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Abstract

Combinatorial signaling is key to instruct contelependent cell behaviors. During embryonic
development, adult homeostasis and disease, Bone Morphicgenateins (BMPs) act as
dimers to instructspecific cellular response®8MP ligands can form both homo or
heterodimershowever, obtaining direct evidencetbe endogenous localization and function

of each formhas proven challenging. Here, we make use of precise genome editing and direct
protein manipulatiorvia protein binders to dissect the existence and functimielanceof

BMP homo and heterodimers in tHerosophilawing imaginaldisc. This approacrevealed

in situthe existence dDpp (BMP2/4)/Gbb (BMP5/6/7/8) heterodimersWe found thatGbh
despite being produced by all the cells of the wimgginaldisc,is only secretetyy thecells

in whichDpp is expressedpp and Gbb formagradient of heterodimekghereaseither Dpp

nor Gbbhomodimers arevident under endogenopbkysiological conditions/Ne findthat the
formation of heterodimes is critical for obtaining optimal signalingnd long-rangeBMP
distributionin the developing wingThese results indicate that Dpp/Gbb heterodimers are the
active signal required for @pelial patterning and growth.
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Introduction

Bone morphogenetic proteins (BMPspresent@anciengroup of signaling ligands (Bragdon
et al.,, 2011). BMPs belong to the T@Fsuperfamily and have been shownttigger cell
division, differentiation and death, among other cell behavigkdiyazono, Kamiya, &
Morikawa, 2010; R. N. Wang et al., 2018MPs are essential regulators of the embryonic
development o&ll metazoandn fact, loss of BMP signalingnvariably results in embryonic
lethality (Irish & Gelbart, 1987; Mishina, Suzuki, Ueno, & Behringer, 198)IPs are also
tightly linked toseveral human diseases, such as canderethey havebeendescribed both
asoncogenes and tumor suppressors (Bach, Park, & Lee, 2018).

During their biogenesis, pairs BMP monomers form a disulfidaridgein the endoplasmic
reticulum(ER), resulting in a covalently bound dim&ecretedMP dimersthenactontarget
cells via the assembly of a heterotetrameric complex caegrof two type | and two type Il
Serin/Threoninkinase receptorfLittle & Mullins, 2009). Recognition of the BMP ligand in
the surface of the cellesultsin type | receptoractivation and downstream targegene
modulation va phosphorylabn of theSmad signatransducefMad in Drosophilg).

In vivo, multiple BMP genesare often expressed bthe same cell, potentiallgadingto the
formation of different homoand heterodimerdn most casesherespondingcells can also
displaydifferent typel and type Il receptor&siven that differenBMPs havedlistinct affinities
for specific receptorshetere and homodimers can result in the formation of unique recept
complexes exhibiting diverse signaling capacifiestle & Mullins, 2009). The multimeric
essence aheBMP pathwayelementsesults in a broad combinatorial space, permitimgde
range of signaling outputs depending on the context (Antebi et al., 2017).

Despitetheir importance, the consideraldesersity and redundancy of BMRands, coupled
with the limitations of currengenetic toolshas made it difficult to disseat vivo both the
presence and the function ®BMP homaimers versubeterodimers

In contrast to mammals, whereore than 20 BMRencoding genebave been describethe
Drosophilamelanogastegenomepossessehireegenesdecapentaplegi¢dpp), encodinghe
vertebrate BMP2/4ortholog, andscrew (scw) and glass bottom boat(gbb), encoding
BMP5/6/7/8 orthologs. Inthe embryo, Dpp/8v heterodimers are thought tme largely
responsible fomediaing dorswentral patterningdShimmi, Umulis, Othmer, & O’Connor,
2005) Indeed, Dpp requires Scw to achiewenormalextracellular distributionShimmi,
Umulis, et al., 2005; ¥C. Wang & Ferguson, 2008y onethelesdocalized expression &cw
or Dpp homodimers in the early embrgeeeachable to activate signaling at similar levads
the heterodimefNguyen, Park, Marqués, & Arora, 1998;-€. Wang & Ferguson, 2005)
Direct evidence of heterodimer formation remains missing.

In thelarval wing precursatissue thewing imaginaldisc, bothdppandgbbhave been shown
to be involved in patterning and growi@apdevila & Guerrero, 1994; Khalsa, Yoon, Tofres
Schumann, & Wharton, 199&ecca, Basler, & Struhl, 1999 thistissue dppis eventually
expressed in a stripe of cells along the anparsterior axis. From theré has been proposed
that the protein forms gradient that instrustconcentratiordependent gene expression and
ensures tissue grow(hecuit et al., 1996; Nellen, Burke, Struhl, & Basler, 1998ss ofdpp
in the wingdiscresults in wing patternindefectsand significantissueloss(Barrio & Milan,
2017; Bosch, Ziukaite, Alexandre, Basler, & Vincent, 2017; Spencer, Hoffmann, ldaGel
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1982; Teleman & Cohen, 2000h contrast, dss ofgbbin the wing disaesultsin patterning
defectsandmild tissuelossthat differ in part from those displayed by the losgmb (Khalsa
et al., 1998), suggestirdifferentbut potentially overlappingoles duing wing development
(Bangi & Wharton, 2006a).

For both Drosophilaand vertebrategenetic manipulation of individual BMP genesbaen
used to addreghe relative contributionfalifferent dimertypes. Howeveisuch manipulations
changethe dosage of the differehgjand speciegelative to one anotheGiven the abilityof
different ligand specie$o signal throughdistinct receptor complexest is possiblethat
changing therelative stoichiometry of different monomers altex the true phenotypic
consequences. Moreoven, situ localization studies are most oftelone using ectopically
expressed BMPproteins which couldalter dimer compositignas well assaturateany
regulatory proteins and different receptor complexes

Here, wecombined precise endogenous taggingdinett protein manipulation to explore the
distribution regulation, and functioof home and heterodimers in tHigrosophilawing disc.
We showthatdespitetheir distinctgeneexpression patterns, both Gbb and Dpp fstrikingly
similarextracellulagradientsThis phenomenon reflects our finding tk&ib depends oDpp
for secretion.Furthemore our use ofextracellular membrane tetheringa protein binders
reveas that Gbb and Dpprephysically linked in the extracellular spastronglyindicative
of heterodimerformation The sameexperimentalapproach failed tadetect extracellular
homodimers iwild type discs. Howevemitheabsence of endogenous GBipp homodimers
are detectedlogetheyour resultsprovide strongevidence thad Dpp/Gbbheterodimer is the
prevalentbioactiveBMP ligand duringving discdevelopment.

Results

Endogenous tagging of BMP ligangvealscoincideniextracellular gradients of Dpp and Gbb
To visualize endogenous liganas situ, we used CRISPR/Cas9 editing to introduce small
epitope tags into the open reading frame of the endogegtiutocus. Previous attempts
tagging BMPs with bulky fluorescent proteins Bdbeen shown to result in partial loss of
function(Matsuda et al., 2021; Akiyama, Wharton, personal comjndence, we knocked in
the short tags HA and OLLAS usingonor template@ig 1A and material and methods)
We alsogenerated alouble-taggedOLLAS:HAgbb using the SEED/Harvest technology
(Aguilar et al., 2022]Supp Fig 1A and materials and methods) visualize Dpp, we made
use ofarecently generatedA:dppallele (Matsuda et al., 202B8nd generated aBLLASdpp
version using the same approach emplaysgginally for HA (seematerials and methodsll
tags were introduceidhmediatelyafterthemost Gterminalproconvertaseleavagesite, in the
ligand domain. Adult wing®f all the alleles generatetld not presentany morphological
defectsin homozygositydata noshown).

