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Abstract 

Polarized trafficking is necessary for the development of eukaryotes and is regulated by a 
conserved molecular machinery. Late steps of cargo delivery are mediated by the exocyst 
complex, which integrates lipid and protein components to tether vesicles for plasma 
membrane fusion. However, the molecular mechanisms of this process are poorly defined. 
Here, we reconstitute functional octameric human exocyst, demonstrating the basis for 
holocomplex coalescence and biochemically stable subcomplexes. We determine that each 
subcomplex independently binds to phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which 
is minimally sufficient for membrane tethering. Through reconstitution and epithelial cell 
biology experiments, we show that Arf6-mediated recruitment of the lipid kinase PIP5K1C 
rapidly converts phosphatidylinositol 4-phosphate (PI(4)P) to PI(4,5)P2, driving exocyst 
recruitment and membrane tethering. These results provide a molecular mechanism of exocyst-
mediated tethering and a unique functional requirement for phosphoinositide signaling on late-
stage vesicles in the vicinity of the plasma membrane. 
Introduction 

Metazoan cell biology is characterized by directional membrane trafficking pathways 
supporting membranous organelles. These structures are interconnected, with logistics 
facilitated by both vesicular transport mechanisms and direct membrane contact sites. 
Strikingly, the specialization of organelles and their distinct identities are maintained, a result 
of continuous sorting and exchange of phospholipid and protein content. In the polarized 
trafficking pathway, this sorting includes polarity determinants destined to the apical or basal 
domains of epithelia, integrins and metalloproteases to the leading edge of invasive cancers, 
and the transport of receptors to post synaptic densities in neurons (1, 2). The diversity of these 
cargos highlights that the molecular mechanisms of polarized trafficking and its regulation are 
fundamental to a broad swath of cell biology, including organismal development (3), tissue 
integrity (1), and viral egress (4). Importantly, these distinct cargo carriers with diverse cellular 
functions are all ultimately trafficked to, and fuse with, the plasma membrane in the final step 
of their journey. However, while the molecular basis for the final step of membrane fusion is 
well-established, a generalizable mechanistic model for the delivery of these diverse cargo 
carriers remains outstanding.  

Orchestration of polarized trafficking requires a highly conserved trafficking 
machinery. Early screens for factors responsible for polarized secretion in yeast identified the 
components of the exocyst complex and its regulatory machinery, including small GTPases 
(5). The connection of this complex to plasma membrane targeting of cargo vesicles in both 
yeast and mammalian cells is well established (6, 7). Yet, models for exocyst-dependent 
trafficking in metazoan invoke diverse mechanisms, including GTPase-mediated assembly (8), 
interconnections with the SNARE fusion machinery (9, 10), and membrane-associated cellular 
factors (11-13). Exocyst-regulatory factors are linked to phosphoinositide signaling, most 
notably evidenced by Rab11 (14) and Arf6 (15-19). Indeed, exocyst conservation (20) and 
connection of lipid kinases to polarized secretion (21-25) suggest a similar interdependence of 
phosphoinositides and exocyst function.  

Phosphoinositides are a family of phospholipids that are signposts for membrane 
identity (26). Their interconversion by lipid kinases and phosphatases is crucial during 
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membrane trafficking and especially well characterized in the endo/lysosomal system (27). At 
the plasma membrane, PI(4,5)P2 is enriched and important for cargo delivery and fusion (15, 
28, 29). However, the membrane identity of cargo vesicles directly prior to plasma membrane 
delivery is poorly defined. Importantly, phosphatidylinositol-4 phosphate (PI(4)P) is 
established on vesicles originating from both the Golgi and recycling endosomes (30-32). 
Furthermore, the delivery of cell polarity proteins to the plasma membrane, such as ß-integrin 
and e-cadherin, is dependent on the direct recruitment of phosphatidylinositol 4-phosphate 5-
kinase type-1 gamma (PIP5K1C), which converts PI(4)P into PI(4,5)P2 (25, 33). This 
dependence implies that the phosphoinositide composition of some cargo vesicles is converted 
to PI(4,5)P2 along the route to the plasma membrane (32). Indeed, this outcome has been 
directly observed during the polarized trafficking of Par proteins during oogenesis in 
Drosophila (34). However, no mechanism is known by which PI(4,5)P2  positive trafficking 
vesicles are tethered to the plasma membrane (35). 

The exocyst is a multi-subunit tethering complex (2) formed from eight homologous 
subunits: Exoc1-8 in mammals and Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84 
in yeast. Importantly, two distinct subunits bind to PI(4,5)P2  (36, 37). The binding sites are 
located at a conserved pleckstrin homology (PH) domain in Exoc1 and in a polybasic region 
of Exoc7. All exocyst subunits bear a coiled-coil followed by an alpha-helical repeat region 
(38). Through antiparallel coiled-coil assembly, two exocyst heterotetrameric subcomplexes 
form, with Exoc1-4 as part of Subcomplex-1 and Exoc5-8 in Subcomplex-2 (38-40). The 
coiled-coil assemblies of these subcomplexes are analogous to the parallel helical bundle of 
the soluble n-ethylmaleimide-sensitive-factor attachment receptor (SNARE) membrane fusion 
machinery (41). The stability of coiled-coil structures (42) and the in vivo colocalization of 
exocyst subunits (43, 44), suggests that the exocyst is present as either tetrameric 
subcomplexes, or a full octamer. Indeed, each subcomplex harbors a distinct PI(4,5)P2 binding 
site, though the function of this duplication is unknown.   

The interconnectivity of exocyst subunits enables a potential for regulatory 
modification through disassembly of the holocomplex. Indeed, live cell imaging of 
endogenously tagged exocyst subunits suggests that although the subcomplexes are recruited 
to vesicles independently, they arrive at the PM together (43). Furthermore, deletion of one 
single subunit leads to a concomitant decrease in vesicle tethering (36, 43), highlighting the 
full holocomplex as the functional unit for vesicle tethering with the PM. However, a common 
mechanism for exocyst-mediated tethering of cargo carriers to the plasma membrane is elusive.  

