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            Abstract
A relatively small number of proteins have been suggested to act as morphogens—signalling molecules that spread within tissues to organize tissue repair and the specification of cell fate during development. Among them are Wnt proteins, which carry a palmitoleate moiety that is essential for signalling activity1,2,3. How a hydrophobic lipoprotein can spread in the aqueous extracellular space is unknown. Several mechanisms, such as those involving lipoprotein particles, exosomes or a specific chaperone, have been proposed to overcome this so-called Wnt solubility problem4,5,6. Here we provide evidence against these models and show that the Wnt lipid is shielded by the core domain of a subclass of glypicans defined by the Dally-like protein (Dlp). Structural analysis shows that, in the presence of palmitoleoylated peptides, these glypicans change conformation to create a hydrophobic space. Thus, glypicans of the Dlp family protect the lipid of Wnt proteins from the aqueous environment and serve as a reservoir from which Wnt proteins can be handed over to signalling receptors.
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                    Fig. 1: Spread of Wingless does not involve multimeric assemblies but requires Dlp.[image: ]


Fig. 2: A subset of glypicans bind palmitoleate.[image: ]


Fig. 3: Structural basis of glypican-Wnt peptide interaction.[image: ]


Fig. 4: Structure-guided point mutants impair Dlp lipid interaction.[image: ]
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                Data availability

              
              X-ray crystallographic coordinates and structure factor files generated during the current study are available from the RCSB Protein Data Bank (PDB) under accession code 6XTZ. Full scans for all western blots are provided in Supplementary Fig. 1. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Extracellular Wingless, captured by morphotrap, colocalizes with DlpΔGPI but not exosomes or lipophorin particles.
a, A membrane-tethered anti-GFP nanobody (Vhh4-CD8-HA, morphotrap), expressed in a transversal stripe with dpp-Gal4, leads to accumulation of GFP-Wingless (from a knock-in allele53) where the two expression domains overlap. The apparent gap in morphotrap expression is due to the known low activity of dpp-gal4 there. Residual expression is nevertheless sufficient to trap GFP-Wingless. b–d, Immunofluorescent localization of morphotrap-enriched GFP–Wingless and endogenous ApoL or endogenous Hrs. d, Immunofluorescent localization of morphotrap-enriched GFP–Wingless and overexpressed DlpΔGPI–V5. Here, morphotrap is expressed with dpp-LexA and DlpΔGPI–V5 with wg-Gal4. White colour indicates extensive colocalization. DlpΔGPI–V5 expression was limited to 24 h with Gal80ts to avoid pleiotropic effects. e, Colocalization was quantified where the morphotrap and GFP–Wingless expression domains intersect. Error bars denote s.d. n = 4 (DlpΔGPI–V5), n = 13 (ApoL) and n = 10 (Hrs), in which n denotes number of wing discs. Scale bars, 50 μm (a), 10 μm (b–d). All experiments were repeated independently three times with similar results.
Source data


Extended Data Fig. 2 Genetic perturbation of exosomes or lipophorin particles does not alter the distribution of extracellular Wingless.
a, Expression of dominant-negative Vps4 with hh-Gal4 in the posterior compartment (limited to 8 h with Gal80ts to avoid pleiotropic effects of sustained VPS4 inhibition) does not affect extracellular Wingless despite disruption of MVB formation indicated by accumulation of ubiquitin. Anterior compartment serves as a control. Dashed line denotes anterior posterior boundary. b, Expression of extracellular Wingless is largely unaffected by the loss of Hrs activity. The posterior compartment was rendered homozygous for a null hrs mutation using the indicated genotype. c, d, Overexpression of the lipophorin receptor Lpr2E–HA for 24 h with the hh-Gal4 driver increases the uptake of ApoL in the posterior compartment but has no effect on extracellular Wingless. The anterior compartment serves as a control. e, Extracellular Wingless and ApoL in wing discs from w118 (control) or homozygotes for a deficiency that removes the two main lipophorin receptors Lpr1/2. The uptake of lipophorin is reduced in the deficiency line but neither total nor extracellular Wingless is altered. Scale bars, 50 μm. All experiments were repeated independently three times with similar results.