Consistent with previous repofishalsa et al., 1998), immunohistochemical detectioDgd
and Gbbusing HA-tagged érmsresulted insomewhatcomplementary patterna the third
instarimaginalwing disc (Fig 1C) HA:Gbb being reduceih the stripe of cells that express
HA:Dpp. In contrast toGbb proteindistribution gbbis expressedniformly as revealed by
using agbb-LacZ transcriptional report€Fig 1D), confirming previous situ hybridization
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results(Khalsa et al., 1998)he reduction irfGbb proteincompared tabb gene expression
levels within the dpp expression domaimight reflect a posttranscriptional or post
translationaprocess

Standard mmunohistochersiry makes usofpermeabilizing agentgvealing the localization
of both intra and extracellular proteinés most ofDpp in third instar wing discss located
intracellulaty (RomanovaMichaelides et al., 2022}he presence dbw extracellular Dpp
levelsmay be difficult to deteaisingstandard protocol&liminatingthe permeabilization step
in standardmmunostaining protocolallows for the detection of extracellularly protei(see
Materials andMethods) Using this approach, we found thextracellular HA:Dpp and
HA:Gbb exhibit a remarkablgimilar gradeddistribution, with maxinal levelsadjacent tdhe
anteriofposteriomoundary(Fig 1 E, F). Highresolution imaging of extracellular OLLAS:Dpp
and HA:Gbbshowed considerabtmlocaliation of these BM®in the extracelllar space (Fig.
1G). This high degree of extracellular-tmralization raised the possibility that fieedominant
form of secreted BMP ligand is a Dgpbb heterodimer.

Gbb secretion is dependent on Dpp

BMP proproteins dimerize in the ER the cells that produce themterefore we expect the
formation of DppGbb heterodimers to be limited thosecells in which both genes are
expressed We aimed at determininthe source of extracellular Glidy knocking-dowrgbb
expression ireitherposterior compartment cellsy expressinga gbbRNAI under the control

of the hh-Gal4 driver, or in the stripe of cellsanteriorto the A/P boundary, usingtc-Gal4
(Figure 2A) While gbb knock-downin the posterior compartmendid not alterthe graded
profile of extracellularHA:Gbb, removing it from the anterior stripe abolished gradient
formation (Figure 2A'). Thus,extracellularGbb ispredominatelysecretedoy anteriorstripe
cells. Giventherestrictedexpression oflppin these cells, we hypothesized that Dpp might be
involved in Gbb secretioWe testedhis hypothesis by knocking dovadpp expression irthe
dorsal compartmentith dppRNAidriven byap-Gal4 over a periof 18husing atherme
sensitive GalB (longer depletiorof dpp dramatically altezd tissuesize and morphology).
Dorsal dpp knockdownstrongly reduced or abolishextracellularGbb whencompared to
ventral cells(Fig 2B). This reduction was accompanisglan increasen intracellular Gbb
levels (Fig 2B) a buildup reflecting the failure of Gbb to be secreted in the absence of Dpp
The coincident increase of intracellular Gbb and lossxtfacellular Gbb was onseenwhen

dppRNAI was expressed in a domain overlapping with the anterior stripe, the domain of

endogenousipp expressionno effect was bserved when usinthe posterior driveihh-Gal4
(Supp. Fig 2A, B).

We then tested whether the expressiodpggwas sufficiento trigger ectopic Gblsecretion
Overexpression adippin the dorsal compartment resultedaitargeincrease in extracellular
secretion oendogenous HASbb fromall dorsalcells, creating an gopic gradieninvading
the ventral compartment (Fig 2C).tlmee sameenotypewe observe@ profoundeduction of
the intracellular levelsof HA:Gbb (Fig 2C). Similar results were obtained whelpp was
overexpressed in theosteriorcompartment of the wing dig&upp. Fig. 2C)Thelower level

of HA:Gbbseen in the anterior stripe of wild type digesshigher than that seen in cells when
dppwasoverexpresseauggesting that intracellular Gbbrisrmally in excess and the level of
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Dpp determines how much Gbb is secretedothdppknockdown and overexpressiagbb

gene expression remained unaltered (Supp. Fig. 2D).

Consistent witha hypothesis of intracelluldigandretention, HA:Gblrolocalizel with an ER
marker(Lajeunesse et al., 200#) both anterior and pastior compartmentéFig 2D). The

level of posterior HA:Gbhin ER positive structuresvas higherthan similarly localized
HA:Gbb in the anterior strip@=ig 2D).

Extracellular probing oBMPs revealshe existenceof heteromeric ligand complexes
Collectively, our resultsare consistent withthe hypothesis that Dpp and Gbb form
heterodimersgiven that both exhibit a similaxtracellular distributiomnd thathe presence
of Dppis associated witincreased extracellul&@bhb Tools to directly detedhe presence of
heterodimes in situ havebeenlacking Therefore, tanterrogatethe possiblalirect physical
interaction between Dpp and Gbbthe extracellular spacee designedn assawtilizing
HATrap, a synthetic membraitethered receptor that can biadd trapsecreted HAagged
proteins with high affinityon the cell surfac@Matsuda et al., 2021).

We predicted that laen expressed in posterior cells (Figure 3A), HATrap would bind and
accumulateextracellular HAtagged peptidesit the cell surface (Fig 3B)f the bound
extracellularHA-tagged peptidesriginated fromcells of the anterior stripethey would be
trapped andoncentrated adjacent to the A/P compartment bour{&agy3B).

We first testd the ability of HATrap taaccumulatan endogenously expresselbuble-tagged
OLLAS:HA:Dpp.The use of a doublagged version is essential for this particebgueriment,
since the trapping via a given tag prohibits the use of this tag for antibody ale{set:
Aguilar et al.,, 2022) Consistent with previous repor{8latsuda et al., 2021)HATrap
expression imposteriorcellsresulted ina strong accumulation ddpp just posteriord the A/P
boundary,as revealed by aDLLAS staining (Fig 3C). Similarly, posteriorly expressed
HATrap led to theaccumulabn of extracellulay doubletagged OLLAS:HA:Gbb again
adjacent to the A/P boundastrikingly similar to that observed f@LLAS:HA:Dpp, despite
the fact thatOLLAS:HA:Gbbis expressed throughout the posterior compartifiegBD). As
shown in SuppFig 3A, expression of HATrap nmaldih:Gbb when standard immunostaining
is performed One could thusurmise that HATragould artefactually disrupt the regulated
secretion of OLLAS:HA:Gblwhen expressed in the same cells; alternatively, thempcesof
intracellular OLLAS:HA:Gbb could retain HATrap inside the cgeltherebyreducing its
concentation on the cell surfacdhe fact thatOLLAS extracellular stainingvas not seen
through the entire posterior compartmehen OLLAS:HA:Gbbwas trapped with HATraping
(Fig 3D) indicates that HATrap is not facilitating Gbb séore The fact that the bal of
heightened OLLAS signal is broader than whenL@&:HA:Dpp is trapped could reflect a
redudion in the level of HATrap at the cell surface due iatracellular retention by
OLLAS:HA:Gbb.