Here, we reconstitute the complete human exocyst complex from its individual subunits 
to address the mechanism by which it tethers vesicles to the plasma membrane during polarized 
trafficking. We find that the complete octamer readily associates from its separate subunits and 
is suborganized into two distinct subcomplexes with differing modes of assembly. Further, we 
show that each of these subcomplexes independently binds to PI(4,5)P2 and that the 
holocomplex tethers two opposing PI(4,5)P2-positive membranes. Using cryo-electron 
tomography, we directly visualize this exocyst-dependent tethering of liposomes and determine 
a regular tethering distance consistent with the known dimensions of the exocyst complex. 
Next, we determined how exocyst function is linked to PI(4,5)P2. In vitro reconstitution of 
phosphoinositide conversion by PIP5K1C is sufficient to drive both exocyst recruitment and 
membrane tethering. Using endogenous knock-in cell lines, we observe exocyst colocalization 
with PIP5K1C at dynamic subdomains of the plasma membrane. Finally, we demonstrate that 
PI(4)P to PI(4,5)P2  conversion is driven by Arf6 activation both in vitro and in cells. Therefore, 
we propose a model in which phosphoinositide conversion, mediated by Arf6 and PIP5K1C, 
regulates exocyst-dependent membrane tethering. 
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Results  
Complete human exocyst connectivity and reconstitution 

To understand the mechanism of exocyst holocomplex assembly and tethering, we 
reconstituted the human exocyst complex using baculovirus-mediated insect cell expression 
(Fig. 1) (45). We co-expressed every combination of exocyst subunits in pairs, with one subunit 
harboring a single GST-tag for isolation (Fig. 1A). Subsequently we performed pulldowns of 
the GST-tagged bait subunit to determine if the prey is directly isolated in this overexpression 
approach. We used SDS-PAGE followed by Coomassie staining to identify binary interaction 
partners between the subunits of the exocyst holocomplex (Fig. 1B), resulting in several 
apparent dimers. Next, using the information garnered by the dimer analysis, we co-expressed 
and analyzed the logical trimers (Fig. 1C), determining that Exoc7 binding requires the 
formation of an initial Exoc5:6 dimer. Subsequently, because we observed no interaction of 
Exoc8 in the trimeric interaction experiment (Fig. 1C), we isolated a trimer of Exoc5:6:7 and 
confirmed its binding to Exoc8 (Fig. 1D). Most importantly, deriving from these results are 
two subcomplexes, named Subcomplex-1 (Exoc1:2:3:4) and Subcomplex-2 (Exoc5:6:7:8). 
These differ in their assembly, with Subcomplex-1 based upon binary subunit interactions, and 
for Subcomplex-2, a hierarchal assembly. Building on the initial formation of an Exoc5:6 
dimer, Exoc7 and Exoc8 are subsequently recruited to form tetrameric Subcomplex-2.  

Fig. 1. Subunit connectivity and reconstitution of complete human exocyst complex. A, Schematic of 
subunit interaction screen. SF9 insect cells were co-infected with baculovirus encoding single GST-
tagged subunits of the exocyst complex (bait) together with untagged subunits (prey), and analyzed via 
GST pulldowns followed by SDS-PAGE and Coomassie staining. B,C, Dimeric and trimeric 
interactions. First lanes are GST-bait without prey. Numbers above gel bands indicate each of the 
coexpressed exocyst subunits 1-8. Interaction partners are highlighted with red arrowheads. D, 
Tetrameric interactions. GST-Exoc5 together with Exoc6 and Exoc7 were coexpressed with the 
remaining subunits. e) Schematic of complete human exocyst subunit connectivity. Holocomplex is 
divided into Subcomplex-1 and Subcomplex-2, which are joined by an interaction of Exoc4 with 
Exoc5. Names of yeast subunits are given for reference. F-H, Biochemical reconstitution of exocyst 
Subcomplex-1, -2 and holocomplex with size-exclusion chromatograms (Superose 6 Increase 10/300 
GL; void volume, 9 mL). Both Subcomplex-1 and 2 elute at a retention volume of 13 ml while full 
holocomplex elutes at 11 ml. Coomassie-stained insets are taken from peak fractions. Full gels are 
found in Fig. S4-5.  
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To assess the assembly of pentamers to octamers, we separately expressed individual 
subunits and mixed them upon lysis (Fig. S1A-C). The results from the subsequent pulldowns 
enabled us to conclude that exocyst assembly does not require co-translation nor input in vitro 
from small GTPases. Moreover, the human exocyst efficiently self-assembles in a hierarchal 
manner, evolutionarily conserved from yeast (Fig. 1E) (38-40, 46). The connection between 
Subcomplex-1 and -2 is dependent on a strong interaction between Exoc4 and Exoc5, resulting 
in holocomplex assembly.  

The principles of assembly for exocyst intermediates and subcomplexes enabled us to 
discern a purification strategy for intact complexes. For functional analysis, we included 
fluorescent tags in positions structurally and empirically determined appropriate (Fig. 1F-H) 
(47). An assembly mechanism driven by the largely bipartite CorEx regions, and stabilized by 
other multivalent interactions (46), enabled us to identify the subunits necessary for 
purification of the holocomplex (48). Purified holocomplex is stoichiometric, as determined by 
quantitative mass spectrometry and supported by native PAGE (Fig. S1H,I). Moreover, 
negative stain electron microscopy revealed individual isolated complexes, and processing by 
single-particle methods results in a low-resolution model with dimensions consistent with that 
derived from cryo-electron microscopy of the yeast complex (Fig. S1J). Taken together with 
the rules for its assembly, reconstitution of the human exocyst opens a unique opportunity to 
gain mechanistic insight into its function.  
 

Two independent PI(4,5)P2  binding sites enable exocyst membrane tethering 
Key to exocyst function is its ability to bind lipids. A late step in delivery of some 

cargoes to the plasma membrane is the conversion of a subset of vesicular phosphoinositides 
to PI(4)P (30, 31). This change of lipid chemistry is concomitant with trafficking of vesicles 
destined for the plasma membrane that harbor cargos critical for polarity maintenance and 
cellular homeostasis (34, 35, 49, 50). Exoc1 and Exoc7 bind phosphoinositides in isolation (36, 
37), but cooperativity or independence in membrane binding has not been assessed.  

