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Structural basis of human VANGL-PRICKLE
interaction

Yanyi Song1,5, Shuyi Jian2,5, Junlin Teng 2, Pengli Zheng 2,3 &
Zhe Zhang 1,3,4

Planar cell polarity (PCP) is an evolutionarily conserved process for develop-
ment andmorphogenesis inmetazoans. Thewell-organized polarity pattern in
cells is established by the asymmetric distribution of two core protein com-
plexes on opposite sides of the cell membrane. The Van Gogh-like (VANGL)-
PRICKLE (PK) pair is one of these two key regulators; however, their structural
information and detailed functions have been unclear. Here, we present five
cryo-electron microscopy structures of human VANGL1, VANGL2, and their
complexes with PK1 at resolutions of 2.2–3.0 Å. Through biochemical and cell
imaging experiments, we decipher the molecular details of the VANGL-PK
interaction. Furthermore, we reveal that PK1 can target VANGL-containing
intracellular vesicles to the peripheral cellmembrane. Thesefindings provide a
solid foundation to understand the explicit interactionbetweenVANGL andPK
while opening new avenues for subsequent studies of the PCP pathway.

Cell polarization plays a vital role in diverse physiological processes
within metazoans. Planar cell polarity (PCP; orthogonal to the apical-
basal axis) generates asymmetries in both individual cells and cell
populations, especially along the anteroposterior axis of the body1,2.
PCP was originally characterized in Drosophila and later proven to be
conserved in vertebrates. PCP ensures the alignment of body hair
orientation, polarized localization of cilia, and the convergent exten-
sion and neurulation during development3–8. Considering that polar-
ized cell behaviors are essential for ontogenesis and the physiological
functions of various organs, defects in PCP signaling contribute to
numerous human diseases, particularly developmental disorders such
as neural tube defects (NTDs)9.

At the molecular level, PCP is mainly established by the asym-
metric distribution of two core protein complexes on the opposite
sides of a cell. In vertebrates, one complex attaches to the proximal
side of the membrane, consisting of the membrane component
Vang-like (VANGL) and the cytoplasmic component Prickle (PK). The
other complex is localized to the distal side of the membrane,
comprising the membrane receptor Frizzled (FZD) and the

cytoplasmic proteins Dishevelled (Dsh)-like (DVL) and Inversin (also
known as Diego or Dgo). DVL can also interact with VANGL in a
competitive manner with PK, a process that is regulated by the post-
translational phosphorylation of a specific tyrosine residue within
VANGL during the establishment of PCP10,11. Furthermore, a common
membrane adapter CELSR (also known as Flamingo or Fmi) is also
engaged in both of these complexes, likely bridging their inter-
cellular transmembrane interaction and facilitating PCP signaling.
The interaction of these two complexes between adjacent cells and
their repulsion within the same cell synergistically stabilize and
propagate their directional arrangement in a group of cells, thereby
maintaining the polarity pattern integrity and establishing well-
organized spatial information at the tissue and organ levels1,12–14.
Thus far, upstream and downstream signals in the PCP pathway are
not well understood. However, it is widely accepted that the mole-
cular gradients of specific WNT ligands (e.g., WNT5A, WNT7A, and
WNT11) provide guidance for PCP formation15–22. Moreover, the
known downstream effectors of PCP are closely associated with
cytoskeletal rearrangement and nuclear signaling components,
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including Rho family small GTPases, Rho-associated kinase (ROK),
myosin II, and the Jun N-terminal kinase (JNK) pathway23–28.

Vang, the abbreviation for “Van Gogh”, is also known as Stra-
bismus (Stbm)29. Whereas Drosophila only has one Vang protein, ver-
tebrates contain two paralogs (VANGL1 and VANGL2); these paralogs
share more than 70% sequence identity in humans. The conserved
function of VANGL in PCP generation has been confirmed within var-
ious species29–34. Notably, the two VANGL counterparts synergistically
control the PCP process. Although VANGL2 alterations can causemore
severe developmental defects than VANGL1 alterations, the difference
is most likely related to their distinct spatiotemporal expression
patterns35. Accordingly, mutations in both VANGL genes have been
discovered in human NTD patients36,37. Furthermore, Drosophila
Prickle and its four vertebrate paralogs (Prickle-like protein 1-4, or PK1-
PK4) are reportedly associated with PCP38–43. Specifically, theymediate
PCP signaling by assembling into a complex with VANGL and antag-
onizing the localization of DVL around the VANGL/PK-enriched
membrane area41,44,45. Although VANGL-PK is one of the two core pro-
tein regulators in PCP, the overall architecture of VANGL and its
detailed interactions with PK remain unclear, greatly hindering the
overall understanding of this signaling pathway.

Here, we report the cryo-electron microscopy (cryo-EM) struc-
tures of human VANGL1 and VANGL2, as well as their complex struc-
tures with PK1. We also analyzed their interactions with both
biochemical and cell imaging experiments. Taken together, our work
reveals the molecular details of the VANGL-PK interaction and pro-
vides insights regarding their functional connection.

