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Over the past decades an extensive effort has been made to provide a more comprehensive understanding of Wnt
signaling, yet many regulatory and structural aspects remain elusive. Among these, the ability of Dishevelled
(DVL) protein to relocalize at the plasma membrane is a crucial step in the activation of all Wnt pathways. The
membrane binding of DVL was suggested to be mediated by the preferential interaction of its C-terminal DEP
domain with phosphatidic acid (PA). However, due to the scarcity and fast turnover of PA, we investigated the
role on the membrane association of other more abundant phospholipids. The combined results from compu-
tational simulations and experimental measurements with various model phospholipid membranes, demonstrate
that the membrane binding of DEP/DVL constructs is governed by the concerted action of generic electrostatics
and finely-tuned intermolecular interactions with individual lipid species. In particular, while we confirmed the
strong preference for PA lipid, we also observed a weak but non-negligible affinity for phosphatidylserine, the
most abundant anionic phospholipid in the plasma membrane, and phosphatidylinositol 4,5-bisphosphate. The
obtained molecular insight into DEP-membrane interaction helps to elucidate the relation between changes in
the local membrane composition and the spatiotemporal localization of DVL and, possibly, other DEP-containing

proteins.

1. Introduction

Wnt signaling arguably represents one of the most evolutionary
conserved signaling pathways in the whole animal kingdom and it is
known to regulate cell fate and growth during embryonic development
and tissue homeostasis. From a clinical perspective, its deregulation was
shown to be linked with the onset and progression of various types of
cancer [1-3]. After the pathway initiation by the interaction of the Wnt
ligands with Frizzled (FZD) transmembrane receptors, the association to
the plasma membrane of Dishevelled (DVL) protein constitutes an early
cytoplasmic event in both canonical (p-catenin dependent) and non-
canonical (f-catenin independent) Wnt responses [4-6].

The human genome encodes three DVL isoforms (DVL 1,2,3), all

containing three highly conserved domains: an amino-terminal DIX
(dishevelled, axin) domain, a central PDZ (postsynaptic density 95, discs
large, zonula occludens-1) domain, and a carboxyl-terminal DEP
(dishevelled, Egl-10, pleckstrin) domain [7]. DEP domain is essential for
the capacity of DVL to transduce Wnt signal [8,9] and it mediates its
recruitment to the plasma membrane by two at least partially distinct
mechanisms: (1) protein-protein interaction with transmembrane Friz-
zled receptor [10,11] and (2) the direct association with lipid molecules.
The latter was suggested to be controlled by the electrostatic attraction
existing between positively charged residues on the domain and nega-
tively charged phospholipids, with a strong propensity for phosphatidic
acid (PA) [12-14]. However, the molar concentration of PA in the inner
leaflet of the plasma membrane is generally very low compared to other
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phospholipids [15,16], such as the negatively charged phosphati-
dylserine (PS) and the neutral phosphatidylcholine (PC) and phospha-
tidylethanolamine (PE). It remains unclear how these more abundant
lipids influence DEP domain association with the membrane.

All-atom Molecular Dynamics (MD) simulations of DEP domain at
model membranes composed of PA, PS, PE, PC, and phosphatidylgly-
cerol (PG), a negatively charged lipid from mitochondria and bacteria
(see Fig. 1), were performed to investigate the role of electrostatics in
DEP-membrane interaction. The in silico results were complemented by
flow cytometry measurements and quartz crystal microbalance with
dissipation monitoring (QCM-D), which verified the membrane associ-
ation of both DEP domain and full DVL with lipid vesicles and supported
lipid bilayers of similar composition. The obtained lipid specificity of the
DEP-membrane interaction sheds light on the mechanisms involved in
the regulation of Wnt signaling and general membrane association of
DEP domain containing proteins [17].

