaining and normalized using the highest intensity value from the
uninjected experimental data sets. 2D maps of DAPI were used as controls to rule
out spatial inhomogeneities along the embryonic vegetal-animal axis. The graphs
in Figs. le and 3b represent scaled average maps obtained from several embryos.

To re-dimensionalize the scaled 2D maps (Figs. 1g and 3d), distances were
multiplied by the measured embryo diameter and divided by /2. Intensities were
averaged in bins of 2 um, and the mean and standard error of different individuals
were calculated piece wise.

Assessment of Leftyl and Lefty2 activity. mRNA encoding Leftyl-GFP or Lefty2-
GFP* was generated by plasmid linearization with NotI (NEB), purification

with a Qiagen PCR clean-up kit and in vitro transcription using SP6 mMessage
mMachine kits (Ambion). Pronase-dechorionated wild-type (WT; TLAB) embryos
at the one-cell stage were injected with different amounts of Ift1-GFP (22 pg,

43 pg and 86 pg) or Ift2-GFP (5pg, 10 pg and 20 pg) mRNA along with 100 pg of
10kDa Alexa546-dextran (Life Technologies). At the sphere stage, three to five
embryos per condition were imaged on an LSM 780 (Zeiss) confocal laser scanning
microscope, and eight embryos with three replicates per condition were collected
for qRT-PCR at 50% epiboly. Extracellular fluorescence intensity quantifications
and qRT-PCR measurements with Promega Go-Taq qPCR Master Mix were
executed as described previously™ using the zebrafish elongation factor efla as a
normalization control.

Immunoblotting. WT (TE strain) zebrafish embryos around the 50% epiboly
stage were deyolked manually with tweezers and a dissection needle. ‘Negative
control’ embryos were treated from 4-cell to 8-cell stages onward with the Nodal
inhibitor SB-505124 (S4696, Sigma Aldrich) at 50 uM as described previously™.
The efficiency of inhibitor treatment was confirmed by assessing the phenotypes
of inhibitor-treated and dimethylsulfoxide-treated embryos at 24 hpf. ‘Positive
control’ embryos were injected with 10 pg Squint-encoding mRNA™ to induce
endogenous Ift1 expression and were staged according to the development of
uninjected siblings. Deyolked embryo caps were transferred to microcentrifuge
tubes, excess embryo medium was removed, embryos were mixed with sample
buffer (94mM Tris pH 6.8, 3% SDS, 15% glycerol, 150 mM dithiothreitol and
0.003% bromophenol blue; 1 ul per embryo) and lysed by vortexing and incubation
at 95°C for 10 min. Before loading, the samples were vortexed again and cleared by
brief centrifugation.
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The Leftyl and H3 signals originated from different SDS-polyacrylamide
gels and polyvinylidene difluoride (PVDF) membranes owing to differences in
the abundance and molecular weights of these proteins. For anti-Leftyl western
blots 5, 10 or 15 embryos were loaded on 10% SDS-polyacrylamide gels (5 pl,

10 ul or 15, respectively). The loading of samples at the concentration used for
Lefty1 blots resulted in a saturated H3 signal; thus, samples were diluted fivefold to
quantify H3 levels using 12% SDS-polyacrylamide gels. To resolve Leftyl well and
separate it from unspecific bands, we let proteins with a molecular weight of less
than 25kDa run off the gels for Lefty]l immunoblots, making subsequent detection
of H3 (~15kDa) impossible.

Proteins were blotted onto PVDF membranes using the Trans-Blot Turbo
Transfer System (Bio-Rad) in ‘mixed molecular weight' mode. Blotted membranes
were blocked in PBST containing 5% milk powder for 1h at room temperature and
incubated with the primary antibody (diluted in PBST containing 5% milk powder;
1:2,000 for the Leftyl antibody’ and 1:10,000 for the histone H3 antibody (ab1791,
Abcam)) at 4°C overnight. The membranes were briefly rinsed with PBST, washed
twice with PBST for 5min and washed two more times with PBST for 10 min at room
temperature. Membranes were then incubated with HRP-coupled anti-rabbit antibody
(111-035-003, Jackson ImmunoResearch; diluted 1:10,000 in PBST containing 5%
milk powder) for 1.5h at room temperature, followed by a brief rinse with PBST, two
washes with PBST for 5min and two washes for 10min at room temperature. Fresh
PBST was added to the membranes before application of SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific). Chemiluminescence was
detected with a Fusion Solo imaging system (Vilber Lourmat).

TIFF images were analysed in Fiji. Regions of interest were drawn around
Leftyl or H3 bands and the mean intensity values were used for further analysis.
For lanes without clear Leftyl bands, the signal intensity was measured at the
position of the expected molecular weight based on embryos overexpressing
squint. The region of interest dimensions were constant for all lanes measured
on a given membrane (Supplementary Fig. 8). We did not subtract background
intensities for the quantifications in Supplementary Fig. 5, which seemed to be
higher in untreated than in extirpated embryos (Supplementary Fig. 8), although
single bands in the untreated or extirpated samples did not consistently follow this
general trend (perhaps representing yolk proteins® and possibly reflecting sample-
related differences in deyolking efficiency). The Leftyl signal from samples with 10
embryos provided the most reliable signal, whereas the signal for samples with 5
embryos was not robustly detectable and the signal from samples with 15 embryos
might be close to saturation (Supplementary Fig. 5¢).

Injection of Ift1-GFP mRNA into the YSL. mRNA encoding Leftyl-GFP*

was generated by plasmid linearization with NotI-HF (NEB), purification with

a Qiagen PCR clean-up kit and in vitro transcription using SP6 mMessage
mMachine kits (Ambion). To mimic endogenous Lefty secretion, a physiologically
relevant amount of 100 pg /ft1-GFP mRNA was precisely injected into 4 hpf (the
sphere stage) pronase-dechorionated embryos at two equidistant points (1nl

of 50 ngpl™! Ift1-GFP mRNA per point) within the embryonic YSL. To identify
physiologically relevant amounts, 40, 60, 80, 100, 160 and 200 pg IftI-GFP mRNA
were tested in a careful titration series, and 100 pg Ift1-GFP mRNA were found to
most efficiently rescue Ift17/Ift2”- mutants.

Extirpations were performed 20-30 min after YSL injections. Embryos were
divided into three groups: one group was fixed at the shield stage and processed
for FISH, the second was incubated in embryo medium at 28 °C in 24-well plates
covered with 2% agarose (1 embryo per well) for phenotypic analysis at 24 hpf,
and the third group was processed for imaging 45-60 min after YSL injections.
Mounting for imaging was done as described above for FISH samples. Movies were
recorded with identical imaging conditions. Embryos were imaged for a total of
approximately 100 min and Fiji was used to generate the movies. For measurements
of Leftyl-GFP intensity, injections of Ift1-GFP mRNA in the YSL and extirpations
were performed as described above, but imaging was carried out 1.5-2h after
injection. Samples were captured with identical imaging conditions. Twenty
confocal slices were used for z-projections over a depth of 53 um, and the intensity
of equivalent areas of the images was quantified using the ‘measure’ plug-in in Fiji.

Hindering Leftyl-GFP diffusion. The morphotrap construct”’ comprises a strong
GFP binder (K;: ~0.3nM)*. The morphotrap construct was digested with Xhol
and Xbal to insert the morphotrap into a pCS2* expression plasmid. mRNA was
generated as described above for Ift1-GFP. One nanolitre containing 100-150 pg
mRNA encoding the morphotrap was injected into one-cell-stage embryos for
experiments shown in the middle panel of Supplementary Fig. 4e. Transplantation
of cells expressing the morphotrap (bottom panel of Supplementary Fig. 4¢) was
performed as described above for the extirpation experiments. Briefly, 50-100
cells were transplanted from a sphere-stage donor previously injected with 200 pg
morphotrap-encoding mRNA into the sphere-stage host embryos previously
injected with 50 pg Ift1-GFP mRNA.

Time-lapse imaging experiments (Supplementary Videos 2 and 3) showed
that Leftyl-GFP mobility from the YSL is strongly affected by the presence of the
morphotrap. However, Leftyl-GFP mobility is not abolished entirely. This outcome
is expected—even for a high-affinity GFP binder—if binding is reversible and
the on/off kinetics are fast””. The strong membrane localization of Leftyl-GFP in

embryos expressing the morphotrap confirmed the high affinity. The movement of
the Lefty1-GFP signal appeared to follow the membranes in these embryos and is
slow, consistent with a low fraction of mobile Leftyl-GFP. However, morphogenetic
movements during epiboly might play an additional role in Leftyl-GFP transport,
possibly facilitating Lefty spreading towards the animal pole.

Testing the effect of morphotrap binding on Leftyl-GFP activity. WT (TE)
embryos were injected at the one-cell stage with 1nl injection mix containing

5pg or 30 pg Ift1-GFP mRNA and 0.05% phenol red. To test the effect of the
morphotrap on Leftyl-GFP activity, 150 pg morphotrap mRNA was included in
the injection mix. Lefty overexpression phenotypes were evaluated at 24 hpf. Three
groups of Nodal loss-of-function phenotypes were defined according to their
strength (Supplementary Fig. 4f,g): mild (S1), intermediate (S2) and severe (S3).
For imaging, embryos were mounted in 2% methylcellulose in embryo medium.
Bright-field images were acquired with an Axio Zoom.V16 (Zeiss).

Leftyl-GFP gradient measurements. A physiologically relevant amount of 100 pg
mRNA encoding Leftyl-GFP was injected into the YSL of Ift17/Ift2”- embryos.
One group of embryos was additionally injected with 150 pg morphotrap mRNA
at the one-cell stage. Ninety minutes after YSL injections, embryos were mounted
and imaged using an LSM 780 NLO (Zeiss) confocal laser scanning microscope.
Embryos were imaged between 90 min and 140 min after YSL injections. To
measure the gradients of secreted Leftyl-GFP from the YSL, maximum intensity
projections were generated from 28 confocal slices over a depth of 194 um, and
the ‘plot profile’ plug-in in Fiji was used to obtain the intensity of Leftyl-GFP
from every point of the vegetal-animal axis in a central region of the embryo.
Background values were obtained by imaging Ift175;Ift2”- uninjected embryos (for
the group injected with Ift1-GFP mRNA) or Ift175lft27- injected with morphotrap
(for the group injected with morphotrap + Ift1-GFP mRNA).

Fluorescence recovery after photobleaching. WT (TE) embryos were injected

at the one-cell stage with 1 nl injection mix containing 50 pg /ftI-GFP mRNA

and 0.05% phenol red. In experiments in which the effect of the morphotrap on
Leftyl-GFP diffusivity was measured, 200 pg mRNA encoding the morphotrap
were included in the injection mix. Pronase-dechorionated embryos were selected
for homogeneous expression of the morphotrap using an Axio Zoom.V16 (Zeiss).
Embryos were mounted around the oblong to the sphere stage in 1% low-melting
agarose using 35-mm glass-bottom microwell dishes (MatTek). Fluorescence
recovery after photobleaching (FRAP) was performed and analysed as described
previously’>*”* using an LSM 780 NLO (Zeiss) confocal microscope at an imaging
depth of 30-40 um. Diffusion coefficients and production rates were fitted to

the recovery curves using previously published values for Leftyl-GFP protein
stability”. The fit was constrained with a minimal diffusion coefficient of 0.1
m?*s~!, which is on the order of the speed of cell movements during early zebrafish
development™.

Ift17~lft2”- mutant rescue with the small-molecule Nodal inhibitor SB-
505124. Rescue experiments were performed as recently described™. Extirpations
were performed in 4 hpf pronase-dechorionated embryos at the sphere stage

as described above. Thirty to forty minutes after extirpation, embryos were
transferred to 24-well plates covered with 2% agarose (1 embryo per well) and
treated with 4.8 uM SB-505124 in embryo medium starting 40 min after extirpation
(~30% epiboly stage). Embryos were then separated into two groups: one group
was fixed 2-2.5h after extirpation (the shield stage) and processed for FISH,

and the second group was further incubated with the inhibitor at 28 °C until
24hpf (20h after extirpation) for phenotypic analysis. For the experiments with
increasing Nodal inhibitor exposure, different concentrations from 6 uM to 12 uM
SB-505124 in embryo medium were tested.

Mathematical modelling. Details of the computational screen and the parameters
used for modelling of the size-dependent inhibition system are described in
Supplementary Note 1 and Supplementary Table 2.

Statistics and reproducibility. Two tests were performed to assess whether
experimental data were normally distributed: the Kolmogorov-Smirnov (a=0.05)
and the Shapiro-Wilk tests (@ =0.05). To analyse whether experimental groups
were significantly different, two-sided Student’s t-tests (a =0.05) were performed.

Embryos from zebrafish crosses were randomly allocated into experimental
groups for extirpation, injections and drug treatments. Most experiments were
carried out at least twice, and the findings of all key experiments were reliably
reproduced. All replicates and precise P values are documented in the ‘Summary’
sheet of Supplementary Table 1, which states the number of independent samples,
embryos and independent experiments.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Code availability. The source code for the custom scripts used for data analysis in
this study is available from the corresponding author on reasonable request.
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Data availability. Supplementary Table 1 contains the source data for Figs. 1a,c,d,h,
2b,c,e~1, 3a, 5¢-h, 6f-j and 7e and Supplementary Figs. 2a,b, 3a-c and 4a-d. The
data that support the findings of this study are available from the corresponding
author on reasonable request.
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Replication Most experiments were carried out at least twice, and the experimental findings were reliably reproduced.
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Caroline Hill's laboratory (The Francis Crick Institute) in van Boxtel et al., Dev Cell 2015. We also validated the specificity of this
antibody by generating “negative control” embryos treated with the Nodal inhibitor SB-505124 (which inhibits leftyl expression)
and “positive control” embryos injected with Squint-encoding mRNA (which induces endogenous leftyl expression).
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Supplementary Figure 1

Animal pole view images of goosecoid expression. Changes in the goosecoid expression domain during development proceed with a
similar speed in untreated and extirpated embryos. Unt: Untreated; Ext: Extirpated. 0.75 hpe: n[untreated]=9, n[extirpated]=7; 1.25 hpe:
n[untreated]=12, n[extirpated]=11; 2 hpe: n[untreated]=9, n[extirpated]=11; 2.75 hpe: n[untreated]=7, n[extirpated]=13; 3.5 hpe:
n[untreated]=10, n[extirpated]=14. Scale bar: 200 pum.
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Supplementary Figure 2
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Scaling of Nodal signaling after extirpation.

