©2017. Published by The Company of Biologists Ltd | Development (2017) 144, 4450-4461 doi:10.1242/dev.155549

e Company of
‘Blologlsts

RESEARCH ARTICLE

A facilitated diffusion mechanism establishes the Drosophila

Dorsal gradient

Sophia N. Carrell*, Michael D. O’Connell*, Thomas Jacobsen, Amy E. Pomeroy*, Stephanie M. Hayes

and Gregory T. Reeves$

ABSTRACT

The transcription factor NF-xB plays an important role in the immune
system, apoptosis and inflammation. Dorsal, a Drosophila homolog of
NF-xB, patterns the dorsal-ventral axis in the blastoderm embryo.
During this stage, Dorsal is sequestered outside the nucleus by the kB
homolog Cactus. Toll signaling on the ventral side breaks the Dorsal/
Cactus complex, allowing Dorsal to enter the nucleus to regulate target
genes. Fluorescent data show that Dorsal accumulates on the
ventral side of the syncytial blastoderm. Here, we use modeling and
experimental studies to show that this accumulation is caused by
facilitated diffusion, or shuttling, of the Dorsal/Cactus complex. We also
show that active Toll receptors are limiting in wild-type embryos, which
is a key factor in explaining global Dorsal gradient formation. Our
results suggest that shuttling is necessary for viability of embryos from
mothers with compromised dorsal levels. Therefore, Cactus not only
has the primary role of regulating Dorsal nuclear import, but also has a
secondary role in shuttling. Given that this mechanism has been found
in other, independent, systems, we suggest that it might be more
prevalent than previously thought.

KEY WORDS: Morphogen, Tissue patterning, Mathematical
modeling, Dorsal, Cactus, Shuttling

INTRODUCTION

In a developing organism, tissues are patterned by long-range
signaling enacted through morphogen concentration gradients,
which carry the positional information necessary to control gene
expression in a spatially dependent manner. The mechanisms by
which morphogen concentration gradients form has been an area of
intense study (Wartlick et al., 2009; Smith, 2009; Matsuda et al., 2016;
Miiller et al., 2013; Christian, 2012; Guerrero and Kornberg, 2014).
For example, in the Drosophila wing disc, there are conflicting
theories for Dpp gradient formation, including receptor-mediated
transcytosis, (restricted) diffusion and cytonemes (Entchev et al.,
2000; Lander et al., 2002; Schwank et al., 2011; Matsuda et al., 2016;
Belenkaya et al., 2004; Roy et al., 2014). In the Drosophila syncytial
blastoderm, the anterior-posterior (AP) Bicoid gradient, perhaps the
most well-studied morphogen gradient system, has long been thought
to develop through a mechanism of diffusion from a spatially localized
source (Driever and Niisslein-Volhard, 1988; Houchmandzadeh et al.,
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2002; Gregor et al., 2005, 2007; Little et al., 2011). More recently, it
has been proposed that the Bicoid gradient develops largely from a
bicoid mRNA gradient, which itself developed through active
transport (Spirov et al., 2009; Fahmy et al., 2014; Ali-Murthy and
Kornberg, 2016).

During the same stages in which Bicoid patterns the AP axis, the
maternally provided transcription factor Dorsal (D1), which is natively
found as a homodimer (Govind et al., 1992; Isoda et al., 1992; Whalen
and Steward, 1993; Drier et al., 2000), also acts as a morphogen to
regulate the spatial patterns of >50 genes along the dorsal-ventral (DV)
axis (Reeves and Stathopoulos, 2009; Moussian and Roth, 2005;
Chopra and Levine, 2009). Both d/ mRNA and DI protein are
maternally deposited into the embryo, and DI protein is initially
uniformly distributed around the DV axis (Steward et al., 1988; Roth
et al., 1989). During nuclear cycle (nc)10, when the nuclei migrate to
the periphery of the syncytial blastoderm, a nuclear concentration
gradient of DI develops, with high concentrations in the ventral nuclei,
graded levels in ventral-lateral (VL) nuclei, and basal levels in the
nuclei on the dorsal half of the embryo (Roth et al., 1989; Liberman
etal., 2009; Reeves et al., 2012). In the ventral 20% of the embryo, the
highest levels of Dl are achieved, and, as a result, high threshold genes,
such as twist (twi) and snail (sna) are activated, which are required to
specify the future mesoderm (Stathopoulos and Levine, 2002; Reeves
and Stathopoulos, 2009; Chopra and Levine, 2009). Intermediate
threshold genes, such as vnd and rhomboid, are expressed in VL
domains, and low threshold genes, such as sog and dpp, have
boundaries at ~50% of the way around the DV axis.

The mechanisms by which the DI nuclear concentration gradient
develops are well known, partly because DI is one of three
Drosophila homologs of NF-xB. At the single nucleus/cell level, DI
is sequestered to the cytoplasm in an inactive complex with the IxB
homolog Cactus (Cact). On the ventral side of the embryo, signaling
through the Toll receptor results in the degradation of Cact, freeing
DI to enter the nucleus, where it regulates transcription (Belvin
et al., 1995; Bergmann et al., 1996; Reach et al., 1996; Whalen and
Steward, 1993). cact mutant embryos still develop a shallow DI
gradient (Bergmann et al., 1996; Roth et al., 1991; Cardoso et al.,
2017), probably due to a weak bias in DI nuclear import from Toll
signaling (Drier et al., 1999, 2000). The weakly polarized DV axis
in the absence of Cact activity can also be seen in the DI target gene
expression domains, which are altered, but retain some DV polarity
(Roth et al., 1991; Cardoso et al., 2017).

Cytoplasmic sequestration of DI by Cact, combined with a
ventral-to-dorsal gradient of Toll signaling, is sufficient to develop a
gradient of nuclear DI concentration, and is evidently the primary
driving force for the formation of spatial asymmetry in DI nuclear
concentration. However, taken alone, this mechanism would result
in a local depletion of DI from the cytoplasm surrounding the ventral
nuclei to create a counter-gradient in cytoplasmic DI (Roth et al.,
1989) (Fig. 1A). This paradigm is implicitly accepted, and has been
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depicted many times in the literature (e.g. in Haskel-Ittah et al.,
2012; Rushlow and Shvartsman, 2012). However, this paradigm is in
contrast to recent observations that nuclear+cytoplasmic levels of DI
fluorescence accumulate on the ventral side of the embryo over time
(Reeves et al., 2012) (Fig. 1B). It is important to note that fluorescence
measurements of DI likely do not distinguish between free DI and
bound DI (Dl/Cact complex). The mechanism by which this ventral
accumulation of total DI (defined henceforth as the sum of local
nuclear+cytoplasmic levels of bound+free DI) takes place remains
unknown, as does the question of whether accumulation is necessary
for proper gene expression patterning and the fitness of the embryo.
One possible mechanism is that the hypothesized counter-
gradient in cytoplasmic DI, mentioned above, might drive free DI to
diffuse to the ventral side. However, this is unlikely to be the case, as
the predominant Dl-containing species on the dorsal side of the
embryo should be DI/Cact complex, not free DI. Therefore, we
propose that the ventral accumulation of total DI occurs by a
facilitated diffusion, or ‘shuttling’ mechanism via DI/Cact complex

0.5 1
DV coordinate

(Shilo etal., 2013). According to this mechanism, a carrier molecule
(Cact) helps to shuttle the morphogen up its concentration gradient
so that it may accumulate in one location. In the DI/Cact system, the
shuttling hypothesis states that a dorsal-to-ventral concentration
gradient of cytoplasmic DI1/Cact complex develops as the result of
Toll-mediated degradation of Cact, which in turn results in ventrally
directed flux of DI (Fig. 1C).

The shuttling mechanism has been previously described and is
responsible for gradient formation in the Dpp/BMP signaling
pathway (Ben-Zvi et al., 2008; Eldar et al., 2002; Holley et al., 1996;
Marqués et al., 1997; Mizutani et al., 2005; Shimmi et al., 2005;
Wang and Ferguson, 2005; Ashe and Levine, 1999; Dorfman and
Shilo, 2001; Umulis et al., 2006). It has also been suggested for the
formation of the Spitzle gradient upstream of Toll signaling
(Haskel-Ittah et al., 2012). It should be noted that the DI/Cact system
has each of the four features required for shuttling to occur in the
embryo (Fig. 1D) (Shilo et al., 2013): (1) the primary molecule (D1)
binds to a ‘carrier’ molecule (Cact) that protects it from capture/
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degradation; (2) the primary/carrier complex is diffusible on a
global scale (shown in this study); (3) the complex is broken in a
spatially dependent manner (through Toll signaling on the ventral
side of the embryo); and (4) when free of the carrier, the primary
molecule is captured (in this case, by the nuclei) or degraded.

The main analysis in this paper was performed using a
combination of computational model predictions and experimental
validation to support the shuttling hypothesis. To this end, we first
demonstrated that DI diffuses globally throughout the embryo, so that
each of the four criteria above are met for the DI/Cact system. Next,
we used a simplified version of previously published computational
models (O’Connell and Reeves, 2015; Kanodia et al., 2009; Ambrosi
et al., 2014) to predict the outcome of experiments in which shuttling
is compromised by lowering DI diffusion: depending on the severity
of the perturbation, the DI gradient widened, became flat on top, or
split into two peaks (i.e. there was no longer a single peak at the
ventral midline). Through careful analysis of BAC-recombineered,
GFP-tagged DI constructs, which slow the mobility of DI, we
validated the predicted outcomes of the shuttling hypothesis. The
same three phenotypes are also seen in embryos from d/ heterozygous
mothers, in embryos with a widened Toll domain, and in embryos
with an ectopically expressed, AP DI gradient (Liberman et al., 2009;
Roth and Schiipbach, 1994; Huang et al., 1997). To account for these
phenotypes, we extended our simplified model to take into account
the possibility that active Toll receptors are limiting in the VL regions
of the Toll domain. The extended Toll saturation model successfully
explained the phenotypes in those three sets of embryos. We
experimentally validated the Toll saturation assumption by showing
that the single, curved DI gradient peak is restored in d/ heterozygotes
by lowering the maternal Toll dosage, as well as in embryos with a
wide Toll domain, by increasing the dosage of DI.

Our data show that shuttling does occur, and that it is necessary
when maternal d/ levels are compromised. Although d/ heterozygous
mothers in an otherwise wild-type background are not sterile, we
showed that embryos from mothers carrying a single copy of dI-GFP
and zero endogenous copies of dl are nonviable, owing to severe
shuttling-based defects in the DI gradient and the consequent failure
to express sna in a sufficient number of ventral cells. The data are less
clear as to whether shuttling is necessary for embryonic fitness when
maternal d/ levels are not compromised (Roth et al., 1991; Cardoso
et al., 2017). Even so, we argue that the data, on balance, favor the
necessity of the shuttling mechanism in wild-type embryos. We
conclude that, in addition to its primary role of regulating DI entry
into the nucleus, Cact performs a secondary, but important, role in D1
gradient formation: shuttling DI to the ventral side to form the mature
gradient.

RESULTS

DI accumulation on the ventral side of the embryo results
from movement of DI

Initially, DI is uniformly distributed along the DV axis of the
developing embryo (Roth et al., 1989) (Fig. 1E,G); during nc 11-14, it
accumulates on the ventral side (Fig. 1F,G). This observation is
consistent with previously published fluorescent images of anti-DI
immunostaining in fixed embryos and in images of DI-GFP
fluorescence in live embryos (Kanodia et al., 2009; Reeves and
Stathopoulos, 2009; Liberman et al., 2009; Reeves et al., 2012). In
particular, live imaging of a DI-Venus construct in optical cross sections
showed that, even during mitosis, when the nuclear concentration
gradient is abolished, there is a bias of total DI on the ventral side
(Reeves et al., 2012). To measure this bias, we imaged and quantified
cross sections of fixed younger (nc 9-10) embryos (Fig. 1E) and
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compared their total DI distribution to similar quantifications of older
(nc 13-14) embryos (Fig. 1F). We found that, in younger embryos, total
DI was distributed evenly throughout the embryo, while older embryos
displayed a total DI gradient with a strong ventral peak, similar to
quantifications of the DI nuclear concentration gradient (Fig. 1G).
The mechanism for this overall polarization of total DI in the
embryo could stem from net flux of DI to the ventral side of the
embryo. Previous work showed that, on short time scales (seconds),
the free diffusion of DI-GFP is rapid enough that nucleocytoplasmic
compartments (the regions surrounding a single nucleus) appear well
mixed, while there are barriers to movement between neighboring
nucleocytoplasmic compartments (Delotto et al., 2007). On the
other hand, on longer time scales (minutes), exchange between
nucleocytoplasmic compartments is possible, which we consider
behaves like diffusion on coarse length scales. To confirm the global
movement of DI throughout the embryo (hereafter referred to simply
as diffusion), we used a photoactivatable GFP (paGFP) tag (Patterson
and Lippincott-Schwartz, 2002), and noticed that DIl appears in
regions of the embryo >7-10 nuclei away from the site of paGFP
activation over a time span of 90 min (Fig. 1H,I; Fig. S1), during
which the activation region was under near-constant photoactivation
(see Materials and Methods). The distance over which activated DI
can spread appears to depend on the region of the embryo. When
activated near the ventral midline, D1-paGFP moves from its location
of activation and fills adjacent nuclei, extending ~6-7 nuclei away
(Fig. 1H,H'; Movie 1). When activated on the dorsal side of the
embryo, DI-paGFP can eventually be seen in all nuclei in view, and
shows a typical pattern of exclusion from nuclei in more dorsal regions
and moderate uptake into the nuclei in more lateral regions (Fig. 1LI’;
Movie 2). The difference in mobility is likely to be caused by nuclear
capture of free DI on the ventral side. In any case, our observation of
global movement of DI within the embryo provides the final, previously
unconfirmed, physical process necessary for shuttling to occur.