Results
Architecture of the VANGL hexamer
We expressed the full-length (FL) human VANGL1 and VANGL2 in
HEK293S cells, then purified these two proteins using detergent lauryl
maltose neopentyl glycol (LMNG) and cholesteryl hemisuccinate
(CHS). Their gel filtration peaks indicate that VANGL exists as an oli-
gomer (the molecular weight of the monomer is ~60 kDa) (Supple-
mentary Fig. 1a). To clarify the oligomerization status, we performed
analytical ultracentrifugation (AUC) analyses; the results showed that
themolecular weight of the VANGL oligomers approximatelymatched
the hexamer size, with only a minor portion of trimers being present
(Supplementary Fig. 1b). Next, we determined the cryo-EM structures
of VANGL1 and VANGL2 to resolutions of 3.0Å and 2.9 Å, respectively
(Fig. 1a, and Supplementary Figs. 1 and 2, and Table 1). These two
structures were very similar, as demonstrated by the overall root-
mean-square deviation (RMSD) of 1.9 Å (Fig. 1b and Supplementary
Fig. 3a). Consistent with the gel filtration and AUC results (Supple-
mentary Fig. 1a, b), in these structures, both VANGL1 and VANGL2were
organized as dimers of trimers, forming hexamers with D3 symmetry
(Fig. 1a, b). Notably, the two trimers directly faced each other through
their cytoplasmic portions; thus, the transmembrane regions were
placed on the lateral sides, resulting in a rod-like hexamer with an
overall length of approximately 210Å (Fig. 1b). Importantly, the
N-terminal regions preceding the transmembrane domain of VANGL
(VANGL11-113 and VANGL21-108) were not visible in our EMmaps (Fig. 1a),
suggesting that they are flexible and not involved in the construction
of the VANGL core structure.

VANGL can be roughly divided into five domains: the N-terminal
domain (NTD), transmembrane domain (TMD), juxtamembrane
domain (JMD), helical bundle domain (HBD), and C-terminal domain
(CTD) (Fig. 1c–e and Supplementary Fig. 3b). Intriguingly, the HBD
(VANGL1292-445 and VANGL1288-442), which consists of six helices (α2-α7),
is inserted between the two halves of the JMD (Fig. 1c–e and Supple-
mentary Fig. 3b). Surprisingly, the α2 helix was not resolved in the
VANGL2 structure, suggesting that this helix has greater mobility
(Supplementary Fig. 3b). The JMDmainly consists of five antiparallel β-
strands and one α-helix (Fig. 1c–e and Supplementary Fig. 3b),

primarily resembling the structure of the anti-CRISPR protein AcrIE3
(PDB: 7CHQ)46 based on DALI server analysis (a Z-score of 4.6)47

(Supplementary Fig. 3c). The assembly of the VANGL trimer is medi-
ated by three tiers of inter-subunit interactions (Fig. 1e and Supple-
mentary Fig. 3b). In the top layer, the TMDs are tightly packed together
via TM2-TM4 (Fig. 1f and Supplementary Fig. 3d). In the middle layer,
the JMDs are clustered immediately beneath the membrane. In the
bottom layer, theHBDsmutually bind to form a triangular base (Fig. 1g
and Supplementary Fig. 3e). Notably, the HBDs also interact with the
adjacent JMD to further stabilize the trimer (Fig. 1e and Supplementary
Fig. 3b). Additionally, the CTDs extend outward in loop form to tie the
three subunits together, passing through the TMD-JMD interface of
one neighboring subunit and finally inserting within the α4-α5 loop of
theHBD in the third subunit (Fig. 1e and Supplementary Fig. 3b). In this
manner, the structure of the trimer becomes particularly robust.
Subsequent dimerization of the VANGL trimer is mainly mediated by
several residues in the α4 helix of HBD on the bottom layer of the
cytoplasmic region, including His340, Glu342, Tyr345, Glu346, and
Glu349 in VANGL1 or His338, Glu340, Tyr343, Glu344, and Glu347 in
VANGL2 (Fig. 1h and Supplementary Fig. 3f). Furthermore, we pre-
dicted the structures of the VANGL trimer and hexamer using
AlphaFold348. The predicted trimer structure aligns well with our
determined structure, with an RMSD of about 1.0Å (Supplementary
Fig. 4a, b). However, themodeled hexamer structure envisioned as two
adjacent trimers does not align with the structure we resolved (Sup-
plementary Fig. 4c).

Structure determination of the VANGL1-PK1 complex
To gain further insights regarding the interaction between VANGL and
PK1, we sought to determine the structure of their complex. Because
the FL human PK1 tended to aggregate during purification, we
attached amaltose-binding protein (MBP) tag to its C-terminus and co-
expressed it with VANGL to achieve greater solubility. Eventually,
compared with VANGL2, VANGL1 was able to form a more stable
complex with PK1. However, even in the VANGL1-PK1 complex, the
proportion of PK1 appeared low (Supplementary Fig. 5a), indicating
that PK1-VANGL1-binding is relatively weak or that the stoichiometric
ratio is less than 1:1. Nevertheless, we solved the cryo-EM structure of
this VANGL1-PK1 complex at a resolution of 2.6 Å (Fig. 2a, and Sup-
plementary Fig. 5 and Table 1). Upon binding to PK1, VANGL1 main-
tained its hexamer structure, similar to its unbound form, but the two
trimers were compressed by approximately 3 Å along their long axis
(Fig. 2b). Upon closer inspection, we discovered a cluster of greater
densities near the VANGL1 trimer-trimer interface (Fig. 2c). Thus, we
presumed that thesedensitiesmost likely originated fromPK1 and that
PK1 binding influenced the structure of VANGL1. Nevertheless, it
remains possible that these densities could arise from other unre-
solved regions of VANGL1, such as the N-terminal domain. When we
conducted three-dimensional (3D) reconstruction with C1 symmetry
(rather than C3 or D3 symmetry), we found that the shapes, sizes, and
strengths of the additional densities associated with each
VANGL1 subunit were distinct (Supplementary Fig. 6); these results
suggested that PK1 could not bind in a comparable manner to each
VANGL1 subunit and/or that the bound PK1 was flexible, consistent
with our findings in protein purification (Supplementary Fig. 5a).