(a) Maximum intensity projections of lateral confocal pSmad2/3 immunostaining stacks, and (b) quantification of relative and absolute
pSmad2/3 domains in untreated and extirpated embryos at different times after extirpation. 0.75 h post extirpation (hpe):
n[untreated]=5, n[extirpated]=7; 1.5 hpe: n[untreated]=5, n[extirpated]=9; 2 hpe: n[untreated]=19, n[extirpated]=21. *p<0.05, ***p<0.001.
Two-sided Student’s t-tests were performed (¢=0.05). See Supplementary Table 1 for statistics source data. Box plots show median
(blue line), mean (untreated: black; extirpated: grey lines), 25% quantiles (box), and all included data points (red markers). Whiskers
extend to the smallest data point within the 1.5 interquartile range of the lower quartile, and to the largest data point within the 1.5
interquartile range of the upper quartile. Scale bar: 200 um.
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Supplementary Figure 3
Lack of Lefty1 precludes germ layer scaling.

(a) Lateral views of representative 24 hpf untreated and extirpated embryos with different numbers of functional lefty alleles. Numbers
in the figure panel represent the fraction of these representative embryos. (b) Chart showing the fraction of phenotypes in different lefty
mutants. “Mild ift17ft2” phenotype” refers to embryos that do not exhibit the severe Ift17 1t phenotype but show shorter or thicker
tails or slightly reduced cephalic structures. (¢) Fraction of lefty mutants with normal mesendoderm proportion (22-33%), high
mesendoderm proportion (34-42%), and very high mesendoderm proportion (>= 42%). (d) Schematic of experiments to assess the
activity of Lefty1 and Lefty2. Embryos were injected at the one-cell stage with different amounts of lefty1- or lefty2-gfo mRNA as
indicated in figure panel (e). Some embryos were also injected with 100 pg Alexa546-dextran for subsequent generation of intracellular
masks for extracellular intensity measurements. Extracellular GFP intensity was quantified at 5 hpf, and sibling embryos were collected
at 50% epiboly. gRT-PCR using primers for the Nodal target gene no tail (nt/) was used to assess inhibitory activity. (e) Average ntl
expression is plotted against average extracellular intensity. At similar intensities, Lefty2-GFP consistently repressed nt/ expression
more effectively than Lefty1-GFP. For fluorescence measurements: n[5 pg Lefty2-GFP]=5, n[10 pg Lefty2-GFP]=4, n[20 pg Lefty2-
GFP]=3, n[22 pg Lefty1-GFP]=4, n[43 pg Lefty1-GFP]=5, n[86 pg Lefty1-GFP]=4. For qRT-PCR measurements, 3 samples with 8
embryos each were analysed per condition. Error bars: SEM. See Supplementary Table 1 for statistics source data. Scale bars: 200 um
(a) and 100 pum (d).
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Supplementary Figure 4
Manipulation of Lefty1-GFP diffusion in zebrafish embryos.

(a,c) Maximum intensity projections of lateral confocal stacks of fascin expression in i1t embryos subjected to different
treatments. Representative embryos for each treatment are shown. Numbers in the figure panel represent the fraction of these
representative embryos. (b,d) Mesendoderm proportions in differently sized embryos. Note that the fraction of embryos with normal
mesendoderm extent is equivalent to the fraction of rescued /ft1”;Ift2” embryos shown in Fig. 6. (e) Maximum intensity projections of



confocal stacks of 30-50% epiboly stage embryos. Animal pole views. The upper image shows an embryo injected with lefty1-GFP
mRNA at the one-cell stage. The middle panel shows an embryo co-injected with morphotrap-encoding mRNA and /efty7-GFP mRNA
at the one-cell stage. The lower panel shows an embryo injected with lefty7-GFP mRNA at the one-cell stage and transplanted with a
morphotrap-expressing clone at sphere stage. The morphotrap changes the distribution of Lefty1-GFP from uniform extracellular to
strongly membrane-associated. (f,g) Morphotrap binding affects Lefty activity. Lateral and ventral views of 24 hpf wild type embryos
injected with morphotrap and different concentrations of lefty7-GFP mRNA. Representative embryos for each phenotypic category are
shown (f). Distribution of phenotypes after different treatments (g). Three groups of Nodal loss-of-function phenotypes were defined
according to their strength: mild (S1), intermediate (S2), and severe (S3). For 5 pg of /ft1-GFP mRNA: n[uninjected]=32, n[+/ft1-
GFP)=34, n[+morphotrap+Ift1-GFP]=24. For 30 pg of Ift1-GFP mRNA: n[uninjected]=30, n[+/ft1-GFP]=26, n[+morphotrap+Ift1-GFP]=34.
See Supplementary Table 1 for statistics source data. Scale bars: 200 pum.
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Supplementary Figure 5

Endogenous Lefty1 concentration increases in smaller embryos.

(a,b) Immunoblot analysis indicates a more pronounced decrease of the cellular marker Histone H3 compared to Lefty1, suggesting an
increase in Lefty concentration in extirpated embryos (b). The samples derive from the same experiment, but for technical reasons (see
Methods) Leftyl and H3 levels were determined from independent immunoblots (see Supplementary Fig. 8 for raw data). (c)
Quantification of Lefty1 and Histone H3 levels in the blots shown in Supplementary Fig. 8. All Lefty1 levels were normalised to the
Lefty1 levels in the “10 embryos” sample, and all H3 levels were normalised to the H3 levels in the “10 embryos”. The Lefty1 and H3
levels in the “10 embryos” sample were set to 10. Note the approximately linear increase in Lefty1 and H3 levels between samples with
different embryo numbers. On average, the decrease in H3 levels in extirpated compared to untreated embryos is more pronounced
than the decrease in Lefty1 levels, similar to the model prediction in Fig. 7b. Box plots shows median (blue line), mean (untreated:
black; extirpated: grey lines), 25% quantiles (box) and all included data points (red markers). Whiskers extend to the smallest data point
within the 1.5 interquartile range of the lower quartile, and to the largest data point within the 1.5 interquartile range of the upper

quartile.

15 embryos



a Wild type b Ift1; Ift 2" e With tonic Nodal inhibition in /ft1-Ift2*

i i
1 R 1
1 p\ 1 ©
: ‘\ : 9
l N ! 8
_________ ! ‘\ ! =
|I p 1 ]
N ]
! T W 1 b
\ i A\ 1 — 20/27 — 7127
N N\ 1
Untreated e esse— 3
oooooooees Extirpated ®
Mesendoderm  Ectoderm Mesendoderm  Ectoderm = !
X
L
C Ift1-Ift2" d Ift1;Ift2 —_
+IftIGFP (YSL) + tonic Nodal inhibition
] \ 1
1
E ‘\‘ H f With tonic Nodal inhibition in /ft17;Ift2"
! \‘\ ; Untreated Extirpated
] 3 ! 10. 3
] N 1
1 \ 1 £9 £
1 W 1 o) 8 025
T v T — —
3 3
\‘ : \‘ : 8 7 8 2
. 2 6 g
Untreated O C—— _g 2 -21'5
occoooosas Extirpated g 3 S 4
Mesendoderm  Ectoderm Mesendoderm  Ectoderm © o
9 2 905
Qo 1 Q
Left Embryo °o ° o
— Total Nodal — Le —_— Untreated }
otal Noda y boundary ntreate 01 02 03 04 05 06 01 02 03 04 05 06
fascin domain / total length fascin domain / total length
Emb
--- Total Nodal ~ --- Lefty - b(r)r:mr()i/;)ry ] Extirpated B Too little fascin B Proportionate fascin ® Too much fascin
g Untreated Extirpated Untreated Extirpated
L ®
2 ! ) - S 5 ~ y
= s 4 o] ; B h
sE 1 ,t - x ;i Zs 1 {‘ e
3. 4 = <. { 5 N ¢
ot 130138 [ 48/112 5 g— 65/106 ‘ 53/108
_ . 5.
© \ F . ] Q A p ~
35 e / \ ~" { G Z S i ﬂ ; ke !
S5 \ a2k ¥ 257N - v
= £ ) =+ 44/85 29/56
3 £ 131/160 66/146 o
©
© < e
5 N Y B8 e 4%,)\
Z5 @ | 3 R A ) 25 A%
=< e ) = £ = N
. ‘ s - N
o 71/80 41/64 o~ sameae 19/36
bl -

Supplementary Figure 6
An increase in Lefty concentration is required for scale-invariant patterning.

(a-d) Simplified qualitative models of Nodal (i.e. total Nodal, in contrast to the free Nodal shown in the simulations throughout the paper)
and Lefty gradients in different scenarios to explain experimental observations. In contrast to our approach using ectopic Lefty
gradients, most of the extirpated Ift1'/';lft2'/' mutants exposed to levels of the Nodal inhibitor SB-505124 that rescue normally sized
embryos are unable to restore normal mesendoderm proportions. In contrast to ectopic Lefty proteins (c), the Nodal inhibitor is provided
tonically, and its concentration does not increase after a reduction in embryo size (d). () Maximum intensity projections of confocal
stacks of fascin expression in Ift17 12" embryos exposed to 4.8 uM of the Nodal inhibitor SB-505124. Lateral views. Representative
embryos for each treatment are shown. Numbers in the figure panel represent the proportion of these representative embryos. (f)
Mesendoderm proportions in embryos treated with 4.8 uM of the Nodal inhibitor SB-505124. (g) Lateral views of 26 hpf Ift17;ft2”
embryos exposed to different concentrations of the Nodal inhibitor SB-505124. Embryos representing the majority of phenotypes are



shown for each treatment. Numbers in the figure panel indicate the number of these representative phenotypes out of all analysed
embryos. Scale bars: 200 pm.
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Summary and extensions of the size-dependent inhibition model for scale-invariant patterning.
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=== Lefty +=+ Embryo boundary

(a-e) Normalised Nodal and Lefty protein profiles scaled to embryo size for simulations of the size-dependent inhibition model with
normal Lefty production (a), no Lefty production (b), reduced Lefty production (c), and feedback-less Lefty inhibition in the absence (d)
or presence of morphotrap (e). In contrast to the graphs shown in Fig. 4, Fig. 5, and Fig. 6, these graphs show normalised length for
both untreated and extirpated embryos. Here, models scale when the dashed and solid lines overlap at the intercept with the signaling
threshold. In (c), Lefty induction was reduced by 30%. Normal Lefty diffusivity was set to D = 15 um?/s, and Lefty diffusivity in the
presence of morphotrap (e) was set to D, = 0.35 umzls. All simulation parameter values are listed in Supplementary Table 2 [Parameter



Tables 3 and 4]. (f,g) Relationship between the maximum rate of Lefty induction and the strength of Lefty-mediated Nodal inhibition (f)
or between the maximum rate of Lefty induction and Lefty induction steepness (g). The plots show maximum projections through the
six-dimensional parameter space of the size-dependent inhibition model. (h) Simulation of the full model with different values for Lefty
diffusivities. A minimal diffusion coefficient of approximately 7-10 um2/s is required for scale-invariant patterning. (i,j) Implementation of
the size-dependent inhibition model with linear Lefty inhibition. Scaling solutions are also found with a linear inhibition term, showing
that the general mechanism of the size-dependent inhibition model is not dependent on the assumption of non-linear inhibition. (k-p)
Extensions of the size-dependent inhibition model. (k,I) Simulations of the size-dependent inhibition system explicitly modelling total,
free, and Lefty-bound (inhibited) Nodal protein, showing results for absolute (k) and normalised (l) embryo length. (m,n) Simulations
with separate variables for signalling and protein levels showing results for absolute (m) and normalised (n) embryo length. (o,p)
Simulations with separate variables for Nodal and FGF proteins and signalling.
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Supplementary Figure 8
Raw immunoblot data.

(a) Marker lanes are shown as overlay of the white light image at the edge of the membranes. Experiments 1, 2, and 4 are biological
replicates, whereas experiment 3 is a technical replicate of experiment 1. Turquoise boxes indicate the regions shown in
Supplementary Fig. 5a, and red boxes outline the regions used for quantification in Supplementary Fig. 5b,c. Unt: Untreated, Ext:
Extirpated.



Supplementary Note 1

Screening for models of scale-invariant patterning. This note includes details about the mathematical modelling of Nodal/Lefty spatio-
temporal dynamics, the execution of computational screens to identify the size-dependent inhibition system, and possible model
extensions.

Supplementary Table 1

Statistics source data. The “Summary” sheet contains information about the number (n) of biologically independent samples / embryos /
independent experiments, and precise p values from statistical tests. The other sheets contain the source data for all instances where
the figures show representative experiments of multiple independent repeats, or averages of two independent experiments.

Supplementary Table 2
Simulation parameters. The file contains Parameter Tables 1-8, organized into individual sheets.

Supplementary Movie 1

Temporal dynamics of the scaling model. Nodal signalling levels (blue, solid line: normally sized embryo, dashed line: extirpated
embryo) peak at the time of Nodal readout (red). Nodal signalling levels decrease rapidly afterwards, matching the time window of germ
layer specification. Grey bars indicate the extent of the mesendodermal domain, and green lines show Lefty levels (solid line: normally
sized embryo, dashed line: extirpated embryo).

Supplementary Movie 2

Lefty1-GFP diffusion from the marginal zone in lefty1"’;lefty2"' embryos. Time-lapse imaging over 70 min after yolk syncytial layer (YSL)
injections reveals high mobility of Lefty1-GFP emerging from the YSL. Lefty1-GFP levels increase in the YSL and over time localize to
the extracellular space. Lefty1-GFP moves over a long distance to the animal pole within =40 min. Maximum intensity projection of a 60
um z-stack. The animal pole is at the top, and Lefty1-GFP signal is shown in green. The experiment was repeated three times
independently with similar results.

Supplementary Movie 3

Lefty1-GFP diffusion from the marginal zone in lefty1”;lefty2” embryos expressing the GFP binding morphotrap. Time-lapse imaging
over 70 min after YSL injections reveals hindered movement of Lefty1-GFP from the YSL in the presence of morphotrap. The
morphotrap drastically changes the distribution of Lefty1-GFP from diffuse extracellular to membrane-bound. Maximum intensity
projection of a 60 um z-stack. The animal pole is at the top, and an overlay of the Lefty1-GFP signal (green) with the morphotrap signal
(red) is shown. The experiment was repeated three times independently with similar results.