Model analysis and experimental prediction

To determine whether the four biophysical processes outlined in the
Introduction are sufficient to drive the accumulation of DI on the
ventral side of the embryo, we analyzed a simplified model of
DI/Cact/Toll interactions in the early embryo (Fig. 2A). Our model
included partial differential equations for four species: nuclear DI,
cytoplasmic DI, cytoplasmic Cact, and cytoplasmic DI/Cact
complex (see Materials and Methods). These equations describe
the processes of DI/Cact binding (k;,.); the production (V_,..; not
shown in Fig. 2A) and degradation of Cact (ks,); the nuclear
import/export of DI (k;,, k,..); the Toll-mediated dissociation of the
DI/Cact complex (ky;); and the intercompartmental movement of
cytoplasmic species (D; Fig. 2A). The catalytic activity of Toll
signaling was modeled phenomenologically by allowing k ;. to be a
function of x: ky;e(X)=kaiss.0 €xp (—0.5x%/¢?), where B models the
strength of Toll signaling and ¢ is a parameter that controls the
spatial extent of Toll signaling.

We quantitatively defined shuttling as the scenario in which there
is a net flux of Dl-containing species to the ventral 33% of the
embryo (see Materials and Methods). We simulated 10° randomly
chosen data sets from among reasonable allowed variations in
parameter values (see Supplementary Materials and Methods) and
examined under what conditions shuttling would occur. We found
that the diffusivity of the DI/Cact complex (Dpc) must be greater
than the effective diffusivity of free DI for shuttling to occur. In our
simplified model, nuclear and cytoplasmic DI are assumed to be in
equilibrium, which makes the effective diffusivity of DI Dgfl:D I~
(1+K,,), where K., ~k;/k,, (see Supplementary Materials and
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Methods for more details). In other words, shuttling occurs when
DDC/DZf{>l (Fig. 2B). This is relatively unsurprising, as the D1/Cact
complex must be able to diffuse toward the ventral midline more
efficiently than free DI can diffuse away. Furthermore, difference in
diffusivities between the free activator and the inhibitory complex
has previously been shown to be a hallmark of a shuttling system
(Eldaretal., 2002). The equilibrium constant for nuclear import also
plays an important role because nuclear capture of free, cytoplasmic
DI must be sufficiently strong to prevent DI from diffusing back to
the dorsal side of the embryo (Fig. 1D). See Supplementary
Materials and Methods for more details.

Further analysis of our model showed that the mechanism of
facilitated diffusion can be tested by slowing diffusion of the DI/Cact
complex. The model predicts that different instances in a hallmark
series of phenotypes will be observed, depending on the severity of the
perturbation. In order of increasing strength of perturbation: the DI
gradient widens, becomes flat on top, or splits into two peaks (Fig. 2C,
D). These predictions and the shuttling phenomenon itself arise
naturally out of biophysical processes known to occur in the embryo:
global movement, binding of DI and Cact, Toll-mediated destruction
of the DI/Cact complex on the ventral side, and nuclear capture of free
DI. Indeed, previous models of the DI gradient, which included these
processes, also exhibit shuttling, even when it was not considered in
the models (Fig. S2, Supplementary Materials and Methods) (Kanodia
et al., 2009; Ambrosi et al., 2014; O’Connell and Reeves, 2015). In
particular, in previous work using a model of the DI/Cact system, the
authors found that increasing the diffusion rate caused the gradient to
sharpen (Ambrosi et al., 2014), which is the same prediction detailed
here (Fig. 2C,D). We analyzed the model presented in that study, and
show that this result arose because shuttling was indeed occurring in
that model, even though the authors did not intend it to be (Fig. S2).

Decreased diffusion of the DI/Cact complex widens the DI
gradient

Our approach to slowing the diffusion of the DI/Cact complex was to
tag D1 with a bulky protein domain. Multiple versions of DI tagged with

DV Coordinate 1

GFP variants have been made to study DI gradient dynamics in living
embryos (Delotto et al., 2007; Reeves et al., 2012); in two instances,
GFP tags caused the DI gradient to expand as predicted by the shuttling
mechanism (Fig. 2C,D). Previous work has shown that tagging DI with
a monomeric Venus (Dl-mVenus) causes the DI gradient to widen,
while a GFP tag causes a much greater widening (Liberman et al., 2009;
Reeves et al., 2012). We surmised that the difference between these
scenarios is that Venus is an obligate monomer, whereas the GFP
construct weakly dimerizes (Zacharias et al., 2002).

However, as these observations were comparing GFP to mVenus,
we wished to investigate further by minimizing differences between
the monomeric and dimeric GFP variants. Therefore, we constructed a
transgenic fly line carrying a BAC-recombineered DI tagged with
monomeric GFP (DI-mGFP; see Materials and Methods). The weak
dimerization of GFP can be abolished by the A206K mutation, so that
GFPA?%K 5 an obligate monomer (Zacharias et al., 2002). Together
with a wild-type fly line and a line carrying the DI tagged with a GFP
that weakly dimerizes (DI-dGFP) (Reeves et al., 2012), this created an
‘allelic series’ of DI constructs with progressively decreasing mobility.
If the shuttling hypothesis is correct, we would expect that lowering
the mobility would widen the gradient. First, we measured the gradient
width in fixed wild-type embryos using an antibody against DI and
found the width parameter, o, to be 0.147+0.002 (meants.e.m. here
and elsewhere) (Fig. 3; Fig. S3A; see Supplementary Materials and
Methods for a description of the width parameter) (Liberman et al.,
2009; Reeves et al., 2012; Garcia et al., 2013).

Next, we investigated the DI-mGFP embryos. These embryos are
from dl, dI-mGFP/+ mothers (one copy of DI-mGFP, one functional
copy of endogenous DI). Because DI naturally self-associates
(Govind et al., 1992; Isoda et al., 1992; Whalen and Steward, 1993;
Drier et al., 2000), three species of DI dimer would exist in these
embryos: DI:Dl, DI:DI-mGFP and DI-mGFP:DI-mGFP. Therefore,
the effective, overall mobility of DI in these embryos would be
slightly lower than in wild type. As predicted by the shuttling
hypothesis, these DI-mGFP embryos have gradients slightly wider
than wild type (6=0.184+0.005; P=10"7; Fig. 3).
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Fig. 3. Decreasing the diffusion of DI/Cact increases the width of the DI
gradient. (A) Normalized average plots of the nuclear fluorescence of o-Dl in
embryos with two copies of wt dl (wt, blue), one copy of wt dl and one copy
of dI-mGFP (dI, dI-mGFP/+, purple), one copy of wt d/ and one copy of dI-dGFP
(dl/+; dI-dGFP/+, cyan), and zero copies of wt dl and two copies of dI-dGFP
(dl; dI-dGFP, pink). (B) Box plot of gradient widths (o) for the genotypes in

A. Here and in Figs 4-6, boxes indicate interquartile range (IQR: from the 25th
to the 75th percentile of the data); whiskers extend a maximum of 1.5 times
the width of the IQR from the box; outliers (plus signs) are defined as points that
lie outside the whiskers; numbers indicate sample size; asterisks without
connecting lines indicate statistical difference from wild type. Colors match the
scheme in A. See also Fig. S3.

Third, we investigated whether the DI-dGFP embryos would
have even wider gradients than the DI-mGFP embryos. Therefore,
we analyzed the gradient in embryos from mothers carrying one
copy of dI-dGFP (Reeves et al., 2012) and heterozygous null for
endogenous dl (genotype dl/+; dl-dGFP/+). In these embryos,
heterodimers of endogenous DI and DI-dGFP might form weak
interactions with similar heterodimers, which would result in
larger groups of heterodimers with slower mobility. The situation
is further exacerbated if the dimer happens to be a homodimer of
DI-dGFP, which should account for ~25% of the D1 dimer species.
We found that the DI gradient in these embryos widened
significantly as compared to wild type (5=0.207+0.007;
P=2x1077; Fig. 3).

Finally, we analyzed embryos completely lacking endogenous DI
and with two copies of DI-dGFP (maternal genotype: dl; dl-dGFP).
In these embryos, 100% of the DI molecules are fused to dGFP, so
that every Dl-containing dimer has the ability to weakly interact
with two other DI-dGFP dimers. As predicted by the shuttling
hypothesis, the DI gradients in these embryos were also widened
compared to wild type (c=0.228+0.008; P=10"'2; Fig. 3).
Moreover, the ‘allelic series’ behaved as predicted: embryos with
progressively less mobile DI had progressively wider gradients.

To further test the predicted phenotype of slowing diffusion, we
also examined embryos with Venus-tagged DI (Reeves et al., 2012),
B-galactosidase-tagged DI (Govind et al., 1996) and B-galactosidase-
tagged Cact (Fernandez et al., 2001). In each of these cases, the
phenotype expected from the shuttling hypothesis was found
(Supplementary Materials and Methods, Fig. S3B,C).

The length scale of a concentration gradient can be altered by
changing the rate of capture (in this case, by the nuclei) in addition
to diffusion. Therefore, we used a combination of photobleaching
experiments, to measure the import and export rate of DI-dGFP and
DI-mGFP, and modeling, to show that only perturbing diffusion,
and not nuclear import/export, results in a shuttling-based
phenotype (Fig. S3D-O, Movie 3, Supplementary Materials and
Methods).
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Toll saturation allows decreasing DI dosage to widen and
flatten the DI gradient

In embryos from mothers heterozygous null for DI (hereafter
referred to as dl/+ embryos), the shape of the gradient becomes
slightly wider and flatter, sometimes to the point of generating a
double peak (Fig. 4A-D; note especially in Fig. 4B the local
minimum at the ventral midline and local maxima elsewhere)
(Liberman et al., 2009; Ambrosi et al., 2014). This phenotype bears
striking resemblance to the model predictions for lowering diffusion
(Fig. 2C,D); therefore, we investigated whether the shuttling
mechanism could possibly explain the phenotype in di/+
embryos. However, model simulations showed that reducing the
dl dosage could not significantly change the width or the shape of
the DI gradient, much less result in a double peak (Ambrosi et al.,
2014) (Fig. S4A-D).

One mechanism that could explain this phenotype is saturation of
active Toll receptors. If the domain of active Toll signaling is graded
in space (Haskel-Ittah et al., 2012; Rahimi et al., 2016), active Toll
receptors should be limiting at the domain edge. If active Toll
saturation is sufficiently extensive in wild-type embryos, then the
formation of a smooth peak is the result of sufficient numbers of
DI/Cact complexes bypassing the saturated Toll regime and arriving
at the ventral midline (Fig. 4E). However, in d//+ embryos, less D1
implies fewer D1/Cact complex molecules will arrive at the ventral
midline (Fig. 4F), resulting in a wider, flatter and sometimes split
peak of nuclear DI. However, previous models did not account for
this possibility because the rate of Toll-mediated Cact degradation
was assumed to be proportional to the concentration of DI/Cact,
creating a potentially unlimited sink, even at the edges of the active
Toll domain (O’Connell and Reeves, 2015; Kanodia et al., 2009,
Ambrosi et al.,, 2014). Therefore, we extended our simplified
mathematical model (Fig. 2A) to account for the possibility that
active Toll receptors numbers are limiting (Fig. 4G; see Materials
and Methods). In the remainder of this paper, we use this extended
model. When active Toll receptors are saturable, simulated dl/+
embryos have widened, flattened gradients (Fig. S4E,F).

To experimentally test whether active Toll receptors are limiting,
we compared DI gradients in wild-type embryos and d//+ embryos
with those from dl/+; TI/+ mothers (hereafter dl/+; Tl/+ embryos). In
dl/+; Tl/+ embryos, reducing the Toll dosage should partially
‘rescue’ the saturation of the active Toll receptor, and thus result in a
smoother DI gradient peak at the ventral midline. We found that the
profile of total DI in these embryos is, on average, more smoothly
peaked (Fig. 4H; Fig. S4G-I). To determine whether the gradient
peaks are different in d//+ versus double-heterozygote embryos, we
calculated two measures of peak shape: location of peak (Fig. 41,J)
and intensity of the peak at the ventral midline (Fig. 41,K). In both
cases, the dl/+ embryos were statistically different from the di/+;
Tl/+ embryos, which validates our hypothesis that active Toll
receptors are limiting.