To testmore directly for theresence oheterodimer®r, more precisely, for the presence of
physically linked DppGbb moleculeswe askedvhethertrapping of HA:Gbb would lead to
anaccumulation of OLLAS:Dpp using the agt described above. HATrap was expressed in
posterior cells under the cwal of hh-Gal4 in animals with the endogenogbblocus tagged
with HA (HA:Gbb) and the endogenodgp locus tagged with OLLAS (OLLAS:Dpp)oth

in heterozygous conditiong&xtracellular immunostaining for OLLA&vealed band of high
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signaljust posteior to the A/P boundaryshowingthat trapping of HA:Gbb resulted &n
accumulation of OLLAS:Dppvhich was produced by the anterior stripe céigy 3E). The
reverse experimenusing HA:Dpp and OLLAS:Gblin the presence of posterior HATrap,
produced aimilar band of highOLLAS signal. Therapping of HA:Dpporiginating from the
anterior stripgesulted intheaccumulation of OLLAS:Gbin posterior cells abutting the A/P
boundary(Fig 3F). Theseresults providestrongin situ evidence that these tvBMPs travel
together in the extracellular spadde simplesexplanation for our observations is that Gbb
and Dpp are part of the sarnemplex,forming a Cysteidinked heterodimer that is being
trapped While extracellulaheterodmers may be the mostplausible explanation, we cannot
formally exclude the possibilitghat our resits reflecthigher order multimersor that Gbb
homodimers and Dpp homodimers share a common cé#naérallows both ligands to be
trapped by HATrap

BMP homodimersare notdetectedinder physiological conditions

We made use of theameHATrap assayto interrogate the existence of homodimers. To that
end,we generated transheterozygargmals that had ondpp aleletagged with HA and the
other tagged with OLLASIf homodimersform, the posterior expression of HATrap should
result in an accumulation of OLLAS:Dpp (Figure 4AHowever,we did not detect an
accumulation ofOLLAS:Dpp in posterior cells(Fig 4A’ and A”), showing that under
physiological conditionsve are unable to detelsbmodimers. Moreovethis negative result
increases confidence thte physical interaction of Dpp and Gbb observed in the experiments
described aboveesults from heterodimerizaticemd that higher order multimers are a less
likely explanation We then tested for the presence &bb homodimerasing the same
approachproducing transheterozygotéigs carrying aHA:gbb andOLLASgbb alleles No
extracellular accumulation of OLLAS:Gbb resuligbnHATrap expressioin the posterior
cells (Supp. Fig. 4A) This is consistent with the model that Gbb secretion fitoenstripe is
induced directly by heterodimerization with Qmnd not indirectly by the stimulation of
homodimer secretion.

While loss ofdpp results indramatic wingdefects(Spencer et al., 1982; Teleman & Cohen,
2000),loss of gbb has been associated witbmparativelyminor defectsin patterning and
growth (Khalsa et al., 1998)This seems to contradict our results, as they suggest that
heterodimers are the onlbfoactive form present in the wingraginal discsWe hypothesize
that thereduced defects in growthsplayed bygbbmutantsaredue tocompensatory signaling
via the Dpp homodimerformed onlyunder such conditiondNe tested this hypothesiy
trapping Dpp homodimers the presence and absencegbbexpression. To dso,we had to
make useof both Gal4/UAS and LexO/LexA expression systemsrder to simultaneously
express HATrap in posterior cells agdbRNAI in the anterior strip€Fig. 4B). This setup
resulted in the accumulation of OLLAS:DppanOLLAS:dpp/HA:dppackgroundFig. 4B’
and B”"), demonstratinghat Dpp homodimers are foedin theabsence of Ghlbut not in the
presence of Gbb (see above).

In order to testvhetherGbb homodimersvere producedn the absence of Dppve trapped
HA:Gbb in the presence o®DLLAS:Gbb while simultaneousljknocking downdpp in the
anterior stripe (vith an 18h expression pulse)n these conditiors, OLLAS:Gbb did not
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accumulaten posterior cell§Supp. Fig. 8). This result indicates than contrast to DppGbb
homodimers are natetected extracellulariy theabsence of Dpp

These results areconsistentwith our conclusionthat, under endogenous physiological
conditions,Gbb:Dpp heterodimes are the predominantbioactive ligandin the wing disc.
Moreover, he different secretiopropertiesof Dpp and Gblreconciles our resultwith the
stronger wing phenotypes dpploss of function compared gbbloss of function.

Direct manipulation of Gbb results in stronger phenotypes than genetic loss.

Our data supports th&bb/Dpp heterodimeis the main bioactive ligand, Dpp homodime
only being produced upon loss gibb. A direct prediction othis modelwould bethat the
geneticlossof gbb should produce milder pimotypes thainterferingwith Gbbat the protein
level, once théneteralimers havdormed Direct interference with the heterodimer would not
allow for the formation of Dpp homodimers, as happens upon gegbtidoss.HATrap has
recently been used to investigate the importance of Bypeisal for wing formatio(Matsuda

et al., 2021)In this case, HATrap was usedtapHA:Dpp onthe membrane of Dpp producing
cellsin an homozygouBlA:dpp backgroundThis manipulation greatlgerturbed signalin

the posterior compartmenthile the anteriorsignalingremained largely unaffect§atsuda

et al., 2021).

In the same fashion, & expressed HATrap using thgtc-Gal4 driver in a HA:gbb
homozygous background. This manipulation resulted in strong reduction of the overall
phosphorylated Magp¢(MAD ) signal,with low levels inthe anteriostripeand venlittle signal

in the posterior compartme(fig 5A). We comparedhis manipulation with genetic lossy
knocking-downgbb expressiowith an RNAidriven bythe sameptc-Gal4. In this condition,
pMad was severely affectedth overall reduction in the wing pouehd a narrow peak in the
posterior compartmeriFig 5B)as seen when null clonesgifbencompass the entire anterior
compartment (Bangi 2006nterestingly, theeffect on theposterior pMads stronger when
trapping HA:Gbb than whegbbis knockeddown compareFig 5A and B. Together, lhese
resultssupport the hypothesis thgibb genetic loss isescued by a compensatory mechanism
most likely the ectopic production of Dpp homodimers.

Heterodimer formation ensures long range gradient formation

Thesenewly gainednsightspermitted us to directly compatiee heterodimeicondition(wild
type) versusan exclusivehomodimer conditiongbb knock-down in the wing pouch, using
gbbRNAI driven bynub-Gal4). We evaluated the extracellular localizatiorOdfLAS:Dpp in
both case@ order to assess the distribution of endogenous ligamapared to the wild type
OLLAS:Dpp extracellulargradient,formed byheterodimes, OLLAS:Dpp homodimers are
distributed mainly in the central part of twng pouch, forming a gradiemtith abrupt slopes
and greatly reduced rang@-ig. 5C). The overallanttHA signal wascomparable in both
conditions indicating thatOLLAS:Dpp wassecreted at similar levels in the absence of.Gbb
Similar changes i®LLAS:Dpp distributionwere observed whegbbwas knockeeldown in

the dorsal compartment (using in thp-Gal4 driver) compared to the ventral compartment
(Supp. Fig 5A). Signaling levels and pattieig was also severely affected in this condition
(Supp. Fig 5B).
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Differential receptor usage of heterodimand homodimey

Similar to otheBMPs, Dpp and Gbb have been proposed to actsigialingthrough distinct
receptorcomplexegBangi & Wharton, 2006a, 2006b; Shimmi, Ralston, Blair, & O'Connor,
2005). Howeverthe relative contribution of each receptor when binding eitioenc or
heterodimers has never been studied in detail. The wing imaginal disc expnesgenes
encodingBMP type | receptors, Saxophone (Sax) and Thickveins (Tkv) tawed genes
encodingthe Type llreceptorsPunt (Put) andVishful thinking (Wit) (Brummel et al., 1994;
Childs et al., 1993; Marqués et al., 200Rhe active signaling receptor is a heterotetramer
composed of two type | and two Type Il subunits, therefore muhggleptorcombinations are
possible in the wing dis®e interrogate the requirement afpecificreceptorsn heterodimer
and homodimer conditior(&ig 6A). As described above, the Dfgpbbheterodimer is thenly
detectabldorm of dimericligand present in wild type discs. In turgbb knock-downresults

in the exclusivéormation ofDpp homodimes. Thus, we knooéd-down the different receptors

in the presence of Gbb (“heterodimer background”) or its absence (“Dpp homodimer
background”) using the wing pouch driveub-Gal4 (Fig 6B). Welid not examind kv as its
requiremenfor Dpp signal transduction is waktablisheqRuberte, Marty, Nellen, Affolter,