Supplementary Movie 4

Temporal dynamics of the extended scaling model. Nodal signalling, i.e. pSmad2/3 levels (magenta, solid line: normally sized embryo,
dashed line: extirpated embryo), peaks at the time of Nodal readout (red). Dashed-dotted lines indicate the extent of the pSmad2/3
domain, blue lines show Nodal, and green lines show Lefty levels (solid line: normally sized embryo, dashed line: extirpated embryo).



ARTICLE

Quantitative diffusion measurements using the
open-source software PyFRAP

Alexander BlaBle!, Gary Soh!, Theresa Braun'3, David Mérsdorf!, Hannes Preift!, Ben M. Jordan? &
Patrick Mller!

Fluorescence Recovery After Photobleaching (FRAP) and inverse FRAP (iFRAP) assays can
be used to assess the mobility of fluorescent molecules. These assays measure diffusion by
monitoring the return of fluorescence in bleached regions (FRAP), or the dissipation of
fluorescence from photoconverted regions (iFRAP). However, current FRAP/iFRAP analysis
methods suffer from simplified assumptions about sample geometry, bleaching/photo-
conversion inhomogeneities, and the underlying reaction-diffusion kinetics. To address these
shortcomings, we developed the software PyFRAP, which fits numerical simulations of
three-dimensional models to FRAP/iFRAP data and accounts for bleaching/photoconversion
inhomogeneities. Using PyFRAP we determined the diffusivities of fluorescent molecules
spanning two orders of magnitude in molecular weight. We measured the tortuous effects
that cell-like obstacles exert on effective diffusivity and show that reaction kinetics can be
accounted for by model selection. These applications demonstrate the utility of PyFRAP,
which can be widely adapted as a new extensible standard for FRAP analysis.

TFriedrich Miescher Laboratory of the Max Planck Society, Max-Planck-Ring 9, 72076 Tiibingen, Germany. 2 Department of Organismic and Evolutionary
Biology, Harvard University, 26 Oxford Street, Cambridge, MA 02138, USA. *Present address: University of Konstanz, Universitétsstrafe 10, 78457 Konstanz,
Germany. Correspondence and requests for materials should be addressed to P.Mdl. (email: patrick. mueller@tuebingen.mpg.de)
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he diffusion of molecules is important for almost any

process across all scales of biological organisation, from

transcription factors finding their targets on DNA to
signalling molecules spreading through tissues during
development and homoeostasis'~. The biological function of a
molecule is affected by its action range and therefore its mobility;
however, effective diffusion of molecules moving through com-
plex tissues is difficult to measure quantitatively. More than 40
years ago, Poo & Cone* and Liebman & Entine® developed a
method to assess the diffusivities of fluorescent molecules. In
these fluorescence recovery after photobleaching (FRAP) experi-
ments, the fluorescence of molecules in a small region of the
sample is bleached by exposure to a strong laser pulse®. The
dynamics of fluorescence recovery in the bleached region can
then be used to infer the mobility of the fluorescent molecules
(Fig. la). Inverted FRAP (iFRAP) assays have recently been
developed as an extension of FRAP experiments’~!’, which
eliminate the often harsh bleaching conditions used in FRAP
experiments. iFRAP assays utilise photoconvertible molecules
that can be induced to alter their fluorescence excitation/emission
properties after exposure to ‘photoconverting’ light. In iFRAP
experiments, the spread of signal from a small photoconverted
domain into the neighbouring regions of the sample is monitored
over time and thus represents an experimental mirror image of
FRAP (Fig. 1b).

Diffusion coefficients are commonly extracted from FRAP
experiments by fitting analytical solutions computed from
theoretical models to the measured recovery curves'!~!8, and a
few simulation-based analysis methods have been developed!2!.
Although this allows for a rapid assessment of qualitative mobility
differences in identical experimental settings, current approaches
rely on several assumptions that can affect the accuracy of the
analysis. First, most current methods reduce the FRAP analysis to
one-dimensional or two-dimensional simplifications!' 2!, often
assuming that the fluorescent pool is infinitely large!!-141617, or
ignoring more complex geometries of biological samples that
could play important roles in molecule movement (Fig. 1c).
Recent studies have argued that geometry is crucial for dynamic
biological processes**?%, and must be taken into account for
accurate analysis of FRAP data. Indeed, false assumptions about
the FRAP sample geometry can drastically affect diffusion coef-
ficient estimates (Fig. 1d).

Second, the bleaching process in FRAP experiments is often
inaccurately modelled. Bleaching is posited to be homogeneous or
to follow a Gaussian distribution throughout bleached circular or
rectangular regions, while the molecules outside of the bleached
region are assumed to remain unbleached!!"!> 1>-18 However,
molecules diffusing during the bleaching process can create
inhomogeneities both inside and outside of the bleached region;
moreover, a delay between bleaching and the start of the recovery
measurement can lead to further inhomogeneities (Fig. 1c).
Incorrect assumptions about the bleaching process can thus lead
to a severe misestimation of diffusion coefficients!® 24-27
(Fig. 1e).

Third, in vivo FRAP experiments can be strongly influenced by
reaction kinetics such as production or degradation of fluorescent
molecules, which can contribute to the observed recovery curve
(Fig. 1c). However, this is mostly neglected in classical FRAP
analysis models and can lead to erroneous diffusion estimates
(Fig. 1f)11-17,

To address these shortcomings, we developed the versatile
Python-based FRAP analysis software PyFRAP (available at
https://mueller-lab.github.io/PyFRAP). To facilitate data analysis,
PyFRAP is equipped with an intuitive graphical user interface
(GUIL, Fig. 2a), which gives users without a computational
background access to a sophisticated FRAP data analysis work

2 | (2018)9:1582

flow from image analysis to statistical model comparison methods
(Fig. 2b). PyFRAP applies the first post-bleach image as initial
condition (Fig. 2c¢), and numerically simulates the FRAP
experiment in realistic two-dimensional or three-dimensional
experiment geometries (Fig. 2d, e); the solution from this
simulation is then fitted to the experimental data. Furthermore,
PyFRAP can accurately account for both uniform production and
degradation during FRAP experiments. PyFRAP saves all
analysed data and settings in a logical data structure that can be
shared with collaborators or re-used for later analyses (Fig. 2f).
The software is freely available, and the open-source environment
allows for rapid expansion through collaborative work?® to adjust
analysis methods to the users’ needs.

To demonstrate the utility of PyFRAP, we conducted several
typical in vitro and in vivo FRAP experiments (Supplementary
Fig. 1). PyFRAP accurately determines the diffusion coefficients
of fluorescent molecules ranging from 3 to 500kDa in both
artificial and biological contexts. In contrast to currently available
software, PyFRAP’s flexible initial conditions also allow analysis
of iFRAP experiments, producing results comparable to FRAP.
We used PyFRAP to measure the influence that obstacles such as
cells exert on the movement of diffusing molecules, and found
that such geometric hindrance decreases diffusivity by about one-
third. Moreover, PyFRAP provides accurate modelling of reaction
kinetics, including production and degradation. Finally, to test the
impact of extracellular binding on protein diffusivity, we
measured the diffusion of signalling molecules in living zebrafish
embryos. We found that the effective diffusivity of a signalling
molecule in developing zebrafish was reduced to about one-tenth
of its predicted value, in agreement with hindered diffusion
models postulating interactions of embryonic signals with
diffusion regulators?>?. Altogether, our analyses highlight how
detailed examination of FRAP data can be used to determine the
contribution of individual factors to the movement of molecules
in controlled artificial and biological contexts®.

Results

PyFRAP is a versatile FRAP/iFRAP analysis package. Current
FRAP analysis methods often make simplified assumptions about
FRAP experimental conditions to aid in the derivation of analy-
tical solutions'!1®18, and to facilitate numerical simulations?®Z!.
Such assumptions include reducing complex sample geometries
to lower dimensions, idealising the initial bleaching profile, or
ignoring additional reaction kinetics potentially underlying
fluorescence recovery (Fig. 1c). Unless the experiment is well
approximated by these assumptions (e.g., simple geometry, small
bleach spot compared to a large sample volume, sharp bleach
profile, no reactions), this can lead to erroneous diffusion
estimates (Fig. 1d-f). To address these shortcomings, we
developed PyFRAP. PyFRAP numerically simulates FRAP
experiments in realistic three-dimensional geometries using an
interpolation of the first post-bleach image as initial condition.
This simulation is then fitted to the experimental data,
incorporating reaction kinetics such as uniform production and
degradation.

PyFRAP is an open-source Python-based FRAP analysis
software that runs on the major operating systems Microsoft
Windows, Mac OSX and Linux. Over the past 20 years, Python
has become the standard programming language for scientific
research because of the availability of versatile add-on packages
and its intuitive and simple syntax”". Building on the resourceful-
ness of Python, PyFRAP is based on commonly used packages
such as PyQT, SciPy and FiPy’>~¢, PyFRAP comes with an
intuitive graphical user interface (GUI, Fig. 2a) and a fully
documented application programming interface (API) allowing

1
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Fig. 1 Fluorescence perturbation techniques used for effective diffusion measurements, and drawbacks of current analysis methods. a In fluorecence

recovery after photobleaching (FRAP) experiments, a small region in the sample is bleached. After bleaching, the diffusion-driven recovery in the bleached
region is monitored. b Inverse FRAP (iFRAP) is an experimental mirror image of FRAP: Molecules in a given region are photoconverted and then spread
throughout the sample, resulting in the loss of fluorescent signal in the region of photoconversion. € Drawbacks of current analysis methods exemplified
with zebrafish development at late blastula stages. Current analysis methods simplify sample geometry, idealise bleaching profiles, or ignore underlying
reaction kinetics. d-f Possible relative error in diffusion coefficient estimates that can occur if false assumptions are made about sample geometry (d),
bleaching conditions (e), or reaction kinetics (f), respectively. The maximum displayed error was capped to a value of 200%, but can be up to 1000%

quick development of scripts or modifications of the PyFRAP
code. PyFRAP’s functionalities include sophisticated image
processing functions useful for FRAP analysis, customisable
geometry and analysis region definitions, a finite element partial
differential equation (PDE) solver that simulates FRAP/iFRAP
experiments with adjustable options, statistical tools for averaging
and model comparison, and multiple plotting and input/output
functions (see Methods section and Supplementary Note 1 for
details). To make the software easily accessible, dialogue boxes
(software wizards) guide the user step-by-step through data
import, image analysis, simulation and fitting.

NATURE COI\/\MUN\CAT\ONS| (2018)9:1582

We programmed PyFRAP to import image data from most
common microscope formats, such as .tif, Ism and .czi. Users can
define arbitrary regions of interests (ROIs) that are then used for
image analysis, simulation and fitting (Supplementary Fig. 2a).
For some experimental setups, the imaged sample might be larger
than the field of view. In these cases, the concentration of
molecules in regions outside of the image can be estimated from
selected areas in the first image of the recovery image series
(Supplementary Fig. 2b). Uneven illumination is a common
artefact in FRAP experiments. PYFRAP can correct this artefact
by normalisation using pre-bleach images or using a correction
matrix computed from a secondary data set generated with a
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Fig. 2 The PyFRAP software package. a Annotated snapshot of the PyFRAP main GUI with project navigation tree (red), plot tabs (green), object property
display (orange), and integrated Python terminal (blue). b PyFRAP work flow. € PyFRAP's interpolation of the first post-bleach image as initial condition for
FRAP simulations. The length of the white scale bar represents 100 pm. d, e Spatial discretisation of geometries resembling d a frustum and e a zebrafish

embryo at late blastula stages (dome stage). f PyFRAP's data structure
homogeneously distributed fluorophore®”=3° (see Methods
section and Supplementary Fig. 2c for details). To avoid
numerical instabilities, PyFRAP allows the user to smooth or
denoise the image data using a Gaussian or median filter
(see Methods section, Supplementary Note 1, Supplementary
Fig. 3, and Supplementary Table 1 for details).

FRAP and iFRAP experiments have been performed in a
variety of contexts, from the cigar-shaped Drosophila embryo and
the relatively flat Drosophila win% disc to the dome-shaped pre-
gastrula stage zebrafish embryo!0?%2% 40-42 These structures
have distinct geometries that could impact fluorescence recovery.
In fact, we found that simplifying the three-dimensional zebrafish
embryo to a two-dimensional disc can frequently lead up to a
>200% error in estimated diffusion coefficients (Fig. 1d). In
PyFRAP, users can define arbitrary two-dimensional and three-
dimensional ~ geometries  using ~ Gmsh**  or  CAD

4 NATURE (f,()M\\"'tUN\C,’Q\T\OI\JS| (2018)9:1582

STereoLithography (.stl) files that are then spatially discretised
into tetrahedral meshes by Gmsh in combination with TetGen**.
PyFRAP provides various meshing options, such as local mesh
refinements, boundary layer meshes and attractor meshes,
allowing users to adapt the mesh to experimental details
(see Fig. 2d, e and Supplementary Fig. 4c for example geometries
and meshes).

In current FRAP analysis methods, the initial condition of the
FRAP experiment is often simplified to a simple rectangular
function or a Gaussian profile to ap}l)roximate sharp or blurred
bleach boundaries, respectively!!1> 14718, 45-47 However, light
scattering, imperfect bleaching and diffusion during the bleaching
process can lead to more complex bleaching profiles and thus
need to be considered during FRAP analysis to avoid misestima-
tion of diffusion coefficients>»2>3%48 To overcome this issue,
PyFRAP uses a bilinear interpolation between pixels of the first
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Fig. 3 PyFRAP benchmarking simulation experiment. a Workflow of PyFRAP benchmarking. b Examples of simulated data sets for different bleach spot
sizes and geometries. ¢ Benchmarking results of PyFRAP against currently available software packages using simulated FRAP experiments. Simulation
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post-bleach image to estimate the initial condition for mesh cells.
This initial condition closely resembles initial experimental
bleaching profiles and concentration distributions (Fig. 2c).
Moreover, in contrast to most current FRAP analysis meth-
ods!1-184647  PyERAP does not fit a mathematical
expression based on simplified assumptions to the data; instead,
PYFRAP uses FiPy>? to simulate the experiment numerically,
resulting in a solution that incorporates the realistic three-
dimensional geometry and initial conditions. The numerical
simulation is then fitted to the FRAP data by minimising
the sum of squared differences using classical optimisation
adgorithms‘w’51 (see Methods section for details).