To determine the selectivity of exocyst complexes to phosphoinositides, we measured 
the binding of purified, fluorescently-tagged holo- and subcomplexes for PI(4)P or PI(4,5)P2 
in membranes chosen to mimic the plasma membrane. We formed supported-lipid bilayers on 
silica beads with liposomes composed of 85% 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 
(POPC), 10% phosphatidylserine and 5% phosphoinositide (Fig. 2A) (51, 52). By including 
N-terminal mNeonGreen (mNG) in Exoc4 for Subcomplex-1, and Exoc6 for both Subcomplex-
2 and the holocomplex, we observed recruitment of the complexes to membrane-coated beads 
by confocal microscopy (Fig. 2B). To statistically compare exocyst recruitment, we segmented 
and quantified the integral fluorescence intensity of the bound exocyst per membrane-coated 
bead (Fig. 2C) (POPC/PI(4)P versus PI(4,5)P2; p<0.01). The exocyst and Exoc1/Exoc7-
containing subcomplexes are unambiguously recruited selectively to PI(4,5)P2 and not PI(4)P-
containing membranes at non-saturating conditions (100 nM complex). Moreover, by 
harnessing the assembly hierarchy to generate exocyst subcomplexes, we explicitly 
demonstrate the requirement for Exoc1 or Exoc7 subunits for membrane binding (Fig. S2) (35). 
Strikingly, the novel observation that both Subcomplex-1 and -2 independently bind PI(4,5)P2, 
and not PI(4)P, questions the potential role of avidity in membrane binding by the 
holocomplex. 
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Fig 2. Independent binding of exocyst Subcomplex-1 and -2 to PI(4,5)P2 enables holocomplex tethering. 
A, Schematic of phosphoinositide specificity experiment. Membrane-coated beads of distinct lipid 
composition were generated. To these beads, fluorescently-tagged exocyst subcomplexes were added to 
assess membrane binding by fluorescence microscopy. B, Reconstituted fluorescently-tagged 
Subcomplex-1, -2, or holocomplex were added at 100 nM to membrane-coated beads. These were formed 
from a lipid composition of 84.9% 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 10% 
phosphatidylserine and 5% phosphoinositide or POPC, doped with 0.1% rhodamine-DPPE. Beads were 
imaged by confocal microscopy. C, Membrane-coated beads were segmented using the rhodamine lipid 
signal as a membrane mask, and the mean fluorescence intensities of exocyst complexes bound to each 
bead were determined. Violin plots, 877-1395 segmented beads per condition. D-F, Relative PI(4,5)P2 
membrane binding affinities for the exocyst complexes. Subcomplex-1, -2, or holocomplex were added in 
a dilution series to membrane-coated beads containing 5% PI(4,5)P2 and imaged by confocal microscopy. 
Individual beads were segmented, and a binding saturation curve was fitted resulting in mean kD 
determination with 95% confidence intervals given. 340-1359 beads were quantified per concentration, 
mean±standard deviation. G, Schematic of liposome tethering experiment. Subcomplex-1, -2, or 
holocomplex (150 nM) were bound to 5% PI(4,5)P2 membranes. Liposomes doped with Atto647N-DOPE 
and composed with either 5% PI(4)P or PI(4,5)P2 were added. H-I, Membranes and exocyst complexes 
were imaged by confocal microscopy, segmented and the fluorescent intensity of tethered liposomes was 
measured. Violin plots from 430-778 individual beads. MFI, mean fluorescent intensity. J, Exocyst 
holocomplex tethers two PI(4,5)P2, but not PI(4)P, containing membranes to each other.  
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To quantitate the independence and modality of lipid binding, we determined the 
relative affinities of Subcomplex-1, -2, and the holocomplex for PI(4,5)P2 membranes. We 
adapted the membrane-coated bead assay with varying protein concentrations to obtain their 
relative affinities for PI(4,5)P2. By systematic imaging and analysis, we determined that both 
Subcomplex-1 and -2 were recruited to membranes with similar strength (Subcomplex-1, 
KD,relative=36.1 nM; Subcomplex-2, KD,relative=38.5 nM) (Fig. 2D,E). However, the exocyst 
holocomplex bound to membranes of identical composition significantly weaker 
(KD,relative=99.4 nM; AIC<0.01%) (Fig. 2F). Interestingly, this result makes monovalent 
binding to PI(4,5)P2 by the exocyst plausible, though with an increased kinetic off rate 
compared to individual subcomplexes. Moreover, it negates the possibility of avidity in lipid-
mediated recruitment of the holocomplex to membranes. These results, together with 
phosphoinositide selectivity (Fig. 2B, C;  Fig. S2) and the holocomplex assembly mechanics 
(Fig. 1), suggest exocyst lipid binding occurs in a trans configuration. Therefore, we 
hypothesized that the holocomplex is capable of tethering two distinct PI(4,5)P2-containing 
membranes. 

To test this hypothesis, we recruited the fluorescently-tagged exocyst or subcomplexes 
(150 nM) to PI(4,5)P2-containing POPC membrane-coated beads (Fig. 2G) as previously 
demonstrated (Fig. 2B). Next, we added fluorescently-labeled liposomes harboring either 
PI(4)P or PI(4,5)P2 and quantified the fluorescence intensity of tethered liposomes (51). 
Membranes were only tethered in the presence of the exocyst holocomplex when both 
contained PI(4,5)P2 (Fig. 2H). Individual exocyst subcomplexes failed to tether liposomes, and 
in the absence of liposomal PI(4,5)P2, we observed no statistically significant tethering (Fig. 
2I). These data provide unequivocal evidence for a minimal mechanism of exocyst-mediated 
membrane tethering (Fig. 2J). 

To verify these findings, and to directly observe the exocyst holocomplex on 
membranes, we harnessed cryo-electron tomography. We prepared samples of 5% PI(4,5)P2 -
containing POPC liposomes extruded to 100 nm and mixed with exocyst. Samples were 
plunge-frozen, micrographs acquired, and tomograms reconstructed to visualize the samples 
in three dimensions. In tomograms, we observed a regular proteinaceous material, disperse in 
regions devoid of liposomes. In regions with liposomes, we observed membrane recruitment 

 
Fig.3. Cryo-electron tomography of exocyst-mediated liposome tethering. Purified exocyst 
holocomplex was added to 5% PI(4,5)P2 containing liposomes in the presence of 5 nm Protein-A 
coated gold fiducial markers, plunge frozen in liquid ethane and tilt series were acquired. Tomograms 
were reconstructed resulting in a three-dimensional data set, and liposomes segmented manually 
through the z-axis slices (yellow and cyan). Exocyst holocomplex, present as proteinaceous material 
bound to the liposomes, was segmented using auto-thresholding (purple), which also partially 
delineates electron-dense portions of the liposomes. A model was generated from this segmentation, 
and the distance of closest approach between tethered liposome pairs was determined (mean ± standard 
deviation). Scale bars, 100 nm.  
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of the exocyst complex, and tethering of membranes (Fig. 3). By manual segmentation of the 
tomograms in three-dimensions, we noted and quantified a regular distance between pairs of 
membranes at the position of closest approach. This resulted in an average distance of 32.1 
nm, consistent with the dimensions of the exocyst complex from yeast (38), and providing 
additional evidence for exocyst-mediated tethering of PI(4,5)P2 membranes.   
 

Phosphoinositide conversion drives membrane tethering 
In polarized trafficking, phosphoinositide dynamics are required for delivery of vesicles 

prior to the engagement of fusion machinery. A key factor in these dynamics is the endosomal 
recruitment of the phosphatidylinositol-5 kinase PIP5K1C (18, 30, 33). To determine if 
phosphoinositide conversion drives exocyst-mediated tethering, we reconstituted human 
PIP5K1C to convert PI(4)P into PI(4,5)P2  in a modified assay for exocyst recruitment (Fig. 
4A) (53). We mixed recombinant fluorescently-tagged exocyst (100 nM) with PI(4)P-positive 
membrane-coated beads (as in Fig. 2B). After the addition of reconstituted PIP5K1C (150nM), 
we observed exocyst recruitment to membranes in an ATP-dependent manner by confocal 
fluorescence microscopy (Fig. 4B). In this system, limited by mixing, the conversion and 
subsequent exocyst recruitment occurred rapidly once underway. This recruitment is consistent 
with the observed affinities of the exocyst to PI(4,5)P2 membranes (Fig 2D-F) and provides a 
baseline for the activity of PIP5K1C, in the absence of a mechanism for lipid kinase 
recruitment. Critically, phosphoinositide conversion not only drove exocyst membrane 
recruitment, but also tethering. We mixed PI(4,5)P2-positive liposomes, the exocyst, and 
PIP5K1C together with PI(4)P-positive membrane-coated beads. Following conversion until a 
saturating time point, we evaluated the fluorescence intensity of tethered liposomes (Fig. 
4C,D). We observed a clear dependence of liposome tethering on phosphoinositide conversion, 
and a linear dependence on the amount of exocyst recruited. Therefore, de novo generation of 
PI(4,5)P2 by PIP5K1C mediates in vitro exocyst-dependent tethering. This suggests that late-
stage phosphoinositide conversion drives cargo vesicle tethering during polarized trafficking.  