& Basler, 1995; Schwank et al., 2011; Tanimoto, Itoh, ten Dijke, & Tabata, 2000).
Consistent with previous repofBangi & Wharton, 2006h¥saxknock-down strongly affected
pMAD amplitude (Fig ®). Interestingly, this perturbatiodid not affect the low fMAD
valuesfar from the source , suggesting a minor rolenigdiating signaling from ligands that
presumably act over lang range. In contrast, when baijhb andsaxwere knockeellown,
PMAD levels where noaisreducedas seen in thgbb knock-down (compare Fig 6C tbig

6E). Instead, doublsaxgbbknock-down provoked a mild signal enhancement accompanied
by a slight decrease of the range (Fig).6Tlhis resultshowsthatin the absence @ax Dpp
homodimes elicit higher signalingoresumably by binding to receptor complexes containing
only Tkv. Knock-down othe Type Il receptopuntalso resulted im dramatic reduction of p-
MAD levels (Fig 6), as seen bglonal analysig¢Letsou et al., 1995; Ruberte et al., 1995), with
a change in the shape of the pMpmddient. pMAD levels arefurther reducedvhen bothgbb
andpuntwere knockeelown,significantly flattening the pMad gradient (Fig 6G) compared to
that observed in aingle gbb knockdown (Fig €). This confirmsthat Punt iscritical for
obtaining normal levels and distributionB¥P signalingin the wing dis¢Letsou et al., 1995;
Ruberte et al., 1995).

wit knock-down only had a minor effect oaNdAD (Fig 6H), suggestingt hasa minor role in

the transduction of heterodimeignalingin this context, or that its activity can besia
compensatedior by Punt. When bothvit and gbb were knockeedown, signal was barely
reduced compared to control (F89. Interestingly, levels in the posteriotAD peak were
identical ingbb singleandin gbk/'saxdouble knockdown, suggesting that Dpp homodimer
do not utilize this receptor.

Taken bgether,our results suggest that the wildtype wing BMPs signal through a
heteroetrametriccomplex composed dahe type | receptors Tkv and Sax attie type Il
receptor Punt, with only a minor contribution of Wit. While time absenceof Gbly Dpp
homodimers form receptor complexes composed by Tkv and Punt, with recruitmext of S
having a negative effect aignaling.
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Discussion

BMP signaling is intrinsically combinatoright the base othis propertyis the ability of BMP
ligandsto form home and heterodimer8MP heterodimers have been shown to be more
potent signaling activators than homodimers in several contexts (Hazama, Aono, Ueno, &
Fujisawa, 1995; Isaacs et al., 2010; Little & Mullins, 2009; Shimmi, Umulis,, @005; Zhao,
Zhao, Koh, Jin, & Franceschi, 2005robably due to the assembly distinct receptor
complexeqLittle & Mullins, 2009). Nevertheless hie differentin vivo contribution of home

and heterodimers remains in most cagescure, mainly due to limitations dfssicagenetics

to dissecin vivo dimer composition and/or contributiolm somescenariosthe existence of
BMP heterodimers can be inferred by similar phenotypes caused by the loss of the different
ligands(Ray & Wharton, 2001; Shimmi, Ralston, et al., 206%)wever, in most caselspth
loss and gain of function genetic studiskift the stoichiometry between monomers
contributing to the multimeric ligands and thiss| to revealthe correcbioactive ligand under
physiological conditions. In spite of these limitatioasole for heteraimersis suggested by
the dominant phenotypes of certain BMP all€lés et al., 2008; Kim, Neugebauer, Maite,
Tilak, & Christian, 2019; Thomas et al., 199nd by the genetic interactiobstween different
BMP encoding genes (Bangi & Wharton, 2006a; Ray & Wharton, 2001).

Using new reagents coupled with extracellular immunohistiocstrywe examined the spatial
distribution of Dpp and Gbb in the Drosophila wing primoraieprovide evidence thdhe
predominant secreted BMP ligaimdthe wing imaginal discs a Dpp/GblheterodimerWe
propose a model by which the Dpp/Gbb heterodibiegenesis is regulated (Fig 7A): Gbb is
abundant andynthesized in all cellsf the wing pouch. Only when eexpressed with Dpp is

it no longer retained in the EBut secreted, aspp/Gbb heterodimeDpp, on the contrary,

is not retained in the ER andsecreted even in the absence of GHéterodimerization is
favored gven the greater relative abundance of Gbb (Fig 208 localized expression domain
of dppand the regulated secretion of the Dpp/Gbb heterodimer provides a sourcectiwéioa
ligand that generates a graded signaling oufgigt1LE) mediated byheterotetramericeceptor
complexescontaining Sax, Tkv and Punt.

Our model caralsoexplain the different phenotyp®f dpp andgbb mutant wings In dpp
mutants no bioactive BMP ligands is secreted, as Gbbtsatrequires DpfFig 7C) Ingbb
mutants,Dpp canform homodimersand activate signaling, albeit at altered le\asisl with
altered distribution(Fig 4B and Fig 7B). Thus, the phenotype gifb is milder that the
phenotype otipp, despite the fact that vivo,all active ligands that we can detect in the with
imaginal disc are heterodimers.

Interestingly, mammalian null mutants of BMP2 or 4, the orthologs of Dpp, die during
embryogenesigWinnier, Blessing, Labosky, & Hogan, 1995; Zhang & Bradley, 1996)
Conversely, the orthologs of Gbb, BMP5 and 7 have comparatively milder phenotypes,
surviving embryogenesi®udley, Lyons, & Robertson, 1995; Green, 1958; Kingslesl.et
1992; Luo et al., 19957T his raises the possibility that similar mechargsathat we describe
herearepresent in other contexts.

Heterodimerizatiordependent secretion
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While novel for BMPs, the concept of intracellular reitem has been proposedrfamother
member of theTGF3 superfamily During earlyzebrafish embryogenesis, thectivin-like
factors Nodal and V@ are required fomesoderm inductioiBisgrove, Su, & Yost, 2017,
Montague & Schier, 2017; Pelliccia, Jindal, & Burdine, 20Yg1 cannot be procesd nor
secreted inthe absencef Nodal(Montague & Schier, 2017Ygl is only secreted in the cells
where both Vg1 and Nodate ceexpressedrhis observationgind ar modelshedlight on a
conundrum how cana ubiquitously localized factosuchasGbbis in the wingimaginal disc
(Fig 1B and(Khalsa et al., 1998)r Vgl in the early zebrafish embry{®ohrmann, Kessler,
& Melton, 1996; Helde & Grunwald, 1993¢onfer spatial informatio to the tissueThe
mandatory requiremenf heterodimer formation fa@ecretiorprovides a satisfactory answer
While these factors are essential, it is their locdlgecretiorgoverned by the formation of a
heterodimeric liganthatenables patterning.

The regulatedetention ofGbb remains to be explored. \Yfgmonomerretention ha been
proposed taoccur mainlythrough its predomain, throughexposed cysteines, glycosylated
asparagines, and BiP chaperdmeding motifs(Dingal, Carte, Montague, & Schier, 2021)
Only when heterodimerizatiarccurs processing is completed and secretioniigated

In the case of Gblit has been described thdifferential processing of the Gbb ppootein by
proconvertases depends orglycosylation(Anderson & Wiharton, 2017)and at least in the
wing disc, the mature ligand retaiatargeportion of the predomainremairs attached to the
mature ligand/Akiyama, Marqués, & Wharton Kristi, 2012; Anderson & Wharton, 2017)
Moreover, cell culture experiments have shown that Gbb can be secreted tgqmassion
of Dpp independently of its processing (Anderson & Wharton, 20d 6ther contexts, thas
been proposed that certain factors can bind BMPs and retjudateecretion(Wilkinson et
al., 2003). It could be thatsimilar factorexistsin the wing disc to retain Gbb.