In typical FRAP and iFRAP experiments, a protein of interest is
tagged with a fluorescent protein and expressed within a tissue. In
such an experiment, the fusion protein is often actively produced
at the same time that FRAP is carried out; additionally, fusion
proteins undergo degradation over time. Depending on how the
fusion protein is expressed (promoter-driven expression, mRNA
injection, etc.), its degradation kinetics, and the timescale of the
FRAP/iFRAP experiment, production and degradation can
dramatically influence recovery curves. Ignoring reaction kinetics
in FRAP experiments could therefore lead to erroneous diffusion
coefficient estimates. Indeed, recovery curves with pure diffusion
fitted to a simulated reaction-dominant data set often resulted
in a >200% error in the estimated diffusion coefficients (Fig. 1f).
To ensure that the appropriate reaction kinetics are considered
when analysing FRAP data, PyFRAP is equipped with four
models: (1) Pure diffusion, (2) diffusion with production, (3)
diffusion with degradation and (4) diffusion with production and
degradation (see Methods section for details). The model can be
constrained with previous reaction rate measurements from
assays such as fluorescence decay after photoconversion (FDAP)
5253, alternatively, production and degradation rates can be
directly obtained from fitting the FRAP data. Below, we discuss
methods to determine which approaches are most appropriate for
a given data set.

An advantage of PyFRAP is its ability to assess FRAP data
using multiple models of varying complexity, from pure diffusion
to combined reaction-diffusion kinetics. However, determining
which model is appropriate for a given data set can be
challenging. Choosing the incorrect model can lead to overfitting
and potentially false diffusion coefficients®*. The Akaike informa-
tion criterion (AIC) is a statistical tool that can aid in model
selection®. PyFRAP’s implementation of the AIC allows users to
compare the models mentioned above and determines the most
likely model based on a relative weighted measure that includes
both the model’s log-likelihood and its degrees of freedom, i.e.,
the number of model parameters. Moreover, PyFRAP provides
several statistical tests (Supplementary Table 2) to assess
differences between measurements and obtained fits, such as
Student’s t-test® for normally distributed data or the
Mann-Whitney-U-test®”, which does not require normally
distributed data. The Shapiro-Wilk-test can be used to assess
whether the measured diffusivities follow a normal distribution®®
and whether application of Student’s t-test or the
Mann-Whitney-U-test is justified.

PyFRAP’s object-oriented data structure (Fig. 2f) can be saved
into serialised objects and easily loaded for further analysis or
shared with collaborators. In addition, PyFRAP lets users visualise
every aspect of PyFRAP’s analysis work flow and save plots and
images into publication-ready figures.

Benchmarking PyFRAP. To validate PyFRAP, we first deter-
mined whether it can recover true diffusion coefficients and
reaction kinetics from simulated data. We used our previous
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in-house solution?>?*42 based on the commercial programs
MATLAB and COMSOL multiphysics to simulate 24 FRAP
experiments with different reaction kinetics and diffusion coef-
ficients. Using PyFRAP, the simulated data sets were fitted with
all four possible reaction-diffusion models (see above). We
determined a maximal error of 10% (average error: 2%,
Supplementary Table 3) between simulated and estimated
diffusion coefficients, demonstrating that PyFRAP recovers
correct diffusion coefficients within the error tolerance of the
numerical simulations.

Next, we tested whether PyFRAP’s implementation of the AIC
allows identification of the models used to create the simulated
data. When the data were simulated with models describing either
pure diffusion, diffusion and degradation, or diffusion and
production, the AIC predicted the correct underlying model
(Supplementary Table 3). However, the model selection based on
the AIC did not favour the correct model for data sets that
included diffusion combined with both production and degrada-
tion, since models with fewer degrees of freedom provided
smaller Akaike weight values. Simulations involving diffusion,
production and degradation can generate data effectively
indistinguishable from data simulated with only diffusion and
production or diffusion and degradation, explaining why the AIC
cannot predict the correct model in this case.

To assess PyYFRAP’s performance in comparison with other
available software packages based on analytical!”4047>9 or
numerical?®2%0 approaches (Supplementargr Table 4), we used
easyFRAPY, Virtual FRAP?, FrapCalc*®, simFRAP?! and
PyFRAP itself to analyse simulated FRAP experiments (Supple-
mentary Note 2, Fig. 3). We simulated 18 experiments in which
geometry, relative bleach window size, and diffusion coefficients
differed. Simulations were conducted either in a simple circular
two-dimensional domain or a complex three-dimensional zebra-
fish embryo-like geometry (Fig. 2e). FrapCalc and easyFRAP
assume circular bleach windows!>#¢%; to facilitate comparison,
we therefore simulated FRAP experiments with circular bleach
windows. Bleach window sizes comprised 5, 10 or 50% of the slice
diameter, representing different proportions between fluorescent
and bleached pools (Fig. 3b). Simulations were performed with
thrge biologically relevant diffusion coefficients: 10, 50 and 200
pum</s.

Simulation-based programs (PyFRAP, virtualFRAP and sim-
FRAP) generally provided better results than analytical solutions
(easyFRAP and FrapCalc): FrapCalc and easyFRAP were either
unable to determine diffusion coefficients, or provided diffusiv-
ities that were off by at least 20% for most experiments (Fig. 3c).
Fast recovery dynamics were challenging for all tested software.
One reason for this is that fewer data points were recorded during
the actual recovery process of highly diffusive molecules due to a
fixed frame rate of 1 frame/s in the simulated test data sets,
leading to larger errors; moreover, for fast recovery dynamics
errors from interpolating simulations onto images are more
severe. The analytical software packages provided better results
for the two-dimensional compared to three-dimensional geome-
tries, while simulation-based approaches showed no clear trend
regarding geometry. In terms of bleach window radius, the
analytical solutions performed worst if the window diameter was
50% of the slice diameter. This effect might be due to the
assumption of an infinite pool of fluorescent molecules outside of
the bleached region!>—when the bleach window is very large, the
pool of unbleached fluorescent molecules is small, which conflicts
with the assumption of an infinite pool. In contrast, PYFRAP
outperformed all current software packages and exhibited the
smallest error between predicted and simulated diffusion
coefficients (Fig. 3c).
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Applications of PyFRAP to measure diffusion hindrance. In
vivo, it is thought that the overall movement of molecules is
affected by binding interactions and by the presence of obstacles
such as cells, resulting in a reduced effective diffusion coefficient
of secreted proteins that move through tissues?>. However, the
effects of these interactions have not been rigorously tested
experimentally. We therefore employed PyFRAP to examine the
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effects of obstacles and binding partners on the effective diffu-
sivity of dextrans and proteins in experimentally controlled
in vitro geometries and in living zebrafish embryos.

First, we measured diffusion coefficients of a wide range of
differently sized molecules (Supplementary Table 5) in a simple
in vitro context in the absence of binding partners or obstacles.
We performed FRAP experiments with different bleach
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Fig. 4 Examples of in vitro FRAP and iFRAP experiments and the resulting fits to measure free diffusion. a, ¢, e, g, i In vitro FRAP and iFRAP experiment
images and b, d, f, h, j fits with PyFRAP. Black and grey dots represent data points of bleached and slice RO, respectively. Red solid and dashed lines show
the respective fits. a-d FRAP experiments with 3 and 70 kDa fluorescent dextrans (see Supplementary Fig. 5 for the full data set with fluorescent dextrans
between 3 and 500 kDa). e-h iFRAP experiment with photoconverted Dendra2 protein showing data for the green (e, f) and the red (g, h) channel. i, j
FRAP experiment with 70 kDa fluorescent dextran in the presence of polyacrylamide beads. Recovery curves were normalised between O (intensity in the
bleached ROI at the first post-bleach time point) and 1 (intensity in the bleached ROI at the last post-bleach time point) to allow comparison across data
sets. The length of the white scale bar in a represents 100 pm, and all images were acquired with the same magnification
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geometries using fluorophore-coupled dextrans ranging from 3 to
500 kDa in molecular weight (Fig. 4a-d, Supplementary Figs. 5
and 6), and compared the results with theoretical predictions and
literature values. Fluorescence recovery in these in vitro experi-
ments should be purely defined by diffusion, and the theoretical
diffusivities D of spherical molecules can be calculated from their
radii v based on the relationship D~ 1/r as postulated by the
Einstein-Stokes equation (Supplementary Note 3). The diffusion
coefficients determined by PyFRAP were in good agreement with
literature values and theoretical predictions (Fig. 5a, Supplemen-
tary Tables 6 and 7).

A variant of FRAP that allows exclusion of reaction kinetics,
such as production, and thus decrease the number of unknown
experimental parameters is iFRAP (Fig. 1b). To perform in vitro
iFRAP experiments, we used the green-to-red photoconvertible
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protein Dendra2®!. Since photoconverting Dendra2 from green to

red can also be interpreted as bleaching the original green
fluorescence,  measuring  unconverted and  converted
protein distributions produces both FRAP and iFRAP experi-
ments at the same time. To test whether PyFRAP correctly
analyses iFRAP data, we used the experimental FRAP and iFRAP
sets independently and assessed whether the obtained diffusion
values are equal (Fig. 4e-h). Using FRAP we measured a Dendra2
diffusivity of 529%52 (standard deviation) pm?%/s, and
using iFRAP we obtained a similar value of 53.3 +3.1 um%/s
(Fig. 5b, average difference between the two diffusivities per data
set: 2.6 + 1.5 um?/s).

Next, we examined the effect of tortuosity on diffusion. In
biological samples, the path length that molecules take increases
as they move around obstacles such as cells. The effect of this
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Fig. 5 Effective diffusion coefficients determined by PyFRAP. a Results of in vitro experiments and PyFRAP analysis for freely diffusing fluorescent dextrans
of different molecular weights. Black markers indicate literature values for fluorescent dextrans, red markers the mean effective diffusion estimates
obtained by in vitro experiments and PyFRAP analysis, and grey markers the theoretical estimates derived from the Einstein-Stokes equation (see
Supplementary Note 3). Red error bars show the standard deviation of PyFRAP's effective diffusion estimates, and black error bars show the standard
deviation of the literature values listed in Supplementary Table 7. The grey line represents a linear regression fit to the theoretical values. b Results of
FRAP/IFRAP experiments for the photoconvertible protein Dendra2. ¢ Results of simulations investigating the influence of tortuosity on effective diffusion
for differently packed bead experiments. Grey and black markers indicate 2D and 3D simulation results, respectively. d Results of fluorescent dextran
experiments demonstrating the impact of tortuosity on effective diffusivities. e Results of GFP experiments to analyse the impact of tortuosity, embryonic
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tortuous movement can be described by the diffusion hindrance
factor (also known as diffusion permeability®?) § = 1/A>=D/D,
where A is the tortuosity, D" is the effective diffusion coefficient
(with obstacles), and D is the free diffusion coefficient
(without obstacles). To assess the expected magnitude of
tortuosity on altering effective diffusivity, we first performed
numerical simulations of FRAP experiments with and
without radial obstacles in two- and three-dimensional
geometries. Radial obstacles were either placed regularly,
randomly, or following a nearly-ideal packing scheme, resulting
in an extracellular volume fraction (EVF, i.e., the space available
for molecules to diffuse) ranging from 78% down to 25%
(Supplementary Fig. 7). These simulations demonstrated that
recovery rates are slowed down as the EVF decreases (Fig. 5c,
Supplementary Table 8). If the geometry is two-dimensional, an
EVF of 25% results in an expected reduction in effective
diffusivity of approximately 66%. In three-dimensional simula-
tion experiments, we obtained a reduction of effective diffusion
coefficients by 40% when the EVF was decreased to 38%
(Supplementary Note 3).

To determine whether the presence of obstacles decreases
effective diffusivity as predicted by our simulations, we performed
FRAP assays in vitro with a fluorescein-coupled 70 kDa dextran
(Fig. 4i, j) or recombinant GFP (Supplementary Fig. 8) in the
presence of polyacrylamide beads. Consistent with our predic-
tions, recovery was slower in the presence of beads, and the
effective diffusivity of fluorescein-coupled 70kDa dextran
drogped from 24.1 +0.4 (standard error) pmzls to 14.9+0.5
pum=/s, suggesting an EVF of 39% (0=0.61) (Fig. 5c, d,
Supplementary Tables 8 and 9). Similarly, for recombinant GFP
effective diffusivity dropped by 18% (Fig. 5e, Supplementary
Table 10, Supplementary Fig. 8a-d).

To assess diffusion hindrance in vivo, we injected
recombinant GFP protein into the extracellular space of
living zebrafish embryos. We found that the effective diffusivity
in vivo was 60% lower than for freely diffusing GFP, and 53%
lower than in in vitro experiments with beads (Fig. 5e,
Supplementary Table 10, Supplementary Fig. 8e, f). This suggests
that tortuosity in zebrafish embryos is higher than in the in vitro
bead assay. Importantly, we found similar diffusion coefficients of
36 um?/s in vivo for extracellularly injected recombinant GFP and
secreted GFP constantly produced from injected mRNA, showing
that PyFRAP can properly account for both diffusion and
production (Fig. 5e, Supplementary Table 10, Supplementary
Fig. 8g, h).

Finally, we examined the effects of binding interactions on
effective diffusivity. GFP presumably does not experience
significant binding interactions with extracellular molecules in
zebrafish embryos, although its movement is affected by
obstructions like cells and cellular extensions. In contrast,
secreted signalling molecules are expected to interact with
extracellular molecules such as receptors and extracellular matrix
components??, To assess the effect that interactions with
extracellular molecules might have on secreted signalling
molecules, we injected mRNA encoding the TGFﬁ-su&)erfamﬂy
member Squint fused to GFP into zebrafish embryos®®. Squint-
GFP is approximately 1.5 times larger than GFP and according to
the Einstein-Stokes equation (Supplementary Note 3) would be
predicted to have an approximately 1.14 times smaller diffusion
coefficient than GFP (effective diffusivity D(GFP) = 36 pmz/s,
expected effective diffusivity D(Squint-GFP) = 31 pmz/s). How-
ever, we measured an effective diffusion coefficient of approxi-
mately 2 um?/s for Squint-GFP in living zebrafish embryos, ~90%
lower than the predicted diffusion coefficient (Fig. 5e, Supple-
mentary Table 10, Supplementary Figs. 8i, j and 9). These
findings are consistent with previous measurements?® and with
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the idea that interactions with so far unidentified binding
partners slow down the effective diffusion of embryonic signalling
molecules like Squint-GFP?22°,

Discussion

Although FRAP analyses have long been used to measure relative
differences in mobilities between macromolecules, analysis tools
to accurately and quantitatively determine effective diffusion
coefficients from FRAP data are lacking. Current analysis tools
impose several simplifications including one-dimensional or two-
dimensional reductions of complex three-dimensional geome-
tries, idealised bleaching conditions, and the absence of important
reaction kinetics. When the experimental conditions closely
resemble the simplified assumptions, e.g., small bleach domains
and negligible reaction kinetics, these tools can rapidly provide
reasonable diffusion estimates (Fig. 3c). However, experimental
conditions are often more complex, and the use of simplified
assumptions may yield drastically divergent diffusion coefficients
(Fig. 1d-f). PyFRAP addresses these shortcomings by providing a
simulation-based analysis that incorporates realistic geometries,
bleaching conditions and reaction kinetics.