Perturbing both mobility and dosage has a combined effect

Our model also predicts that simultaneously lowering both dosage
and mobility would have a combined effect on the severity of the
shuttling phenotype. To test this hypothesis experimentally, we
investigated embryos from mothers that carry a single copy of dl-
dGFP and no endogenous d! (dl; dl-dGFP/+). In our and previous
studies, this genotype is observed to be female sterile; two copies of
dI-dGFP are necessary to rescue the mutant (Liberman et al., 2009;
Reeves et al., 2012). We found that dl; dI-dGFP/+ embryos have
highly widened gradients (6=0.219+0.009), with severe flat-top/
mild double-peaked phenotypes (Fig. 4D and Fig. SA,B). However,
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Fig. 4. Embryos from mothers heterozygous for DI have a different-shaped DI gradient that is explained by Toll saturation. (A) Cross section of an nc 14
embryo from a mother heterozygous for d/ immunostained for DI. (B) Plotted nuclear intensity of embryo in A as a function of DV coordinate (each magenta
dot is one nucleus). Error bars indicate s.e.m. of nuclear intensity. Blue curve is the data of the individual nuclei smoothed by a sliding window of 50 nuclei; black
curve is afit of the data to a Gaussian. (C) Normalized average plots of the o-DI nuclear fluorescence in wild-type, dl/+and dl; dl-dGFP/+ embryos. Inset highlights
differences in peak shape. (D) Box plot of gradient widths (o) for the embryos in C. (E) Schematic of active Toll receptor saturation in wild-type embryos.

In the edges of the Toll domain, DI/Cact complexes can bypass active Toll receptors that are already bound by other DI/Cact complexes. (F) Schematic of lack of
active Toll saturation in dl/+ embryos. Fewer DI/Cact complexes can penetrate deep into the Toll domain. (G) Extended model of the DI/Cact system in

which active Toll receptors are saturable. (H) Normalized, average profiles of total a-DI fluorescence in wild-type, dl/+; Ti/+ and dl/+ embryos. Inset reveals the
difference in peak shape. The same color scheme and sets of embryos are presented in J and K. (1) lllustration of the variables compared in J and K. Blue arrow
illustrates the distance from the ventral midline where the gradient peaks, and is compared across genotypes in J. Orange arrow illustrates the normalized value of
the DI gradient at the ventral midline, and is compared across genotypes in K. (J) Box plot of locations of total DI peak (see blue arrow in | forembryos in H). (K) Box
plot of normalized total DI peak levels at the ventral midline (see orange arrow in | for embryos in H). See also Fig. S4.

it should be noted that o is a less accurate measure of the width when
the gradient is not bell shaped.

Because the peak shape is severely perturbed in dl; dl-dGFP/+
embryos, we surmised that gene expression could be disrupted,
which might explain why dl; dl-dGFP/+ females are sterile.
Therefore, we analyzed sna expression in dl; dl-dGFP/+ embryos
(n=33) and found that these embryos either lacked sna expression
entirely (16/33), had sna expression too faint to quantify above
background (5/33), or expressed sna in a very narrow domain
(Figs 5B-E; Fig. S5), confirming our hypothesis that the double
perturbation results in a breakdown of the typically robust patterning
system. By contrast, embryos from dl; di-dGFP mothers have
normal sna expression (Fig. 5C,E), which shows that DI-dGFP
retains transcriptional function. Furthermore, embryos from d/; dI-
mVenus/+ mothers, which have a less severe shuttling defect than

dl; dI-dGFP/+ embryos, have robust sna expression (Fig. SSC,D)
and are viable (our observations and Reeves et al., 2012). This result
suggests that shuttling is indeed exacerbated in these embryos and
that this shuttling defect is responsible for the female sterility.

Increasing the width of the active Toll domain results in a
split peak of DI

The shuttling hypothesis predicts that severe widening of the active
Toll domain results in a split D1 gradient (Fig. S6A,B). As the extent
of the Toll domain is controlled by Gurken/EGFR signaling during
oogenesis (Sen et al., 1998; Schiipbach, 1987), we analyzed embryos
from mothers carrying a hypomorphic EGFR allele (Egfi*’) (Roth
and Schiipbach, 1994). We found that embryos from mothers
heterozygous for this allele have significantly widened DI gradients,
and most (10/12) embryos from homozygous mothers have gradients
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Fig. 5. Simultaneous perturbations to shuttling result in defects in the DI gradient and in the sna domain. (A) Cross section of an nc 14 dl; dl-dGFP/+
embryo immunostained for DI. (B) Quantification of a-DI nuclear fluorescence of the embryo in A. The sna domain is also shown (gold). (C) The average

sna domain from embryos in Fig. 4C,D, plus dI; d/-dGFP embryos (labeled 1x dGFP). (D,D’) sna mRNA expression in wild type (D) and dI; dI-dGFP/+ (D’). The
embryo in D’ is the same embryo as in A and B. Arrowheads indicate width of sna domain in wild type (gray) and dl; dl-dGFP/+ (white). (E) Box plot of sna domain
widths for the embryos in C. sna domains in dl; dI-dGFP embryos are statistically narrower than those in other genotypes. See also Fig. S5.

so wide that the peak splits (Fig. 6A-D). This result is consistent with
previous reports that various gurken and Egfi mutations generate a
duplicated DI gradient as measured by DI staining, Twist staining, and
sites of ventral furrow formation (Roth and Schiipbach, 1994), which
are not readily explained in the absence of a shuttling phenomenon
(Meinhardt, 2004; Moussian and Roth, 2005; Haskel-Ittah et al.,
2012).

A model with Toll saturation predicts that the split peak can be
alleviated either by decreasing the levels of active Toll receptors or by
increasing the dosage of maternal d/ (Fig. S6C-F). We chose to test
the possibility by examining embryos from mothers carrying one
(Egfi*!; dIRS/+) or two (Egfi'!; dIf¢) extra copies of a DI rescue
construct (Reeves et al., 2012) in the Egfi*/ background. These
embryos have three or four copies of full-length DI, respectively. We
found that, as our model predicts, increasing the dosage of maternal d/
reduces the severity of the split-peak phenotype (Fig. 6E; Fig. S6G-I),
providing further evidence for active Toll receptor saturation.

An AP gradient of DI supports the shuttling hypothesis

It has been suggested that a shuttling phenomenon also occurs
through the processing of Spéitzle (Spz), the ligand for Toll
signaling (Haskel-Ittah et al., 2012), which might explain some of
the phenotypes described here. To determine whether the hallmark
phenotypes of shuttling could occur without assistance from the
protease cascade or Spz processing, we expressed a constitutively
active form of Toll (Toll'°?) at the anterior pole of the developing
embryo using the bicoid (bcd) 3' UTR and the bed promoter, similar
to previously performed experiments using the stronger Hsp83
promoter (Huang et al., 1997). Embryos from mothers carrying this
construct (bcd>Toll’%: bed 3' UTR) have an AP DI gradient in
addition to the native DV gradient. Naively, one may expect that the
existence of two gradients of active Toll signaling would result in
higher concentrations of nuclear DI where the two overlap. By
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contrast, the shuttling hypothesis predicts that DI nuclear
concentration would be depleted in the region where both
gradient tails overlap, as the two competing DI/Cact sinks cause
Cact to shuttle DI toward both the anterior pole and the ventral
midline (Fig. 7A-C). This prediction is borne out in experiments, as
these embryos show a decreased intensity of the DI gradient near the
region of overlap. Furthermore, 64% (9/14) of these embryos show a
visible narrowing of the sna expression domain at ~30% egg length,
consistent with previously published data (Fig. 7B,C) (Huang et al.,
1997). Our results show domain narrowing rather than a gap as
previously reported, owing to the weaker bcd promoter.

Our modeling results further support that the shuttling mechanism
is responsible for this phenomenon (Fig. 7C). We expanded our model
system from a one-dimensional array of nuclear compartments to a
two-dimensional array, and added a second Toll signaling domain
perpendicular to the first (Supplementary Materials and Methods).
Our simulation results show that the overlap between the AP and DV
Toll domains creates a low point in nuclear DI concentration, similar to
our experimental results. We then approximated a threshold for sna
expression based on the DV DI gradient, and found that the local
minimum in DI concentration results in reduced or abolished sna
expression in that region (Fig. 7C’).

We also examined embryos from mothers carrying a
homozygous mutation in gastrulation defective (gd’), which
eliminates the endogenous ventral-to-dorsal gradient. Swapping
the bed promoter for the stronger Hsp83 promoter (Hsp83>Toll’%:
bcd 3" UTR construct; Huang et al., 1997), we were able to create a
wider DI gradient at the anterior pole. Half of these embryos (7/16)
show two peaks of DI (Fig. 7D-E); furthermore, they have a double
peak of sna (Trisnadi et al., 2013). To determine whether this
double-peak phenomenon was a result of the embryo’s geometry at
the pole, we analyzed embryos with an AP DI gradient initiated by
the weaker bed promoter. These embryos showed no such double-
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Fig. 6. The hypomorphic allele Egfr'’ significantly widens the DI gradient.
(A\) Cross section of an Egfr'” embryo immunostained for DI. Brackets indicate
peaks of nuclear DI. (B) Plotted o-DI nuclear fluorescence of embryo in A as a
function of DV coordinate (each pink dot is one nucleus). The shape has
changed significantly from wild type, as the Gaussian curve (black) does not
represent the gradient well. Error bars indicate s.e.m. of nuclear intensity.

(C) Box plot of gradient widths (o) for wild-type, Egfr'’/+ and Egfr'” embryos.
Numbers indicate sample size. (D) Normalized average plot of total o-DI
fluorescence (nuclear+cytoplasmic) in the embryos in C, with the same color
scheme. (E) Normalized total oDl fluorescence (nuclear+cytoplasmic)
averaged from Egfr'!, Egfr'; dIRC/+ and Egff'’; dIR°. See also Fig. S6.

peak effect (Fig. S7). These results further support our shuttling
hypothesis as the DI gradient progresses from narrow (weak
promoter) to double peak (strong promoter), much as it does in the
native DV system when the Toll domain expands.

DISCUSSION

In this study, we investigated the embryo-scale formation of the DI
morphogen gradient in the early Drosophila embryo. Based on our
model and experimental verification, we conclude that establishment
of peak levels of the DI gradient is aided by a facilitated diffusion, or
shuttling mechanism, in which DI/Cact complex diffuses towards the
ventral midline, where Cact is degraded. Lowering the diffusivity of
either DI or Cact widens the gradient rather than the narrowing that
one might expect from a morphogen gradient established by
(nonfacilitated) diffusion. The shuttling mechanism explains why
DI tagged with a weakly dimerizing GFP widens the gradient more
than one tagged with monomeric GFP (Reeves et al., 2012), and also
explains the related observation that one copy of DI tagged with
monomeric GFP variants complements loss of endogenous DI while
one copy of DI-dGFP does not (Liberman et al., 2009; Reeves et al.,
2012). Similarly, this mechanism makes sense of the observation
that DI tagged with B-galactosidase, which forms tetramers, is
antimorphic (Govind et al., 1992), as the DI moieties in tetramers of
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Fig. 7. An ectopic, AP dorsal gradient exhibits shuttling phenomena.
(A,A") DI and sna expression in a wild-type embryo. (B,B’) DI and sna
expression in an embryo with an AP gradient of DI, driven by the bcd promoter
in addition to the wild-type DV gradient. White arrowheads indicate a narrowing
of each domain at ~30% egg length. (C,C’) A 2D version of the model featuring
AP and DV active Toll domains exhibiting a competing sink phenotype, in
which a low point in the DI gradient leads to a decrease in sna expression.
(D,D’) Dl and sna expression in an embryo with an AP gradient of DI, driven by
the Hsp83 promoter, and the DV gradient abolished by a homozygous
mutation in gd. Magenta arrowheads show the second peak of expression; the
peak is more clearly shown when the data are plotted in E. The definition of
the AP coordinate for the plot in E is given, with 0 at the anterior pole, and +1 at
the posterior pole. (E) Plot of DI and sna domains from the embryo in D. Each
green dot is one nucleus and the black curve is a smoothing of the DI data.
Embryo images are maximal intensity projections. See also Fig. S7.

DI-Bgal dimerize with endogenous DI to disrupt the formation of the
endogenous DI gradient.

When the Toll gradient is greatly expanded, as in embryos from
Egfi"! mothers (Roth and Schiipbach, 1994), the domains of
saturated Toll receptors move further from the ventral midline,
resulting in a split peak. This split-peak phenomenon has also been
observed in the DI gradient in abnormally large embryos (Garcia
et al., 2013). This specific phenotype could be explained by the
shuttling of the Toll ligand Spz (Haskel-Ittah et al., 2012); however,
we observed the same phenomenon in embryos with an ectopic AP
DI gradient established by constitutively active Toll. In both cases,
ventrally (anteriorly) diffusing DI/Cact complex does not reach the
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ventral midline (anterior pole) before being dissociated, leaving the
ventral (anterior)-most nuclei somewhat devoid of DI. A similar
mechanism, in which the removal rate of BMP ligands surpasses the
rate of BMP flux to the dorsal midline, has been suggested to
explain the computationally predicted split-peak phenotype for the
BMP system in the early embryo (Umulis et al., 2006).

We further propose that active Toll receptors are saturated in the
edges of the Toll domain in wild-type embryos; this saturation is not
essential to the shuttling mechanism per se, though it is necessary
for the mechanism to explain phenotypes associated with changing
the dose of maternal /. Under wild-type conditions, a significant
flux of DI/Cact complex can bypass the saturated active Toll
receptors in the edges of the Toll domain, which results in the
accumulation of a smooth, intense peak of DI signaling at the ventral
midline of the embryo. However, in dl/+ embryos, there is not
enough DI/Cact complex to saturate active Toll receptors in the tails
of the gradient, leading to less accumulation of DI at the ventral
midline (Liberman et al., 2009). We have verified this assumption of
active Toll saturation in di/+; Tl/+ and Egfi’!; dI*¢ embryos.