Characterization of specific regions of VANGL and PK1 involved
in their interaction
PK1 is attached to the highly positively charged surface of VANGL1,
which is formed by multiple arginine and lysine residues in the α3-α5
helices of the HBD, including Arg334, Arg352, Arg353, Lys355, Lys356,
Arg357, Arg360, Arg403, Lys407, and Arg410 (Fig. 2d, e). Thus, we
hypothesized that PK1 could utilize a negatively charged area to bind
VANGL through electrostatic interactions. The VANGL-binding region
of PK is reportedly located in its C-terminus44, which contains a large
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Fig. 1 | Cryo-EM structures of the VANGL1 and VANGL2 hexamer. a Cryo-EM
maps of the VANGL1 (left) and VANGL2 (right) hexamers. Maps are reconstructed
using D3 symmetry and colored by chains. Extra scattered densities around the
transmembrane regions are colored in grey, which might be lipids or detergents.
The contour levels of these sharpenedmaps are 0.47 (VANGL1) and 0.16 (VANGL2),
respectively. b Cartoon representations of the VANGL1 (left) and VANGL2 (right)
structures. cThedomain compositionwithin the primary structures of VANGL1 and
VANGL2.d Topology diagram of the VANGL protein. The TMD, JMD, HBD, and CTD

are represented in blue, green, yellow, and red, respectively. The invisible NTD is
indicatedwith dashed line. eAssembly of the VANGL1 trimer.OneVANGL subunit is
colored by different domains. The color code is the same as that in c. The other two
subunits are colored inwhite andgrey, respectively. Top (f) andbottom(g) views of
the VANGL1 trimer. h Interaction details between two VANGL1 trimers for their
hexamer assembly as indicated in the insets of (b). Residues involved in their
interaction are shown with side chains. Dashed lines represent hydrogen bond
interactions (<4.0 Å).
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quantity of negatively charged residues (Fig. 3a). Moreover, according
to AlphaFold prediction48, the C-terminus of PK1 is disordered without
any secondary structure features. These analyses further indicate that
the weak densities of PK1 observed in the VANGL1-PK1 EMmap (Fig. 2c
and Supplementary Fig. 6) may originate from its C-terminus.

To better identify the specific regions of VANGL1 andPK1 involved
in their interaction, we conducted pull-down experiments. We muta-
ted 10 positively charged residues in the HBD of VANGL1 that are
located near the potential PK1 binding site to alanine (VANGL110mut); we
also prepared several C-terminal truncated constructs of PK1. After
these VANGL1 and PK1 variants had been co-expressed in HEK293S
cells, we used anti-mCherry nanobody-conjugated resins to capture
the mCherry-tagged PK1 protein. By comparing the amount of co-
purified GFP-VANGL1, we were able to estimate the binding affinity
between the twoproteins. Our results showed that VANGL110mut did not
bind PK1 (Fig. 3b and Supplementary Fig. 7a), suggesting that the
positively charged surface of VANGL1 is essential for recognition of
PK1. Additionally, C-terminal residues 745-790 in PK1 constituted a key
region involved in VANGL1-binding because their deletion (PK1Δ745-790)
nearly abolished the VANGL1-PK1 interaction (Fig. 3c and Supple-
mentary Fig. 7b). To confirm that these 46 residues in PK1 (PK1745-790)
are essential for binding to VANGL1, we examined the VANGL1-PK1
interaction solely using PK1 C-terminal peptides. Indeed, these results
further supported our conclusion (Fig. 3d and Supplementary Fig. 7c).

Within the VANGL1-binding region of PK1 (PK1745-790), there are
two negative-charge concentrated areas: 757-EDDD-760 and 771-DSEEE-775.
Considering that PK11-760 exhibits almost no VANGL1-binding ability
(Fig. 3c and Supplementary Fig. 7b), we inferred that 771-DSEEE-775 in

PK1 might be more important for the identification of VANGL1. Thus,
we mutated the four negatively charged residues within this region
to alanine (DEEE to A) and examined the effect on VANGL1 interac-
tion. Pull-down experiments demonstrated that FL PK1 possessing
this substitution could no longer bind VANGL1 (Fig. 3e and Supple-
mentary Fig. 7d). This result clarified the specific residues in PK1
responsible for VANGL1 recognition. Interestingly, PK1761-790 exhibited
slightly lower affinity for VANGL1 compared with PK1745-790 (Fig. 3d
and Supplementary Fig. 7c). Additionally, mutation of 757-EDDD-760 to
alanine (EDDD to A) also weakened the VANGL1-binding affinity of
PK1 (Fig. 3e and Supplementary Fig. 7d). Therefore, the first patch of
negatively charged region (757-EDDD-760) might serve as an auxiliary
component in the VANGL1 interaction. Because the PK1-binding
region is strictly conserved between the two VANGL paralogs (Sup-
plementary Fig. 8a), we speculated that VANGL2 identifies PK1 in the
same manner. Indeed, our pull-down results validated this general
recognition mechanism (Fig. 3e–g and Supplementary Fig. 7d–f). Of
note, a previous study identified a C-terminal fragment of Pk1, cor-
responding to residues 628-767 of human PK1, as being responsible
for Vang binding in Drosophilia44. This region encompasses the first
negatively charged patch (757-EDDD-760) and is partially consistent with
our findings.

Next, to improve the EM densities of the PK1 portion in the
VANGL-PK1 complex, we saturated VANGL1 or VANGL2 with the PK1745-
790 peptide by incubation at a 1:4 ratio before preparing the cryo-EM
samples. Finally, the resolutions of the VANGL1-PK1745-790 and VANGL2-
PK1745-790 complex structures were improved to 2.2 Å and 2.5 Å,
respectively (Fig. 3h, and Supplementary Figs. 9, 10 and Table 2). In
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respectively. d Surface electrostatic potential (in units of kBT/e, where kB is the
Boltzmann constant, T is the absolute temperature and e is the elementary charge)
of the VANGL1 trimer-trimer interface that interacts with PK1. e The ten positively
charged residues on the potential PK1-binding interface of VANGL1 are shown with
side chains.
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these maps, the PK1 densities appeared in the same location as in the
VANGL1-PK1 complex, confirming that PK1745-790 directs specific bind-
ing to VANGL (Fig. 3h). The PK1 densities were relatively weaker in
complex with VANGL2 (Fig. 3h) and did not induce the same com-
pression of the VANGL2 hexamer as occurred with VANGL1 in the
VANGL1-PK1/PK1745-790 complexes (Figs. 2b and 3i, j). These observa-
tions indicated that PK1 has lower affinity for VANGL2 than forVANGL1,
consistent with our previous results concerning isolation of the