We found that PyFRAP’s data analysis pipeline is numerically
reliable, recovered the correct diffusion coefficients and reaction
kinetics, and additionally predicted the correct underlying
reaction-diffusion models for simulated test data sets with known
diffusion, production, and degradation parameters. PyFRAP
consistently outperformed all other tested software packages,
demonstrating its strength as a novel FRAP analysis method.
Furthermore, PyFRAP was able to determine diffusion
coefficients comparable to both theoretical and previously
experimentally measured estimates for macromolecules with
molecular weights ranging over two orders of magnitude. Since
PyFRAP can analyse data independently of any assumptions
about the initial conditions, it is suitable to analyse both
FRAP and iFRAP experiments. iFRAP has recently been
developed as an alternative to FRAP due the increasing avail-
ability of photoconvertible proteins and allows ignoring reaction
kinetics such as production. We performed tandem FRAP/iFRAP
experiments to analyse the diffusion of the photoconvertible
protein Dendra2 and found equal diffusion coefficients in vitro
with both methods.

FRAP experiments are typically performed in tissues in which
macromolecules need to move around cellular obstacles, resulting
in slower fluorescence recovery. To determine how this tortuosity
might affect diffusion coefficients estimated from FRAP experi-
ments, we first simulated FRAP experiments in two- and three-
dimensional geometries introducing radial beads at different
densities to vary the extracellular volume fraction (EVF). Our
simulations showed a strong correlation between tortuosity and
effective diffusivity and agree with previous theoretical work
including Monte-Carlo simulations and homogenisation the-
ory®2=%5, We then tested the predictions from these simulations
with in vitro experiments using polyacrylamide beads to mimic
cells. Compared to experiments without beads, the effective dif-
fusion coefficient decreased by 39% (diffusion hindrance factor 6
=0.61) for 70 kDa fluorescein-dextran and 18% (6 =0.82) for
recombinant GFP. In living zebrafish embryos, effective diffu-
sivity is much further reduced (Fig. 5e). It is unlikely that this is
due to different viscosity of the extracellular medium in vivo,
since free GFP diffusion is only marginally reduced in zebrafish
embryos?2. Instead, it is plausible that the complex geometries of
real extracelluar environments—which include filopodia, extra-
cellular matrix, and cavities that might act as dead end pores—
could further increase tortuosity®2. Finally, most in vivo FRAP
experiments are affected by biochemical reactions such as
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production and degradation of proteins, which must be taken into
account for accurate diffusion coefficient estimates (Fig. 1c, f).
PyFRAP offers various models for different reaction kinetics and
can accurately estimate diffusion coefficients from data sets that
include constant production and degradation.

PyFRAP measures effective diffusion, but due to its built-in
PDE solver it could be extended in the future to consider spatially
inhomogeneous kinetics and advective fluxes and to perhaps even
determine the diffusivities of individual species in polydisperse
mixtures of fluorescent molecules®®®”. While PyFRAP can
simulate three-dimensional FRAP experiments, FRAP data is
currently almost exclusively obtained from two-dimensional
confocal microscopy. In recent years, the development of light-
sheet microscopy made fast three-dimensional imaging with low
phototoxicity feasible®®. In the future, PyFRAP’s image analysis
tools could be extended to fit light-sheet microscopy data, which
might provide deeper insights into the three-dimensional
dynamics of molecule movement including convective flows or
spatially inhomogeneous diffusion.

Methods

FRAP/iFRAP experiments in vitro. FRAP experiments to measure pure diffusion
and tortuosity effects were conducted in a frustum-like plexiglass hole. Holes
around 700 pm in diameter and about 100 um in depth were drilled into a plex-
iglass block using a dental drill. Due to the small depth, the resulting shape was
frustum-like with an upper base of 510 um diameter.

Holes were filled with aqueous solutions of FITC-/fluorescein-labelled dextrans
of different sizes, recombinant GFP, or Dendra2 protein (Supplementary Table 5)
using a micro-pipette. Dendra2 protein was centrifuged at 16,000 x g for 30 min at
4°C to remove protein aggregates. Excess liquid was removed from the hole by
pipetting under observation with a stereo microscope.

To model the effect of tortuosity in the in vitro FRAP experiments,
polyacrylamide beads were added to the sample solution. The microbeads (Bio-Gel
P-2 Gel, <45 um wet bead size) were first soaked in distilled water overnight for
hydration. The beads were then centrifuged at 300 x g, the supernatant removed,
and the required quantity of beads transferred to another tube for resuspension in
fluorescein-dextran or GFP+BSA solution. This was repeated and followed by
removal of the supernatant, leaving a concentrated slurry of beads and fluorescent
solution for the experiments. The beads were transferred into the plexiglass
template and settled within 1-2 min.

To prevent evaporation, mineral oil (Sigma) was placed around the solution
before sealing the hole with a cover slip (No 1.5). Supplementary Fig. 1a outlines
the sample preparation process for in vitro experiments. The sample was upended
carefully and mounted on an inverted confocal microscope. Images were taken
using an LSM 780 NLO microscope (ZEISS) with an LD LCI Plan-Apochromat
25x/0.8 Imm Korr DIC objective (ZEISS) and immersion oil (Immersol TM W, n
=1.334 at 23 °C, ZEISS). First, a plane approximately in the middle of the hole was
chosen and the z-position set to zero. Then, the position of the highest and lowest
point was determined. Cuboid volumes (141.42 um x 141.42 um x 100 um) were
bleached by imaging a z-stack at highest laser power (488 nm) or photoconverted
at moderate laser power. Time series of 300 images (512 pixels x 512 pixels)
were taken with a speed of 1 frame/s (pixel dwell time: 3.15 ps) over a duration of
5 min. The zoom was set to 0.7, and the resulting images had a size of 566.79 um x
566.79 um.

After the FRAP experiment, the template was cleaned using distilled water,
soap, and an interdental toothbrush.

FRAP experiments in vivo. Zebrafish embryos (Danio rerio) were collected 10 min
after mating and proteolytically dechorionated?>2%2, For the experiments with
recombinant GFP, 100 pg of recombinant GFP were injected into the extracelluar
space when zebrafish embryos reached high stage?>>*%° (Supplementary Table 10).
For experiments with secreted GFP?’, 100 pg of the mRNA encoding the fluor-
escent protein were injected at the one-cell stage. For experiments with Squint-
GFP?, either 30 or 200 pg of mRNA were injected at the one-cell stage. At dome
stage, embryos were mounted in drops of 1% low-melting-point agarose animal
pole down onto a glass-bottom dish (MatTek Corp. P35G-1.5-20-C), and as soon
as the drops solidified covered with Danieau’s medium?>*2 to prevent the embryos
from drying out. Supplementary Fig. 1b outlines the in vivo sample preparation
process.

Confocal images were taken roughly at a depth of 40 um from the animal pole
into the embryo. For data sets injected with 200 pg of Squint-GFP-encoding
mRNA, images were acquired with the same settings as described for the in vitro
experiments either with 1 frame/s for 300s, or 1 frame/10's for 3000 s. Images of
embryos injected with 30 pg of Squint-GFP-encoding mRNA were taken with a
spatial resolution of 340.08 um x 340.08 um and 1 frame/10 s for 3000 s. Data sets
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for recombinant GFP in vivo were acquired with the same microscope settings as
the experiments conducted in vitro.

ROI selection. PyFRAP’s image analysis depends on defining specific ROIs for the
experimental data and simulations. Users can define multiple different geometrical
shapes of ROIs in three-dimensional space such as cylinders, prisms, and any kind
of addition or subtraction between ROIs. The specified ROIs are then used for
image analysis, estimating concentrations outside the field of view, evaluating the
simulation, and fitting to the analysed data. PyFRAP is equipped with an ROI
manager and wizards for several standard sets of ROIs.

Image analysis. Let Q; (with i € {1, 2, ..., ng} and nq the number of ROIs) be the
list of ROIs specified for PyFRAP’s analysis. The mean intensity over the ROI ), at

time ¢; (with j€ {1, 2, ..., n,} and n, the number of images) is then calculated by
- 1
Io,(5) =+ > Iy t) (1)
1
(k1) €Q;

where A; is the area of Q;, and I(xy, y5, ;) is the intensity at pixel (x, y)) (with k € {1,
2, ..., n} and n, the number of rows in the images, and with /€ {1, 2, ..., n,} and n,
the number of columns in the images).

FRAP image data were analysed within the ROIs Qpjeachea and Qgjice- Qglice Was
defined as a circular domain with centre Cy;c. and radius rg;c.. Since the imaging
depth varied between experiments, both Cgjc. and ry;.. were cropped for each data
set. The bleached ROI Qypjeachea Was defined as a square with sidelength syjeachea and
left-lower corner at Oypjeached = Cslice — %(sbleached, Spleached)- Lhe definition of both
ROIs is shown in Supplementary Fig. 2a.

Accounting for uneven illumination. Uneven imaging due to inhomogeneous
sample illumination is a common problem in microscopy>’~>°. We implemented
two solutions in PyFRAP to address this problem: (1) Normalisation by an image
acquired before bleaching, and (2) applying a flattening mask derived from imaging
a homogeneous fluorescent sample. The pixel-wise mean image over n, images can
be defined as

L

M(x, 31, 4) :%Z (e, 1, ) )

J=1

To avoid noise-induced singularities when normalising, PYFRAP computes a mean
normalisation mask M. over multiple pre-bleach images, and then divides each
image of the recovery time series pixel-wise by the computed mask

I(-xk-,)’l-, t)) + Onorm

I(xe,y1,t) = 3
(07145) = 31 Goe ) O G)

where O,orm is the optimal data offset computed via
Onorm = maX{mki]n(I(xk.,yz., 5)), min (e (i 1, tj))} +1 4

Similarly, the flattening mask F is computed using the mean over multiple images
of a fluorophore spread homogeneously across a cover slip, Mg,

maxg (Mga (%k, 1)) + Ofat
Mot (Xk, 1) + Oftat

Floxiy) = (5)

Similar to the normalisation in Eq. (4), the optimal data offset Oy, is obtained by
taking the maximum over all minimum intensities of images in both recovery and
flattening data sets. The recovery data set is obtained by pixel-wise multiplication
of the recovery image with the flattening mask obtained in Eq. (5):

(i y1,1) = F(xi, 1) - Tk 31, 1) (6)

An outline of both correction methods is shown in Supplementary Fig. 2c.

In the present study, two pre-bleach images were acquired per sample for the
normalisation mask, and two images of fluorescein conjugated to a 40 kDa dextran
or recombinant GFP homogeneously spread on a cover slip were acquired for the
flattening approach. The effects of flattening and normalisation on data analysis are
described in Supplementary Note 1.

Accounting for background fluorescence. Background subtraction is a standard
procedure to extract the true signal of microscope images®®°. Similar to the
flattening and normalisation masks, PyFRAP takes the average over multiple pixels
to obtain a background mask and then subtracts it pixel-wise3$3%;

I(xk, 1, 65) = I (3, y1, 85) — Mikga (X, 1) (7)
The mean of two images without a sample was determined to compute a back-

ground mask. The effect of background subtraction is discussed in Supplementary
Note 1.
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Application of filters for noise reduction. Microscope data sets are often noisy,
causing problems for normalisation and simulation. PyFRAP smooths noisy pixels
by either applying a Gaussian blur with standard deviation 0,y or 2 median filter
with filter window radius #imedian- We found that o,y = 2 and 7imedian = 5 provided
good results for the data in the present study (see Supplementary Note 1).

Accounting for fluorescence outside of the imaging view. In some cases it is not
possible to capture the whole sample in one field of view under the microscope, and
the concentration in the non-imaged regions needs to be estimated. PyFRAP solves
this by letting users define an ROI Q,;y, to select an approximation of the average
unbleached intensity from the first image of the recovery image series:

1
Gim=7— Y. Ilxyt) (8)

T (k1) €Qim
Qi is defined by Qrim = Qgtice — Qeentrer Where

Qcenter = {(x;ﬁ )/ (k= x>+ — }’C)2<Primrslice} 9)

with (x,, y.) the centre pixel coordinates of the image. Q,;,, thus defines a small
annulus comprising all pixels (x;, y;) inside Qg;ce that have a distance of at least
PrimTslice from the centre of the image (Supplementary Fig. 2b). pim = 0.66 and
Prim = 0.4585 were found to provide good values for the in vitro and in vivo
experiments, respectively.

Simulations. PyFRAP simulates FRAP experiments numerically. Ignoring reaction
kinetics, a FRAP experiment can be described by the diffusion equation
oc(x, t)

P DV2¢(x,t),x € Q (10)

where c(x, ) is the concentration of the measured molecule at position x = (x, y, z)
and time ¢ inside the domain Q, and D is its scalar diffusion coefficient. The
diffusion coefficient is assumed to be constant and homogeneous.

Since the sample is assumed to be a closed system, no-flux Neumann boundary
conditions were defined as

oc(x, t)

=0,x € 0Q (11)
on

where n is the normal vector of the boundary 0Q at position x.

Initial conditions for simulations. The initial conditions are given by the bilinear
interpolation P between pixels of the initial post-bleaching image:

R () ) (2)

P(x,y) =
) (1 =x2) (2 =) \I(xz231)
I(xy, yr) with k', I’ € {1, 2} represents the intensities in the initial image of the four
pixels surrounding (x, y). If (x, y) is outside of the visible ROI in the initial image
(), the rim concentration ¢, given in Eq. (8) is combined piece-wise with Eq.
(12) to give the initial condition

(x,0) P(x,y) if(x,y) € QVz
X, = .
Crim otherwise

(13)

Simulation geometry. PyFRAP comes with its own geometry definition tool.
Geometry definitions can then be converted into the Gmsh format** for meshing.
PyFRAP can read Gmsh’s geometry definition files, use Gmsh’s mesh files, or
import STereoLithography (.stl) files, allowing users to define arbitrary two- and
three-dimensional geometries. This gives users the ability to describe a realistic
FRAP experiment geometry with the necessary precision.