Signaling range and activity

Loss ofgbb abrogatesong-range BMP signaling in the wing disc (Bangi & Wharton, 2006a,;
Khalsa et al., 1998). This data led to the postulationRpgtDpp homodimers coulthediate
shortrange signaling, while Gbhbpp and/or GbiGbb homodimers mediate lomgnge
signaling (Bangi & Wharton, 2006a)The model presented heaeguesthat theGbb-Dpp
heterodimersare the only bioactiveBMP ligand in the wild type wingNevertheless,
independently on their role under physiological conditions, both studies suggest that Dpp
homodimers have limited range of activijere, wedemonstrat¢hat the distributiorof Dpp
protein isindeedmodified when gbb is knocked down (Fig 5C), suggesting thaDpp-Dpp
homodimers and Dpbb heterodimers differ not only in their signaling capacities, but also
in their dispersaproperties Differential distribution of homoand heterodimers has been
described irbrosophila bothin the early embry andin the pupal posterior cross v&irCV)
(Matsuda & Shimmi, 2012; Shimmi, Ralston, et 2DP5; Shimmi, Umulis, et al., 20Q9n
these cases, tltifferences of distribution have been explained by the existerassotiated
proteins that impact ligand distributig8og/Tsg in the early embryo and Sog/Cv in the PCV)
that have different affinities for home and heterodimergShimmi, Ralston, et al., 2005;
Shimmi, Umulis, et al., 2005Whether such mechanism exist in the wing disc duangal
stages remasmunexplored.
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Anotherfactor that may beesponsible for the different gisrsal capabilities diomo and
heterodimerss the receptor Tkv. ChangasTkv levelscan altethe range of BMP signaling

in the wing (Schwank et al., 2011; Tanimoto et al., 2000).

Indeed, heterozygoutkv mutants display a dramatic expansionthe pMad gradient
(Akiyama et al., R08). Given the high affinity of Dpp for Tkv, it is possible that the restricted
distribution of homodimers reflest Tkv binding compared tthat of theheterodimer.in
suppot of this ideg we show that in a Dpppp homodimer backgrountbss of the type |
receptorSax, results in a moreestriced distribution of p-Mad, perhaps due to increased
Dpp/Dpp to Tkv interactions. This result indicates that the-DRp interaction is critical in
shaping the homodimer gradient.

Importance of endogenous tagging and protein binders.

Classical genetichas been keyin revealing critical pathways andntangling biological
systems. The power of loss and gain of function studies have permitted the furtsiseetion

of numerous biological mechanisms. Yet, these approachetaihtydetecthe contribution

of specific playerghat are part of multimeric complexes andZzompensatory mechanisms.
Here, we describe a paradigmatic example of $aitihgs. For yearssome assigneGbbas
having a minor role comparetb Dpp in wing disc patterning and growhbased on its
phenotypes and lower sensitivity to changes in gene dosage. Ouprdatnted here
demonstrateander endogenouwsonditions, it is the synergistic action between both Dpp and
Gbb thats critical forwild type wingpatterning

In recent years, the advent of CRISPR/Cgehome editinghas cleared the way for
endogenous tagging ajenes with unprecedented ease. Tagging not only permits the
visualization and biochemical characterization of pnste but also their direcin situ
manipulationTo do so, genetically encoded tools based on protein binders have been proposed
(Aguilar, Matsuda, Vigano, & Affolter, 2019; Aguilar, Vigano, Affolter, & Matsuda, 2019)
These tools permit the acute manipulation of tagged proteins in predictamtesnahus
opening the door foexperimentghat were thusfar, out of reachWith respect to th&MP
pathway, the combination of endogenous tagging and protein binders has permitted the
interrogation of Dpp dispers@fiarmansa, Hamaratoglu, Affolter, & Caussinus, 2015; Matsud
et al., 2021), the construction@minimal g/nthetic morphoge(Stapornwongkul, de Gennes,
Cocconi, Salbreux, & Vincent, 202@nd here, the detection of heterodimdisis by
combining these and other emerging tools with the power of gerb#tsve will better
understand how proteins coordinate development.
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Material and methods

Fly strains
The following fly strains were used in this stutiA-dpp (Matsuda et al., 2021DLLASdpp

(this study),OLLAS:HAdpp (Matsuda et al., 2021HA-gbb (this study),OLLASgbb (this
study),OLLAS:HAgbb (this study),gbb/CyO (Wharton et al., 1999bb-lacZ (as desched

in (Akiyama et al., 2012)constructed by replacing thlgbb coding sequence with lacZ open
reading framg ptc-Gal4 Bloomington stock center (B207), hh-Gal4, nub-Gal4 Gift from
Dr Manolo Callejahh-lexA (Simon et al., 2021)JAS-gbbRNAI (BL34898), UASdppRNAI
(BL33618), UASdpp (BL1486), ap-Gal4 BL3041), tubulinGal80ts (BL7016, BL7019,
BL7017), UAS/LexAopHATrap, lexAopHATrap, UASsaXRNAI (VDRC 46350), UAS
putRNAI (BL39025), UASwitRNAI (BL25949).

Genotypes by figure

Figure Genotype
Figure 1 C yw; HA-dpp HA-dpp
HA-gbkl HA-gbb
Figure 1 D (y)w; gbb-lacz/+
Figure 1 E yw;HA-dpp/HA-dpp
HA-gbkl HA-gbb
Figure 1 G OLLAS-dpp, HA-gbll OLLAS-dpp, HA-gbb
Figure 2 A HA-gbl/+; UAS-gbbRNAI/+
ptc-Gal4; HA-gbh/'+; UAS-gbbRNAI/+
HA-gbl/+; hhrGal4/UASgbbRNAI
Figure 2 B ap-Gal4/HA-gbly UAS-dppRNAI/tub-Gal8d®
Figure2 C ap-Gal4/HA-gbby UAS-dpp'tub-Gal8s®
Figure 2 D HA-gbl/+; sqhEYFP-ER/+
Figure 3 C' OLLAS-HA-dpp'+; hh-Gal4/+
OLLAS-HA-dpp'+; hh-Gal4/ UASIexAop HA-Trap
Figure 3 D' OLLAS-HA-gbb/'+; hh-Gal4/+
OLLAS-HA-gbb/+; hh-Gal4/ UASIexAop HA-Trap
Figure 3 E' OLLAS-dppHA-gbly hh-Gal4/+
OLLAS-dppHA-gbb, hh-Gal4/ UASlexAop HA-Trap
Figure 3 F HA-dpOLLAS-gbb; hh-Gal4/+
HA-dpp/OLLAS-gbb; hh-Gal4/ UASIexAop HA-Trap
Figure 4 A’ HA-dppOLLAS-dpp hh-Gal4/+
HA-dppOLLAS-dpp, hh-Gal4/ UASIexAop HA-Trap
Figure 4 B HA-dpp ptc-Gal4/OLLASdpp, hh-lexA, 1exO HA-Trap/+
HA-dpp, ptc-Gal4/OLLAS-dpp, hh-lexA, lexO HA-Trap/UASgbbRNAI
Figure 5 A HA-gbb, pteGal4/HA-gbb
HA-gbb, pteGal4/HA-gbly UAS-lexAop HA-Trap/+
Figure 5B ptc-Gal4/+
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ptc-Gal4/+; UASgbbRNAI/+
Figure 5 C OLLAS-dpp, pteGald/+
OLLAS-dpp, ptc-Gal4/+; UASgbbRNAI/+
Figure 6 C nub-Gal4/+
nub-Gal4/+; UASgbbRNAI/+
Figure 6 D nub-Gal4/+
nub-Gal4/+; UASsaxXXNAI/+
Figure 6 E nub-Gal4/+
nub-Gal4/+; UASsaxRNAI/ UAS-gbbRNAI
Figure 6 F nub-Gal4/+
nub-Gal4/UAS putRNAI
Figure 6 G nub-Gal4/+
nub-Gal4/UASputRNAI; UAS-gbbRNAI/+
Figure 6 H nub-Gal4/+
nub-Gal4/+; UASwitRNAI/+
Figure 6 | nub-Gal4/+
nub-Gal4/+; UASWitRNAI/UAS-gbbRNAI
Supplement 2 A HA-gbb/+; hh-Gal4,tub-Galgd¥+
Supplement 2 B HA-gbb'+; hh-Gal4,tub-Gal80%UAS-dppRNAI
Supplement 2 C HA-gbb/'+; hh-Gal4,tub-Gal80%UAS-dpp
Supplement 2 D ap-Gal4tub-Gal80®; gbb-lacZ/UAS-dppRNAI
tub-Gal80Y+; ap-Gal4/+;gbb-lacZ/UAS-dpp
Supplement 4 A’ OLLAS-gblYyHA-gbly hh-Gal4/+
OLLAS-gblYHA-gbly hh-Gal4/UASIexAop HA-Trap
Supplement 4 B tub-Gal80%+; OLLAS-gbldHA-gbb, pteGal4; hh-lexA, lexO HA-
Trap/+
tub-Gal80%+; OLLAS-gbllHA-gbb, pteGal4; hh-lexA, lexO HA-
Trap/UASdppRNAI
Supplement 4 C OLLAS-gbtyHA-dpp, pteGal4; hh-lexA, lexO HA-Trap/+
OLLAS-gbtYHA-dpp, pteGal4;hh-lexA, lexO HA-Trap/UASgbbRNAI
Supplement 5 A Ollas-dppap-Gal4; UASgbbRNAI
Supplement5 B Ollas-dppap-Gal4; UASgbbRNAI