VANGL1-PK1 but not the VANGL2-PK1 complex. Unfortunately, the EM
densities of PK1 in these maps remained insufficient to confidently
resolve the protein sequence (Fig. 3h). To address this, we further
utilized AlphaFold3 to model the VANGL-PK1 and VANGL-PK1745-790

complexes (Supplementary Fig. 4d–g). The modeled complexes
revealed that PK1 indeed binds to the positively charged surface of
VANGL, employing the same set of negatively charged residues we
proposed. Collectively, our structural evidence, pull-down results and
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Moreover, deletion of the C-terminal residues 745-790 of PK1 (Δ745-790) nearly
abolished its binding to VANGL1 (c). In the complementation experiments, the
C-terminal residues 745-790 of PK1 largely restored its binding ability to VANGL1

(d).e Pull-down assay to verify the significanceof the twonegatively chargedpieces
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Source Data file.
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AlphaFold3 modeling substantiated the VANGL-PK1 recognition
mechanism.

Based on the findings thus far, we inferred that the specific
recognition between VANGL and PK1 is mediated by the electrostatic
attraction within a defined region of these proteins. This notion is
supported by the high conservation of charged residues mediating
their interaction across different species (Supplementary Fig. 8b, c).
Moreover, among the four PK paralogs in vertebrates, only PK1 and
PK2 synergistically function with VANGL to regulate PCP41,42; the
functions of PK3 and PK4 are not well understood38. Intriguingly,
whereas both PK1 and PK2 possess the two pieces of negatively
charged sequences for VANGL association, PK3 and PK4 only possess
themajor sequences (Supplementary Fig. 8d). These results imply that
PK3 and PK4 can also bind VANGL but with lower affinity. Their roles in
PCP require further investigation.

PK1 helps VANGL-containing vesicles dock to the plasma mem-
brane in a polarized manner
Within the VANGL-PK complex, VANGL is the integral membrane
component, whereas PK is the cytoplasmic element. Thus, it is rea-
sonable to conclude that VANGL is responsible for recruiting PK to the
plasma membrane before fulfilling its downstream functions42,44. We
first sought to elucidate the intracellular localization of VANGL1 and
VANGL2. However, overexpressed mNeongreen-tagged VANGL1 and
VANGL2 proteins were predominantly localized to vesicle-like struc-
tures clustered in perinuclear regions, with limited presence at the cell
periphery (Fig. 4a). Upon co-labeling with the lysosomal and late
endosomal markers Lamp1 and Rab7, respectively, we observed that
most VANGL1- and VANGL2-positive puncta were colocalized with
lysosomes and late endosomes (Fig. 4a and Supplementary Fig. 11a, b).
Additionally, the minor peripheral VANGL1 and VANGL2 signals were
consistent with the location of the plasma membrane marker WGA
(Supplementary Fig. 11c), suggesting that subsets of VANGL1 and
VANGL2 proteins were present on the cell membrane.

Intriguingly, upon co-expression with PK1, most VANGL1- and
VANGL2-positive puncta exhibited prominent accumulation near the
plasma membrane, especially at the cell leading edge (Fig. 4b–e).
C-terminally truncated VANGL1 (VANGL11-495), which lacks oligomer-
ization ability (Supplementary Fig. 11d), did not accumulate at the cell
periphery regardless of PK1 co-expression (Fig. 4d, f). A PK1 variant
lacking the VANGL-binding region (PK11-744) was also dysfunctional
(Fig. 4d, e, and g). These data suggest that PK1 is passively recruited by
VANGL and actively aids the asymmetric positioning of VANGL by
facilitating vesicle docking to the plasma membrane. Surprisingly,
VANGL110mut itself was mostly localized to the plasma membrane with
minimal retention in intracellular vesicles, but its distribution was not
polarized to the leading edge (Fig. 4d, h).Upon co-expressionwith PK1,
its plasma membrane localization remained unaffected (Fig. 4d, i).
Notably, the VANGL110mut formed trimers instead of hexamers (Sup-
plementary Fig. 11e, f), indicating that these mutations impede the
dimerization of VANGL1 trimers, beyond just disrupting PK1 binding.
These findings suggest that the positively charged residues in VANGL1
are essential for its hexameric assembly and vesicular localization, in
addition to their role in attracting PK1.

To gain further insights regarding the characteristics of the
VANGL-PK1-containing vesicles, we performed paxillin immunostain-
ing to label focal adhesions49. As expected, vesicles containing VANGL
andPK1werepositioned adjacent to, but distinct from, focal adhesions
(Fig. 5a). We then used polar-SIM to acquire 3D super-resolution ima-
ges of these vesicles50; the results showed that the vesicles were
docked at the bottom plasmamembrane of cells (Fig. 5b). Considering
the pivotal role of Rab family small GTPases in regulating intracellular
vesicle identities and dynamics51, we proceeded to explore whether
specific Rab proteins localize on these VANGL-PK1 vesicles. Because
overexpression of PK1 itself resulted in some accumulation near the

plasma membrane (Supplementary Fig. 12), likely due to the associa-
tion with endogenous VANGL proteins, we co-expressed PK1 together
with several Rab proteins in U2OS cells to determine their localization.
Among the 18 Rab proteins we examined, Rab36 exhibited complete
colocalization with PK1-positive vesicles, whereas Rab15 displayed
partial colocalization (Fig. 5c, d and Supplementary Fig. 12). Collec-
tively, these findings suggest that the VANGL-PK1 complex orches-
trates the polarized accumulation of Rab36- and Rab15-positive
vesicles adjacent to the plasma membrane (Fig. 5e). However, further
investigation in polarized cells is necessary to confirm the PK1-
mediatedmembrane recruitment of VANGL-containing vesicles and to
elucidate the underlying mechanism.