2. Methods
2.1. Simulated systems

We investigated the interaction of DEP domain with membranes of
the following lipid compositions (in molar ratios): POPA, POPC, POPA:
POPC (1:1), POPS:POPC (1:1), POPG:POPC (1:1), POPS:POPE:POPC
(7:15:10), and POPS:POPA:POPC (1:1:2), where POPA is 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphate, POPC is 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine, POPE is 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine, POPS is 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine, and POPG is 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol). POPS and POPG lipids had a net charge of —1le, while
POPC and POPE were zwitterionic [18]. POPA lipid has pK, close to
neutral pH [19], thus in the case of POPA:POPC membrane, we simu-
lated both singly and doubly deprotonated states of PA. For pure POPA
membrane, only singly deprotonated lipids were considered due to the
increased local pKj, at such highly charged surface [20]. Similarly, singly
deprotonated POPA was also used in POPS:POPA:POPC membrane to
enable a straight comparison between POPA and POPS lipids. All
membranes were constructed by means of CHARMM-GUI membrane

P/O O

Fig. 1. Schematic representation of the studied phospholipids. For each lipid
the polar headgroup (dashed box) and the glycerol are shown at atomistic
detail. The palmitoyl (P) and oleoyl (O) acyl tails, shared by all lipids in the
simulated systems, are shown at the bottom right of the figure. Note that in our
experiments we investigated both singly and doubly unsaturated states of PA,
PS, and PC lipids. Color code: red for oxygen, dark grey for carbon, white for
hydrogen, blue for nitrogen, and tan for phosphorus. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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builder [21-23] and consisted of 64 lipids per leaflet. The membranes
were then solvated with roughly 5000 water molecules and counter-ions
for electroneutralization and equilibrated for at least 100 ns at 310 K and
1 bar. Note that in the case of POPC membrane, an identical sized
equilibrated configuration was obtained from Slipids website.

The structure of DEP domain from human DVL3 was modelled based
on the crystal structure of DEP domain from mouse Dvl2 (PDB ID 3ML6
[24]), which has a high sequence identity (~90 %). The required mu-
tations were performed manually using PyMOL [25].

One copy of the domain was then placed at approximately 1.5 nm
from each leaflet of the equilibrated lipid bilayers. To mitigate the bias
of the initial conditions, five different orientations of the domain were
prepared such that the size of the positively charged surface patches
oriented towards the membrane was progressively decreasing from
orientation A to E of Fig. 2. The charge patches on the domain were
determined based on its surface electrostatic potential calculated via the
PDB2PQR server [26] and the Adaptive Poisson-Boltzmann Solver [27].
Note that the selected orientations included the previously identified
[14] PA binding interface (Fig. 2A). Unlike the other systems, for DEP at
POPS:POPE:POPC and POPS:POPA:POPC membranes, only this orien-
tation was assessed. Finally, the systems were re-solvated with roughly
15,000 TIP3P [28] water molecules and about 150 mM NaCl ions were
added with excess ions to neutralize the system charge.

2.2. Molecular dynamics simulations

The solvated DEP-membrane systems were first energy minimized to
remove the sterical clashes. A two-step energy minimization (with and
without harmonic restraints) was performed using the steepest descent
algorithm until the maximum net force was <500 or 1000 kJ mol*
nm ™. Harmonic restraints with a force constant of 1000 kJ mol~ nm 2
in each spatial direction were applied to all protein heavy atoms and all
lipid atoms. After minimization, the systems were heated for 4 ns to 310
K in the NVT ensemble with harmonic restraints on all protein heavy
atoms. Subsequently, three NPT ensemble steps of 1 ns each, were
performed with restraints sequentially applied on all protein heavy
atoms, backbone, and Ca atoms. To study membrane bound conforma-
tions of DEP, the domain was slowly pulled (rate of 0.25 nm ns 1) by its
center-of-mass (COM) to the membrane surface. The pulling was per-
formed over 9 ns with a force constant of 1000 kJ mol ' nm 2. After the
pull, 5 ns of unrestrained NPT equilibration was performed to relax the
system. Finally, 500 ns production run was carried out at 310 K and
pressure of 1 bar.