The shuttling mechanism requires four biophysical processes: (1)
DI binding to Cact; (2) DI/Cact complex readily diffusing through
the embryo; (3) Toll signaling acting as a sink for DI/Cact complex;
and (4) Cact protecting DI from entering the nuclei. As our
experiments with DI-paGFP show that Dl does indeed move
globally through the embryo, it is now clear that D1/Cact shuttling
naturally arises in the early embryo. Indeed, our previous DI/Cact
model (O’Connell and Reeves, 2015) did not explicitly have
shuttling ‘programmed in’, but instead it was a natural consequence
ofthe model equations. In the same way, shuttling naturally emerges
in previous models of the DI gradient without the authors’ explicit
intention (Ambrosi et al., 2014; Kanodia et al., 2009).

Given the natural emergence of the shuttling mechanism from the
topology of the known DI/Cact interactions, one may ask whether the
mechanism operates at a relevant level in the fly embryo. In the Dpp
system, formation of peak levels of Dpp signaling requires the BMP
antagonist Sog, which binds to Dpp and facilitates its diffusion to the
dorsal midline of the early embryo. Loss of zygotic Sog function
results in loss of both the highest levels of Dpp signal as well as the
expression of genes that require those peak levels (Ashe and Levine,
1999; Zusman et al., 1988; Rushlow et al., 2001). Cact serves as the
analog to Sog in the DI/Cact system. A seminal study of Cact showed
that loss of Cact function results in an expansion of the domain of
cells expressing twi, a gene that requires peak levels of nuclear DI
(Roth et al., 1991), suggesting that there is no need for shuttling of DI
through Cact to form the peak levels of the DI gradient. By contrast, a
recent quantitative study, which analyzed embryos with varying
levels of compromised cact function, could support the possibility
that shuttling is necessary for embryonic fitness (Cardoso et al.,
2017). Embryos with stronger loss of cact function have
progressively flatter D1 gradients with lower peak values and
progressively narrower domains of sna, which, like twi, requires
peak levels of DI (Cardoso et al., 2017). Curiously, the same study
suggests a third role for Cact in establishing the DI gradient: Cact
fragments that result from Toll-independent degradation potentiate DI
signaling, which might explain most, if not all, their cact mutant
phenotypes. Even so, the authors maintain the position that the
shuttling mechanism could be necessary for the formation of peak DI
levels. Further work should be done to continue to dissect novel roles
Cact might have in DI gradient formation.

Regardless of the conflicting data from cact mutant embryos, the
data presented here from the dI; dI-dGFP/+ embryos show that, at
minimum, the shuttling mechanism is required for formation of peak
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levels of the DI gradient (and the consequent sna expression) when D1
levels are compromised. Given the data presented here, the literature
data explained by the shuttling hypothesis, and the fact that all
biological processes required for shuttling are known to be present in
the embryo, we suggest that Cact serves a dual role in establishing the
DI nuclear gradient: preventing nuclear translocation of DI and
shuttling of DI.

MATERIALS AND METHODS

Fly lines

yw flies were used as wild type. dl-paGFP, dl-mGFP and dl-dVenus were
created by BAC recombineering. For live imaging, flies carrying dl-paGFP
were crossed to flies carrying H2A-RFP on the second chromosome (BS#
23651). di/+ flies were created by cleaning up d/’ via two homologous
recombinations with yw to generate dI*->. cact/+; cact-full lacZ 25 flies were
obtained from David Stein (Janelia Research Campus, Ashburn, VA, USA)
(Fernandez et al., 2001). dl-lacZ flies were obtained from Govind et al. (1992).
dl-dGFP and dl-mVenus flies and the original BACs used to create them were
obtained from Angela Stathopoulos (California Institute of Technology,
Pasadena, CA, USA). dl-mGFP,dl"?7 flies were created by homologous
recombination. Presence of dl-mGFP was confirmed by w*. Presence of
dl"?? was confirmed via sequencing by GENEWIZ. Egfi*//CyO flies were
obtained from the Bloomington Drosophila Stock Center (# 2079). Flies
carrying the bed>Toll'™: bed 3'UTR construct were obtained from Angela
Stathopoulos. The plasmid carrying FRT-stop-FRT Hsp83>Toll'%: bcd 3'
UTR was also obtained from Angela Stathopoulos. To remove the FRT-stop-
FRT cassette, we crossed flies carrying this construct into a line carrying
hsFLP on the X chromosome (BS# 8862). To remove the native DV DI
gradient, flies carrying the Toll’%: bcd 3'UTR construct were crossed into a
gd’” background. See Supplementary Materials and Methods for more details.
dl/+; Tl/+ fly lines resulted from crossing the dI’?°/+ fly line with T/"/8/+
(BS#30913).

BAC recombineering

We followed Protocol 3 of the NCI at Frederick Recombineering website
(http:/ncifrederick.cancer.gov/research/brb/recombineeringinformation.
aspx) to generate dl-paGFP, dI-mGFP and dl-dVenus in pACMAN (Venken
et al., 2006). A proofreading Q5 DNA polymerase (New England Biolabs)
was used to amplify sequences at a high level of authenticity. Using a GalK
selection protocol (Warming et al., 2005), single amino acid mutations were
introduced at residue 206 in previously established BACs (Reeves et al.,
2012) to generate dl-mGFP (A206K) and dI-dVenus (K206A). dl-paGFP
was created by adding the open reading frame of paGFP (Addgene plasmid
#11911) (Patterson and Lippincott-Schwartz, 2002) in frame to the 3’ end of
the dl open reading frame in a d/ rescue construct (Reeves et al., 2012) in
PACMAN (Venken et al., 2006) using a 6x-Gly linker. See Table S1 for a
list of primers used.

Fluorescent in situ hybridization

All embryos were aged to 2-4 h, except for “young’ yw embryos, which were
aged to 0-2h, then fixed in 37% formaldehyde according to standard
protocols (Kosman et al., 2004). A combination fluorescent in situ
hybridization/fluorescent immunostaining was performed according to
standard protocols (Kosman et al., 2004). Briefly, fixed embryos were
washed in Tween/PBS buffer, then hybridized with a digoxigenin-conjugated
anti-sense sna probe at 55°C overnight. The embryos were then washed and
incubated with primary antibodies at 4°C overnight. Next, the embryos were
washed and incubated for 1-2 h with fluorescent secondary antibodies at room
temperature. The embryos were then washed and stored in 70% glycerol at
—20°C. Embryos were imaged within one month of completing the protocol.
See Supplementary Materials and Methods for more details, including
suppliers and dilutions of antibodies.

Mounting and imaging of fixed samples

Embryos were cross-sectioned and mounted in 70% glycerol as described
previously (Carrell and Reeves, 2015). Briefly, a razor blade was used to
remove the anterior and posterior thirds of the embryo, leaving a cross
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section ~200 um long by 200 pm in diameter. These sections were then
oriented such that the cut sides became the top and bottom. They were
imaged at 20x magnification on a Zeiss LSM 710 microscope. Fifteen
z-slices 1.5 pm apart were analyzed. Embryos with an AP Dorsal gradient
were mounted laterally in 70% glycerol using one piece of double-sided tape
(weak bcd promoter) or two pieces of double-sided tape (strong Hsp83
promoter). Images were taken at 2.5 pm intervals from just above the top of
the embryo to the depth at which the embryo reached maximal size in the xy
plane, which was assumed to be the midsagittal section. Stacks ranged from
15 to 25 slices.

Data analysis

Images of embryo cross sections were analyzed using previously derived code
(Trisnadi et al., 2013). Briefly, the border of the embryo was found
computationally, then the nuclei were segmented using a local thresholding
protocol. The intensity of DI in each segmented nucleus was calculated as the
ratio between the intensity in the DI channel divided by the intensity in the
nuclear channel (Damle et al., 2006; Liberman et al., 2009). The intensity of
mRNA expression and total DI were calculated as average intensity within an
annulus ~18 um wide around the perimeter of the embryo. A description of
the image analysis of whole-mount embryos can be found in the
Supplementary Materials and Methods and in Jermusyk et al. (2016).

All DI gradients were fit to a Gaussian, and these fits were used to
determine the width parameter, 6, and to normalize the DI gradients. An 2
goodness of fit was calculated for each embryo, and if this fell below 0.80,
the measurement was discarded. Widths of sna domains were found by
fitting the sna intensity curves to canonical profiles. For further explanation
of these two procedures, see the Supplementary Materials and Methods. All
replicates were biological.

Statistical significance was calculated using two-tailed homoscedastic
t-tests. For 80% power, minimum sample size was calculated to be <10
embryos for our measurements of the DI gradient width.

Activating paGFP in live embryos

Embryos were dechorionated by hand or for 30 s in 100% bleach. They were
then mounted laterally on a slide coated with heptane glue. Deionized water
was used as a mounting medium. Two pieces of double-sided tape were used
to attach the coverslip. Images were taken using a 40x water immersion
objective on an LSM 710 confocal microscope. Activation box: 9000 pixels
(300%30 um); number of activation passes (number of times the laser
activates the region in a single cycle): 10; rest time (the length of rest time
between cycles): 15 s; number of cycles: 40. Each activation session lasted
~25 min and was followed by imaging the entire depth of the embryo. Each
embryo underwent five activation sessions. Laser power was 3% for
embryos activated near the ventral midline, and 2.5% for embryos activated
near the dorsal midline. A 405 nm laser was used for activation and a
488 nm laser was used for excitation of the activated GFP.

Model of Dl/Cact interactions

In Figs 2 and 3, we used a simplified version of previously published models
of DI/Cact interactions to predict the effects of slowing diffusion (O’Connell
and Reeves, 2015; Kanodia et al., 2009; Ambrosi et al., 2014). In brief, this
model consists of four differential equations, representing nuclear and
cytoplasmic DI, and cytoplasmic DI/Cact complex and Cact, respectively
(Eqns 1-4; see also Fig. 2A for a schematic of the modeled processes).

JICp,
al‘m‘c = kin CDl.cyt — Rout CDl.num (1)
9C 0*Chigy
Dleyr DI DZLCVW — kiy CDI,Cyt + koutCDl,nuc - kbindCDl»C,V’CC“”
ot Ox
+ kaiss (x)Cpc:s ?
ac >c,
8?C = Dpc ch ~+ kpina CDl,cyt Ceaer — kaiss ()C) Cpe, (3)
OCcue 9*C ac
acl‘ - = Dcyer axg : + Veaer — kdegCCact - kbindCDl,cthCaCt
+ kdiss (x) CDC' (4)

To simplify analysis and interpretation, we simulated 100 min of
development with 51 nuclei positioned along a linear (x) axis and ignore
mitosis and nuclear division. The active Toll gradient was modeled
phenomenologically in space as kis(X)=kyiss.0exp (—0.5x%/¢%) (Ambrosi
et al., 2014; Kanodia et al., 2009; O’Connell and Reeves, 2015). In the Toll
saturation model (Figs 4-7), activated Toll receptors were allowed to
saturate (Fig. 4G), which altered the DI/Cact complex dissociation term to a
Michaelis—Menten-like saturable function (see Supplementary Materials
and Methods). In other words, the final term in Eqns 2-4 became k;5,Cpc/
(KztCpc), where K is a Michaelis constant for Toll saturation. For more
details on the model formulation, see Supplementary Materials and
Methods.

To calculate flux of Dl-containing species, we applied Fick’s law, which
states that diffusive flux, J, which refers to the movement of a solute from
areas of high concentration to areas of low concentration, occurs at a rate
proportional to its concentration gradient, dC/dx, yielding J=— DdCldx. The
negative sign accounts for the fact that diffusive flux is in the direction of
decreasing concentration, and D is the diffusion coefficient. By convention,
we define our x-axis to be equal to 0 at the ventral midline and 1 at the dorsal
midline (Fig. 2A); thus, a negative value for the flux indicates movement
toward the ventral midline, and a positive value indicates movement toward
the dorsal midline. Therefore, the calculation of flux of Dl-containing species
(cytoplasmic DI+DI/Cact complex) is performed using the following
equation:

OCpeyr 0Cpc
| =Dlar

1) = Do PC ox

: (5)

Shuttling was defined as J(x=0.33, r=100)<0. This occurred when Dp/[Dpy/
Ke1>1, where K. ;=k;,/k,. (see Fig. 2B).

To ensure our results were not the result of oversimplification, we also
formulated a more complete (full) model of DI/Cact/Toll interactions, which
is an extension to the model found in O’Connell and Reeves (2015). This
full model (see Supplementary Materials and Methods) consists of
differential equations for three species distributed between two
compartments: nuclear DI, cytoplasmic DI, nuclear Cact, cytoplasmic
Cact, nuclear DI/Cact complex, and cytoplasmic DI/Cact complex, plus an
equation for free active Toll receptor and one for active Toll receptor bound
to DI/Cact complex. It takes into account the mitosis and interphase
associated with nc 10-14 and the possibility that Cact and Dl/Cact complex
could be present in the nucleus. During mitosis, the nucleus becomes
undefined, and the contents of each nucleus mix with those of the
surrounding cytoplasm. At the end of mitosis, the nucleus reforms, and the
concentration of DI, Cact and DI/Cact inside the nucleus is initialized as
equal to their respective concentrations in the cytoplasm, and each species
can enter and exit the nucleus. All cytoplasmic species can move between
adjacent cytoplasmic compartments during interphase and mitosis.