Structural interpretation of the loss-of-function or disease-
related mutations in VANGL
Since the identification of loop-tail mutations in Vangl2 (D255E and
S464N) in mice in 2001, many missense mutations of VANGL1 and
VANGL2 have been successively reported inhumanpatients, especially
those can result in NTDs34,36,37,52–54. To gain a better mechanistic
understanding of these mutations, we mapped them onto the struc-
tures of the two VANGL proteins (Fig. 6 and Supplementary Table 3).
Overall, we found that the mutations are widely distributed in each
domain. Among them, many mutations are located at the timer
interface, including Arg181, Val239, Ala404 and Arg517 in VANGL1 and
Arg177, Leu242, Thr247, Asp255, Arg353 and Ser464 in VANGL2
(Fig. 6a, e). Therefore, these mutations likely impair VANGL function
by interfering with trimer assembly. Additionally, some alterations
clearly affect the local structure of individual VANGL subunits. For
example, a conserved arginine residue in the JMD (Arg274 in VANGL1
or Arg270 in VANGL2) is essential to maintain the TMD and JMD in
close proximity (Fig. 6b, f).Mutation of this residue to either glutamine
in VANGL1 (R274Q) or histidine in VANGL2 (R270H) would potentially
disrupt its interaction with the TMD. Similarly, the F440V mutation in
VANGL1 or F437S mutation in VANGL2 might disturb the internal
hydrophobic core of the HBD (Fig. 6c, g). In other cases, hydrophobic
residues outside of the TMD are replaced by polar residues, such as
mutations F153S and I136N in VANGL1 (Fig. 6d). These changes very
likely reduce VANGL stability in the hydrophobic membrane environ-
ment or diminish its membrane localization. In summary, our struc-
tural findings provide a new foundation to understand the pathogenic
mechanisms involving VANGL mutations. Nonetheless, additional
biochemical analyses and animal model studies are imperative to
confirm the actual impact and clinical significance of these mutations.

Discussion
In this work, we first described the cryo-EM structures of human
VANGL1 and VANGL2 hexamers, then analyzed their interactions with
PK1 using structural, biochemical, and cell imaging experiments.
Finally, we revealed that VANGL and PK1 interact with each other
mainly through electrostatic attraction; we characterized the principal
charged residues that participate in the interaction between these two
proteins. Furthermore, we discovered that PK1 can promote the
asymmetric distribution of VANGL to the peripheral or leading edge of
the cell membrane via vesicular transport.

This study showed that VANGL and PK did not form a structurally
stable complex. Interestingly, the C-terminal 500 residues in PK are
intrinsically disordered, including the VANGL-binding regions48. This
highly flexible structure of PK might be essential for its functional
promiscuity, such as interactions with multiple protein partners like
VANGL, DVL, INVERSIN, and RICTOR10,38,40,41,44,55,56. Similarly, the posi-
tively charged surface on the HBD of VANGL (VANGL1334-410 or
VANGL2332-407) might also be able to associate with other proteins,
some of which may regulate its intracellular trafficking in a manner
identical to PK1. These interactions could explain why VANGL110mut

behaves differently from the wild-type protein (Fig. 4b, d, and h). In
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particular, the VCP-interaction motif (VIM) (RX5AAX2R, VANGL1
326-336

or VANGL2324-334), which is near the PK1-binding site, can target VANGL
to the endoplasmic reticulum-associated degradation (ERAD) pathway
via direct binding to p97/VCP57.

A recent study has pinpointed a specific region within the Vang/
Vangl proteins−residues 302-324 of human VANGL1, residues 298-322
of human VANGL2, and residues 364-387 of Drosophila Vangl−as cri-
tical for binding both PK and DVL11. Interestingly, this region was

almost invisible in our structural models and is situated upstream of
thebinding siteswe identified. Thesefindings imply thatmultiple areas
of VANGL may be involved in PK1 binding, highlighting the intricate
nature of the VANGL-PK interaction. In terms of the stoichiometry of
the VANGL-PK1 interaction, our structural data does not allow us to
determine an exact binding ratio due to the ambiguous PK densities.
Given that VANGL forms a symmetric hexamer, with PK1-binding sites
that are also symmetrical, we speculate that a single VANGL hexamer
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Fig. 4 | The subcellular localization of VANGL1 and VANGL2. a Representative
images of U2OS cells co-expressing mNeongreen (mN)-VANGL1/mN-VANGL2
(Cyan) and Lamp1-mApple (Yellow). The experiments were performed in tripli-
cate with similar results. Perinuclear and peripheral regions (outlined) are
enlarged on the right. Representative images of U2OS cells co-expressing mN-
VANGL1WT (b) or mN-VANGL2 WT (c) and mScarlet (mSc) or mSc-PK1WT. d Quanti-
fications of the ratio of cell periphery/total intensity (%) for VANGL1 signals in
U2OS cells expressing the indicated constructs. e Quantifications of the ratio of
cell periphery/total intensity (%) for VANGL2 signals in U2OS cells expressing the

indicated constructs. The experiments in (d) and (e) were repeated three times
independently, each with n = 30 cells. The data are shown as the mean ± sem, and
a two-tailed unpaired Student’s t-test was used for statistical analysis.
f Representative images of U2OS cells co-expressing mN-VANGL11-495 and mSc/
mSc-PK1WT. g Representative images of U2OS cells co-expressing mN-VANGL1WT/
mN-VANGL2WT and mSc-PK11-744. Representative images of U2OS cells co-
expressing mN-VANGL110mut and mSc (h) /mSc-PK1WT (i). Scale bars in (a–c) and
(f–i): 10 µm. Source data are provided as a Source Data file.
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could potentially bind either three or six PK1 molecules. However,
considering the size of the positively charged surface at the VANGL
trimer-trimer interface, there is a substantial risk of steric clash if six
PK1 molecules were to bind simultaneously in a 1:1 ratio. Furthermore,
our SDS-PAGE result suggests that PK1-VANGL1 stoichiometric ratio is
likely less than 1:1 (Supplementary Fig. 5a). Therefore, we hypothesize
that the most probable stoichiometric ratio is three PK molecules per
VANGL hexamer, which corresponds to a 1:2 ratio. It is also possible
that the potential densities observed in the three symmetrical PK1
binding sites of VANGL could be misaligned when C1 symmetry was
applied during refinement or could be enhanced due to the refine-
ments conducted using C3 or D3 symmetries (Supplementary Fig. 6).
This raises the alternative possibility that only one PK1 molecule binds

to each VANGL hexamer, in a 1:6 ratio, as proposed by previous
studies58,59. Nevertheless, further studies are necessary to clarify these
possibilities.