Generation of different taggegbb anddppalleles
The gbb alleles were generated usingCRISPR/Cas9. The tagging position for
HA/OLLAS/OLLAS-HA knockins between the residues 351 and 352 of ghé coding

sequencevaschoserbased on the tagging position described in Anderson & Wharton, 2017.

gRNA target sites for this regiomere identified usinghe CRISPR Optimal Target finder
(http://targetfinder.flycrispr.neuro.brown.edlul'he sequencef the sgRNA targetinghe gbb
locuswas 5’ GCCCAACAACGTGCCGCTGC 3 The grRNAwas cloned by annealing tife
following primer pair: 5 TGCAGCCCAACAACGTGCCGCTGC 3 nd 5
AAACGCAGCGGCACGTTGTTGGGC 3and restriction ligation intdhe pCFD5 vector

according to (Port & Bullock, 2016]ransgenic flies expressing the gRNA were established

by injecting theesulting construdhto P(CaryBattP40(BL 25709) Efficiency was confirmed
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by crossing the resulting stock with n@al4, UASCas9 Adult wing of the resulting crossing
highly resembled publishegbb null clones in the wing.

To insert the HA and OLLAS-Tag, ssDNA donor templates of 120bps (HAg: 5-
TATGTACAGGGTCTGCATCTGGCAGCTGCGGCCGCCTGCATAGTCCGGGACCA
TAGGGATAGCCGCCCGTGCTCTCCATCGGTTCTAGCAGCGGCACGTTGTB®CG
ACACCGACTTCT-3); OLLAS-Tag: 5'-
TATGTACAGGGTCTGCATCTGGCAGCTGCGGCCGCCTTTACCCATCAGGG®GT
CCCAGCTCGTTCGCGAAGCCGCTGCCGCCCGTGCTCTCCATCGGTTCTABECG
GCACGTTGTTGGGCGACACCGACTTC®B') were ordered from Integrated DNA
technologiesin both cases, the PAM sequemndd¢he sgRNA targetvas changed from GGT
to GAT to avoid cutting of the donor template.

To insert the OLLAS:HATag the EED/Harvest MethodAguilar et al., 2022)vasemployed.
Briefly, a cassette including 185bp homology arms was synthesized and clone by Genewiz into
pUC-GW plasmid. Subsequently, tfteLLAS:HA SEED cassettgincluding the selectable
marker wasntroducedinto this vectoraccordingto the protocoproposed in(Aguilar et al.,
2022).

nosCas9lies (BL 54591)were crossewith P(U6-gbbgRNA)attP40males and injectethe
ssDNAor SEED templates\ll the survivors were crossed wigihb'/CyO. Out of the following
F1 generation, several independent stocks were establistieXa/Cyo RFPTb. Specifically,
stocks that became homozygous were genotyped by Single Fly PCR in a subbsteguen
Integration of HA andOLLAS:HA was tested with the following primer pair: -5’
TGCGGCCGCCTGCATAGTCE, 5-CAAGTGGCTGACCGCE3’

Integration of Ollas was tested with the following inper pair: 5*
TGCGGCCGCCTTTACCCATE3'; 5'-CAAGTGGCTGACCGCE?

In both cases correct integration resulted in a PCR band of 508B#D stocks were
established following the crossing scheme reported in (Aguilar et al 2022).
OLLAS-dppflies weregenerateds described for HAlppin Matsuda et al.2021. Instead of
an HAtag, a fragment encoding for tkE.LAS-tag was inserted between the Xhol and Nhel
sites in the plasmigBS-attb-Dpp4.4 for injection. Theesulting plasmid was injected inyav
M(vasint.Dm)zh-2A; dpp"'%3759Cyo, P23. Transformants were screened and stocks were
established again according to Matsuda et al., 2021.

Immunostainings and image acquisition

For a total antibody staining, third instar larvae were dissected in ideR&$ (pH 7,2,
Gibco™) and immediately figd for 30 min, at room temperatyf®T) in a paraformaldehyde
solution (4% PFA in PBS). After fixation, the larvaereveextensively washed with PBST
(0,3% TritonrX in PBS) to permeabilize the tissue. This was followgda T incubation in
blocking solutiom (5% Normal Goat Serum in PBST)Ril and a consequent primary antibody
incubation at 4 °C ovemight. Rimary antibodies were diluted in blocking solution. The next
day, the samples were washed 3x 15 mins with PBST and incubated for 2 Hlrgitht the
secondary antibodgolution Samples wereghenwashed 3x 15 min with PBST, followed by
3x15min washes with PBS. Fixation, incubation and washing steps were performmedewit
samples gently rotating.
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For extracellular stainings, larvae were dissected id 8@ media, and incubated with the
primary antibody for th on ice before fixation. Primary antibodiegre diluted in blocking
solution (5% NGS in S2 media). To guarantee thoroughly distribution of the antibogyes
were gently mixed by tapping at thébetube every 10 minutes. Afterwards, the samples were
washed at least 10x with PBS, followed byafion (30min, 4% PFA in PBS). After
permeabilization and blocking stegeerformed aslescribed abov#or total staining either a
new total antibody staining was conducted ewaght, or the samples were incubated with
secondary antibody &T the same aly.

For mountingof imaginal wing discs, samples were transferre¥eotashield, the desired
tissues were separated from the rest of the larvae ac€ldobn a glass slide. The samples were
then covered with a cover slidaed sealed using nail polidimages were acquired with a Leica
SP5 or a Zeiss LSM880 confocal microscope amalyzedusing ImageJ.

Generation of colocalization maps

Images were acquired using the LSM880 confocal microscope in Airscan mode (63x abjective
2.7 zoom). Raw data was thenopessed using Zen black (Airscan proegatomatic
Threshold). Generated .czi files were then opened with ImageJ. Background wastsdbtr
using the BackgroundSubtracter plugin to reduce experimental noise derived from
immunostaining. Colocalization map was generated using the Coloc_map.groovy plugin,
included in the IMCF_Utilities package.