The production rate of activated Toll receptors was modeled
phenomenologically. ~ The  eight differential  equations  were
nondimensionalized, resulting in a model with 20 free parameters.
Optimization was performed in MATLAB (MathWorks) using an
evolutionary optimization algorithm with stochastic ranking (Runarsson
and Yao, 2000, 2005), yielding 114 parameter sets that were generally
consistent with the spatiotemporal data published by Reeves et al. (2012).
Further detail on model equations and analysis can be found in the
Supplementary Materials and Methods.

We also analyzed two previous models of DI/Cact interactions, which
each have the processes necessary for shuttling, to investigate whether these
processes together are sufficient for shuttling (Kanodia et al., 2009; Ambrosi
et al., 2014). See Supplementary Materials and Methods for more details.
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Supplemental Materials and Methods

Analysis of the Simplified Model
Our simplified model begins as Eqs 1-4. The next step is to non-dimensionalize the equations by applying
the following transformations:

— CDl,nuc — CDl,Cyt _ CDC v = Ccact

u = =
0 ) 0 ) 7 0 7
CDl CDl CDl Ccact

where CJ; is the initial concentration of DI in the embryo, and C2,., = Veact/Kaeg- After transforming

the state variables into their non-dimesionalized forms in this manner, we arrive at the following

equations:

on . ~
3t = kipu — Koyen, (S1).

ou . 0%u . - - -
E = Dg ﬁ — kinu + Kouet — Kpinauv + kajss (x)W: (52)-
ow . 0°w
at P ax2

ov . 0%v - -
Tcact E = DCact ﬁ +1-v-— .u(kbinduv - kdiss (x)W)' (54)-

+ I’ébinduv - Ediss(x)wr (53)-

In these equations, time is measured in minutes and space is measured in embryo DV axis lengths.
Therefore, the following dimensionless constants appear in the equations:

~ _ ~ = DDlT ~ _ DDCT =~ _ DCact
kin = kinT' kout = koutTf Dp = L2 , DC = LZ ’ Cact = kdegL2
0
~ ~ -1 CDlT
kpina = KpinaClactT, kgiss(x) = kgiss (0T, TCact = (kdeg T) H=Cg 1
Cact'tdeg

where T = 1 min and L = 280 um (the length of the DV axis from ventral midline to dorsal midline).

These equations are simplified in the following manner. First, as Cact has a high turnover rate, we
assume that Tger, Deger, and p are small compared to unity. This results in a spatially uniform, pseudo
steady state for free Cact, or v = 1. Next, we assume that nuclear import and export are in pseudo
equilibrium, so thatn = k,,, u/k;,, orn = Kequ, where Koq = ki /koy. is the equilibrium constant for

net nuclear import of DI. If we then sum equations (S1) and (S2), we arrive at:

d . 0%*u . ~
% (u + Kequ) = Dp, ﬁ — KpinaUV + Kgiss (x)W,
or,
ou 1 o 9%u . R
eq

Note that v has dropped out of the equation. It should also be noted that the criterion for shuttling to
occur in this model is now more clear. The ratio of D, must be greater than effective diffusivity in Eqn
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S5, which is 5Dl/(1 + Keq). Together, these two simplifications reduce our system to two differential
equations, one for cytoplasmic DI (u; Eq S5), and one for cytoplasmic DI/Cact complex (w; Eq S3).

Formulation of Toll saturation term
According to Fig. 4G, the dissociation of DI/Cact complex can be expressed in the following steps:

kon/koff ky
Dl/Cact + Toll —— [Toll — Dl/Cact] - DIl + Cact + Toll.

This reaction scheme is formally identical to the traditional Michaelis-Menten reaction scheme. In the
case in which Toll levels are limiting (and roughly constant in total), if a pseudo steady state is assumed
about the intermediate tripartite complex, the resulting expression for the rate of dissociation is:

Tdiss = kdiss(x) Ke + W

where K = (kors + kr)/kon and kgiss = kp[Tollltor, and [Tolll7,e = [Toll] + [D1/Cact/Toll]
(assumed roughly constant). Therefore, this Toll saturation regime replaces the final terms of Eqs S3 and
S5 with

ié- xW—>i€- X)———.
dlSS( ) dlSS( )KR+W

Random parameter screen

Parameters were varied randomly on a log space within reasonable constraints, and each parameter set
was scored to determine whether shuttling was taking place. Both diffusivities were varied from 1073 to
10? (see Parameter Estimation subsection), kj;,,q Was varied from 10 to 102, k ;55 Was varied from 10"
to 102, and Ky was varied from 10 to 102. The lower limit for k;,4 Was higher than for other
parameters because the strength of the DI/Cact interaction needed to high enough to prevent DI from
entering the nuclei everywhere. The equilibrium constant was held fixed at K., = 4, which roughly
reflects the ratio of nuclear to cytoplasmic DI levels near the ventral midline, and ¢ was held fixed at
0.15, which roughly reflects the width of wildtype DI gradients.

The metric to determine if a parameter set results in shuttling behavior is given in Eqn 5 in the Materials
and Methods. Additionally, to score whether a parameter set results in widening of the gradient when
diffusion is lowered, the same small fold-change perturbation was made to both diffusivities, and the
width of the gradient was measured as the location where the gradient passes 60% max. If this width
was higher than the width measured for the wildtype (non-diffusivity perturbed) gradient, then the
parameter set was scored as positive for diffusion-based widening.

A parameter set was scored as positive for a split peak when the dosage of DI was halved when the
maximum of the gradient did not occur at x = 0, but did occur there for the wildtype (non-dosage
perturbed) gradient. The same procedure was used for Toll-domain based peak splitting, for when ¢
was doubled.

Analysis of the Full Model
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We also analyzed a more complete model of DI/Cact interactions, which is an extension our previously-
published mathematical model (O’Connell and Reeves, 2015). Here we explicitly account for both active
Toll receptors and active Toll bound to DI/Cact complex (Eqns S12 & S13, respectively) , which allows for
the possibility that Toll activity is limiting. The full model of DI/Cact/Toll interactions consists of a set of
eight differential equations for each nucleus h (below). The equations describe the nuclear/cytoplasmic
exchange of DI, Cact and DI/Cact complex, as well as the interactions between DI, Cact, DI/Cact complex
and Toll receptors (see also Figs. 2A, 4G). The equations are simulated over nuclear cycles (NCs) 10-14
and for each nucleus h = 1 ... My, where My is the number of nuclei in the given NC, as previously
described (O’Connell & Reeves 2015). Thus, there are a total of 8My equations during each nuclear
cycle. By NC, M1y = 13, M4 = 19, M, = 26, M3 = 36, M;, = 51.

s [Dl]nuc = m DlA [Dl]cyt out DlA [Dl]nuc kan [Dl] nuc [CaCt]nuc + den [Dl/CaCt]Zuc
(S6)

[Dl]cyt km,piAc ([Dl cyt Z[Dl]cyt + [Dl]?;tl) + krou24rou [Toll: Dl/CaCt]h

kin,DlAn [Dl]cyt + kout DlA [Dl]nuc kan [Dl]?yt [CaCt]?yt + den[Dl/CaCt]}clyt
(S7)

s [dl/CaCt] nuc

- km dl/CactAn [dl/CaCt]cyt out dl/CactAn [dl/CaCt]nuc + kan [dl]Zuc [CaCt];lluc

- kd [dl/CaCt]nuc
(S8)

d
Ve at [Dl/caCt]’clyt
= kmpi/cactAc([Dl/Cact]l, — 2[D1/Cact]ly,, + [D1/Cact]t
— krowp Arou[TollI"[Dl/Cact]Z,e + kroyAroulToll: DI/Cact]"
—kin Dl/CactAn [Dl/caCt]cyt + kout Dl/cactAn [Dl/CaCt]nuc + kpV, [Dl]cyt [CaCt]cyt

— kg4 C[Dl/Cact]Cyt
(S9)

d
/4 E [CaCt] ﬁuc = kin,CactAn [CaCt] ?yt - kout,CactAn [CaCt] ;lluc —kpVy [Dl]gluc [CaCt] ZUC

+ den[Dl/CaCt];lluc
(510)
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d
Vcd—[Cact]Cyt = kmcactAc([Cact]ly — 2[Cact]?,e + [Cact] ) + krou2Arou[Toll: DI/ Cact]"

- kin,CactAn [CaCt] cyt + kout,CactA [CaCt] nuc — [Dl] cyt [CaCt] cyt
+ kqVe[Dl/Cact] ?yt+Pcact - kdegV [CaCt] cyt
(S11)

d
Aron pr [Toll]™ = (krou1 + krowz)AroulToll: DU/ Cact]® — kroy p AroulToll1*[DL/Cact]ly,

+ kactAToll f(x) - kdeactAToll[TOH]h
(S12)

d h
Aron I [Toll:Dl/Cact]

= kroupArou[Toll*[DIl/Cact]?ys — (krou1 + kronz)AroulToll: DI/ Cact]"
(513)

Equation S6 describes the time evolution of the concentration of Dl in the nucleus. The first two terms
on the right hand side (RHS) describe the import into and export from the nucleus, respectively,
controlled by the rate constants k;,, and k,,,;, respectively. The parameter A4,, represents the surface
area of the nucleus. The final two terms describe the binding and dissociation of DI to/from Cact,
controlled by the parameters k; and k, respectively. The volume of the nucleus, which is where the
binding/dissociation events occur, is represented by V,,, which is held fixed within a given nuclear cycle
interphase, but can vary from nc to nc. Equation S7 describes the time evolution of the concentration of
Dl in the cytoplasm, has similar terms as to those found in Equation S6, but also has a term that
describes the intercompartmental transport (often referred to here as simply diffusion) of DI, as well as
a term that describes Toll-mediated dissociation of the DI/Cact complex. The transport term consists of
three factors. The first factor is the mass transfer coefficient, in um/min, that describes the rate at which
intercompartmental transport takes place. The second factor, A, is the area shared by neighboring
compartments WhICh changes with each nuclear cycle. The third factor, ([Dl Cyt — 2[Dl]cyt

?;,'tl) ( [DI]™ Cyt — [D1] Cyt) + ( [DI] ?;,'tl [DI] Cyt), describes the concentration driving force for
exchange between cytoplasmic compartments h and h — 1 plus that for exchange between cytoplasmic
compartments h and h + 1. It should be noted that, if this factor is normalized by (Ax)?, where Ax is
the distance between two neighboring compartments, then this approximates the second derivative in
space on a discretized mesh. The Toll term, k14, 2 A7ou[Toll: DI/Cact] is composed of three factors,
the first being the rate constant describing the Toll-mediated dissociation of DI/Cact complex, the
second being the plasma membrane surface area available to the cytoplasmic compartment, and the
last being the surface concentration of DI/Cact complex bound to the cytoplasmic tail of the active Toll
receptor signaling complex.

Equations S8 and S9 describe the time evolution of nuclear and cytoplasmic DI/Cact complex,
respectively. The second term on the RHS of Equation S9 describes the binding (k1 ) of active Toll
with cytoplasmic DI/Cact complex, while the third term describes the dissociation (without reaction) of
Dl/Cact complex from the active Toll receptor, which is controlled by the rate constant kr,;; ;.
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Equations S10 and S11 describe the time evolution of nuclear and cytoplasmic Cact, respectively. The
final two terms in Equation S11 describe the per-nucleus production rate of Cact and the Toll-signal-
independent degradation of Cact, respectively.

The final two equations describe the time evolution of active Toll and active Toll bound to DI/Cact
complex, respectively. In Equation S12, the third term on the RHS represents the spatially-dependent
production rate of active Toll receptors, which we model phenomenologically by the function f(x) (see
below). This phenomenology captures the rate at which free Spatzle (Spz), the ligand for Toll, binds to
free Toll receptors. The final term represents the constitutive deactivation of active Toll receptors, and
can be thought of the natural dissociation of Spz from Toll.

During interphase, all eight equations are used, and each cytoplasmic compartment contains a single
nucleus; both the nucleus and the cytoplasmic compartment are assumed to be well-mixed. During
mitosis, the nuclear species become undefined. At the interphase-to-mitosis transition, we assume the
nuclear and cytoplasmic species become mixed, and thus, for a species with cytoplasmic concentration
C and nuclear concentration N:

_ VcCinterphase + VnNinterphase

mitosis —
Ve+ W

..where V. is the volume of the cytoplasm in the cytoplasmic compartment, and Vj, is the volume of the

nucleus.

At the mitosis-to-interphase transition, the number of cytoplasmic compartments increases. The
cytoplasmic concentration is linearly interpolated in space to create the initial conditions for the next
interphase in the new (greater number of) cytoplasmic compartments, as has been done previously
(Kanodia et al., 2009; O’Connell and Reeves, 2015). We assume the nuclear concentration of each
species is initially equal to the cytoplasmic concentration for each nucleus h.

The initial conditions for NC10 are zero for [DI].y¢, [Dl]pyc, and [Toll: DI/ Cact]; cy, for [Dl/Cact] y;
and [D1/Cact]pyc; Coaer for [Cact]cye and [Cact]pyc; and Cpoy f (x) for [Toll].

In the equations for the cytoplasmic species in cytoplasmic compartment h = 1, the
intercompartmental exchange term becomes kmAC(ZCthl - 2Ch). Similarly, for h = My, the term
becomes kmAC(ZCh‘1 - ZCh). These changes are similar to no flux boundary conditions at both ends,
representing the ventral and dorsal midlines.