The membrane tethering induced by the VANGL-PK1 complex
shows good agreement with the VANGL hexamer structure. In this
scenario, the two VANGL trimers are likely localized to the adjacent
vesicular and plasmamembranes, respectively. Through the formation
of a stable hexamerwith assistance fromPK1, these trimers canpull the
two membranes together (Fig. 5e). However, the vesicles have not
fused with the cell membrane at this stage. They might be waiting for
cues that trigger further action, such as calcium signaling. When the
fusion is complete, VANGL will be presented at a specific membrane
position and PCP will be gradually established. Additionally, because
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the right panel. Scale bars: 3 µm.Representative imagesofU2OS cells co-expressing
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VANGL-containing vesicles in our experiment are concentrated at the
peripheral side or leading edge of the cell membrane, they could
directly replenish the membrane components or reorganize the local
cell skeleton to further promote cell migration6,60. Intriguingly, the
VANGL trimer structure indicates that the central pore surrounded by
the three TMDs resembles a potential ion conduction pathway (Fig. 1f
and Supplementary Fig. 3d). Thus, VANGL itself may serve as a channel
to initiate signaling. However, the channel presumably only opens in
response to certain stimuli. Nonetheless, further investigations are
needed to ultimately elucidate the upstream and downstream signals
within the VANGL-PK pathway.

Methods
Cell culture
HEK293S GnTI- cells (ATCC CRL-3022) were cultured at 37 °C with 5%
CO2 in Freestyle 293 Expression Medium (Gibco) supplemented with
1% Antibiotic-Antimycotic (Meilunbio) and 1% fetal bovine serum
(VisTech). U2OS (ATCC HTB-96) cells were cultured at 37 °C with 5%
CO2 in Dulbecco’s Modified Eagle Medium (DMEM, CellMax) supple-
mented with 10% fetal bovine serum (FBS, CellMax). Insect (Sf9) cells
(ATCC CRL-1711) were cultured in Sf-900 II SFM medium (Gibco) at
28 °C. All cells were purchased from ATCC.

Expression and purification of VANGL1, VANGL2, and VANGL1-
PK1 complex
DNA sequence of human VANGL1 or VANGL2 was cloned into pEG
BacMan expression vectors with a green fluorescent protein (GFP) tag
attached to the N-terminus. The sequence of human PK1 was cloned
into another vector carrying an mCherry tag at the N-terminus and an

MBP tag at the C-terminus to improve its solubility. These plasmids
were transformed intoDH10BacE. coli cells for bacmid generation, and
then the recombinant baculoviruses were produced in Sf9 cells using
HighGene transfection reagent (ABclonal).

For the expression of VANGL1 and VANGL2, HEK293S GnTI– sus-
pension cells at a density of 3 × 106 cells/ml were infected with 10%
passage 3 viruses of VANGL1 or VANGL2 and cultured at 37 °C for
8–12 h. Then, the cells were transferred to 30 °C for 48 h with addition
of 10mM sodium butyrate. The cells were harvested by centrifugation
at 6810 × g for 20min, and frozen at −80 °C. The cell pellet was
resuspended in Solubilization Buffer (50mM HEPES pH 7.5, 500mM
NaCl, 15% glycerol, 1mMDTT, 1mMPMSF, 2μg/ml DNase I, 4mMATP,
5mM MgCl2, and protease inhibitor cocktail (APExBIO)). After being
dispersed by a hand-held homogenizer, cell membranes were solubi-
lized with 2% (w/v) Lauryl maltose neopentyl glycol (LMNG, Anatrace)
and0.2% (wt/vol) Cholesteryl hemisuccinate (CHS, Anatrace) by gentle
agitation for 3 h at 4 °C. The lysates were centrifugated at 38,900 × g
for 40min to remove the undissolved pellet and the supernatant was
incubated with pre-equilibrated anti-GFP nanobody (GFPnb)-coupled
NHS-activated beads (Smart-Lifesciences) at 4 °C for 2 h with gentle
agitation. The beads were washed with 20 column volumes (CV) Wash
Buffer (25mM HEPES pH 7.5, 300mM NaCl, 1mM DTT, and 0.003%
LMNG-0.0003% CHS) and then GST-tagged PreScission protease was
added to release the target proteins (1:5 w/w ratio) at 4 °C overnight.
Next, the protease was removed by incubating with the glutathione
beads (Smart-Lifesciences). After concentration, the proteins were
further purifiedby size exclusion chromatography (SEC) on a Superose
6 Increase 10/300 GL column (GE Healthcare) equilibrated with Final
Buffer (25mM HEPES pH 7.5, 150mM NaCl, 1mM DTT, and 0.003%
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LMNG-0.0003% CHS). The peak fractions were collected and con-
centrated with a 30 kDa cut-off centrifugal filter (Millipore) to around
3mg/ml. The protein samples were stored at −80 °C for later use.