The simulation geometry () for the in vitro experiments was a conical frustum
with upper radius rypper = 317.65 pixels, lower radius riqyer = 224.25 pixels, and
height h = 90.33 pixels (Supplementary Fig. 4b). For the in vivo experiments, the
simulation geometry resembled a zebrafish embryo at dome stage, i.e., the
intersection of two hemispheres intersecting each other at the equator of the outer
hemisphere. Since the geometry depends on the radius of the embryo in the initial
image, 7imaging Was calculated separately for each experiment29'70. Assuming that
the radius of the inner hemisphere 7y, is 10% larger than the one of the outer
hemisphere, 7oy, the geometry can be computed by

2 2
_ Timaging T timaging
Touter = — 5y,
imaging
Tinner = 1.1 Touter <14)
_ 2 _ 2
dcenter - Tinner Touter

where dcenie is the distance between the two centres of the hemispheres.
Supplementary Fig. 4a shows a schematic of the zebrafish dome stage geometry.
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Meshing for simulations. PyFRAP discretises simulation geometries using
Gmsh®® in combination with TetGen*! into tetrahedral meshes. PyFRAP utilises
almost all functionalities of Gmsh—such as boundary layer meshes, attractor
meshes, mesh merging and mesh refinement—allowing users to apply fine meshes
where they are needed.

The overall default element size in the present study was v = 25 pixels®. To
overcome numerical instabilities, such as Gibbs phenomena at the boundary of
Qbleached> the mesh around the bleached area boundary was refined using a
boundary layer mesh of thickness wg; = 30 pixels and element size vy, = 15
pixels®. Since only the simulation inside Qgjce and Qpjeached is used to fit the FRAP
experiments, the mesh inside Qgj;c. was also refined to an element size of vg;c. = 15
pixels®. Supplementary Fig. 4c, e shows an example of a tetrahedral mesh with both
slice refinement and boundary layer meshes for the zebrafish dome geometry
described in the previous section.

PDE solver. All partial differential equations (PDEs) were simulated using the FiPy
toolbox>2. The LU factorisation algorithm or the Preconditioned-Conjugated-
Gradient algorithm implemented in PySparse were used to solve the linear system
at each time step.

Simulation parameters. All simulations were performed with a reference diffusion
coefficient of D = 50 pixels?/s. To ensure that the simulations run long enough to
capture the full recovery of the FRAP experiment, the end time point of the
simulation was set to tm ena = 1680 s for experiments conducted with an acqui-
sition interval of At =1s. Since the recovery is steepest at the beginning of the
simulations, a logarithmic time-stepping scheme was used, making early time steps
shorter to achieve greater accuracy. A summary of all simulation parameters used
to analyse the FRAP data in the present study is given in Supplementary Table 11.

Fitting. To avoid the need to re-simulate the FRAP experiment for each choice of
diffusion coefficient D, PyFRAP uses the self-similarity property of the solution to
Eq. (10). For example, a simulated FRAP experiment with the diffusion coefficient
D = 50 pixels?/s results in the same recovery behaviour as an experiment with the
diffusion coefficient D = 200 pixels?/s, just four times slower. This can be described
as

D,
C(X-, t«, D) = C(Xv [r)Ef t7 Dref) (15)

where D, is the reference diffusion coefficient, i.e., the diffusion coefficient used
for the simulation of Eq. (10). Supplementary Fig. 4d shows simulated recovery
curves for various diffusion coefficients illustrating this self-similarity property.

PyFRAP allows users to fit four different models to FRAP data: (1) Pure
diffusion, (2) diffusion and production, (3) diffusion and degradation, (4) diffusion
with degradation and production, and each of these models with an additional set
of equalisation parameters (see below). In case of pure diffusion, the solution for
the diffusion coefficient D over a given ROI (), is simply given by the volume
integral of the solution in Eq. (15):

c(Qy,t,D) = c(x,t,D)dV (16)

x€Q;

A summary of all parameters used to fit the FRAP data in the present study is given
in Supplementary Table 12.

Extending the diffusion model with reaction kinetics. Spatially uniform pro-
duction was added to the scaled FRAP model defined in Eq. (15) or in Eq. (20) by

&(Qiy t, D) = c(Qi, t, D) + kat (17)

where k; is the production rate. To add spatially uniform degradation, the resulting
solution is given by

¢(Qy,t,D) = ¢(Q;, t,D)e 1! (18)

The parameter k; represents the degradation rate constant. Adding both degra-
dation and production to the system results in the following superposition of
solutions:

k

t(Qi,t,D) = c(Q, t,D)e ™™ + (14 e7h) . (19)

1

Accounting for varying fluorophore fractions by equalisation. FRAP
experiments can vary in intensity during the experiment due to, for example, an
increase or decrease in extracellular volume fraction, due to molecules moving in
and out of the imaging plane, or due to an immobile fraction of fluorescent
molecules. These effects are accounted for by equalisation, which normalises both
simulation and data recovery curves to an equivalent scale between 0 and 1. During
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the fitting process, the simulated recovery curves are slightly lifted or lowered to
better resemble overall fluorescence levels. This can be written as

{Qut.D) = / €(x,1,D)dV — Cuin) (20)

Cmax Li
xeQ;

where E; is the equalisation factor for ROI ;. The background Cmin was chosen to
be the smallest concentration of the bleached ROI inside the imaging region
(Qpjeached) over the whole time series

Cmin = mtin o(x,t)dV

(21)

XEQleached

and the normalisation value ¢y, to be the maximum concentration inside the
whole imaging ROI (Qgjice), over the whole time series

Zmax=mtax / o(x,t)dV

XEQyice

(22)

Minimisation and parameter estimation. Choosing one of the models defined in
Egs. (15), (16), (17), (18) and (19), the sum of squared differences, SSD, was
calculated by

SSD = Z Z(G(Qi,tj,D) — g, (tj))z (23)
R

where t; €0, .., T are all time points of the FRAP data set, and Q; € Qpjeacheds Qstice
are the two ROIs of interest yielding a mean optimal fit between all fitted ROIs. The
minimisation of Eq. (23) was carried out using a constrained Nelder-Mead algo-
rithm®, Since especially for a larger number of degrees of freedom the mini-
misation algorithm tended to stop in local minima, initial guesses for the diffusion
coefficient D were tested over two orders of magnitude, and the fit yielding the
minimum SSD was considered optimal.

Analysis speed. Details of the method to determine PyFRAP’s performance in
terms of analysis speed are described in Supplementary Note 4 and Supplementary
Tables 13 and 14.

Statistics. PyFRAP offers four statistical tools (Supplementary Table 2) allowing
users to test whether the estimated diffusion coefficient for one experimental group
is significantly different from another one. The statistical tools include the two
most prominent parametric significance tests, the Student’s ¢-test>® and a mod-
ification of this test, Welch’s t-test”!, which both assume normally distributed test
groups. PyFRAP also provides the Shapiro-Wilk test, allowing PyFRAP users to
quickly assess whether the estimated diffusion coefficients follow a normal dis-
tribution. The Shapiro-Wilk test was recenﬂg found to have the best sensitivity
compared to other common normality tests’2. If normality cannot be guaranteed,
PyFRAP offers two non-parametric ranked hypothesis tests: The Wilcoxon signed-
rank test’> and the Mann-Whitney U test®’.

Often, the underlying reaction kinetics of FRAP experiments or the relevance of
their contribution might be unknown>*. However, models with more parameters
generally provide better fits than simpler models. The AIC® allows users to
evaluate which model fits the data the best while keeping model complexity low.
For this, let

0 := (ki,ky,D,Ey, Ey, ...) (24)
be the vector of unknown diffusion coefficient D, reaction rates k; and k», and E,
E,, ... a list of equalisation factors. Moreover, let m = m(®) be the model
prediction using ©. Assuming that the data is distributed normally around the
model

di —m; ~ N(u,0) (25)
the log-likelihood function at data point i, L; becomes
Li(®]d; — m;) = (d; — m;)* (26)

and is thus identical with the sum of squared differences used for optimisation in
Eq. (23):

L(©) = Z Li(®) = SSD (27)

The AIC is then given by

AIC = 2k — 2L(0) (28)
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where k is the number of parameters of model m and

© = argmin(L(O|d; — my, i = 1...n)) (29)
is the parameter configuration ® minimising the log-likelihood function (Eq. (27)),
i.e., the parameter configuration returned from fitting the model to data. The best
model according to the AIC is then m(argmin(AIC; — AIC,,,)). If the number of
sample points is small, the corrected AIC (AICc) provides a more accurate model
selection technique:

2k(k +1)

AICc = AIC
¢ +nfkfl

(30)
where 7 is the number of data points. A rule of thumb for when the AIC (Eq. (28))
or its corrected version (Eq. (30)) should be used is
n
—>40 31
PyFRAP automatically selects which statistical model is more appropriate if not
specified differently.
PyFRAP also provides R?-values for each fit: An R?-value for each fitted ROI

and the product and mean of these values. In general, PyFRAP computes an R>-
value of an ROI by

Zmi*di
R=1-— 2
a3 (32)

where m; and d; are model and data at time 4, and d is the mean over all data points.

Data exclusion. We performed a rigorous screen of all data sets, and we excluded
data sets that showed strong radial inhomogeneities in the first post-bleach image
due to inhomogeneous distribution of fluorescent molecules. Moreover, we
excluded in vitro data sets that showed unstable distributions in the overall
fluorescence intensity levels, indicating incomplete bleaching through the depth of
the sample.

Code availability. PyFRAP is freely available from https://mueller-lab.github.io/
PyFRAP.

Data availability. All data is available from the corresponding author upon
request.
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Supplementary Note 1: Analysis method selection

To assess how image correction by flattening, normalisation, background subtraction, Gaussian blur, and
median filter application affects effective diffusion estimates from FRAP experiments, we tested the 24
analysis combinations listed in Supplementary Table 1. We assessed whether 1) the resulting diffusion
estimate D is affected, 2) the standard deviation o of the estimated diffusion coefficients is affected
(i.e. whether correcting and smoothing the images makes the diffusion estimates more exact), and 3) the
goodness of the fits (i.e. R2-values) is affected. We quantified the effect of an analysis option by

Hv,a) = v(e) (1)
v(ao)

where o = {n, f, b, g, m} represents an analysis option defined by five binary entries indicating whether
normalisation n, flattening f, background subtraction b, Gaussian blur g, or a median filter m was used.
If we did not correct images, we denote this by ag. The variable v describes the quantified result, such as
the mean diffusion coefficient. Supplementary Fig. 3 shows a subset of this analysis for three different
variables v: The mean diffusion coefficient D, the variance of diffusion coefficients o, and the fit quality
R?. FRAP experiments performed in the present study were grouped by condition (in vitro experiments
with free diffusion, in vitro experiments with beads, and in vivo experiments) to isolate condition-specific
effects. We did not correct for potential illumination inhomogeneities in in vivo experiments, since these
only covered a small centered area of the total image, and illumination is homogeneous in this region.
Moreover, normalisation cannot be used for the analysis of in vitro experiments containing beads, since
normalisation would introduce artificially high intensity areas at the locations of the beads.

If only normalisation and flattening were applied, we observed an increase of the apparent diffusion
coefficients and an improvement in fit quality for free diffusion (Supplementary Fig. 3a,c). Both tech-
niques only mildly affected the variance of diffusion coefficients (Supplementary Fig. 3b). Background
subtraction had no effect on any measure (Supplementary Fig. 3a-c). Moreover, noise reduction or
smoothing via median filter or Gaussian blur application tended to decrease the variance in all conditions
(Supplementary Fig. 3b) and improve the fits for free diffusion (Supplementary Fig. 3b).

We also tested whether a combination of an illumination correction technique (n or f) with the
remaining three manipulation techniques (b, g and m) can further improve the analysis. Supplementary
Fig. 3d shows that this can lead to an increase in mean apparent diffusion estimates similar to those
observed in Supplementary Fig. 3a. Moreover, applying a median filter or Gaussian blur in combination
with flattening improves fit quality and decreases diffusion estimate variance (Supplementary Fig. 3e,f).

To keep the extent of image manipulation as minimal as possible while obtaining comparable low-
variance estimates from high-quality fits, we only applied flattening to correct the images from in vitro
experiments. Since both Gaussian blur and median filter treatments appeared to stabilise diffusion coef-
ficient estimates (i.e. reducing their variance) to a similar extent, we restricted image smoothing to the
application of a median filter for all other analyses.




Supplementary Note 2: Comparison of PyYFRAP to other FRAP analysis
software

We selected four current FRAP analysis software packages for comparison with PyFRAP: The two an-
alytical programs easyFRAP! and FrapCalc?, and the two numerical packages virtualFRAP? and sim-
FRAP* (Supplementary Table 4).

To assess the performance of PYFRAP in comparison with other FRAP analysis software solutions,
we created simulated FRAP data sets using PyFRAP’s simulation toolbox. We found that PyFRAP and
our in-house software based on MATLAB and COMSOL Multiphysics>~ produced identical simulated
data, and we subsequently chose to use PyFRAP to simulate the experiments due to the ease of PyFRAP’s
scripting abilities. We simulated two-dimensional or three-dimensional FRAP experiments with circular
bleaching spots of various sizes for a 300 s time-course. Two-dimensional simulated experiments were
conducted in a circle with radius 215 um, and three-dimensional experiments resembled a zebrafish at
dome stage with Timaging = 215 um and hiyaging = 80 um (see Methods section for details). Molecules
were allowed to move with diffusion coefficients of 10 um?/s, 50 um?/s, or 200 um?/s, covering a range
of typical diffusivities in biological samples. Bleached spots were placed in the center of the simulation
geometry and comprised 5%, 10%, or 50% of the slice radius. We chose the boundary layer mesh
described in the Methods section to envelope the bleached spot, guaranteeing numerical accuracy of
the simulation experiments. PDEs were simulated over 4000 logarithmically-spaced time steps. The
simulations were saved in a csv sheet specifically formatted for the use of easyFRAP or FrapCalc, or in
301 images by interpolation of the numerical solution onto a 512 pm x 512 pm grid. We then either
imported and analysed the csv sheet using FrapCalc (https://github.com/miura/FrapCalc
for IgorPro7) or easyFRAP, or read in and analysed the simulated images using sSimFRAP or virtualFRAP.
The benchmarking analysis was performed using Microsoft Windows 8.1.