Note that total Dl is conserved:

d
a([Dl]cyt + [DU e + [Dl/Cact]ye + [Dl/Cact]yye + [Toll: DI/Cact]) = 0

(9)
Toll receptors are activated by the ligand Spz on the ventral side of the embryo. We represent this by
assuming active Toll receptors are produced with a Gaussian-like spatial dependence,

£ = exp(-3(2))
(10
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where @ is a measure of the width of the signaling domain (see Eqn S12). Peak production occurs at the
ventral midline, located at x = 0. Active Toll receptors reversibly bind to DI/Cact complexes to form
Toll:DI/Cact complex, which is consumed to produce Toll, free DI and free Cact (rate constant krq;; 5).
The model equations were nondimensionalized, revealing a set of 20 free parameters:

. d -
V;‘Ld_ nuc (DlA Ucyt ‘fDlAnUflluc VV Unch uc+ﬁo Wn’%tc
(516)

. d - - .
Vcd_ cyt = AUA (Ucyt 2Ucyt c!l;tl) + “)EATollX (DlAnUctlyt + fDlAnU!lluc - VVcUh thyt

+BOVCWC3It
(517)
- d A h 7 17h h
Vnd_ (Dl CactA cht EDZ—CactAanuc+VVnUnchnuc ﬂo nuc
(518)
- d h h+1 A h
Vz'd_ cyt - AWAC( ZW cyt ) 77€ATollVchth +V€ATOZZX ZWAanyt
+ EWA VVn}%tc + VV U ythyt BO cyt
(519)
- d A 7h h
Vnd_ nuc — <ZA cht EZAnZnuc Vl/JV Unch nuc +BO¢V Wnuc
(S20)

Vi = WA (Z8r =278, + ZMY) + wepAr X" AR, + & A28 V.U
ch cyt v ( cyt cyt T cyt) WePArou X" — (74, cyt $zAnZnuc — VY cyt
+ .Bollchcht +1-a Vcht

(521)
5
d B

_ h hw h
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(522) =
£
>
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(= A7114kin’iT .= A%;Lkout'iT A= kmriA}L‘l'T _ kacteT _ C'IqollA}L‘} _ Cc(l)l @ =ki T
l ‘/;114 ’l Vn14 o ]/;114 ’ C’Iqoll ' C(gl‘/;l14 ' C(,Qact’ deg
z2 o) o
g(Z) = exp _T¢2 ;(p:f;y:kbCCaCtT,ﬁo :de,

V=krouiT, 0 = krou2Ton = kroupCoiT, P = Kaeace T

...Where Cl-0 are the initial concentrations of species i at nc 10, A}[‘ is the surface area of the nucleus
during nc 14, V,1* is the volume of the nucleus during nc 14, L is the half-circumference of the embryo at
50% AP position (roughly equal to 280 um), and T = 1 min. It should be noted that C2,., is set to be

PcactT/Vn14-

In the scaled equations, initial conditions for NC10 are zero for Uy, Unye, and X; unity for Wiy, Wy,
Zcyt, and Zpyc; and g(z) for Y. When perturbing dosages of d/ or Toll, these initial conditions are scaled
accordingly. For example, in d/ heterozygotes, the initial conditions for W,,; and Wy, are 0.5.
Additionally, in Toll heterozygotes, f is also halved.

The model was then made consistent with the dynamics of the system as published by Reeves et al.
(2012). We used the Improved Stochastic Ranking Evolution Strategy (ISRES) algorithm from Thomas
Philip Runarsson (downloaded from https://notendur.hi.is/tpr/index.php?page=software/sres/sres)
(Runarsson and Yao, 2000, 2005) for optimization, which proceeded by the least squares error combined
with penalty functions designed to reject parameter sets in which the DI gradient width decreased upon
halving the dosage. Optimization runs also incorporated a penalty function designed to reject parameter
sets where nuclear DI and DI/Cact complex displayed reversed roles (i.e. DI/Cact forming the ventral-to-
dorsal gradient), as the algorithm is otherwise blind to the differences between the two species. In other
words, if we included additional information in the error calculation, such as DI-mediated gene
expression (which depends on DI but not DI/Cact), these parameter sets would be rejected as a matter
of course, but instead we chose to simply reject results known to be unrealistic via penalty function.

The 2-D version of the model used to investigate competing AP and DV Toll domains (Figure 6) uses the
same equations as above, except that intercompartmental exchange can happen along two axes. The
system is modeled as a rectangular array of compartments (instead of a linear array), using a 5-point
stencil to discretize the Laplacian as a central difference, with reflective boundary conditions along the
perimeter. For simplicity, the number of compartments along each axis is held constant, as is the
distance between them (4x & 4y).

Relationship between intercompartmental exchange, flux, and diffusion

As mentioned above, intercompartmental exchange can be viewed as a coarse-grained diffusion term.

For cytoplasmic species C, the intercompartmental exchange term centered at nucleus h is
kmAc(CP™1 = 2CM + cM1)

If we multiply and divide by (Ax)?, and also divide by the volume of the cytoplasm, this term becomes

equal to:

kA (Ax)? Ch1 —2¢" + CY k,AL(Ax)? d2C
V. (Ax)? SV dx?
Thus, the effective diffusivity is Dorf = kA (Ax)?%/V,.

In terms of the scaled equations, the intercompartmental exchange term is:
A (et = 2¢h + 1)
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..Where c is the scaled version of the cytoplasmic species concentration, C. Recall that A is defined as
ki ART /Viit®, so that A4, = D,gfV. T/(Ax)?.If we define the scaled effective diffusivity as
~ DepsT  kmAcT(A2)* AAC(AZ)Z

Deff = 12 7 A
...then the scaled intercompartmental exchange term becomes:

_ o (cMr=2ch 4 M) dP%c

VeDers 2)? ~VeDesr 72

Note that while k,, and A are fixed parameters within a single simulation, D, and ﬁeff vary with
nuclear cycle.

Given these relationships, we can derive the relationship between approximate diffusive flux and
intercompartmental transport:
_ . dc - Ac A.(Az)? Ac
effective flux = —DeffE =~ —DeffE = —ATE

h+1 _ .h

..Where Ac = ¢ ch.

The “fluxes” plotted in Fig S2 are not actual fluxes. Instead, for species i, we plotted
ACi
lotted flux = —1; —
p L AZ

The remaining factors in the effective flux that are not included in the calculations are A.(Az)?/V.,,
which are not species-specific (but they do change with nuclear-cycle). Thus, as we are comparing the
plotted fluxes of two species within the same nuclear cycle, the plots are each proportional to their
respective effective fluxes with the same proportionality constant.

Analysis of Kanodia and Ambrosi models

We recreated the model published by Kanodia et al. (2009) and the subsequent analysis performed by
Ambrosi et al. (2014). As published, the Kanodia model assumes an equal rate of diffusion for DI, Cact
and DI/Cact. However, to test the contribution of diffusion for each of the three species, we relax this
assumption. Otherwise, the model remains unchanged for our analysis.

We used the parameter values published in Table 1, column 7 of Ambrosi et al. (2014) as the basis for a
perturbation analysis. We chose this parameter set, termed “gyn 1” by the authors, because it is
simulated in Figure 5C of Ambrosi et al., and in that scenario, it is shown that lowering the diffusivity
widens the DI gradient (as expected of a shuttling system). By perturbing the diffusion coefficients of
this parameter set, we reproduce this widening phenomenon and show that, in the Kanodia/Ambrosi
model, the widening is due to shuttling, as a decrease in the diffusion rate of DI causes the gradient to
contract ventrally, and a decrease in the diffusion of DI/Cact causes the gradient to expand dorsally
(Figure S2). In other words, shuttling is a property of this model, even when the authors did not intend it
to be, and is not solely a property of our more detailed model. This is because shuttling arises naturally
from the topology of a system that has a binder that, when in complex, can diffuse, protects the active
species from capture, and dissociates from the active species in a spatially-dependent manner.

We also performed simulations of d/ heterozygous embryos using the Ambrosi model (Figure S4C,D). In
the paper (Ambrosi et al., 2014), the authors note that the normalized DI gradient shape is independent
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of the initial dose of DI. The authors then suggest a possible mechanism for the widening (but not flat-
top or double-peaked) phenotype of di/+ embryos. Namely, that in these embryos, the rate constant
describing the Toll signal-independent degradation of free Cact protein by the proteasome increases
four-fold in di/+ embryos. Therefore, their base parameter set is used to simulate wildtype embryos,
and the alternative parameter set (with a four-fold increase in kp.) is used to simulate di/+ embryos.
This results in a widening of the DI gradient in dl/+ embryos. However, when we compare simulations of
wildtype vs. di/+ embryos using just the base parameter set (Table 1, Column 2 from Ambrosi et al.,
2014) the normalized gradients collapse on each other (Figure S4D). Similarly, when we compare
simulations of wildtype vs. dl/+ embryos using just the alternative parameter set (Table 1, Column 3
from Ambrosi et al., 2014), the normalized gradients also collapse on each other (Figure S4D). In
comparison, our model using explicit active Toll receptors reproduces the dl/+ phenotype simply by
reducing the dosage of d/ (Figure S5EF), and does not require assuming that any other rate constants in
the model change when the dosage of d/ changes.

Fly lines

dl-paGFP was injected into the fly line yw; VK33 (landing site: third chromosome 65B2) by Duke
University Model Systems, Durham, NC. d/-dGFP was inserted on the second chromosome at landing site
attP40 by Genetic Services, Inc, Sudbury, MA. The dl-dVenus BAC was injected into the fly line yw; VK33
(landing site: third chromosome 65B2) by Genetic Services, Inc, Sudbury, MA.

The plasmid carrying FRT-stop-FRT hsp83> Toll 10b: bcd 3’UTR was injected into fly line attP2 with a
landing site at (3L) 68 A4 by Genetivision, Inc. (Houston, TX). To remove the FRT-stop-FRT cassette, we
crossed male flies carrying this construct to virgins carrying hsFLP on both X chromosomes (BS# 8862).
Females were allowed to lay embryos for 2-3 days before they were removed to a new vial. Vials
containing 3-5 day old larvae (F1 generation) were heat shocked at 37°C for 2 hours. Males with red
eyes (F1 generation) were crossed to virgin yw flies. Flies from the F2 generation were crossed to virgin
yw flies to create the F3 generation, which was screened for female sterility, used as an indication of
removal of the FRT-stop-FRT cassette.

In order to ablate the native DV DI gradient, we generated a gd’ line null for white. gd’/FM3 flies (BS#
3109) were crossed to yw and the progeny crossed into stable lines that were screened for white eyes
and females that were homozygous sterile. These flies (gd’w/FM3) were then crossed to males carrying
toll*: bed 3'UTR/+ (weak bed promoter construct on the second chromosome, strong hsp83 promoter
on the third chromosome). Males from this cross with the phenotype gd’/Y; toll*®*: bed 3’UTR/+ were
crossed again to gd’w/FM3 virgins, generating females that are homozygous null for gd (thus abolishing
the wt DI gradient) and provide their embryos with only the AP DI gradient. We screened these females
for the absence of bar (present on FM3) and the presence of white (present on toll*®: bcd 3’UTR).

In Fig. S3B,C, we evaluated the effect of a dl-lacZ transgene on the DI gradient (Govind et al., 1992). As
B-galactosidase (B-gal) tetramerizes, this fusion should slow diffusion of DI to a greater extent than
dGFP. Due to its anti-morphic nature (Govind et al., 1992), dl-lacZ is suspected to be expressed at low
levels in surviving fly lines (Govind et al., 1996). Therefore, two copies of this transgene in a dl/+
background were analyzed (Fig. S3B,C).

The cact-lacZ transgene studied in Fig. S3B,C was present in single copy and was in a heterozygous cact
background (Fernandez et al., 2001).
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Collection of Egfr'; dI* embryos

As shown in Figure S5H,1, only 3 and 1 embryos were imaged for the Egfr’; dIf%/+ and Egfr'; dIF fly lines,
respectively. This resulted from multiple problems. First, there was a limited quantity of females found
with the correct genotype. The females were collected from the Egfrtl/+; dIf/+ fly line. The relative lack
of fitness of the Egfr'’; dIf/+ and Egfr'}; dIf¢ adults resulted in roughly ~10 such females found over the
span of two weeks of collection from multiple bottles. Second, the fecundity of these females was
severely compromised. Embryos were collected and fixed over 24 hour periods. The grape juice agar
plates were checked for embryos every two hours. If any embryos were found, they were aged for two
hours and fixed. Third, high attrition rates during fixation, especially during the devitellinization step,
were observed (Kosman et al., 2004). Finally, upon imaging, most embryos were not found to be in the
midst of nc 14. All of these factors contributed to the low sample size.

BAC Recombineering

Please note that residue 206 in GFP is actually residue 207 in the Venus protein as Venus has a Valine
residue after the initial Methionine that is not present in the original GFP protein. For consistency,
researchers refer to these residues by their location in GFP.