Antibodies

The following primary antibodies were used in this study: -H#éti (3F10, Roche,
11867423001; 1:300 for total stainings, 1:20 for extracellular stainingshA (C29F4, Cell
Signaling, 3724; 1:500 for total stainings, 1:20 for extracellular stainings)Qah#hS (L2,
Novus Biologicals, NBP-D6713, 1:20 for extracellular stainings), aptiospho-Smadl/5
(41D10, Cell Signaling, 9516; 1:200), akitig (4D4, DSHB, University of lowa; 1:120), anti
ptc (DSHB, University of lowa; 1:20), anti-BalactosidaséAbcam AB9361)

The following secondary antibodies were used at 1:500 dilutions in this study: goat &@
Fc (FITC) (ab97089, Abcam), goat ardbbit IgG (H+L) Alexa Fluor 680 (&£1109; Thermo
Fisher), F(ab’)yoat antirabbit IgG (H+L) Alexa Fluor 568 (£1069; Thermo Fisher), goat
antirabbit IgG (H+L) Alexa Fluor 488 (A.108; Thermo Fisher), goat amtiouse IgG (H+L)
Alexa Fluor 568 (A11004; Thermo Fisher), Alexa Fluor 680 AffiniPure goat-amiuse 1gG,
Fc ITUDJPHQW V-82%P11 Ud€kson ImmunoReseayclgY (H+L) CrossAdsorbed
goat anti-chicken, Alexa Fluor 488 (A32931,; Invitrogen)

Quantification of extracellular gradients and pMAD

Of each confocal image, an average projection was crbgtadageJ using three sequential
slices (Stacks/A Z-Project). For each of these average projections a Sigiegisity profile
along the A/P axis was created and collected in Excel. Alignment along the A/P coemart
boundary was achieved based on anpiatistaining. The average signal intensity profile of
each experiment, consisting of intensity profiles of amasiwing imaginal discs, was created
using the script wing_disalignment.py(Matsudaet al 2022) Different conditions were then
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compared using the script wingdisc_comparison.py. The resulting signal intenfilgspwere
visualized by Prism.
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Figure legends

Figure 1: Endogenously tagged Gbb and Dpp form identical extracellular gradigs

A. Outline of the sgRNA position to manipulate tpgblocus via the CRISPR/Cas9 system.
B. Depiction of the tagging position bband Dpp Both genes possess thpgre-convertase
cleavagesites in their prodomains. All tags were introduced afteddstprocessing site in the
beginning of each mature ligand domain (displayed in redsfdy and green for dppf.
Conventional artHA antibody stainingof homozygous HA:Dpgleft panel)and HA:Gbb
(right panel)wing discs. HA:Dppis expressed in a narrow stripe of anterior cells albeg t
Antero/Posterior (A/Prompartment boundary. In contrast, HA:Gbb is uniformly detected in
the whole wing disc with the exception of a small decrease along the A/P boundagysame
domain Dpps expressed. Anti-BGalstainingof gbb-LacZ reporter flieshows the uniform
expression ofbbin the wing discE. Extracellular antHA antibody stainings in homozygous
HA:Dpp and HA:Gbb wing discs. Both HA:Dpp and HA:Gbb form an extracellular gm&di
with peak values in the A/P bordé&r. Quantificationof the extracellular gradients of HA:Dpp
(n=9)and HA:Gbb(n=8)shown inE . G. Simultaneous extracellular stainings@ifLAS:Dpp
(red) and HA:Gbb (green) in the same wing diSc-localization ofboth ligandsn the same
image(Fake colour scajeScale bag 50 m except pandb (15 m).

Figure 2: Gbb secretion is dependent on Dpp

A. Effect on extracellular HA:Gbb distributionf the expression ofjbbRNAI in different
regions of the wingControl HA:Gbb staining (left panelxpression ofgbtRNAI in the
posterior compartment (usingh-Gal4) does not influence the extracellular HA:Gbb
distribution.Expression ogbbRNAI in the A/P stripe, thepp expression domain, (usimgc-
Gal4) leads toa loss ofthe extracellular HA:Gblgradient(mid panel).A’. Quantification of
the extracellular HA:Gbb gradients wittbbRNAI expresed in different domaingcontrol
n=4; hhGald n=; ptcGald n=6). B. Knock-down of Dpp by dppRNAI in the dorsal
compartmat leads to a loss of extracellular HA:Ghthen expressed in the ventral
compartment usingp-Gal4 (right panelsee arrowsdicating both compartmentslotal anti
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HA stainingof the same genotype. The reduction of HA:Glidmal in the A/P stripe is no
longer visible in the ventral compartmerfteft panel, see arrows indicating both
compartmends C. Overexpression of Dpp in the dorsal compartment leatsigsiveHA:Gbb
secretiorfrom those cellgleft panel), invading t ventral compartment (arrowlhis leads to

a nearly complete depletion signal in immunostaining of totaHA:Gbb in the dorsal
compartmentmuch more pronounced that the reduction in the A/P sBigele bas of panels
A, B and C:50 m.D. Subcellula localization of HA:Gbb in the different compartmeatsd
its colocalization with the ER markegh EYFP:KDEL. Note that most of Gbb signal in the
compartment localizes in ER positive structures arohadticleousScale baBum.

Figure 3: Extracellular tethering of BMP ligands reveals heterodimer existece

A-B. Schematic overview of experimental -sgt in wing disc.A. Gbb and Dpp are both
secreted from the anterior stripe of cells along the ddfpartment boundary (blue stripe).
Expression of HATrap in the posterior compartmentabeled in reyl could result in
accumulation of stripe derived Hagged ligand§or a review on the approach, g&&atsuda,
Aguilar, Vigano, & Affolter, 2022). B. In a wildtypetissue,BMP ligands are secreted from
source cells and disperse distally, thereby creatingtaacellular gradienexpression of HA
Trap in the postericcompartmenkeads to accumulation, close to the stripe, of anytabfged
secreted peptid€. Proof of principle of the system. ExpressiorH&-Trapwith hh-Gal4 in
an OLLAS:HA:Dpp background. Notice the striking accumulatioh Dpp when trap is
expresse (right panel) respect no trap being expreds@eft panel) as revealed with anti
OLLAS staining Accumuhtion occurs in the first few posterior cells adjadcerthe A/P border
(control n=7; HATrap n=7) D. Likewise, OLLAS:HA:Gbb can be accumulatedpon
expression of HATrapby the hh-Gal4 driver In spite of being expressed ubiquitously,
OLLAS:HA:Gbb is ony accumulated close to the stripe, indicating tay stripe derived
peptides are secreted, even ifexpressed with HATragNotice the broader accumulation
respect panel Gcontrol n=8; HATrap n=8) E. Trapping of HA:Gbb leads to mderect
accumulamn of OLLAS:Dpp in when HATrap is expressed in posterior cells WaGal4
(control n=8; HATrap n=9) F. HA:Dpp trapping in posterior cell¢eads to anndirect
accumulation oDLLAS:Gbb (control n=9; HA-Trap n=9). Scale bar 56n.

Figure 4: Dpp homodimers can only be detected in thabsence of Gbb

A. Scheme of the experiment in A’. HAtrap is expressed in Posterior cellshis{&gl4 driver
in a background containing both HA:Dpp and OLLAS:Dpp, if homodimers exist HA trapping
should lead to OLLAS:Dpp accumulation. A’. Expression of HATrapasterior cells does
not lead to accumulation of OLLAS:Dpp (right panel) corepato control (left panel);A”
Quantifications of extracelluldLLAS:Dpp in the absence and presence of HATcamtrol
n=5; HA-Trap n=7) B. Scheme of the experimental setup of B'. HATrap is esged inthe
posteriorcompartmenusinghh-LexA while gbbRNAI is expressed in the anterior striggng
ptc-Gal4, in a HA-Dpp, OLLAS-Dpp backgroundB’. expression ofjbbRNAI leads to the
indirect accumulation of OLLAS:Dpp when trapping HA:Dpp (right panel) compare t
gbbRNAI expressionB”. Quantifications of extracellular OLLAS:Dpp of the pe B’
(control n=6; HATrap n=7).Scale bar 50 m.