In contrast to other programs that determine absolute diffusion coefficients, easyFRAP only provides
recovery half times (1/ ! ). Thus, to compute diffusion coefficients from easyFRAP, we used the well-

established® equation
()

T1
2

D=

with various dimensions of the bleached spot w.

We used PyFRAP’s standard pipeline to analyse the saved simulated FRAP images files in an unbi-
ased manner, only constraining imaging depth and radius.

As mentioned in the main text, PyFRAP outperformed all tested software packages and exhibited the
smallest error between predicted and simulated diffusion coefficients (Fig. 3c).



Supplementary Note 3: Data analysis and control experiments

Computation of theoretical diffusion coefficients

We compared our in vitro FRAP results for differently sized fluorescein-labeled dextrans to predictions
derived from the Einstein-Stokes equation

kT

D=
6mnr

2

where kg = 1.380648 52 x 1072 m? kg s~ K~! is the Boltzmann constant. The FRAP experiments were
conducted in an aqueous solution with viscosity 7 = 0.9321 x 102 kgs™' m™" at 7" = 296 K. Stokes
radii r of the fluorescent molecules were obtained from the manufacturers’ websites and are listed along
with the calculated theoretical diffusion coefficients in Supplementary Table 5.

FRAP experiments with different bleach window sizes

To test whether different bleach window size might lead to different diffusion coefficient estimates, we
performed FRAP experiments with three different bleach window sizes: 34.01 um, 141.7 ym, and 242.91
um. Using fluorescein-labeled dextrans of 40 kDa and 70 kDa molecular weight, we found that different
bleach window sizes do not affect diffusion coefficient estimates determined by PyFRAP (Supplementary
Fig. 6).

FRAP experiments can be executed over different spatial scales, from subcellular to tissue-level mea-
surements. Our experiments were performed on spatial scales that are three orders of magnitude larger
than the microscope’s resolution limit. However, it is possible that FRAP experiments in very small sam-
ples with subcellular bleach areas may be affected by the imaging resolution, and future deconvolution-
based approaches could be helpful to improve the measurement accuracy of PyFRAP in these cases.

Simulating tortuosity

The movement of molecules during FRAP experiments in biological samples is affected by obstacles
such as cells, nuclei, or filopodia, and such tortuous molecule movements have been suggested to alter
recovery rates and diffusion estimates®.

To obtain a better understanding of how obstacles alter effective diffusion coefficients, we performed
a simulation study in two- and three-dimensional geometries. We placed objects with a radius of rgeaq ~
20 um (similar to the dimensions of cells and beads used in the present study) in each geometry in three
different ways: 1) Equally sized beads aligned as a regular grid (Supplementary Fig. 7a), 2) randomly
placed within the domain with radii drawn from a cut-off normal distribution (Supplementary Fig. 7b,d),
and 3) equally sized beads placed according to a hexagonal close-packing (Supplementary Fig. 7c).
Beads were placed with different minimal gaps between them, ranging from 0.05 pm to 10 ym. For 2D
simulations, the overall geometry was a circle with radius 300 um. We chose a cylinder with equal radius
and height of 100 um or a cuboid with dimensions 600 um x 600 ym x 100 um for all 3D simulations
experiments. The combination between various placement methods and gap sizes allowed us to vary the
extracellular volume fraction (EVF) —i.e. the space available for the diffusing molecules — from 25% to
78%.

Confirming previous analyses’~!?, we found that the introduction of beads delayed molecule recovery
in the bleached ROI, and the effect of tortuosity increased as the EVF decreased (Fig. 5b, Supplementary
Fig. 7e,f, Supplementary Table 8). Moreover, the effect in two-dimensional experiments was more
severe. For example, FRAP simulations with EVF = 36% reduced diffusion by 51% compared to only
40% for EVF = 38% in a three-dimensional simulation. Both observations are in line with theoretical
predictions and previous results’'2.
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BSA does not affect fluorophore diffusivity

We found a stronger effect of bead-mediated tortuosity on 70 kDa fluorescein-labeled dextran molecules
than on GFP in vitro (Fig. 5d,e). BSA was added to the aqueous solution with GFP to prevent the fluo-
rescent protein from interacting with the plexiglass surface of the drilled hole in the in vitro experiments.
To test whether BSA might also interact with the polyacrylamide beads and thus distort FRAP results,
we repeated the experiments with 70 kDa fluorescein-labeled dextran both for pure diffusion with beads
in addition to experiments with 70 kDa fluorescein-labeled dextran + BSA + beads. We found that BSA
had no influence on the recovery rates, yielding equal results within standard error, i.e. 14.9 + 2.1 ym?/s
for bead experiments and 15.1 & 2.4 pm?/s for experiments with additional BSA (Supplementary Fig.
9a).

Varying the experimental settings for Squint-GFP FRAP experiments does not consis-
tently affect measured diffusion coefficients

For the FRAP experiments with Squint-GFP produced from injected mRNA, we acquired data sets vary-
ing the amount of injected mRNA, the frame rate and length of image acquisition, and the zoom factor
of the microscope. Results were partitioned into three experimental groups, i.e. images recorded with 1)
a frame rate of 1 frames/10 s for 3000 s with 30 pg of injected mRNA and a spatial resolution of 340.08
um x 340.08 um, 2) a frame rate of 1 frame/10 s for 3000 s with 200 pg of injected mRNA and a spatial
resolution of 566.79 ym x 566.79 um, and 3) a frame rate of 1 frame/s for 300 s with 200 pg of injected
mRNA and a spatial resolution of 566.79 pm x 566.79 pm.

There were no clear trends between different acquisition methods (Supplementary Fig. 9b). How-
ever, acquiring images at a higher frame rate for a shorter period of time appeared to make experiments
and thus apparent diffusion coefficients more noisy, possibly resulting from the slow transport process
underlying Squint-GFP diffusion.



Supplementary Note 4: PyFRAP analysis speed

To evaluate PyFRAP’s analysis speed, we tested several analysis settings on different operating systems
and computers. We designed three test cases: 1) A two-dimensional circular geometry similar to those
used for the benchmarking simulations described in Supplementary Note 2, 2) a three-dimensional frus-
tum geometry identical to the ones used to analyse the in vitro FRAP experiments described in the present
work, and 3) a three-dimensional geometry resembling a zebrafish embryo at dome stage similar to our
analysis of the in vivo experiments. The test data sets had identical properties as the data described for the
respective experiments. A summary of all relevant test parameters can be found in Supplementary Table
13. All cases were tested on the three common operating systems Mac OSX, Microsoft Windows, and
Ubuntu Linux, and the time from analysing the image data to mesh generation, simulation, and model
fitting was measured for each test case. The results of these tests are summarised in Supplementary Table
14.
Note that PYFRAP does not allow parallel processing and only uses a single core of a CPU.



Supplementary Table 1. Combinations of image correction and smoothing methods used to analyse
FRAP experiments. See Supplementary Fig. 3 for the results of this analysis. Note that flattening and
normalisation were never applied at the same time since this would have distorted the image data.

Combination | Normalisation | Flattening | Background | Gaussian | Median

subtraction filter filter
1 Off Off Off Off Off
2 Off Off Off Off On
3 Off Off Off On Off
4 Off Off Off On On
5 Off Off On Off Off
6 Off Off On Off On
7 Off Off On On Off
8 Off Off On On On
9 Off On Off Off Off
10 Off On Off Off On
11 Off On Off On Off
12 Off On Off On On
13 Off On On Off Off
14 Off On On Off On
15 Off On On On Off
16 Off On On On On
17 On Off Off Off Off
18 On Off Off Off On
19 On Off Off On Off
20 On Off Off On On
21 On Off On Off Off
22 On Off On Off On
23 On Off On On Off
24 On Off On On On




Supplementary Table 2. Statistical tools available in PyFRAP.

Method Purpose Type Publication
Student’s t-test Significance testing | Parametric [13]
Welch’s t-test Significance testing | Parametric [14]
Wilcoxon signed-rank test Significance testing | Non-parametric | [15]
Mann-Whitney U test Significance testing | Non-parametric | [16]
Shapiro-Wilk test Normality testing Parametric [17]
Akaike Information Criterion (AIC) | Model comparison | Parametric [18]




Supplementary Table 3. Benchmarking PyFRAP against an in-house software combination of MATLAB and
COMSOL Multiphysics. Data was simulated with MATLAB and COMSOL Multiphysics®~’, and then fitted with
PyFRAP for each of the four available reaction-diffusion models.

MATLAB + COMSOL Multiphysics PyFRAP R2-value AIC
D Degradation | Production D Degradation | Production | Bleached | Slice | Correct model
(nm?/s) (10~4/s) (104 [cI/s) | (um?/s) (10~4/s) (10~4 [c]l/s) | window prediction
Pure diffusion
1 0 0 1.0 0 0 0.998 0.972 yes
5 0 0 4.8 0 0 1.000 0.910 yes
10 0 0 9.5 0 0 1.000 0.932 yes
40 0 0 39.1 0 0 0.999 0.870 yes
110 0 0 109.4 0 0 0.999 0.984 yes
200 0 0 199.1 0 0 0.999 0.990 yes
Diffusion + degradation
1 5.0 0 1.0 5.8 0 0.998 0.921 yes
5 5.0 0 4.9 5.5 0 1.000 0.959 yes
10 5.0 0 9.7 5.4 0 1.000 0.972 yes
40 5.0 0 39.0 5.0 0 0.999 0.950 yes
110 5.0 0 108.1 4.9 0 0.999 0.943 yes
200 5.0 0 198.0 5.0 0 0.999 0.982 yes
Diffusion + production
1 0 5.0 1.0 0 4.4 0.999 0.950 yes
5 0 5.0 5.0 0 4.6 1.000 0.972 yes
10 0 5.0 9.8 0 4.7 1.000 0.978 yes
40 0 5.0 38.9 0 5.0 1.000 0.991 yes
110 0 5.0 108.3 0 5.1 1.000 0.998 yes
200 0 5.0 198.4 0 5.0 1.000 0.999 yes
Diffusion + production + degradation
1 5.0 7.0 1.1 4.8 6.2 0.992 0.845 no
5 5.0 7.0 5.0 4.8 6.4 1.000 0.894 no
10 5.0 7.0 9.5 5.9 7.5 1.000 0.910 no
40 5.0 7.0 39.2 4.1 6.3 1.000 0.979 no
110 5.0 7.0 105.2 9.7 12.0 0.999 0.995 no
200 5.0 7.0 192.6 11.6 13.3 1.000 0.996 no




Supplementary Table 4. Selection of current FRAP analysis software packages.

Software Fit type Result Input data | Publication | Platform Tested | Comments
type
easyFRAP Analytical | Qualitive CSv [1] Windows, Mac Yes Requires MATLAB
0SX Runtime, only produces
T1/2
FrapCalc Analytical | Qualitive CSv [2] Windows, Mac Yes Requires IgorPro
OSX
FRAP Analytical Qualitive | Image files [19] Cross-platform No Requires  specialised
MATLAB toolboxes
simFRAP Simulation | Quantitive | Image files [4] Cross-platform Yes Fiji Plugin
virtualFRAP Simulation | Quantitive | Image files [3] Windows Yes
FRAPToolbox | Simulation | Quantitive | Image files [20] Cross-platform No Unable to read non-
OME formats
Tropical Simulation | Quantitive | Image files [21] Windows, No Software unavailable

Linux




Supplementary Table 5. Fluorescent samples used for in vifro experiments, and their calculated theoretical diffu-
sion coefficients. Theoretical values were only computed if an estimate of the molecule’s Stokes radius could be found
(see Supplementary Note 3 for details).

Fluorophore Molecular weight (kDa) | Concentration (uM) | Manufacturer Stokes radius (nm) | Theoretical D (pmzls)
Fluorescein-dextran 3 1 Thermo Fisher 1.36 171
Fluorescein-dextran 4 1, 15, 100 Sigma-Aldrich 1.4 166
Fluorescein-dextran 10 1 Thermo Fisher 2.3 101
Fluorescein-dextran 40 1 Thermo Fisher 4.5 52
Fluorescein-dextran 70 1 Sigma-Aldrich 6.0 39
Fluorescein-dextran 70 1 Thermo Fisher 6.0 39
Fluorescein-dextran 150 1 Sigma-Aldrich 8.5 27
Fluorescein-dextran 500 1 Thermo Fisher 15.8 15
GFP 32.7 4 Biovision n.a. n.a.
Dendra2 27.5 0.5 Hoelzel Diagnostics n.a n.a.




Supplementary Table 6. Diffusion coefficients determined by in vitro experiments and PyFRAP analysis. Theoreti-
cal values were only computed if an estimate of the molecule’s Stokes radius could be found. Mean D values determined

by PyFRAP as well as literature values are given with standard deviation.

PyFRAP Literature
Dextran | Manufacturer | D (um?/s) D (um?/s) n D (um?/s) Technique | Reference
size (kDa) theoretical | experimental experimental
3 Thermo Fisher 171 170.3 £21.9 | 19 161 + 22 FCS [22]
4 Sigma-Aldrich 166 181.1 +£31.6 | 44 135+ 10 FRAP [23]
10 Thermo Fisher 101 83.1 £8.0 12 122+4 FCS [22]
40 Thermo Fisher 52 45.3 £ 11.1 | 57 47+ 2 FCS [22]
70 Thermo Fisher 39 26.9+4.9 35 37+7 FCS [22]
70 Sigma-Aldrich 39 49.24+5.6 31 30+£2 FRAP [24]
150 Sigma-Aldrich 27 46.4 + 5.6 31 26 + 2 FRAP [24]
500 Thermo Fisher 15 25.7+ 1.8 11 23.2+1.1 FRAP [25]




Supplementary Table 7. Literature values used for Fig. 5.