Expression and purification of the VANGL1-PK1 complex were
similar as above. Briefly, HEK293S GnTI– suspension cells were co-
infected with 8% passage 3 viruses of VANGL1 and 2% passage 3 viruses
of PK1. The Solubilization Buffer,Wash Buffer, and Final Buffer were all
made with 300mMNaCl, while the other components were the same.
Protein samples from SEC peak fractions were concentrated to around
0.7mg/ml and stored at −80 °C.

Expression and purification of PK1745-790

PK1745-790 with anN-terminal 2×strep + flag tag followedby a PreScission
protease recognition site was expressed in Shuffle T7 E.coli using the
pET-28a vector. Bacteria were grown in 3 L Luria-Bertani medium at
37 °C with 100mg/l ampicillin. Protein expression was induced at an
OD600 of 0.6–1.0 with 1mM IPTG for 20 h at 18 °C. The cells were
harvested by centrifugation at 12,100 × g for 15min and frozen
at −80 °C.

For the purification of PK1745-790, cells were resuspended in Lysis
Buffer (50mM HEPES pH 7.5, 300mM NaCl, 15% glycerol, 1mM DTT,
1mM PMSF, 2μg/ml DNase I, and protease inhibitor cocktail (APEx-
BIO)) and broken by sonication. The lysates were centrifugated at
38,900 × g for 40min to remove the cell debris and the supernatants
were mixed with streptactin beads (Smart-Lifesciences) at 4 °C for 2 h
with gentle agitation. The beads were rinsed with 30 CV Buffer A
(25mM HEPES pH 7.5, 300mM NaCl, and 1mM DTT) and incubated
with PreScission protease at 4 °C overnight. Then the protease was
removed by binding glutathione beads. The eluted protein was further
purified by SEC in Buffer B (25mM HEPES pH 7.5, 150mM NaCl, and
1mM DTT) using a Superose 6 Increase 10/300 GL column (GE
Healthcare). The peak fractions were concentratedwith a 3 kDa cut-off
centrifugal filter (Millipore) and stored at −80 °C.

Cryo-EM sample preparation and data collection
VANGL1, VANGL2, or VANGL1-PK1 complex protein was directly used
to prepare the EM grids. For preparation of the VANGL1-PK1745-790 or
VANGL2-PK1745-790 complex, purified VANGL1 or VANGL2 was mixed
with PK1745-790 at a molar ratio of 1:4 on ice for 1 h before freezing grids.
The final molar concentrations were 21μM for VANGL1 and 84μM for
PK1745-790, respectively. Similarly, the concentrations for VANGL2 and
PK1745-790 were 24μM and 96μM, respectively. In all cases, 3μl sample
was loaded onto glow-discharged holey carbon grids (Quantifoil R1.2/
1.3 Au300). The grids were blotted and flash-frozen in liquid ethane
using Vitrobot (FEI) at 10 °C and 100% humidity and then stored in
liquid nitrogen until further use.

For the VANGL1 dataset,micrographswere acquired via SerialEM61

on a Talos Arcticamicroscope (FEI) operated at 200 kVwith aGatanK2
Summit direct electron detector. A calibrated magnification of
×36,000 was used for imaging, yielding a pixel size of 1.16 Å, with the
defocus ranging from 1.0 to 1.8μm. Each micrograph was exposed for
8 s in 40 frames under a dose rate of 10 e–/pixel/s, resulting in a total
dose of 60 e–/Å2. 1649 micrographs were collected.

For VANGL2, VANGL1-PK1, VANGL1-PK1745-790, and VANGL2-PK1745-
790 datasets, micrographs were collected using a 300 kV Titan Krios
microscope (FEI) with a Gatan K3 camera. All data were required in
super-resolution mode at a magnification of ×81,000 using the EPU
software (Thermo Fisher Scientific). The physical pixel size was 1.07 Å,
and the defocus range was 1.0–1.8μm. The exposure time for each
micrographwas 3.2 s, dose fractionated into40 frameswith a dose rate
of 21.47 e–/pixel/s. The total exposure dose was about 60 e−/Å2. The
numbers of micrographs collected for the VANGL2, VANGL1-PK1,
VANGL1-PK1745-790, and VANGL2-PK1745-790 samples were 5726, 1017,
3256, and 2201, respectively. The data collection parameters are
summarized in Supplementary Tables 1 and 2.

Data processing, model building, and refinement
For VANGL1, two datasets (831 and 818 micrographs, respectively)
were collected. Movies were first processed in Relion 4.062 using the
MotionCorr2 program63. Then all the micrographs were imported into
cryoSPARC v.4.4.164 and calculated by Patch CTF. A blob picker with a
diameter of 250 Å was used for initial particle picking and generation
of the 2D templates. Subsequently, particles were picked out using
these 2D templates as reference. After 2D classification, 160,538 and
131,195 high-quality particles fromeachdatasetwere selected. Particles
from the first dataset were used for Ab-initio reconstitution. Then
particles from two datasets were combined and 3D classified using
heterogeneous refinement. 144,253 particles were kept for a new
round of Ab-initio reconstitution. Subsequently, 54,018 particles were
chosen for Non-Uniform (NU) refinement. The final map of VANGL1
hexamer was refined to 3.0 Å resolution with a D3 symmetry using the
gold-standard FSC =0.143 standard.

For the datasets of VANGL2, VANGL1-PK1, VANGL1-PK1745-790, and
VANGL2- PK175-790, all data processing steps were performed in cryoS-
PARC v.4.4.1. Movies were motion corrected using Patch Motion Cor-
rection program. The following processing workflows were similar to
that of the VANGL1 dataset. The final resolutions of these maps were
2.9 Å, 2.6 Å, 2.2 Å, and 2.5 Å, respectively.

Formodel building, the AlphaFold-predictedmodel of VANGL1 or
VANGL248 was fitted and adjusted into the corresponding cryo-EM
mapsusingChimeraX65 andCoot66. Refinementof the structures in real
space and the comprehensive cryo-EM structure validation were per-
formed using PHENIX67,68. Local resolutions were estimated in cryoS-
PARC. All the structure figures were prepared using ChimeraX.