During all simulations, the covalent bonds in both protein and lipid
molecules were constrained using LINCS [29] algorithm, while the
water molecules were kept rigid by SETTLE [30] algorithm. These
constraints allowed us to use a time step of 2 fs. Periodic boundary
conditions were applied in all directions. The van der Waals interactions
were shifted to zero at 1.2 nm and long-range dispersion corrections for
energy and pressure were applied. The long-range electrostatics was
treated using the particle mesh Ewald method (PME) [31], with cubic
interpolation and Fourier grid spacing of 0.12 nm, while the distance
cutoff for the real-space PME contribution was 1.2 nm. The center-of-
mass translation of the protein/bilayer group relative to the solvent
was removed every 100 steps. The temperature was regulated using
multiple velocity-rescaling thermostats [32] for the protein, membrane,
and solvent groups, with coupling time of 0.1 ps and 1 ps for the
equilibration and production run, respectively. The pressure was
controlled by the Parrinello-Rahman barostat [33] with semiisotropic
scheme using coupling time of 5 ps for the equilibration and 10 ps for the
production run.

To quantitatively evaluate how the DEP-membrane association is
affected by changes in the overall charge of the membrane, the nature of
the anionic lipids, and their specific concentration, we calculated the
free energy of binding of DEP domain to the following membranes (with
mol:mol ratios): POPA, POPC, POPA:POPC (1:1), POPS:POPC (1:1), and
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Fig. 2. Five different starting orientations of DEP domain were evaluated for their membrane binding ability (A-E). Upper Panels) Cartoon representation of the
domain, colored with a red-green-blue scale from N- to C-terminus. The green arrow indicates the position of Helix3, previously reported to interact with phos-
phatidic acid (PA) lipid via a cluster of positively charged residues. Lower Panels) Surface electrostatic potentials for the corresponding orientations displayed in the
upper panels. In all cases, the protein side oriented towards the membrane is shown. Note that orientation A exposes to the membrane all residues critical for PA
binding [14]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

POPS:POPE:POPC (7:15:10) by means of the umbrella sampling method
[34-36]. Starting from a membrane-bound configuration, each copy of
the domain was slowly pulled away from the membrane using a force
constant of 1000 kJ mol ™ nm~? and a pulling rate of 0.25 nm ns~'. The
starting coordinates for each window were generated every 0.05 nm
based on the distance between the center of mass (COM) of DEP domain
and the COM of a local cylindrical region on the membrane. The cylinder
had radius of 2.5 nm and its main axis, parallel to the membrane normal
(z-axis), passed through the COM of DEP domain. After 100 ns equili-
bration, 150 ns long production run was performed for each window.
The final umbrella sampling windows were analyzed via the weighted
histogram analysis method (WHAM) [37]. To minimize the de-
formations of the protein fold during the pulling and in umbrella win-
dows, dihedral restraints with a force constant of 500 kJ mol~! rad 2
were applied on all backbone atoms. Additional positional restraints
with a force constant of 1000 kJ mol™* nm~? were applied on all Ca
atoms, restricting the motion of DEP domain in the membrane plane, i.e.
xy-directions. Similarly, during the pulling, flat-bottomed position re-
straints with a force constant of 1000 kJ mol~! nm~2 were used on all
lipid heavy atoms, which suppressed membrane defects in the z-direc-
tion. The flat-bottomed position restraints were partially relaxed in all
windows by including only the heavy atoms until the lipid carbonyl
region.