Extended Data Fig. 3 Genetic perturbation of Dlp and dally but not of Swim alters the distribution of extracellular Wingless.
a, Expression of an RNAi against Swim in the posterior compartment (en-Gal4) does not alter extracellular or total Wingless. Scale bar, 50 μm. b, Schematic of the Swim locus and the CRISPR–Cas9 strategy used to delete the gene. Successful deletion was verified by PCR using two independent primer pairs indicated by purple and red arrowheads. c, Extracellular Wingless and Distal-less expression in control (w1118) and SwimKO wing discs. Neither is altered afteer Swim deletion. Scale bars, 50 μm. d, Extracellular Wingless is reduced in clones lacking both Dlp and Dally (marked by the absence of GFP (white arrowheads). Scale bars, 25 μm. All experiments were repeated independently three times with similar results.


Extended Data Fig. 4 Further evidence for the lipid binding activity of Dlp class glypicans.
a, GFP–Wingless(S239A) expressed from a knock-in allele is trapped by CD8-VHH expressed with dpp-Gal4. This result shows that GFP–Wingless(S239A) is secreted and can be captured in the extracellular space and thus serves as a positive control for Fig. 2a. Scale bars, 50 μm. b, Dlpcore and Notum(S237A), but not Dallycore, preferentially bind a palmitoleoylated peptide (sequence from the Wingless protein). Biotinylated palmitoleoylated and non-palmitoleoylated peptides were incubated with medium from S2 cells expressing Dlpcore–V5, Notum(S237A)–V5 or Dallycore–V5. Biotinylated peptides were pulled down with streptavidin beads and the extent to which Dlpcore, Notum(S237A)–V5 and Dallycore are co-pulled down was determined by western blot. A peptide-based approach was used because of difficulties associated with the production of soluble Wingless protein. Binding was estimated from the amount of protein co-pulled down from conditioned medium by streptavidin beads. c, Steady-state analysis of the Dlpcore versus palmitoleoylated human WNT7A peptide interaction measured by BLI shown in Fig. 2b. Kd is calculated from a global fit of three independent experiments. Owing to the effect of non-specific binding on the shape of the binding isotherm curves (which could not be alleviated by detergents in light of the lipid-based nature of the interaction), we could not perfectly fit a 1:1 Langmuir model, therefore the indicated apparent dissociation constant is an estimate, not an exact value. d, Representative reference-subtracted BLI traces of Dlpcore against biosensors loaded with non-palmitoleoylated peptide (sequence from relevant region of human WNT7A). No significant binding could be detected (compare to Fig. 2b). The experiments were repeated independently three times with similar results. e, Human GPC4 (Dlp family), but not human GPC3 (Dally family), expressed with ptc-Gal4 captured GFP–Wingless at the cell surface. This panel extends the data of Fig. 2c. Scale bars, 50 μm. All experiments were repeated independently three times with similar results.
Source data


Extended Data Fig. 5 Effects of Dlp class glypicans on Wingless signalling.
a, GPC4 and GPC6, but not GPC3 and GPC5, driven with ptc-Gal4 inhibit the high target gene senseless. Scale bars, 50 μm. b, GPC4 and GPC6, but not GPC3 and GPC5, expressed with en-Gal4 extend the range of the low target gene Distal-less in the posterior compartment. Scale bars, 50 μm. b’, Distal-less immunoreactivity was quantified in the indicated boxed regions and plotted separately for the anterior and posterior, where the glypicans were overexpressed. c, Dlp conditioned medium stabilizes GFP–Wingless in solution. Conditioned medium from S2 cells or S2 cells expressing DlpΔGPI–V5 was added to S2 cells expressing GFP–Wingless. Twelve hours later, the medium was collected, concentrated 20-fold and the amount of GFP–Wingless in solution was determined via western blot. d, Wingless solubilized by DlpΔGPI is signalling competent. Medium from cells that were mock-transfected, transfected with GFP–Wingless alone, or co-transfected with either V5 tagged DallyΔGPI or DlpΔGPI was collected, concentrated and added to S2R+ cells expressing a luciferase reporter of Wingless signalling. Error bars show standard deviation from the mean. n = 4, in which n denotes independent experiments and each independent experiment was performed in triplicate. Asterisk denotes statistical significance, as assessed by an unpaired, two-tailed t-test (P = 0.0011). ns, not significant (P = 0.128). All experiments were repeated independently three times with similar results.
Source data