18



bioRxiv preprint doi: https://doi.org/10.1101/2022.08.04.502599; this version posted August 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 5: Dpp/Gbb heterodimers are functionallyactive and ensure long range gradient
formation.

A. Trapping HA:Gbb on the membrane of Dpp producing o@lia ptc-Gal4)leads to a strong
reduction of pMAD signaling in the posterior compartment, while tmeeaior signal is still
visible but restrictedo the stripgcontrol n=9; HATrap n=13)B. Genetic knockdown ofgbb
usinggbbRNAI driven byptc-Gal4. pMAD is globaly reduced but the peak in the first cells
of the posterior compartment is still visib{feontrd n=7; gbbRNAi n=7) This posterior
reduction is especially obvious in the quantification (blue arrows A’ andE&)eriments in
figure A and Bwere conducted at 29°C. gbbKnock-downin Dpp producing cells (viatc-
Gal4) compromises the extracellul@LLAS:Dpp gradientLeadingto a reduction of long
range dispersal of Ollas:Dpontrol n=9; gbbRNAI n=9)Scale bar 50um.

Figure 6: Heterodimer and homodimer use distinct recepirs

A. Gbb/Dpp heterodimer and Dpp homodimer potentially use different type | and type I
receptors in the wing disc. In order to systematicallglyae this, we tested the preferential
usage of each receptor in a heteaand homodimer environmemg. In a wildtype wing disc,
Gbb/Dpp heterdimer are the only form present, while removal of Gblddeto a Dpp

homodimer environment. In these two conditions, the receptors Saxophone (Sax), Punt (Put)

and Wishful thinking (Wish) were knockatbwn by RNAI and the resulting pMAD signaling
levels conpared.C. Removal oigbbin the wing pouclvia gbbRNAI with the drivemub-Gal4.
p-MAD levels and range are reduced in comparison to a wildtype wing(cbstrol n=9;
gbbRNAI n=10) D. Knockdown of sax by RNAI in a wildtype environment reduced the
overal pMAD levels without effecting the low-MAD levels far from the sourggontrol n=9;
saxRNAI n=6) E. Removal ofgbb andsaxtogether, did not further reduceMpAD levels in
comparison togbbRNAI alone, but enhanced signaling activity slightly he tposerior
compartment, accompanied by a small decrease in rdogetrol n=8; saxRNAI
n=7).F. Knock-down ofputin a wildtype wing disc also reduced overall pMAD levels without
interfering with the rangéontrol n=9; putRNAI n=8)G. Reducing the levels gbbandput
together lead to a further decrease in pMAD levels, in comparison to théioachatained by
only gbbRNAI (control n=10; putRNAI n=9)H. Removal of the receptavit by RNAI in a
heterodimer environment only had mingifects on pMAD levelgcontrol n=9; witRNAI
n=9).l. The simultaneous knoa#town ofgbb andwit had little further effect on the already
reduced pMAD levels of thgbbRNAI backgroundcontrol n=10; witRNAI n=11)Scalebar
50um.

Figure 7. Model of Dpp/Gbb function in the imaginal wing disc. A. In physiological
conditions, Gbb isynthesizedn all cells but retained in the ER. Only in the cells where Dpp
is coexpressed (in green on the left), heterodimers wifbbmed. Heterodimers are the only
bioactve form spreading from the stripe, and will result ioag activity gradientB. In
absence of Gbb, Dpp will be able to form homodimers. However, these homodimésveill
reduced dispersal arsignalingcapacitiesC. In absence of Dpp, Gbb wilemain retained in
the ER, no ligand being secreted, the phenotype will reflect total loss of Bjitk. s
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Supplement 1: Schematic outline of OLLASHA double-tag integration in the gbb-locus

To knockin the OLLASHA double tag into the gblmcus the SEB/Harvest method
described in Aguilar et al., 2022 was used. The gRNA and Cas9 were provided byedtegra
transgenes. We injected a donor plasmid composed of the following elements:dsBREL3
selectable marker, to screen the following generationnteigration of the SEED cassette,
targets for two gRNAs with no cutting sites in the fly genome (1# and 2#), tleeitsdrted
OLLAS-HA tag (split into two parts, with a common repeat) and the homology arms to trigger
Homologydependent recombination (HDR) upon double strand break (DSB) formation. Cas9,
together with theggbb gRNA will generate a DSB, which will be repaired by HDEing the
donor plasmid as a template. Upon insertion of the SEED t&sHet selectable marker is
excised through the expressiof gRNAs 1# + 2# and Cas9 and the OLLKAA are knocked

in into thegbblocus

Supplement 2: Requirement of Dpp for Gbb secretionA. Control wing disc displaying the
extracellular and total staining for HA:GHB. Expression oflppRNAI in the posterior
compartment of the wing disc (usih-Gal4) does not influence the extracellular nor total
HA:Gbb distribution.C.Overexpression alppin the posterior wing compartment (usinig
Gal4) leads to a massive HA:Gbb secretion from thods. dsadiditionally, a nearly complete
depletion of signal for a total HA:Gbb immunostaining can be obseb:eknock-down

of dpp by dppRNAI or overexpression afppin the dorsal compartment (usiag-Gal4) does
not change the expression of the transcrigtioeportegbb-lacZ. Scale bar 50um.

Supplement 3: HATrap binds and masks the HA epitopeof HA:Gbb. A. Trapping of
HA:Gbb in the posterior compartment (usimiggGal4) leads to a masking of the HA epitope
in the very same area. Trapping of HA:Gbb doeschange the extracellular distribution of
OLLAS:Gbb. Scale bar 50um.

Supplement 4: The absence of Dpp does not enable thetection of Gbb homodimer

A. Schematic overview of the experimentalgptin the wing disc. If Gbb homodimer exist in
the wing disdrapping HA:Gbb should accumulate OLLAS:GBb.Expression of the HATrap
in the posterior compartment (usihpGal4) does not lead to accumulation of
OLLAS:Gbb.A” Quantification of extracellular OLLAS:Gbb in the absence and presence of
HATrap(control i=9; HA-Trap n=7) B. Scheme of the experimental gt of B’. HATrap is
expressed in the posterior compartment ubimgexA while dppRNAI is expressed in Dpp
producing cells usingtc-Gal4, in a HA:Gbb, OLLAS:Gbb backgroun&. Knock-down
of dppleads to a loss of extracellular OLLAS:Gbb. B” Quantifioa of extracellular
OLLAS:Gbb, while trapping HA:Gbb in the presence and absence of(8pyrol n=3;
dppRNAI n=4).C. Expression of HATrap in the posterior compartmentngkbi-lexA) leads

to indirect accumulation of OLLAS:Gbb when trapping HA:Dpp (left panel) condpar@o
accumulation whegbbRNAI is expressed in Dpproducing cells (usingtc-Gal4). C’
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Quantification of extracellular OLLAS:Gbb, while trapping HAuD in the absence and
presence @bbRNAI (control n=9; gbbRNAI n=9)Scale bar 50um.

Supplement 5: Knockdown of gbb compromises Dpp signaling activity and longange
gradient formation. A. Knock-down of gbb by gbbRNAI in the dorsal compartment of the
wing disc (umgap-Gal4d) leads to a loss of Ilongnge dispersal of
OLLAS:Dpp.B. Expression ofblRNAI usingap-Gal4 reduces pMAD levels drastically in
comparison to the ventral control compartm&aale bar 50um.
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