All our Molecular Dynamics simulations and analysis were per-
formed using GROMACS 5.x and 2016.4 packages [38,39], for classic
MD and free energy calculation, respectively. Amber ff99SB-ILDN [40]
parameters were used for DEP domain, whereas for lipid molecules we
used Slipids [41-43] parameters. For POPA we built a new parameter set
based on Slipids parametrization (see below for details). The POPS pa-
rameters were constructed by combination of the headgroup region
from 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) lipid and the
acyl tails from POPG lipid. Fig. S1 and Table S1 provide a comparison of
the acyl chain order parameters and the area per lipid for equilibration
(Charmm36) and production run (Slipids) simulations. All values are in
good agreement with only the full POPA membrane simulated with the
custom POPA model showing a slightly increased ordering. Note that for
the equilibration simulations no DEP domain was present in the system.
All the simulation input files can be found on Zenodo (DOI: https://doi.
org/10.5281/zenodo.6505455).

2.2.1. POPA parametrizations
The bonded and non-bonded parameters for POPA lipid (singly and

fully deprotonated) were based on the preexisting Slipids parametriza-
tion of the acyl tails, glycerol, and phosphate group structural blocks
[41-43]. Note that for the terminal hydroxyl hydrogen of singly
deprotonated POPA we used generic dihedrals parameters.

The partial atomic charges for the headgroup atoms were obtained as
a Boltzmann average over an ensemble of representative conformations,
as previously described [41,42]. Briefly, 26 lipid structures were chosen
to maximize the structural diversity based on the Root Mean Square
Deviation (RMSD) from a POPA membrane simulated (50 ns at 303 K)
using CHARMM36 [44] force field. To reduce the computational cost,
the hydrophobic region of each lipid was trimmed, discarding all atoms
beyond the apolar carbon at position 3 in both acyl tails. The resulting
molecules were energy minimized using the B3LYP functional form
[45-47] and cc-pVTZ basis set [48]. The charges were computed
applying the restricted electrostatic potential approach [49] (RESP)
with an identical combination of DFT method and basis set. All solvent
effects were accounted for using the IEFPCM continuum solvent model
[50,51] with relative dielectric constant of 78.4. The computed elec-
trostatic potential was fitted with the Merz-Singh-Kollman scheme [52].
To ensure an overall molecular charge of —1e and —2e, the resulting
charge excess was redistributed among all atoms, with the exception of
the phosphate group oxygens for which the quantum mechanical values
were preserved (Tables S2 and S3). All quantum mechanical and RESP
calculations were performed with Gaussianl6 software package [53]
and Antechamber tool [54,55], respectively.

2.3. Analysis of MD simulations

Several gromacs tools [38,39] were used with default parameters to
perform routine analyses on the calculated trajectories. In particular, we
(1) evaluated the overall stability of DEP domain (gmx rms), (2) deter-
mined the radial distribution function (RDF) between DEP molecular
surface and the P atoms of the lipid phosphate groups in systems con-
taining POPA:POPC, POPS:POPC, and POPG:POPC membranes (gmx
rdf), and (3) calculated the mass density profile along the membrane
normal of DEP and the structural components of each phospholipid type
(gmx density). Four lipid components were examined: headgroup sub-
stituent (i.e. choline, serine, ethanolamine, and glycerol), phosphate
group, glycerol backbone, and fatty acid tails. For simplicity the hy-
droxyl hydrogen of phosphatidic acid was considered part of the phos-
phate group rather than a separated headgroup substituent. VMD
software [56] and its STRIDE plugin [57] were used to create all the
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visualizations and predict the secondary structure of DEP, respectively.

2.3.1. Identification of DEP domain membrane binding site

The residues of DEP domain responsible for binding the lipid mem-
branes were identified using three different indicators, averaged over all
DEP copies and starting orientations. Contacts: per-frame number of
contacts, where a contact is defined for each residue-lipid atom pair with
distance lower than 0.3 nm (calculated using the distances collective
variable from plumed plug-in [58]). The average value over the whole
simulation is then reported for each protein residue. Hydrogen Bonds:
sum of all hydrogen bonds formed by a protein residue with any lipid
molecule. The hydrogen bonds were computed using gmx hbond with
default parameters (i.e. angle Hydrogen-Donor-Acceptor <30° and dis-
tance Donor-Acceptor <0.35 nm). Interaction Energy: time-averaged
short-range Coulombic and Lennard-Jones energy contributions for
each residue-membrane interaction using the rerun option of gmx mdrun.
We note that all three indicators were evaluated for the membrane as a
whole and for each lipid component separately, as defined in the pre-
vious section.