To validate these findings in a cellular system, we used genome edited knock-in cells 
from mouse mammary epithelia (NMuMG) with sfGFP at the C-terminus of Exoc4 (43). These 
cell lines have previously been described, and the fluorescent tag does not affect exocyst 
function. Importantly, these cells readily differentiate into an epithelial sheet with apicobasal 
polarity and are therefore well-suited to observe the exocyst during polarized trafficking. Using 
live-cell Airyscan microscopy (54), we determined that the exocyst is mainly located at 
basolateral and junctional membranes. Here, the exocyst is organized into dynamic subdomains 
that are stable for several minutes (Fig. 4E). This localization is consistent with its role as a 
tethering complex in the direct vicinity of the plasma membrane (2, 43). To address the link 
between phosphoinositide conversion and exocyst function, we exogenously expressed 
PIP5K1C-mScarlet-I in these cell lines and performed live cell imaging (Fig 4F). We observed 
PIP5K1C and the Exoc4-sfGFP together at dynamic subdomains in the direct vicinity of the 
plasma membrane. This data provides further evidence for a functional link between the 
exocyst and the generation of PI(4,5)P2 (33).  
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Fig. 4. Phosphoinositide conversion 
drives exocyst-mediated membrane 
tethering A, Schematic of exocyst 
recruitment by phosphoinositide 
conversion. Membrane-coated beads 
containing PI(4)P were mixed with 
exocyst (100 nM) and PIP5K1C 
(150 nM) in the presence and 
absence of ATP.  B, Exocyst is 
recruited to membrane-coated beads 
upon ATP-dependent PI(4)P to 
PI(4,5)P2 conversion, and imaged by 
confocal microscopy. Beads were 
segmented, and the associated 
exocyst mean fluorescent intensity 
was measured over time. Mean ± 
standard deviation, n=44, 68 beads. 
Scale bar 10 µm. C, Schematic of 
membrane tethering by 
phosphoinositide conversion. 
PI(4,5)P2 containing liposomes were 
added to the phosphoinositide 
conversion experiment. D, The 
intensity of bound exocyst and 
tethered liposomes was determined 
after 30 minutes, and the mean 
fluorescent intensity of each were 
plotted per bead. n=1440, 1864 
beads. Scale bar, 10 µm. E, 
NMuMG cells with endogenous 
Exoc4-sfGFP were imaged by live-
cell Airyscan microscopy. Insets 
show the dynamics of plasma 
membrane-associated exocyst 
subdomains. F, Cells were 
transfected with mScarlet-tagged 
PIP5K1C, and imaged by live-cell 
Airyscan microscopy. Inset shows 
time series of exocyst colocalization 
with PIP5K1C at dynamic 
subdomains of the plasma 
membrane. Scale bar, 10 µm, inset 
scale bar, 1 µm.  
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Arf6 mediates PIP5K1C-dependent PI(4,5)P2 generation and exocyst recruitment 
The conversion of PI(4)P into PI(4,5)P2 at intracellular membranes is catalyzed by the 

Arf6-mediated recruitment of PIP5K1C (25), which is in part also dependent on the presence 
of anionic lipids (53). We hypothesized that regulation of Arf6, by virtue of recruiting 
PIP5K1C, drives PI(4,5)P2 generation, and subsequent exocyst-mediated tethering. To observe 
cellular phosphoinositides, we harnessed a staining approach using purified phosphoinositide-
binding probes, allowing us to visualize lipid populations in fixed cells (Fig. S3A, B) (55). 
Briefly, recombinant purified SidC (56), and PLCδ-PH domain (57), tagged with GFP were 
used as probes in fixed and permeabilized NMuMG cell lines to visualize PI(4)P and PI(4,5)P2, 
respectively. We observed strong colocalization of immunostained Golgi-resident GM130 with 
PI(4)P by SidC staining (Fig. S3A,B). Respectively for PLCδ-PH staining, we observed plasma 
membrane alongside intracellular vesicles harboring PI(4,5)P2 and e-cadherin in PIP5K1C 
expression conditions (Fig S3B). This methodology allows us to robustly detect 
phosphoinositides in cells while avoiding overexpression artifacts of lipid probes.  

To address Arf6-mediated regulation of the conversion of PI(4)P to PI(4,5)P2 , we used 
expression of constitutively active or inactive Arf6 to disrupt GTPase cycling (Arf6-Q67L and 
Arf6-T27N, respectively) (58). Expression of Arf6-T27N results in the well-described 
phenotypes of post-Golgi halted secretion, while expression of Arf6-Q67L lead to a 
progressive accumulation of plasma membrane-derived vesicles resulting from overactive 
macropinocytosis (e.g. Fig. 5A, top left panel) (15, 59, 60). We took advantage of these 
phenotypes to determine the localization of phosphoinositides to the resulting internal 
membranes. Arf6-T27N positive membranes contained PI(4)P (Fig. 5A) but not PI(4,5)P2 (Fig. 
5B). Moreover, they were only partially positive for a Golgi marker (Fig 3A; top insets), 
indicating an intracellular PI(4)P pool not associated with the Golgi. In contrast, membranes 
positive for Arf6-Q67L were strongly enriched with PI(4,5)P2 (Fig. 5B), but not PI(4)P (Fig. 
5A). The observed differences in colocalization of phosphoinositides with Arf6 correlates 
directly with its activation state, and is consistent with a direct role in the generation of 
PI(4,5)P2.  

To evaluate the mechanism by which Arf6 activation leads to the accumulation of 
PI(4,5)P2, we directly assessed PIP5K1C binding to Arf6 (16, 61). Purified PIP5K1C interacts 
with purified Arf6 in a GTPase activity-dependent manner (Fig. 5C), consistent with results 
from cell biological experiments (15, 61) and demonstrating that PIP5K1C is an effector of 
Arf6 (16). This result explains the elevated levels of PI(4,5)P2 on intracellular membranes in 
rf6-Q67L expression (Fig. 5B). Moreover, the direct interaction led us to hypothesize that Arf6-
mediated lipid kinase recruitment drives rapid phosphoinositide conversion.  