Analytical ultracentrifugation (AUC) analyses
All protein samples with 0.3-0.8 OD absorbance at 280 nm were pre-
pared in the buffer containing 25mMHEPES pH 7.5, 150mMNaCl, and
0.003% LMNG-0.0003% CHS. The following experimental parameters
were used: 65,520g, scan count 800, wavelength 280 nm, frequency
30 s, data resolution 10μm,min radius 5.8 cm,max radius 7.2 cm, 8 °C,
and An50 Ti Rotor (Beckman Coulter). Data analysis was conducted
with SEDFIT software69.

Pull-down assays
The plasmids of GFP-VANGL and mCherry-PK1-MBP were co-
transfected into HEK293S GnTI- cells at a density of 2 × 106 cells/ml.
Specifically, 30μg of each plasmid was mixed with 180μg PEI (BIO-
HUB) and incubated in 200μl OPT-MEM (Gibco) medium at room
temperature for 25min before adding into 30ml suspension cells. The
cells were cultured at 37 °C for 8–12 h and then transferred to 30 °C for
48 h with addition of 10mM sodium butyrate. Cells were harvested by
centrifugation at 4283 × g for 5min and solubilized with the buffer
containing 50mM HEPES pH 7.5, 300mM NaCl, 15% glycerol, 1mM
DTT, 1mM PMSF, 2μg/ml DNase I, protease inhibitor cocktail, 2%
LMNG, and 0.2% CHS at 4 °C for 3 h. The supernatants were separated
by centrifugation at 21,130 × g for 1 h and incubated with anti-mCherry
nanobody (mCherrynb)-coupled beads at 4 °C for 2 h. After washing
three times with the Wash Buffer, the beads were added to the SDS
loading buffer. The protein extracts were separated by sodium dode-
cyl sulfate (SDS)‒polyacrylamide gel electrophoresis (PAGE) with 8%
gel. The mCherry and GFP fluorescence signals were detected using
the ChemiDoc MP Imaging System (BIO-RAD). To verify the protein
expression level, 2 × 106 cells were lysed with RAPI lysis buffer (25mM
Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 1% NP-40, 0.1% SDS, and
protease inhibitors) on ice for 1 h. After removing the cell debits by
centrifugation at 15,000 × g for 40min, the supernatant was mixed
with loading buffer and applied for SDS‒PAGE analysis. The fluores-
cence signal was detected using the ChemiDoc MP Imaging System.

The quantifications were processed using ImageJ. The fluores-
cence images were first separated into red and green channels.
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Subsequently, the threshold value was fine-tuned to ensure the opti-
mal image analysis. Then the GFP to mCherry intensity ratio was cal-
culated for each experimental group, taking into account of the input
values. Finally, all measurements were normalized relative to the
VANGL(WT)-PK1(FL) control.

Plasmid construction and transfection for localization analyses
For mScarlet-PK1, mNeongreen-VANGL1, mNeongreen-VANGL2,
mScarlet-Rab3A, they were obtained by cloning the corresponding
transcripts into the pEGFP-C1 vector (clontech)with the EGFP switched
to corresponding fluorescent proteins. PCRs were performed using 2×
Phanta Flash Master Mix (Vazyme) and restriction enzymes were from
Takara. For mScarlet-PK11-744, mNeongreen-VANGL110mut and
mNeongreen-VANGL11-495, the corresponding regions were deleted by
overlap PCR. The other Rab plasmids were kind gifts fromDr Liang Ge
at Tsinghua University and Dr Qiming Sun at Zhejiang University.
Plasmids were transfected using Avalanche-OMNI (EZ Bio-systems).

Immunofluorescence and imaging
Cells were fixed with 4% paraformaldehyde in PBS for 15min at 37 °C.
For staining of WGA, cells were incubated with WGA diluted in PBS
for 1 h. For immunostaining, cells were permeabilized with 0.1%
Triton X-100 in PBS at room temperature for 5min and blocked
with 5% BSA for 15min. Then, cells were incubated with indicated
antibodies overnight at 4 °C, washed 3 times with PBS and incubated
with secondary antibodies for 1 h. Cells were washed 3 times with PBS.
Coverslips were mounted on slides using Fluoromount-G (South-
ernBiotech). Representative images were collected with LSM980
confocal microscope (Carl Zeiss) in Airyscan mode equipped with a
63 × 1.4 NA Plan-Apochromat oil objective (Carl Zeiss). Images were
acquired using ZEN (Carl Zeiss) and processed with ZEN or Fiji (Ima-
geJ). For Z-stack, the images were collected with Polar-SIM (Airy) and
processed using Imaris (Oxford).

Quantification and statistical analysis
For immunofluorescence, the analyses of ratio of cell periphery/total
intensity were conducted using Fiji (ImageJ). The outline of the cells is
circled to determine the overall fluorescence intensity within a single
cell, and it was enlarged by −5 microns to determine the perinuclear
fluorescence intensity. Therefore, the fluorescence intensity around
the plasma membrane of the cell is equal to the fluorescence intensity
of the whole cell minus the perinuclear fluorescence intensity. Three
independent experiments were performed, each time 30 cells were
randomly selected for statistical analysis. The corresponding percen-
tage values were calculated and their comparisons were performed
using GraphPad Prism (version 8.4.3).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Cryo-EM density maps of VANGL1, VANGL2, VANGL1-PK1, VANGL1-
PK1745-790, and VANGL2-PK1745-790 have been deposited in the Electron
Microscopy Data Bank under the accession codes EMD-61545, EMD-
61546, EMD-61547, EMD-61548, and EMD-61549. Their atomic coordi-
nates have been deposited in the Protein Data Bank under accession
codes 9JK6, 9JK7, 9JK8, 9JK9, and 9JKA. The previously published
structure utilized for analysis in this study can be accessed in the
Protein Data Bank under accession code 7CHQ. Source data are pro-
vided with this paper.
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