Molecule MW Temperature | Manufacturer D Stdev | Technique | Reference
(kDa) during (um?/s) | (um?/s)
measurement
(°O)
Fluorescein 0.33 22 Sigma-Aldrich 300 n.a. FCS [24]
Fluorescein 0.33 23 n.a. 270 n.a. FRAP [26]
Fluorescein 0.33 23 n.a. 260 n.a. FRAP [26]
Na2-Fluorescein 0.376 25 Fluka 380 35 FRAP [27]
Oregon Green 488 carboxylic | 0.41230 23 Thermo Fisher 336 11 FCS [22]
acid
Rhodamine B 0.47901 23 Fluka 420 20 FCS [22]
Rhodamine B 0.47901 22.5 Sigma-Aldrich 420 30 FCS [28]
Rhodamine 6 G 0.47901 22.5 Molecular 400 30 FCS [28]
Probes
Rhodamine 6 G 0.47901 23 Thermo Fisher 400 20 FCS [22]
Tetramethyl-Rhodamine 0.50093 23 Thermo Fisher 412 18 FCS [22]
methyl ester
Oregon Green 488 carboxylic | 0.50938 23 Thermo Fisher 308 10 FCS [22]
acid succinimidyl ester
Rhodamine green succinimidyl 0.621 20 Molecular 233 3 FCS [29]
ester Probes
Alexa488 alkyne 0.774 32 Life Technolo- 288 8 FCS [30]
gies
Fluorescent dextran 3 23 Thermo Fisher 161 22 FCS [22]
Alexa488-dextran 3 32 Life Technolo- 160 5 FCS [30]
gies
FITC-dextran 3 22 Pharmacia 98 6 FRAP [31]
FITC-dextran 3 n.a. Pharmacia 98 6 FRAP [32]
FITC-dextran 4 25 Sigma-Aldrich 149 n.a. FRAP [33]
FITC-dextran 4 25 Sigma-Aldrich 135 10 FRAP [23]
FITC-dextran 4 32 Sigma-Aldrich 135 6 FCS [30]
FITC-dextran 4 20 Sigma-Aldrich 96 2.4 FCS [34]
FITC-dextran 4 22 Sigma-Aldrich 89 n.a FRAP [35]
FITC-dextran 4 19 Sigma-Aldrich 155 23 FRAP [36]
FITC-dextran 9.4 20 Sigma-Aldrich 75 3 FRAP [37]
Fluorescent dextran 10 23 Thermo Fisher 122 4 FCS [22]
Rhodamine green dextran 10 20 Molecular 115 4 FCS [29]
Probes
Alexa488-dextran 10 32 Life Technolo- 82 1.4 FCS [30]
gies
FITC-dextran 10 22 Sigma-Aldrich 76 n.a. FRAP [31]
FITC-dextran 10 20 Sigma-Aldrich 68 1 FCS [34]
FITC-dextran 11 n.a. Sigma-Aldrich 76 2.5 FRAP [32]
FITC-dextran 11 22 Sigma-Aldrich 76 3 FRAP [31]
FITC-dextran 12 25 Sigma-Aldrich 97 n.a. FRAP [33]
FITC-Insulin 12 25 Sigma-Aldrich 147 13 FRAP [33]
FITC-dextran 17 22 Sigma-Aldrich 65 n.a. FRAP [31]
FITC-dextran 17.2 20 Sigma-Aldrich 64 2 FRAP [37]
FITC-dextran 18 22 Sigma-Aldrich 65 7 FRAP [31]
FITC-dextran 18 n.a. Sigma-Aldrich 65 6.5 FRAP [32]
FITC-dextran 20 22 Sigma-Aldrich 78 n.a. FCS [24]
FITC-dextran 20 22 Sigma-Aldrich 64 2 FRAP [24]
FITC-dextran 20 29 Sigma-Aldrich 70 8 FRAP [36]
FITC-dextran 20 22 Sigma-Aldrich 63 4 FRAP [25]
FITC-dextran 21 25 Sigma-Aldrich 71 n.a FRAP [33]
GFP 26.9 25 custom-made 87 n.a FCS [38]
GFP 26.9 n.a. custom-made 87 n.a FRAP [39]
GFP 26.9 22 Clontech 82 n.a FCS [24]




FITC-dextran 35.6 20 Sigma-Aldrich 44 5 FRAP [37]
FITC-dextran 38 25 Sigma-Aldrich 62 n.a. FRAP [33]
Fluorescent dextran 40 23 Thermo Fisher 47 2 FCS [22]
FITC-dextran 40 22 Sigma-Aldrich 45 n.a FCS [40]
FITC-dextran 40 22 Sigma-Aldrich 45 n.a FCS [24]
FITC-dextran 40 32 Sigma-Aldrich 45 1.1 FCS [30]
FITC-dextran 40 22 Sigma-Aldrich 44 5 FRAP [24]
FITC-dextran 40 22 Sigma-Aldrich 52 2 FRAP [25]
FITC-dextran 41 22 Sigma-Aldrich 46 5 FRAP [31]
FITC-dextran 41 n.a. Sigma-Aldrich 46 4.6 FRAP [32]
FITC-dextran 42 20 Sigma-Aldrich 39 0.4 FCS [34]
FITC-dextran 51 25 Sigma-Aldrich 54 n.a. FRAP [33]
FITC-dextran 62 n.a. Sigma-Aldrich 39 2.6 FRAP [32]
FITC-dextran 62 22 Sigma-Aldrich 39 3 FRAP [31]
FITC-BSA 67 25 n.a. 58 5 FRAP [33]
FITC-dextran 70 22 Sigma-Aldrich 38 n.a FCS [24]
FITC-dextran 70 22 Sigma-Aldrich 38 n.a. FCS [40]
Fluorescent dextran 70 23 Thermo Fisher 37 7 FCS [22]
FITC-dextran 70 n.a. Fluka 33 2.1 FCS [41]
FITC-dextran 70 22 Sigma-Aldrich 30 2 FRAP [24]
FITC-dextran 70 25 Thermo Fisher 30 3.1 FRAP [27]
FITC-dextran 70 23 n.a. 23 n.a. FRAP [26]
FITC-dextran 70 22 Sigma-Aldrich 44 1 FRAP [25]
FITC-dextran 71 25 Sigma-Aldrich 44 2 FRAP [23]
FITC-dextran 71.2 20 Sigma-Aldrich 30 2 FRAP [37]
FITC-dextran 77 20 Sigma-Aldrich 35 0.6 FCS [34]
FITC-dextran 148 20 Sigma-Aldrich 25 3.1 FCS [34]
FITC-dextran 148 20 Sigma-Aldrich 18 1 FRAP [37]
FITC-dextran 150 22 Sigma-Aldrich 26 2 FRAP [24]
FITC-dextran 150 22 Sigma-Aldrich 24 n.a FCS [40]
FITC-dextran 150 22 Sigma-Aldrich 24 n.a FCS [24]
FITC-dextran 150 20 Sigma-Aldrich 14 n.a. FRAP [42]
FITC-dextran 157 n.a. Sigma-Aldrich 24 1.3 FRAP [32]
FITC-dextran 157 22 Sigma-Aldrich 24 1 FRAP [31]
FITC-dextran 167 25 Sigma-Aldrich 38 n.a. FRAP [33]
FITC-dextran 167 n.a. Sigma-Aldrich 18.8 0.2 FRAP [43]
FITC-dextran 260 25 Sigma-Aldrich 30 n.a FRAP [33]
FITC-dextran 282 20 Sigma-Aldrich 16.6 0.8 FCS [34]
FITC-dextran 464 20 Sigma-Aldrich 14 0.6 FCS [34]
FITC-dextran 464 n.a. Sigma-Aldrich 11 0.5 FRAP [43]
FITC-dextran 500 22 Sigma-Aldrich 23 1 FRAP [25]
FITC-dextran 580 25 Sigma-Aldrich 22 n.a. FRAP [33]
FITC-dextran 2000 25 Sigma-Aldrich 10 1 FRAP [23]
Fluorescent dextran 2000 23 Thermo Fisher 6 1 FCS [22]
FITC-dextran 2000 n.a. Sigma-Aldrich 6.4 0.09 FRAP [43]
FITC-dextran 2101 25 Sigma-Aldrich 14 n.a FRAP [33]




Supplementary Table 8. Summary of tortuosity simulations.

Dimension | Geometry | Packing | Extracelluar volume fraction (EVF) (%) | Diffusion hindrance factor 6
2D Circle Regular 74 0.74
2D Circle Regular 59 0.61
2D Circle Random 56 0.57
2D Circle Random 36 0.49
2D Circle Ideal 25 0.44
3D Cylinder Regular 71 0.86
3D Cylinder Random 78 0.92
3D Cylinder Random 58 0.88
3D Cylinder Ideal 78 0.92
3D Cylinder Ideal 71 0.874
3D Cylinder Ideal 61 0.871
3D Cylinder Ideal 60 0.870
3D Cylinder Ideal 42 0.75
3D Cuboid Ideal 38 0.60




Supplementary Table 9. Diffusion coefficients determined by in vitro experiments and PyFRAP analysis in the
presence of polyacrylamide beads. Mean diffusion values are given with standard error.

Dextran size (kDa) | Manufacturer | Condition | D (me/s) n
70 Thermo Fisher | Free 24.1+04 | 13
70 Thermo Fisher | Beads 149405 | 17




Supplementary Table 10. Diffusion coefficients determined by in vitro and in vivo experiments and PyFRAP
analysis with GFP and GFP fusion proteins. Mean diffusion values are given with standard error.

Molecule Manufacturer | Source Condition Context | D (um?/s) | n
PyFRAP

Recombinant GFP | Biovision Protein Free Invitro | 96.1 +£2.2 | 23

Recombinant GFP | Biovision Protein Beads Invitro | 79.2+£4.1 | 18

Recombinant GFP | Biovision Injected protein | Extracelluar matrix In vivo 376 +3.7 |15

Secreted GFP In-house Injected mRNA | Extracelluar matrix In vivo 35.3+48 | 17
+ production

Squint-GFP In-house Injected mRNA | Extracelluar matrix In vivo 1.74+£0.25 | 27
+ production + binding




Supplementary Table 11. Parameters used for the simulation of FRAP experiments.

Variable \ Definition

\ Default value

Simulation

D ‘ Diffusion coefficient ‘ D = 50 pixels®/s
Time stepping

lsimstart | Simulation start time Os

Lsim,end Simulation end time 1680 s

Nsim Number of time steps 4000

tscale Time-stepping scheme Logarithmic
Geometry

Tupper Upper radius of frustum 317.65 pixels

Tlower Lower radius of frustum 224.25 pixels

h Height of frustum 90.33 pixels
Meshing

v Mesh element size 25 pixels®

UBL Boundary layer element size | 15 pixels®

Vslice Slice refinement element size | 15 pixe183

WBL Boundary layer thickness 30 pixels

Solver
€ Solver tolerance 1010
Niter Solver iterations 1000




Supplementary Table 12. Fitting and model parameters, initial guesses, and bounded ranges. Note that we tried
different initial guesses for the diffusion coefficient D, which prevented the minimisation algorithm from stopping at a
local minimum. We then then took the fit that yielded the global minimum S.SD.

Initial guesses
Parameter Initial guess Allowed range
D (pixels?/s) 1-200 0.01 - 400
k1 (1/s) 0 0-100
ko ([cl/s) 0 0-100
Ebleached 1 0.1-3
Egice 1 0.1-3
Fitting convergence

Parameter Definition Default value
Nax Maximum number of function calls 1000
) Tolerance of termination 10710




Supplementary Table 13. Test data and settings to measure PyFRAP analysis speed.

2D Frustum Dome
Geometry 2D circle | 3D frustum | 3D zebrafish dome
Number of images 301 301 301
Number of mesh cells 7000 20000 35000
Number of time steps 1000 3000 3000
Illumination correction No Yes Yes
Median filter application No Yes Yes




Supplementary Table 14. PyFRAP analysis speed.

Operating system | Version Processor Memory 2D Frustum | Dome
test (s) | test(s) | test(s)
Ubuntu 14.04 LTS | Intel Core i7-3520M 2.90 GHz 8 GB 97 378 489
Ubuntu 16.04 LTS | Intel Core i5-4210 2.60 GHz 8 GB 125 521 743
Ubuntu 16.04 LTS | Intel Xeon E3-1275 3.60 GHz 64 GB 73 347 437
Mac OS X 10.13.3 Intel Core i7-4790K 4.00 GHz | 32 GB 79 282 386
Windows 8.1 Intel Core i7-5600U 2.60 Ghz 8 GB 91 373 567
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Supplementary Figure 1 | Sample preparation for in vitro and in vivo FRAP experiments. (a) /n vitro experiments. Fluorophore solution was
pipetted into a frustum-like plexiglass hole. The hole was then sealed with mineral oil and covered with a cover slip. The sample was flipped and placed
under an inverted confocal microscope. (b) In vivo experiments in zebrafish embryos. mRNA encoding a fluorophore was injected into embryos at the
one-cell stage, or recombinant GFP was injected into the extracellular space of embryos at the 1000-cell stage.
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Supplementary Figure 2 | Image analysis in PyFRAP. (a) Basic regions of interest (ROIs) of FRAP analysis: The cyan square indicates the bleached
region of the FRAP experiment inside the complete circular geometry within the imaging slice. The dashed lines indicate the location of the acquired
image data. (b) Rim concentration calculation: Hypothetical data (orange) outside the acquired image (dashed line) is extrapolated through the average
concentration in a slim rim of the visible fraction in the imaging slice (red). (¢) Image manipulation techniques used to correct uneven illumination:
Correction was either performed by multiplying the data with a correction matrix (flattening), or by dividing the data through an average pre-bleach
image (normalisation). The original image shows a pre-bleach measurement of a uniformly distributed fluorophore. Deviations from the theoretical flat
intensity profile are due to imaging artefacts.
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Supplementary Figure 4 | Simulation details for PyFRAP analysis. (a) The zebrafish dome geometry used to analyse in vivo experiments is
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Supplementary Figure 5 | Examples of in vitro experiments and the resulting fits to measure free diffusion. (a,c,e,g,i,k,m) /n vitro FRAP
experiments with FITC-dextrans ranging from 3 kDa to 500 kDa. Maximum image intensities are the average pre-conversion intensities to facilitate
comparison across data sets. (b,d,f,h,j,I,n) Black and grey dots represent data points of bleached and slice ROI, respectively. Red solid and dashed lines
show the respective fits. Recovery curves were normalised between 0 (intensity in the bleached ROI at the first post-bleach time point) and 1 (intensity
in the bleached ROI at the last post-bleach time point) to facilitate comparison across data sets.
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Supplementary Figure 7 | Simulations of tortuous environments in bead experiments. (a,b,c) Regularly (EVF = 59%), randomly (EVF = 56%),
and ideally (EVF = 25%) placed beads in a two-dimensional circular domain. (d) Randomly (EVF = 78%) placed beads in a three-dimensional
cylindrical domain. (e,f) Comparison between recovery curves in 2D and 3D bead simulations. Red lines indicate simulations without beads, blue lines
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