To directly evaluate the biochemical characteristics of Arf6-mediated phosphoinositide 
conversion in a reduced system, we reconstituted the lipid kinase and membrane-coated beads 
harboring PI(4)P together with Arf6. We conjugated either Arf6-T27N or Arf6-Q67L to 
membrane-coated beads harboring the high-affinity TrisNTA-DODA lipid via N-terminal 
6xHis tags (62). Both populations were distinctly doped with fluorescent lipids and observed 
simultaneously by microscopy (Fig 5D). After addition of PIP5K1C at kinetic concentrations 
(12.5 nM) to these membranes, we observed the production of PI(4,5)P2, assessed by the 
recruitment of RFP-PLCδ-PH. As expected, we observed relatively slow recruitment of this 
probe to Arf6-T27N membranes, reflecting basal activity of the lipid kinase (Fig 5E). In 
contrast, membranes harboring Arf6-Q67L displayed extremely rapid and cooperative 
phosphoinositide conversion. This result supports a mechanism whereby active Arf6 
potentiates lipid kinase activity by the direct recruitment of PIP5K1C to the membrane. The 
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phosphoinositide conversion thereby functions as a biochemical switch (63, 64), rapidly 
redefining the identity of the membrane. We demonstrated that this change of identity is 
sufficient for exocyst recruitment and tethering (Fig. 4), which suggests a key role for 
phosphoinositide conversion in polarized trafficking. 

To directly test this mechanism in a cellular system, we determined the exocyst 
localization in polarized NMuMG cells expressing Arf6 variants (43). In cells expressing the 
inactive Arf6-T27N, we observed no change to exocyst localization (Fig 5E; compare Fig. 4E). 
In contrast, and in addition to the normal exocyst localization, expression of active Arf6-Q67L 
resulted in significant colocalization with the exocyst (Fig 5E), retargeting the complex to 
PI(4,5)P2 positive internal membranes. This result demonstrates that the exocyst is linked to 
Arf6 in an activity-dependent manner. Therefore, these experiments support a model in which 
late-stage phosphoinositide conversion is critical to exocyst-mediated tethering in polarized 
trafficking (Fig. 6).  

 
Discussion  

Exocyst-mediated selectivity and tethering results from the coordination of intracellular 
PI(4,5)P2 conversion at late stages of vesicle delivery to the plasma membrane. We have 
demonstrated in a reconstitution-based approach the constitutive nature of the exocyst 
complex, and provide new mechanistic evidence for holocomplex-driven tethering. We have 
identified the role of phosphoinositide binding, and upstream lipid conversion, in regulating 
functional tethering by the exocyst complex. This lipid kinase-mediated mechanism provides 
a novel framework for understanding exocyst-dependent delivery of diverse cargo vesicles to 
the plasma membrane. 

The direct observation that the exocyst holocomplex tethers two distinct PI(4,5)P2 
membranes to each other requires the two lipid binding regions of the holocomplex to be in 
physical opposition. However, in current structures of the yeast exocyst complex (38, 46), the 
localization of the lipid binding regions cannot be directly observed, owing to a large flexible 
linker connecting the PH domain of Sec3 (Exoc1) to the complex. The mammalian complex 
lacks this linker, likely resulting in a fixed and different location of the PH domain within the 
holocomplex. Indeed, the two PI(4,5)P2 binding regions of the yeast exocyst may be redundant, 
as vesicle tethering still occurs if either of them is deleted (36, 37). In contrast, the mammalian 

Fig. 5. Arf6 controls PI-4,5-P2 conversion and exocyst recruitment. A-B, NMuMG cells were 
transfected with Arf6-Q67L or Arf6-T27N tagged with mRuby3, and subsequently fixed, 
permeabilized and stained against either PI(4)P or PI(4,5)P2 using purified SidC or PLCδ-PH fused to 
GFP, respectively. Signal overlap between channels was determined using the ImageJ plugin Squassh. 
Plot shows biological repeats (in bold) with individual cells (in background), n=3-4 repeats with 29-
36 individual cells each. Asterisks denote p<0.001. Scale bar, 10 µm, inset, 1 µm. C, Purified GST, 
GST-Arf6-T27N or GST-Arf6-Q67L were bound to resin as bait, and purified PIP5K1C (400 nM) 
used as prey. Inset (top) is increased contrast. D, Membrane-coated beads harboring PI(4)P and either 
recombinant Arf6-T27N or Arf6-Q67L were distinctly labelled with NBD-DPPE or Atto647N-DOPE 
and mixed. PIP5K1C (12.5 nM) was added, and the recruitment of purified PLCδ-PH fused to RFP 
was measured over time. Beads were segmented using either the NBD or Atto647N signal as masks. 
Plot is mean fluorescent intensity of recruited PLCδ-PH ± standard deviation, quantified in ImageJ. 
n=92-99 beads. Scale bars, 10 µm. E, NMuMG cells expressing endogenously sfGFP-tagged Exoc4 
were transfected with Arf6-Q67L or Arf6-T27N fused to mRuby3 and imaged using Airyscan 
confocal microscopy. Signal overlap between channels was determined using the ImageJ plugin 
Squassh. n=3 repeats with 7-25 individual cells each, asterisks denote p<0.001. 
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exocyst requires both PI(4,5)P2 binding regions for the polarized trafficking of E-cadherin to 
cellular junctions (33), and the delivery of post-Golgi secretory vesicles to the plasma 
membrane (35). Our results highlight the importance of vesicular PI(4,5)P2 during polarized 
trafficking to the plasma membrane in a generalizable mechanism for exocyst-mediated 
tethering. 

The generation of minor pools of PI(4,5)P2 on intracellular trafficking vesicles must be 
tightly regulated and places a requirement for the generation of PI(4,5)P2 downstream of 
endosome exit at the strictest of vicinity to the plasma membrane. Indeed, PI(4,5)P2 is present 
on internal membranes regulating distinct trafficking events (65). The most parsimonious 
model for these observations requires control over the localization of the lipid kinase, whose 
activity is directly linked to the activation of Arf6 (15). This model mechanistically implicates 
the activity of Arf6 on vesicles in both recycling (49) and potentially secretory pathways (35, 
66), yet its direct link to plasma membrane delivery at late steps has been mechanistically 
unclear. Our data uncover the direct role of Arf6-regulated PI(4,5)P2 generation and subsequent 
exocyst-mediated tethering in polarized trafficking.  

Cargo proteins themselves may directly recruit PIP5K1C to trafficking vesicles (33), 
which would add an additional layer of complexity to this process. Indeed, further layers of 
regulatory complexity influence the composition of the exocyst holocomplex. The bivalent 
PI(4,5)P2 binding we have described for the exocyst is paralleled by Ral GTPase-mediated 
regulation, exerted through its independent binding to both Exoc2 and Exoc8 (8). Similarly, 
ULK1 and TBK1 regulate the exocyst through phosphorylation of Exoc7 and Exoc8 
respectively (8, 67, 68). Our results highlight that these subunits are most capable of 
disassociation from the holocomplex, which while contrasting with some earlier suggestions 
(69), is supported by the hierarchal nature of the human exocyst (40, 43).  

Finally, the role of small GTPases in exocyst-dependent trafficking remains to be 
clarified. In particular, the activation and interconnections of Rab-family GTPases to Arf6 (66, 
70-72) are enticing in the context of the final steps of cargo carrier delivery to the plasma 
membrane. The novel mechanism we have uncovered for exocyst-mediated tethering provides 
a framework for linking the roles of the SNARE membrane fusion machinery, small GTPases, 
and the myriad of other exocyst binding partners to a cohesive model of polarized trafficking.  