2.3.2. DEP domain binding mode

Throughout our simulations we observed no major fluctuations of
the atomic positions (Fig. S2) and/or changes in the secondary structure
content (Fig. S3) of DEP domain, indicating that the overall fold was
mostly unaffected by the interaction with the membrane. We thus
approximated the domain as a rigid body and characterized the con-
formations of the bound domain using two intramolecular vectors
described by the spatial coordinates of the Ca atoms from residues pairs
412-435 and 462-472, respectively (see Fig. S4). These atoms pairs
were selected based on their low RMSF (Root Mean Square Fluctuations)
values and the virtually orthogonal arrangement of the generated vec-
tors. Finally, from the probability distribution of the cosine of the angles
formed between each of the two vectors and the z-axis (membrane
normal), the free energy surface (FES) was derived using —kT In H(x),
where H(x) is the probability distribution and kT is the units factor with
value 2.577483 kJ mol ! at 310 K.

2.4. Experiments

2.4.1. Vesicles preparation

Lipid vesicles were prepared using six different phospholipids:
POPA, POPS, POPC, 1,2-Dioleoyl-sn-glycero-3-phosphatidic acid
(DOPA), 1,2-Dioleoyl-sn-glycero-3-phosphatidylserine (DOPS), and 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Fig. 1). Together with
the pure lipid vesicles, DOPA:DOPC and phosphatidyl inositol 4,5-
biphosphate (PIP2):DOPC mixtures at, respectively, 1:1 and 1:3 M ra-
tios were also tested. Aliquots of each lipid stock solution, all purchased
from Avanti, were added to a glass vial, in the presence and absence of
the lipophilic cationic indocarbocyanine dye, DiD (molar ratio of 2000:1
of phospholipid:DiD). The excess solvent was initially removed using a
gentle stream of air, then the lipid films were fully dried overnight in a
vacuum dessicator. The dried lipid films were pre-hydrated with a very
small volume of MQ water in a hot water bath (~35 °C) for at least 5
min. Next, 500 pL of 50 mM Tris, pH 8, 150 mM NacCl, 1 mM EDTA were
added to each lipid film to obtain a final lipid concentration of 200 pM.
The samples were allowed to rest at least one night in a hot room (37 °C)
before measurements.

2.4.2. Protein purification

Twin-Strep-Halo N-terminally tagged full-length DVL3 (aal-716) or
DEP domain (aa 389-496) was overexpressed in HEK293 cells using PEI
transient transfection. Cells were harvested 48 h post-transfection,
resuspended in a lysis buffer (50 mM Tris, pH 8, 150 mM NacCl, 10 %
glycerol) supplemented with protease inhibitors cocktail (Roche) and
0.2 % NP40 (Sigma). The mixture was incubated for 20 min on ice and
cell lysis was enhanced by sonication. Cell lysate was cleared by
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centrifugation at 40,000g for 1 h min at 4 °C and supernatant was loaded
on Strep-Tactin Superflow high-capacity column (IBA lifesciences)
equilibrated in the purification buffer (50 mM Tris, pH 8, 150 mM NaCl,
10 % glycerol). The column was washed in the purification buffer and
the protein was eluted using purification buffer supplemented with 3
mM desthiobiotin. Eluted proteins were concentrated to 1 mg mL™!
using protein concentrators, 10 K MWCO (Thermo Fisher Scientific), and
submitted to size-exclusion chromatography using Superdex 200 In-
crease 10/300 GL (Cytiva) column on AKTA pure Chromatography
System (Cytiva) with the size exclusion buffer (50 mM Tris, pH 8, 150
mM NaCl, 1 mM EDTA). Individual fractions were analyzed by SDS
PAGE. Fractions of the purest protein were pulled together and
concentrated to 1 mg mL~! using protein concentrators, 10 K MWCO
(Thermo Fisher Scientific), flash frozen in liquid nitrogen, and aliquots
were stored at —80 °C. Concentrations of proteins were measured on
Nanodrop ND-1000 instrument (Peglab). For HALO tag removal, HALO-
DEP was incubated with TEV protease (in molar ratio TEV to protein
1:100) overnight at 4 °C. The next day, the solution was 10x diluted and
loaded on Strep-Tactin Superflow highcapacity column (IBA life-
sciences) equilibrated in the purification buffer (50 mM Tris, pH 8, 150
mM NaCl, 10 % glycerol) and flow-through fraction was collected.
Protein was subsequently concentrated to 3 pM using protein concen-
trators 10 K MWCO (Thermo Fisher Scientific) and transferred to the
buffers used for QCM measurements using Zeba Spin Desalting Columns,
7 K MWCO, 0.5 m (Thermo Scientific).