Fluorescent in situ Hybridization

Both sna-biotin and sna-fluorescein anti-sense RNA probes were used. Antibodies used were anti-dorsal
7A4 (deposited to the DSHB by Ruth Steward (DSHB Hybridoma Product anti-dorsal 7A4)) (1:10), donkey
anti-mouse- 488 (Invitrogen A21202, Lot 81493) (1:500), rabbit anti-histone (abcam ab1791, Lot 940487)
(1:5000), donkey anti-rabbit-546 (Invitrogen A10040, Lot 107388) (1:500), goat anti-biotin
(ImmunoReagents, Raleigh, NC, GtxOt-070-D, Lot 19-19-112311) (1:50,000), donkey anti-goat-647
(Invitrogen A21447, Lot 774898) ( (1:500), goat anti-fluorescein (Rockland 600-101-096, Lot 19458)
(1:500), rabbit anti-fluorescein (Life Technologies A889, Lot 1458646) (1:500), goat anti-histone (Abcam,
ab12079, Lots GR6952-4 and GR129411-1) (1:100)

Sequencing dI***

Genomic DNA was extracted from males homozygous for di*>® according to standard protocols. We PCR
amplified the entire d/ region, then used 9 different primers to ensure complete sequencing coverage.
Sequencing was performed by GENEWIZ, RTP, NC. The resulting sequence was compared to the
consensus sequence available at FlyBase. Each mismatched codon was investigated as a potential source
of an altered or truncated sequence. We found that a mutation at nt 3256 (entire d/ genomic sequence)
from G->T results in a premature stop codon, which we presume is the source of the amorphic allele.

Image analysis of toll*®°: bed 3’UTRembryos

The Dorsal gradient and snail expression in embryos from mothers carrying the tol*®: bed 3’UTR
transgene and homozygous for the gd” mutation were analyzed using the following procedures. First,
the z-stack images (taken as described in Experimental Procedures) were background subtracted
assuming the mode of the image corresponded to zero fluorescence levels. Next, a maximum intensity
projection was created, and the intensities from the three color channels (DI, histone h3, and snail) were
summed. The resulting image was Gaussian filtered in both the x and y directions using ten pixels as a
kernel. This created an image 11 with the embryo as a single, bright object to facilitate discovery of the
embryo boundary.

The embryo boundary was found according to (Jermusyk et al., 2016).
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Once the boundary was found, an inner boundary was constructed by moving the 60 updated boundary
points inward by 30 pixels in the direction of the local normal. This defined 60 quadrilaterals that
encompass the outer periphery of the embryo. These quadrilaterals were laid on top of the image slice
corresponding to the mid sagittal plane of the embryo, and each of the three color channels were
unrolled using a affine transformation on the 60 quadrilaterals to result in 60 rectangles (see (Liberman
et al., 2009; Trisnadi et al., 2013) for more information).

The nuclear channel was then segmented using a local thresholding (Trisnadi et al., 2013). The Dorsal
intensity in each nucleus was then computed as the intensity in the Dorsal channel, normalized by the
intensity in the nuclear channel. The intensity of sna expression was found as the average intensity of
the sna channel within this unrolled strip loosely bounded by the nuclei.

Photobleaching experiments

Embryos were dechorionated, mounted, and imaged using the same protocol as described in the
“Activating paGFP in Live Embryos” section. Individual nuclei were chosen at random across the embryo.
Bleaching box: ~700 pixels (26.46 microns by 26.46 microns), bleaching time (amount of time the laser
bleached the nuclei): ~20 seconds, number of cycles: 30. Each bleaching session lasted about 30 minutes
(Movie S3) and was followed by imaging the entire depth of the embryo. Two nuclei per embryo were
imaged in a single session. Laser power: 50% for each nucleus. A 488 nm laser was used for the
bleaching of GFP.

Each FRAP experiment was analyzed according to the following procedure. First, the image sequence
was stabilized using a standard optical flow protocol, which was necessary because the embryo
sometimes moved very slightly during imaging. The optical flow protocol is as follows. In any xy frame at
time point t, let the brightness at any pixel with coordinates x, y be f(x,y, t). The goal is to find the
values of dx and dy that make f(x + dx,y + dy,t + dt) = f(x,y,t), where dt is the time difference
between two successive frames. In a general optical flow protocol, there will be a different set of dx, dy
depending on which pixel (or local pixel region) you are examining. However, for our particular
application, we assume that the entire frame is translocating with the same dx and dy; that is, all nuclei
move together as a rigid body. We also assume object brightness is roughly constant from frame to
frame, save possibly a small average difference between two successive frames, df .

Performing a first order Taylor series expansion of f about (x, y, t), we obtain,

fix+dx,y +dy,t+dt) = f(x,y,t) + fedx + f,dy + fidt
..where f, is the partial derivative of f in the x direction evaluated at pixel (x,y) in frame at time ¢, f,
is the partial derivative of f in the x direction evaluated at pixel (x, y) in frame at time t, and f,, is the
partial derivative of f in the y direction evaluated at pixel (x, y) in frame at time t, and f; is the partial
derivative of f in the x direction evaluated at pixel (x, y) in frame at time t. Using finite differences, for
each pixel save one row/column, f, and f, can be approximated. According to our objective, for the
correctly chosen dx, dy:

df = f(x+dx,y+dy,t+dt) — f(x,y,t)

Therefore,

fxdx + fydy — df = —fidt
This equation can be written for every pixel in the frame, save one row and one column. Using linear
least squares, the best-fit dx, dy, df can be found. Each frame from frame 1 to frame n, — 1, where n;
is the total number of frames, will have different values of dx, dy, df.
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The optical flow algorithm is applied to image frames that have been first morphologically opened with
a disk structuring element of 5 pixels (to remove small artifactual objects) and Gaussian filtered (to
blur/smooth the image) with a width of 10 pixels. Applying the optical flow protocol always resulted in
an adequately stabilized image, which implies that our assumptions were adequately satisfied.

Next, the stabilized image was segmented to detect the nuclei. If the image sequence was taken with
both DI-GFP and H2A-RFP (to mark the nuclei), then the RFP channel was used to segment the nuclei. If
only DI-GFP was imaged, then the GFP channel was used, which only works if the focus is on the ventral
side. To detect the nuclei, the entire image sequence was summed to find an aggregate frame (Figure
S3D). This aggregate frame was morphologically eroded by the pixel equivalent of 2 microns, then
morphologically dilated by the pixel equivalent of 0.5 microns. This resulted in an aggregate frame
where small, non-nuclear objects were removed, but objects representing nuclei that remain were
ensured to have a diameter of at least 0.5 microns. After Gaussian blurring with a width of the pixel
equivalent of 0.5 microns (Figure S3E), a watershed algorithm was applied to the complement of the
blurred image. The watershed image was a label image, where the pixels corresponding to each nucleus
plus the cytoplasm surrounding it were given a distinct numerical label (Figure S3F). The boundaries
between cytoplasmic compartments were pixels of zero intensity (white in Figure S3F,G). This
watershed matrix served to delineate the boundaries between cytoplasmic compartments for the
remainder of the analysis.

We then analyzed each individual frame of the image sequence. We split the frame into the pixel sets
that corresponded to each cytoplasmic compartment found by watershed. Each cytoplasmic
compartment was hard-thresholded at 35% intensity. The remaining object with the largest area was
declared to be the nucleus, after eroding by a disk of three pixels (Figure S3G, blue). All pixels outside of
the largest-area object (pre-erosion) were also eroded by a disk of three pixels then declared to be
cytoplasm (Figure S3G, orange). The two erosion operations were performed to get conservative
estimates of what is the nucleus and what is the cytoplasm. This process was repeated for each
cytoplasmic compartment in each frame of the image sequence, which resulted in our ability to track
the nuclear and cytoplasmic fluorescence in the DI-GFP channel, over time (Figure S3H).

The timecourse data for the nuclear intensity were then fit to the solution of a differential equation that
described the nuclear concentration of DI:

d[Dl]
Tnuc =kin [Dl]cyt — kot [Dl] e

..where [Dl],,c and [DI],, are the nuclear and cytoplasmic concentrations of DI, respectively, and
Kin, koys are the nuclear import and export rate constants for DI, respectively. The cytoplasmic
concentration timecourse measurements served as input to this equation, and the nuclear
concentration timecourse measurements were the target of the fit.

For a general function [DI].,.(t), the solution to this differential equation is:

t
[Dl]nuc(t) = 0o exp(_koutt) + kinexp(_koutt)j [Dl]cyt(t,) exp(koutt,) dat’
0

..where t = 0 corresponds to the time point directly after bleaching, and ¢ is an adjustable parameter
that corresponds to the concentration of nuclear DI at time t = 0. The fits were performed with
Matlab’s Isqcurvefit function.

Parameter Estimation
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Some biophysical parameters that appear in our model have crude estimates available. These estimates
helped us set acceptable bounds for variation of these parameters in our parameter search scheme.
First, photobleaching experiments (this work and Delotto et al., 2007) help to constrain k;;, and k,,;
(from the full model; these correspond to dimensionless parameters ¢ and &). Our photobleaching
observations put our estimate of both kj,, = ki, An/Vy, and klye = kout An/Vy, at roughly 0.1-0.4 min™
(Fig S31). Analysis of photobleaching recovery curves found in Delotto et al., 2007 give an estimate of
kpy: as 1 min™. Note that k;;, and k,,,; in the simplified model are the same as k;,, and k,,,; discussed
here.

The dimensionless parameters { and ¢ are defined as:

{ = (ABT/VIki = kl,Tand & = (AT /ViIMkoye = kLT, where in both cases, the final
equality holds true during nuclear cycle 14, and where T = 1 min. of these Therefore, preliminary
estimates of these parametersare { ~ 0.1 —0.4and ¢ ~ 0.1 — 1.

However, recall that there is a { for Dl and a { for DI/Cact complex (and similar for ). Because of this,
we did not have utter confidence in using the photobleaching estimates to directly constrain the {'s and
&'s. Instead, we assume the estimation of k;,, and k,,,; from these experiments is some weighted
average between those parameters for free DI and DI/Cact complex with unknown weightings.
Therefore, we took these estimates as justification to center our evolutionary search algorithm (for the
full model) around 10°. For the simplified model, we held K., = k;y,/k oy fixed at 4, which roughly
reflects the ratio of nuclear to cytoplasmic DI near the ventral midline.

Next, there are several rough estimates and/or scaling arguments available for the intercompartmental
exchange coefficients, 4. As defined above, A = k,,AL* T /V;1*4, where k,, is the mass transfer coefficient
(in dimensions of length per time), A%* and V! are the surface area and volume of a nuclear cycle 14
nucleus, respectively, and T = 1 min. If the nucleus is roughly spherical and its radius is roughly 5
microns, then this definition implies k,,, =4 X 1 micron/min ~ A X 10~® cm/s. Engineering literature
suggests that mass transfer coefficients of proteins through membranes, in protein separations
processes, can span 1073 — 107% cm/s, which implies A could fall within the range of order 1 up through
10%. On the other hand, theoretical scaling arguments in which A is controlling the shape of a gradient
suggest A could fall within the range of 10* through order 1. As we have no reason to believe that the
literature measurements (in separations) represent a lower bound, nor do we need to assume that a
simple scaling argument represents the upper bound (considering the complexity of our model), it is not
unreasonable to allow in our parameter searches several decades of variation centered on 10° (see Fig
2B).

As further confirmation of this, we used our photoactivation experiments to give a very crude estimate
of the effective diffusivity. We observed that DI moves over 7-10 nuclear diameters in the time span of
90 minutes. As the average distance between the centroids of two neighboring nuclei is roughly 7 um,
this translates to an effective diffusivity of ~0.4-0.9 um?/s and a time scale to cross one cell diameter
that is on the order of minutes. However, this crude estimate stems from an experiment not designed
specifically to measure the diffusivity, and also does not take into account the changing distances
between nucleocytoplasmic compartments due to mitosis during the 90 min period. Even so, this
estimate also suggests that the A values be centered around 10°. Using scaling arguments, we suggest
the effective diffusivity is on the order of 1 micron? per second. As detailed above, the relationship
between effective diffusivity and “lambda” is as follows:
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D = /11‘1cVn14 (Ax)?
eff — VCA};} T

..where A_ is the surface area between nucleocytoplasmic compartments available for
intercompartmental exchange, V. is the volume of cytoplasm inside a nucleocytoplasmic compartment
(so, total volume minus the volume of the nucleus), Ax is the diameter of a nucleocytoplasmic
compartment (roughly 7 microns), and, as before, AL* and I/;l14 are the surface area and volume of a
nucleus, and T = 1 min. This relationship can be rearranged to give
T ACVn14

Det 1 @ = veass
...where the left hand side is approximately equal to one (dimensionless). Assuming each
nucleocytoplasmic compartment is roughly cylindrical with a radius R and height h, the right hand side
becomes:

A
075 dx/r — 24/ (hix) ~ 1
If Ax = 7 microns, r = 2.5 microns, and h = 15 microns, then this means lambda ~ 2. However, recall
that this was originally based on a very rough estimate for D, ¢ from an experiment that was not
designed to estimate this parameter. However, this can be taken as an independent argument that the
range of possible values for A should be centered around 10°.

Fitting DI gradients and sna peaks

Each DI nuclear gradient curve was fit to a modified Gaussian-like curve with five adjustable parameters:
DI(x) = Aexp(—(x — 1)*/(20%)) + B — M|x|

Here A is the gradient amplitude, B represents the basal levels, ¢ is the gradient width, and M is the

(typically non-zero) slope of the tails of the gradient. The parameter u is the location of the ventral

midline within the image. See also (Liberman et al., 2009; Reeves et al., 2012; Trisnadi et al., 2013) for

more information.