 
 

 
Fig. 6. Exocyst-mediated lipid kinase driven membrane tethering.  
Polarized trafficking vesicles originating either from recycling endosomes or the Golgi are 
trafficked to the vicinity of the basolateral PM. Close to the PM, Arf6 is activated, resulting in 
recruitment of the PIP5K1C lipid kinase. This kinase converts vesicular PI(4)P into PI(4,5)P2, which 
results in exocyst recruitment and cargo carrier tethering to the PM. 
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Materials and Methods 
Plasmid construction 
Exocyst subunit plasmids were a kind gift from Channing Der (Addgene 53755-53762) (73). 
Each was subcloned into FlexiBAC SF9 expression plasmids as GST-HRV3C, 6xHis-MBP-
HRV3C, and 6xHis-HRV3C-mNeonGreen fusions, where HRV3C is a protease cleavage site, 
by standard molecular biology approaches (45). GFP-PIPK1 gamma 90 was a gift from Pietro 
De Camilli (Addgene plasmid # 22299) and subcloned with mScarlet-I into mammalian 
expression plasmids. Plasmids encoding PLCδ-PH and SidC were a kind gift from Evzen 
Boura and subcloned into bacterial expression plasmids. Gene encoding Arf6 was cloned into 
bacterial expression plasmids as a GST-fusion, and subcloned with mRuby3 into mammalian 
expression plasmids. 
 
Baculovirus production 
Exocyst subunits and PIP5K1C were expressed in SF9 cells cultured in Insect-EXPRESS 
(Lonza) by baculovirus mediated expression. Baculovirus was produced using the FlexiBac 
methods (45). SF9 cells at 1x106 cells/ml were co-transfected by the linearised Defbac viral 
backbone and the plasmids encoding for exocyst subunits or PIP5K1C using ESCORT-IV 
(Sigma). After 5 days, cells were checked for signs of viral transfection and 50-200 µl of 
supernatant of this P1 virus were used to infect 50 ml of insect cells to generate P2 virus. 5 
days after infection, this P2 virus was again evaluated for virus production (LUNA-II; Logos 
Bio). 
 
Exocyst subunit interaction screen 
For identification of exocyst subunit interactions, SF9 cells at 1x106 SF9 cells/ml were grown 
in 24 well round bottom plates (Qiagen) and infected with baculovirus of the indicated single 
subunits. After 2 days of infection, the cells were pelleted at 500xg for 10 min, the supernatant 
discarded and the pellet frozen in liquid nitrogen. Upon use, the pellet was thawed and 
resuspended in 2 ml of standard buffer (20mM HEPES, 250mM NaCl, 0.5 mM TCEP), 
sonicated, and clarified at 4 °C. 25 µl of glutathione agarose beads (MRC-PPU Reagents and 
Services) were added and incubated for 1-2 h at 4 °C. Beads were isolated by centrifugation 
and washed three times in standard buffer using MobiSpin Column F (MoBiTec GmbH). The 
washed beads were resuspended in 50 µl 1x SDS loading buffer, boiled at 95 °C, and separated 
by SDS-PAGE. Gels were stained with Quick Coomassie Stain (Generon) and scanned. 
 
Protein Purifications 
Exocyst complexes and PIP5K1C were expressed using the SF9 insect cell system (45). To 
express exocyst Subcomplex-1, cells were coinfected with N-terminal 6xHis-MBP tagged 
Exoc1 and untagged Exoc2. Separately, cells were coinfected with untagged Exoc3 and N-
terminal 6xHis-mNeonGreen tagged Exoc4. Exoc1 was infected at 0.9 relative MOI relative to 
the other subunits to assure complex integration, with each virus having similar MOI. After 
two days of infection, the cultures were mixed, pelleted and frozen in liquid nitrogen.  
 
To express exocyst Subcomplex-2, cells were coinfected with N-terminal 6xHis-mNeonGreen 
tagged Exoc6 and N-terminal 6xHis-MBP tagged Exoc5 at 0.8 relative MOI. Separately, 
untagged Exoc7 and untagged Exoc8 were coexpressed at 1.2 relative MOI. After two days of 
infection, the cultures were mixed, pelleted and frozen in liquid nitrogen.  
 
To express exocyst holocomplex, cells were coinfected with untagged Exoc1 and untagged 
Exoc2, and separately with untagged Exoc3 and untagged Exoc4. Separately, cells were 
coinfected with N-terminal 6xHis-MBP tagged Exoc5 at 0.8 relative MOI, and N-terminal 
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6xHis-mNeonGreen tagged Exoc6. Finally, a final separate culture was infected with untagged 
Exoc7 and untagged Exoc8 at 1.2 relative MOI. After two days of infection, each of the 4 
cultures was combined, pelleted and frozen in liquid nitrogen. In our hands, the MOI ratio of 
tagged subunit was of critical importance for generation of stoichiometric complexes.  
 
To express PIP5K1C, cells were infected with N-terminal 6xHis-MBP tagged PIP5K1C for 
two days, pelleted and frozen in liquid nitrogen.  
 
To purify the exocyst complexes, all pellets were thawed on ice and resuspended to 50ml final 
volume in standard buffer with the addition of protease inhibitors and Benzonase (Sigma). 
PIP5K1C was resuspended in buffer containing 20 mM HEPES, 400 mM NaCl, 0.5 mM TCEP, 
50 mM Na2HPO4. Cell suspensions were lysed by Dounce homogenization followed by 
clarification through centrifugation. Cleared lysate was filtered through 0.45 µm membranes 
and bound to preequilibrated Amylose Fast Flow resin (MRC-PPU Reagents and Services). 
After washing, protein/proteins complexes were cleaved by addition of recombinant HRV-3C 
protease for at least 3 hours. Following cleavage and centrifugation, the supernatant was 
concentrated to using Vivaspin concentrators (Cytiva) and injected onto a 24 ml Superose 6 
Increase 10/300 GL (or Superdex200 10/300 GL for Exoc1:mNeonGreen-Exoc4 and 
Exoc5:mNeonGreen-Exoc6:Exoc7) equilibrated in standard buffer. Peak fractions were 
analyzed by SDS-PAGE, pooled and concentrated and either used immediately in experiments, 
or aliquoted and frozen in liquid nitrogen and stored at -80 °C. Samples were sent to the mass 
spectrometry facility (Fingerprints, University of Dundee) for quantitative peptide analysis.  
 
Small GTPases and lipid probes were expressed in BL21 bacterial cells using standard 
approaches. All constructs were grown in LB containing 1.75 w/vol % lactose and antibiotic 
at 37 °C to OD600=0.8, whereupon temperature was lowered to 18 °C for 10-12 h. Cells were 
pelleted resuspended in standard buffer, lysed, and clarified. Protein was purified by Ni affinity 
chromatography using 5 ml His-Trap HP column (Cytiva) followed by anion exchange on a 
5ml Capto-Q column (Cytiva). Peak fractions were pooled and purified by size exclusion 
chromatography using a Superdex 200 16/60 pg column (Cytiva). All proteins were aliquoted, 
frozen in liquid nitrogen and stored at -80 °C. 
 