2.4.3. Protein-vesicles binding assay

As mentioned above, lipid vesicles were labelled with DiD fluores-
cent dye, while the protein staining was performed as follows. After
thawing of protein aliquot, the sample was spun down 20,000 g, at 4 °C
for 15 min to remove any possible aggregates. Then, a fluorescent Hal-
oTag TMR Ligand (Promega) and the recombinant protein were incu-
bated for 20 min at 4 °C in final concentrations of 30 pM TMR ligand and
10 pM protein. The unbound ligand was removed by buffer exchange
step using Zeba Spin Desalting Columns, 7 K MWCO, 0.5 m (Thermo
Scientific). The protein was transferred to the same buffer that was used
for preparation of vesicles to avoid any osmotic stress. To obtain clear
membrane binding we needed to use about an order of magnitude higher
concentration of DEP domain compared to full-length DVL3. Finally, the
protein was equilibrated and then incubated with lipid vesicles in ratio
2:1 (total volume 9 pL) for 15 min at room temperature (vesicles with
DO lipids) or 37 °C (vesicles with PO lipids). Then the mixture of vesicles
and protein was diluted to working concentration (defined by event rate
in flow cytometry measurements of control samples) by the same buffer
and the samples were analyzed using spectral flow cytometer Northern
Lights 3000 (Cytek). All buffers were filtered using 0.22 pm Millex-GV
Syringe Filter Unit (Millipore) prior to use.

2.4.4. Flow cytometry

Comparison of stained and unstained lipid vesicles together with
0.22 pm filtered buffer control was used to determine the gating strategy
for vesicles and to exclude noise. Samples were diluted to provide real-
time event rate between 1000 and 2000 total events per second and
abort rate under 50 events per second. Flow rate was set to 30 pL min !
for PC vesicles and 15 pL min~"! for the other vesicles. For the DiD gate,
10,000 events were recorded per each sample (100,000 events in case of
PIP2:DOPC vesicles). Fluorescence signals in the channel R2, corre-
sponding to DiD vesicular staining, and B4, corresponding to TMR
protein staining, were analyzed and fluorescence intensities for recorded
events are shown as histograms (see Fig. S5A-L). Overlay of histograms
from control vesicles and vesicles incubated with protein samples rep-
resents binding of protein to the vesicles as a shift in fluorescence in-
tensity for recorded events. All flow cytometry figures were generated
using NovoExpress Software (Agilent).
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2.4.5. SDS PAGE

Protein samples from vesicle—protein binding assay were mixed with
2x sampling buffer in 1:1 ratio and incubated at 95 °C for 5 min. Then
the proteins were separated on SDS-PAGE using 8 % polyacrylamide
gels. Gels were fixed with 10 % acetic in 30 % methanol/MQ water and
stained with Coomassie brilliant blueR-250 for 1 h. Subsequently, gels
were destained in the fixing solution.