Plots of normalized DI gradients were generated by subtracting B value and 70% of the M value, then
dividing by A. In other words:
DIl(x) — (B — 0.7M)
Dlyormaiizea (X) = A

Only 70% of the slope was subtracted because it is the average between the value of the gradient tail at
x = 1 (lowest value) and at x = 0.4 (where the contribution from the Gaussian terms in wildtype
embryos become negligible).

The average normalized intensity curve was generated by averaging the normalized curves of all
embryos in the specified genotype. After this procedure, the averaged curve was not re-normalized,
which is why these averaged curves do not always fall exactly between zero and one.

The width of the sna domain for each embryo was computed as described in (Liberman et al., 2009;
Reeves et al., 2012; Trisnadi et al., 2013). Briefly, a canonical profile of sna, called snay(x), was
generated by averaging the sna domain of many wildtype embryos together. Next, local background
subtraction was performed (top hat morphological transform) with a structuring element of width of
25% DV axis length, which removes background intensity variations that are wider than the structuring
element. Peaks of sna expression are preserved in height and width because they are narrower than the
structuring element. Finally, all sna expression domains were then fit to this canonical profile by the
following equation:
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sna(x) = A snay(x/8) + B,
where A and B are the amplitude and background levels, and § is a “stretching factor” that defines how
wide or narrow the individual sna expression domain is with respect to the canonical form. If § > 1,
then the individual profile is wider than the canonical form, and if § < 1, then it is narrower. The final
width measurement of the sna domain was computed as the width of the canonical profile (measured at
half-max) times 4. In a similar manner to DI, when average sna curves are generated, the resulting
curves were not re-normalized, which again is why these averaged curves do not always fall exactly
between zero and one.
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Figure S1: Photo-Activated DI Can Be Seen at Least Seven Nuclei away from the Activation Box on
the Ventral Side, Related to Figure 1. Six z-slices (xy sections) of embryo found in Figure 1H are
depicted, as well as a yz-section (right), where the arrow indicates the z-direction. Yellow bars
indicate the x-coordinate fixed in the yz-slice. Arrowheads point to individual nuclei. Arrowheads
of the same color refer to the same nucleus in different views. Three nuclei can be counted
between the activation box and the nucleus referenced by the yellow arrowhead.
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Figure S2: Previous Models of the DI Gradient Also Exhibit Shuttling, Related to Figure 2. (A) The
model from Ambrosi et al., 2014 predicts the widening of the gradient when the diffusivity of all
three species (DI, Cact, and DI/Cact complex) is simultaneously lowered (top panel; see arrow for
direction and inset for better view of the changes to the gradient). Note that in the Ambrosi
model, there is only one diffusivity parameter, which dictates the mobility of all three species. This
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widening is apparently the result of changes to the DI/Cact complex flux, as the flux of Dl is towards
the dorsal midline (curves are above zero in the second panel), yet the flux of DI/Cact complex is
towards the ventral midline (curves are below zero in the third panel). The flux of Cact has minimal
effect (based on order of magnitude; fourth panel). (B) If the diffusivities of both DI and DI/Cact
complex are lowered, the widening effect is also present. The fluxes are qualitatively similar to (A).
(C) If the diffusivities of DI and Cact are both lowered, the gradient becomes slightly narrower. This
highlights the fact that the widening (shuttling) effect comes from DI/Cact complex. Indeed, in this
case, the DI/Cact complex flux is only minimally effected by this change (third panel), so the
narrowing effect must come from the change in the DI flux (second panel). (D) Changing the
diffusivity of DI only has nearly the same effect as that seen in (D). (E) Changing the diffusivities of
DI/Cact complex and Cact widens the gradient, to a greater extent compared to those seen in (A)
and (B). This effect again must be the product of the change to the flux in DI/Cact complex (third
panel), as the change to the DI flux is minimal (second panel). (F) If the diffusivity of only DI/Cact
complex is changed, the result is nearly identical to that seen in (E). (G) Changing the diffusivity of
Cact alone has an insignificant effect on the DI gradient. Parameter set used can be found in Table
1, Column 7 of Ambrosi, et al., 2014, which corresponds to the simulation for the gyn mutant.
Colorbar at bottom highlights that lower diffusivities are indicated by magenta. (Note that the
first/last simulated nucleus in not exactly at DV = 0/1, respectively, because of the discretization
mesh. Thus, graphs of the flux do not necessarily start and end at exactly zero for the DV
coordinate.)
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Figure S3: Decreasing Diffusion of DI/Cact Widens the DI Gradient, Related to Figure 3. (A) Full data
sets of DI gradients that were averaged to result in the curves found in Fig. 3A. (B) Normalized
average DI nuclear gradients in embryos from several different genetic backgrounds. Plots are only
shown for half of the DV axis so that more gradients can be plotted without too many being
plotting on top of each other. Genetic backgrounds include wildtype (both sides of graph), di/+; dI-
mVen/+ (mVen; left), di/+; dI-dVen/+ (dVen; left), dl/+; dI-lacZ (dI-lacZ; right), and cact/+; cact-
lacZ/+ (cact-lacZ; right) embryos. Inset shows more clearly that dl-lacZ and cact-lacZ are slightly
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wider than wt. Legend: full genotypes depicted at bottom of boxplot in (C); color scheme the same
between (B) and (C). (C) Gradient widths in the embryos from (B). Note that the same “allelic
series” approach is also valid for DI-Venus constructs. Embryos from dl/+; dI-mVenus/+ mothers
have slightly wider gradients than wildtype, (o = 0.179 * 0.005; mean % s.e.m.), while embryos from
dl/+; dl-dVenus/+ mothers had further widened DI gradients (o = 0.192 + 0.003). Furthermore, both
dl-lacZ and cact-lacZ expand the gradient. In particular, the fact that cact-lacZ expands the DI
gradient indicates that that this fusion affects the accumulation of DI. (D) Example aggregate frame
(sum of all frames in the nuclear channel) for bleaching experiment (dl/+; dI-mGFP/+ embryo
shown). (E) Aggregate frame after erosion, dilation, and Gaussian blurring. The complement of this
image was used for a watershed operation. (F) Output of watershed protocol. Each cytoplasmic
compartment is individually labeled with a different numerical value (shown here as a different
color). White pixels delineate boundaries between the compartments. (G) Segmented image of
frame 1. Each compartment is analyzed individually and is subdivided into nucleus (blue) and
cytoplasm (orange). The black pixels belong to neither, due to labeling nucleus and cytoplasm
conservatively. (H) Timecourse of nuclear (blue) and cytoplasmic (red) DI for one photobleaching
experiment. The least-squares fit is shown in yellow. (I) Boxplot of measured values of k,,; (left
side, gray) and k;,, (right side, white) for dl/+; dI-mGFP/+ embryos (m; blue) or dl/+; dI-dGFP/+
embryos (d; red). Values in inverse minutes. The difference in k,,,; between mGFP and dGFP is not
significant, whereas the difference in k;, clearly is: k;;,, for dGFP is roughly twice as large as that for
mMGFP. (H-O) Model analysis of perturbing the import rate, the diffusion rate, or both. This analysis
was performed to determine whether the difference in import rate could explain the difference in
gradient width. (J) Effect of lowering the diffusivity of DI/Cact complex on the nuclear DI gradient
(simulation using the “Full model”). The hallmark shuttling phenotype is observed. (K) Curves from
(J), but normalized. (L) Same as (J), but k;,, is increased by the same fold-change as the Dy is
decreased. The hallmark shuttling phenotype is still observed. (M) Curves from (L), but normalized.
(N) Same as (L), but only k;;, is perturbed (Dp is held fixed). The shuttling phenotype is not
observed. Thus, a shuttling phenotype is observed when diffusion is altered, but not when only
capture is altered. (O) Curves from (N), but normalized.
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Figure S4: Updated Model Formulation Recreates the d/ Heterozygous Phenotype, Related to
Figure 4. (A) Plots of simulated DI gradients for wildtype (2x dl) and dl/+ (1x dl) embryos in a model
with no toll saturation taken into account (O’Connell and Reeves, 2015). (B) Same plots from (A),
but normalized. The two plots collapse onto each other. (C) Same as (A), but for a different model
formulation found in (Ambrosi et al., 2014). Two separate parameter sets are represented: base
and alternative. See Supplemental Experimental Methods for explanation. (D) Same plots from (C),
but normalized. As with (A,B), the plots from corresponding parameter sets collapse onto each
other. (E) Same as (A), but for a model that considers the possibility of active Toll saturation (“Full
model” formulated here). Even without normalization, the difference in peak shape can be seen.
(F) Same plots from (E), but normalized. The difference in peak shape is more clearly seen. Similar
results can be obtained using the simplified model with Toll saturation. (G-I) Full data sets of DI
gradients that were averaged to result in the curves found in Fig. 4H.
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Figure S5: Severe Defects in DI Gradient Formation from Simultaneous Shuttling Perturbations
Result in Compromised sna Domains, Related to Fig. 5. (A) Representative embryo from among the
five dl; dI-dGFP/+ embryos that expressed sna very weakly. The sna domains in these embryos
could not be detected by unsupervised image analysis (Trisnadi et al., 2013). Manual analysis was
required to extract the width of the sna domain. (B) Quantification of the sna domain from embryo
in (A). The width of the sna domain in this embryo was measured as the half-width of the peak at
half-max. The red curve is background subtracted with a structuring element of the size of 25% of
the DV axis arclength. This procedure preserves the peak (which is narrower than 25% DV axis
arclength) while removing most of the noise outside of the peak. (C) The average sna domain from
wildtype, dI; dI-dGFP/+ (1x dI-dGFP), dI; dI-mVen/+ (1x dl-mVen), and dl; dI-mVen (2x dI-mVen)
embryos. Of these, only dI; dI-dGFP are non-viable, and these also have a visibly narrower sna
domain. Wildtype and dl; dI-dGFP curves the same as found in Fig. 5C, and do not include the
“weak” sna domain embryos found in (A,B). (D) Boxplot of sna domain widths for embryos of
various genotypes depicted at bottom. The first, second, third, and fifth box-and-whisker sets are
also found in Fig. 5E. This boxplot is for further comparison of the “weak” sna domains (embryos in
A,B) and embryos with dI-mVenus constructs. Most relevant pair-wise statistical tests can be found
in Fig. 5E. The “wt (with Venus)” corresponds to measurements of wildtype embryos that were
stained with the mVenus embryos in the same experiment. These are statistically indistinguishable
from the wildtype population in the first column. Asterisks indicate pair-wise statistical difference
from “wt (with Venus)” population.
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Simulations of the DI nuclear gradient, widening the Toll domain
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Figure S6: Rescuing The Single DI Gradient Peak in Embryos with Wide Toll Domains, Related to Fig.
6. (A,B) Simulations of the DI nuclear gradient, using the “Full model”, with different widths of the
Toll domain. Note that wider Toll domains result in wider gradients, and split peaks when the Toll
domain is wide enough. The non-normalized plots are in (A), and normalized in (B). Colorbar
indicates spectrum of Toll domain width. Note this colormap runs opposite to those for the
diffusivity in Figs 2 and S2, as in all plots with this colormap, moving towards magenta refers to
larger shuttling perturbations. Similar results can be obtained using the simplified model with Toll
saturation. (C,D) Simulations of the DI gradient with a wide Toll domain and decreased Toll
receptors. The shuttling hypothesis with Toll saturation predicts that the split peak of the DI
gradient found when the Toll domain is widened is abolished if active Toll levels are reduced by
50%. This can be seen in both the non-normalized (C) and normalized (D) plots. (E,F) Simulations of
the DI gradient with a wide Toll domain and with three different d/ dosages: wt (2x), 3x, and 4x.
Increasing dl dosage results in a tall gradient (E), but also one with a less severe split peak (3x) or a
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single peak (4x), as seen in the normalized plot (F). (G,H,l) Measurements of total dl (nuclear +
cytoplasmic) in single Egfr'* embryos (maternal genotype) with two copies of d/ (G), three (H), and
four (1). The averaged gradients from these sets of embryos can be seen plotted in Fig. 6E. Note
that one outlier for Egfr? was not included in part (G).
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Figure S7: Embryos with AP DI Gradients Under the Control of a Weaker (bcd) Promoter Do Not
Exhibit the Double-Peak Phenomenon, Related to Figure 7. For this experiment, five embryos were
analyzed, four of which had a detectable peak at the anterior pole. Note that the x-axis in (C) is the
anteroposterior axis, not the dorsal-ventral axis as has been commonly used in the rest of this
document.
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Supplemental Tables

Table S1. List of Primers Used for BAC Recombineering and Sequencing.

Click here to Download Table S1

Supplemental Movies

® Movie_S1.mov

Movie S1: A Z-stack of an Embryo with DI-paGFP That Has Been Activated Near the Ventral
Midline, Related to Figure 1.
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http://movie.biologists.com/video/10.1242/dev.155549/video-1
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B Movie S2.mov

Movie S2: A Z-stack of an Embryo with DI-paGFP That Has Been Activated on the Dorsal Side,
Related to Figure 1.

Movie S3: Time course of a photobleaching experiment with a dl/+;dI-mGFP/+ embryo. Left side:
DI-mGFP fluorescence. Right side: H2A-RFP fluorescence. Frames are 30 s apart. Movie played at
7 frames per second. Related to Figure 3.
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