Negative stain electron microscopy 
Carbon Film, 400 Mesh copper grids (Electron Microscopy Sciences) were glow discharged 
and exocyst holocomplex (1.9 μM) was applied for 10 minutes and blotted away with Whatman 
paper. Grids where washed twice with ddH2O before being stained with 0.75% uranyl formate 
for approximately 30s. Excess stain was removed by blotting, and samples were imaged using 
a JEOL 2200FS 200 kV with inline omega filter on a Gatan Ultrascan 4k 15 μm pixel camera 
at 30,000x magnification. Images were obtained at a defocus of -0.5-2.0 μm. Particles were 
manually selected using Boxer implemented in EMAN2 (74). Morphological model was 
generated in EMAN2 from 7052 particles over 75 micrographs to assess protein complex 
heterogeneity and dimensions. 
 
Lipids, membrane-coated beads, and lipid binding experiments 
All lipids were obtained from Avanti Polar Lipids unless otherwise stated. Liposomes 
containing either PI(4)P (Echelon Biosciences) or PI(4,5)P2 (Echelon Biosciences) were 
produced by mixing 95 mol % 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) with 5 
mol % of the respective phosphatidylinositol together with 0.1% Atto647N-DOPE (ATTO-
TEC) or Rhodamine-DOPE. The mixtures were evaporated under nitrogen flow and dried 
overnight in a vacuum. Dried lipids were resuspended in buffer containing 20 mM HEPES, 
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150 mM NaCl, and 0.5 mM TCEP at 37 °C and subjected to 6 cycles of freeze thawing in liquid 
nitrogen. Where samples contained 0.5% Tris-NTA-DODA (62) for Arf6 conjugation, 1 mM 
NiCl2 was added during the resuspension step. Liposomes were extruded to 100 nm and 
aliquoted, frozen in liquid nitrogen and stored at -20 °C.  
 
Membrane-coated beads (51, 52) were generated by mixing liposomes and 10 µm silica beads 
(Whitehouse Scientific) in 200 mM NaCl. Beads were washed twice with 20 mM HEPES and 
resuspended in buffer containing 20 mM HEPES, 150 mM NaCl, and 0.5mM TCEP. Samples 
were kept on a rotator until use within 2 hours of generation.  
 
To assess lipid binding, beads were added to uncoated µ-Slide 8 well chambers (Ibidi) and 
protein added and mixed by pipetting at the indicated final concentrations. Lipid binding 
kinetics were allowed to equilibrate for 30 min at room temperature before imaging at the 
transverse plane. 
 
Confocal images were acquired using a Leica SP8 Confocal Microscope with a Leica HC PL 
APO CS2 63x/1.40 Oil objective at 0.75 base zoom with 1024x1024 pixels scan. Data was 
analysed using a custom written ImageJ script. The signal from the Atto647N-DOPE or 
Rhodamine-DOPE was used to segment each bead individually, thereby creating a mask for 
the circumference for bead. The mask was used in the GFP/mNeonGreen channel to measure 
the recruitment of the fluorescent probes to each bead. Statistics shown are single-site model, 
probability by Aoike Information Criterion <0.01%. 
 
Phosphoinositide conversion assays 
Membrane-coated beads containing 0.1% Atto647N-DOPE (ATTO-TEC), 5% PI(4)P and 10% 
phosphatidyl serine (PS) in 84.9% POPC were prepared as described above and resuspended 
in 100 µl kinase buffer (20 mM HEPES (pH 7.0), 150 mM NaCl, 5 mM MgCl2, 0.5 mM EGTA, 
200 µg/mL β-casein, 20 mM BME, and 20 mM glucose) in the presence or absence of 1 mM 
ATP. Samples were applied to an imaging chamber and protein was added to a final 
concentration of 100 nM.  Immediately before acquisition, reconstituted PIP5K1C was added 
to the beads at a final concentration of 150 nM. The reaction was monitored at 0.2 Hz using a 
Leica SP8 Confocal Microscope with a Leica HC PL APO CS2 63x/1.40 Oil objective at 0.75 
base zoom with 1024x1024 pixel scan.  
 
For membrane tethering assays, liposomes containing 5% PI(4,5)P2 were added to the beads 
together with PIP5K1C for 30 min while rotation at RT before imaging. 
 
For Arf6 mediated phosphoinositide conversion, 1 µM purified 6xHis-Arf6-T27N/Q67L was 
added to membrane-coated beads containing 0.5% Tris-NTA-DODA (62), 5% PI4P, 10% PS 
in 84.5% POPC doped with either 0.1% NBD-DPPE or Atto647N-DOPE (ATTO-TEC) for 30 
min and washed three times. At these conditions Arf6 binding to the beads were saturated. 
Beads were added to an Ibidi imaging slide and purified PLCδ-PH domain with N-terminal 
RFP tag were added to a final concentration of 100 nM. Immediately before imaging, purified 
PIP5K1C was added to the beads at a final concentration of 12.5 nM. Recruitment of PLCδ to 
either of the two membrane-coated bead populations was determined using ImageJ by 
segmentation of either the NBD or Atto647N signal as mask. 
 
Cryo-electron tomography 
Exocyst holocomplex was mixed with liposomes composed of 95 mol% POPC and 5 mol% 
PI(4,5)P2 and protein A coated 5 nm gold fiducials (Electron Microscopy Sciences) for 3 
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minutes and to a final protein concentration of 1 µM. Samples were applied to glow-discharged 
holey carbon film grids (Quantifoil) and plunge frozen into liquid ethane using a Vitrobot 
(ThermoFisher). Tilt series were collected on a JEOL CRYO ARM 300 (Jeol Ltd) electron 
microscope operated at 300 keV and equipped with in-column omega energy filter and DE-64 
direct electron detector (Direct Electron, USA) operated in electron counting mode. Data 
acquisition was controlled by SerialEM (75) using the dose-symmetric scheme (76) using an 
increment of 1˚ and a group size of 3˚ with a range of -60˚ to +60˚. The nominal magnification 
was 30,000x, giving a calibrated pixel size of 2.35 Å/px. The defocus was set to -6 µm and the 
dose was 1.84 e/Å2/tilt giving a total dose of 223 e/Å2 over a complete tilt series. The energy 
filter was set to a slit width of 30 eV. Images were collected as movies of 6 frames per tilt. 
Movies were motion corrected, gain corrected, assembled into tilt series and dose weighted 
using the IMOD program alignframes (75). Tomograms were reconstructed by back projection 
using the IMOD program ETOMO with 5 nm gold particles as fiducials. Liposomes were 
segmented by hand throughout the tilt series in 3dmod (77) and the distance of closest approach 
was determined. Proteinaceous material that was clearly associated with liposomes was 
segmented using the AutoThreshold function. 
 