Extended Data Fig. 6 Steric clashes prevent Wnt lipid binding to glypican CRD.
a, b, CRD architecture for Dlpcore in complex with palmitoleoylated serine of Wnt peptide. We could confirm that the DlpCRD contains the full set of canonical disulfide bonds. c–f, Comparison of the conserved CRD architecture of apo Drosophila Dlpcore (PDB code 3odn) (c), human GPC1 (PDB code 4YWT) (d), mouse Frizzled 8 in complex with palmitoleic moiety from Xenopus Wnt8 (PDB code 4F0A) (e) and mouse Frizzled 8 in complex with palmitoleic moiety from human Wnt3 (PDB code 6AHY) (f). Evolutionary conserved disulfides are shown in black and numbered. g, h, Superposition of Dlpcore CRD and mouse Frizzled 8 CRD bound to lipidated Wnt8 (g) or Wnt3 (h), showing that a conserved helix of glypican CRD sterically hinders binding of the Wnt palmitoleate.


Extended Data Fig. 7 Additional structural information on Dlpcore in complex with human WNT7A peptide.
a, Sequence of Dlpcore construct from the complexed structure annotated with secondary structure elements. To facilitate comparison between the complexed and apo structure, secondary structure nomenclature of the complex reflects that of the previously published apo structure (PDB code 3odn). α indicates α-helices, η indicates 310-helices. b, Side and front view of the lipid binding cavity of Dlpcore in complex with the Wnt palmitoleoylated peptide, showing the cavity extension beyond the end of the Wnt peptide acyl chain. This additional space likely accommodates the bodipy moiety of bodipy–palmitate for the assays presented in Fig. 4a. The internal volume of the cavity is coloured in blue, with the palmitoleoylated serine from the Wnt peptide represented as spheres in atomic colouring (C: orange, N: blue, O: red).


Extended Data Fig. 8 Several types of omit maps show and support the modelling of the electron density in the binding pocket as PMS from the palmitoleoylated Wnt peptide.
a, Coot-displayed Fo − Fc omit map (left) generated from the refined model after removal of PMS, as shown in Fig. 3c. To help orientation and comparison, Fig. 3c is duplicated here, displaying the same map in Pymol (right). The maps are contoured at the same level in the two programs (±2.5σ). b, Coot-displayed Fo − Fc omit map (contoured at ±2.5σ) generated from the refined model, after removal of PMS, application of simulated annealing and one round of coordinate and B-factor refinement. c, Coot-displayed Fo − Fc map (left) and 2Fo − Fc map (right) of the last refinement iteration before modelling PMS in the electron density. As PMS was never modelled, these maps are unbiased. The Fo − Fc map and 2Fo − Fc map are contoured at ±2.5σ and 1σ, respectively. d, Polder map generated from the refined model using phenix.polder54. This omit map, the characteristic of which is to enhance weak electron density features in the omit region, shows additional electron density that can be assigned to the peptide portion of the palmitoleoylated peptide, therefore further supporting PMS modelling into the electron density. The map is contoured at ± 2.5σ.


Extended Data Fig. 9 In vivo characterization of Dlp/Dally chimaeras.
a, Multiple sequence alignment of residues forming binding pocket of human and D. melanogaster glypicans. Sequences are coloured according to Clustal X colouring scheme (blue, hydrophobics; green, polar). b, Extracellular distribution after overexpression of haemagglutinin-tagged Dlp, Dlp(F172T/F195Y; FF/TY), Dlp(R169E/T170N/Q171M/F172T; RTQF/ENMT) or Dally(E149R/N150T/M151Q/T152F; ENMT/RTQF) with ptc-gal4. Scale bars, 50 μm. c, Model illustrating how Dlp acts both as a reservoir of signalling competent Wnt and as a co-receptor. The weight of these activities depends on the relative abundance of Dlp to Frizzled and on the relative affinities of Dlp and Frizzled for Wnt. Configuration of glypican core and heparan sulfate chains are inspired from the structure of human GPC126. All molecules are drawn approximately to scale. The heparan sulfate chains are presented as orange circles, the glypican stalk regions from which they originate as black lines, and the GPI anchors as orange triangles.


Extended Data Table 1 Data collection and refinement statistics (molecular replacement)Full size table





Supplementary information
41586_2020_2498_MOESM1_ESM.pdf
Supplementary Information Supplementary Figure 1: Uncropped Western blot gels and molecular size marker. a) Blots correspond to the data from Figure 2d. b) Blots correspond to the data from Figure 2e. c-c’) Blots correspond to the data from Figure 4c. d) Blots correspond to the data from Extended Data 4b. e) Blots correspond to the data from Extended Data 5c. Supplementary Table 1: Table of Drosophila genotypes from this study.
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