Live cell Airyscan imaging 
NMuMG cells (ATCC) and NMuMG genome-modified cells (43) were grown in DMEM 
containing 4.5 µg/ml Glucose with Pyruvate, supplemented with 10% FBS and PenStrep. Cells 
were seeded onto Ibidi glass bottom dishes and transfected using NMuMG-optimized GeneJet 
transfection reagent (ThermoFisher) according to the manufacturer’s instructions. 24-48 h after 
transfection cells were imaged in an environmental control chamber at 37 C with 5% CO2 using 
a Zeiss LSM880 Airyscan microscope with a 60x oil objective NA1.4. Overlap between the 
different channels was quantified in ImageJ using automated segmentation tool Squassh (78). 
Signal overlap was determined in Squassh (78) and plotted as a SuperPlot (79) with bold 
symbols representing the mean of an individual biological repeat, and the background symbols 
representing the data from individual cells.  
 
Phosphoinositide staining in cells 
Staining protocols for phosphoinositides using purified SidC-GFP and GFP-PLCδ-PH were 
adopted from Hammond et al 2019. For staining with purified SidC-GFP, cells were fixed with 
37 °C prewarmed PBS with 4% PFA for 20 min, followed by quenching in 50 mM NH4Cl for 
20 min. Fixed cells were permeabilised with 20 µM digitonin in 1X PIPES buffer for 5 min at 
room temperature and washed. Fixed and permeabilised cells were blocked with 5% goat serum 
in 50 mM NH4Cl containing PIPES buffer in the presence of 1 µM purified SidC-GFP for 1 h 
at room temperature. Cells were washed in PIPES buffer and stained with mouse anti-GM130 
(BD Biosciences 610822) for 1 h, washed and stained with secondary antibodies coupled to 
Alexa 647 for 45 min, washed and postfix in PBS with 2% PFA for 10 min. Samples were 
washed in 50 mM NH4Cl, mounted using Prolong Gold (ThermoFisher) and imaged using an 
LSM880 Airyscan microscope with a 60x, NA1.4 oil objective.  
 
For staining with purified GFP-PLCδ-PH, cells were fixed with prewarmed 37C 4% PFA in 
PBS for 20min, followed by quenching in 50 mM NH4Cl for 20 min. From now on all steps 
were carried out on ice and with all solutions chilled to 4 °C. Fixed cells were permeabilised 
with 0.5% saponin in PIPES buffer with 5% goat serum and 2 µM purified GFP-PLCδ-PH for 
1 h. Fixed and permeabilised cells were washed with PIPES buffer and stained with mouse 
anti-e-cadherin (Clone 36/E; BD Bioscience) in 5% goat serum and 0.1% saponin containing 
PIPES buffer for 1 h washed and stained with secondary antibodies coupled to Alexa 647 for 
45 min. Ice cold PBS with 2% PFA was added for 10 min before transferring the slides to room 
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temperature and letting them adjust for another 10 min. Samples were rinsed in 50 mM NH4Cl, 
mounted, and imaged as above described. 
 
Signal overlap was determined in Squassh (78) and plotted as a SuperPlot (79) with bold 
symbols representing the mean of an individual biological repeat, and the background symbols 
representing the data from individual cells.  
 
Arf6 - PIP5K pulldown 
BL21 cells transformed with GST alone or GST-Arf6-Q67L/T27N were grown in LB 
containing 1.75% lactose and antibiotic at 37 °C to OD600=0.8, whereupon temperature was 
lowered to 18 °C for 10-12 h. Cells were pelleted, resuspended in standard buffer, lysed, and 
clarified. Sample was then filtered through a 0.22 µm filter and bound to GSH agarose beads 
(MRC-PPU Reagents and Services) for 1 h at 4 °C. Beads were washed, and protein was eluted 
with 20 µM glutathione. Eluted protein was further purified by size exclusion chromatography 
using a Superdex 200 16/60 pg column. Peak fractions were pooled and snap frozen in liquid 
nitrogen. Equal amounts of purified protein were added to 50 µl GSH agarose for 1 h at 4 °C, 
washed and resuspended in standard buffer. Purified PIP5K1C was added to a final 
concentration of 400 nM and incubated at 4 °C under constant rotation for 1 h. Beads were 
washed, resuspended in SDS-loading buffer and analysed by SDS page, followed by 
Coomassie staining. 
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Supplemental material 

 
  Fig. S1. Exocyst connectivity and holocomplex verification and validation. A-C, To confirm higher 

order exocyst complex connectivity, exocyst subunits were separately expressed in SF9 insect cells 
and mixed upon lysis. All possible combinations for exocyst hepta-, hexa-, and pentamers from 
pulldowns using Exoc5 tagged with GST and analysed by SDS-PAGE and Coomassie staining. D, 
Heatmap of protein coverage for mass spectrometry analysis of purified Subcomplex-1, -2 and 
holocomplex. E, Native gel electrophoresis of purified Subcomplex-1, -2 and holocomplex. Insert is 
shown in enhanced contrast to visualise faint bands from holocomplex. F, Exocyst holocomplex was 
analysed by negative stain and a low-resolution model was generated. The cryo-EM structure of the 
yeast exocyst (ribbons) was placed into the outline (mesh) of this low-resolution shell for visual 
comparison. 
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  Fig. S2. Purification and phosphoinositide binding of exocyst subcomplexes. A, Size-exclusion 

chromatography of a dimer of Exoc1 with mNeonGreen (mNG)-tagged Exoc4. B, Exoc1:4 dimer was 
added to membrane-coated beads. These were formed from a lipid composition of 84.9% 1-palmitoyl-
2-oleoyl-glycero-3-phosphocholine (POPC), 10% phosphatidylserine and 5% phosphoinositide or 
POPC, doped with 0.1% rhodamine-DPPE. Individual beads were segmented, and mean fluorescent 
intensity was quantified in ImageJ. n=926-1589 beads. C, Size-exclusion chromatography of 
mNeonGreen (mNG) tagged Exoc4. D, Exoc4-mNG was added to membrane-coated beads as in B. 
n=745-881 beads. E, Size-exclusion chromatography of trimer of Exoc5:6:7 with mNeonGreen 
(mNG)-tagged Exoc6. F, Exoc5:6:7 timer was added to membrane-coated beads as in B. n=1032-1239 
beads. G, Size-exclusion chromatography of dimer of Exoc5:6 with mNeonGreen (mNG) tagged 
Exoc6. H, Exoc5-6 dimer was added to membrane-coated beads as in B. n=1025-1178 beads. 
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Fig. S3. PI(4)P and PI(4,5)P2 staining of fixed and permeabilized NMuMG cells. A, NMuMG cells 
were transfected with Arf6-T27N tagged with mRuby3 and stained for PI(4)P using recombinant SidC 
fused to GFP and conventional antibody staining against GM130. B, NMuMG cells were transfected 
with PIP5K1C tagged with EGFP and stained for PI(4,5)P2 using recombinant PLCδ-PH fused to RFP, 
and conventional antibody staining against e-cadherin. Scale bar, 10 μm, inset 1 μm. 
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