2.4.6. Confocal microscopy

150 pL of 200 pM lipid vesicles sample was mixed with 15 pL of
either TMR stained HALO-DVL3 or HALO-DEP protein (see Protein-
Vesicles Binding Assay) and control sample was mixed with the same
amount of control buffer. The mixture was gently pipetted into p-Slide 8
Well (Ibidi) chamber and the slider was let to rest for 15 min at room
temperature. Subsequently, pictures were taken by confocal microscope
(Leica SP8) using 40x water objective.

2.4.7. Quartz crystal microbalance with dissipation (QCM-D) monitoring

The binding of DEP domain (with and without HaloTag TMR Ligand)
to DOPC, DOPA:DOPC (1:1 mol:mol), DOPS:DOPC (1:1 mol:mol), and
PIP2:DOPC (1:3 mol:mol) supported lipid bilayers (SLBs) was indepen-
dently assessed via QCM-D experiments. All measurements were per-
formed on device QSense Analyzer (Biolin Scientific, Sweden) using
SiO4 sensors (QSX 303, Biolin Scientific, Sweden). Solvent-assisted lipid
bilayer formation method [59] with ethanol (Avantor, USA) and the
buffer from the protein purification (50 mM Tris, pH 8, 150 mM NaCl, 1
mM EDTA) was used to create the SLBs on sensors. Lipids dissolved in
chloroform (Avanti, USA) were mixed in a round bottom test tube, dried
under a gentle stream of air, and kept under vacuum for 4 h. Then
ethanol was added to create lipid concentration in ethanol of 0.2 mg
mL~!. During measurement, flow rate was set to 50 pL min~'. The
protein was injected after stable SLBs were observed for at least 5 min.

3. Results
3.1. Electrostatics-driven membrane binding

Our 500 ns long MD simulations showed that DEP domain is able to
interact with all the anionic membranes investigated, regardless of their

POPA POPA:POPC
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composition and nature of the lipid molecules (see Figs. 3 and S6). Even
the lowest content of negatively charged lipids (~22 %) was sufficient
for a stable binding, and only when the membrane had net zero charge
(pure POPC), the domain desorbed (Figs. 3 and S6 - bottom row). To
capture the membrane binding, we calculated the mass density profile
(along the membrane normal) of DEP domain and the structural com-
ponents of each phospholipid type, averaged over all simulations (see
Methods). As anticipated, for membranes containing anionic lipids, the
peak of DEP domain was located in the proximity of the membrane
surface, while for pure POPC membrane, the weaker interaction resulted
in a broader peak, with a non-zero tail in the bulk solution (see Fig. S7).
Moreover, we observed that in all cases the domain and the phosphate
groups interacted at similar distance, with the exception of the mem-
brane with doubly deprotonated POPA (see Table S4). This same sepa-
ration, i.e. depth of DEP insertion in the membrane, suggests that the
direct interaction between the lipid phosphate groups and DEP domain
plays a key role in DEP-membrane binding.

3.2. Binding mode

The protein amino acids responsible for the association with the lipid
membranes were identified based on the (1) contacts, (2) hydrogen
bonds, and (3) strength of the interaction energy (see Methods for de-
tails). Taken collectively, the analysis from all indicators suggests that
three separate protein regions, rich in positively charged amino acids,
are implicated in binding the membrane (Figs. S8 to S10): the tip of DEP
finger (residues 434-LKI-436), Helix 3 (residues 462-REARKYASNLL-
KAG-475), and a contiguous loop (residues 482-NKITFSEQ-489). In
addition, few basic (i.e. R429 and R431) and non-polar (i.e. M432, 1436,
and W433) residues flanking the DEP finger stabilized its binding to the
membrane by occasionally interacting with the lipids. A condensed view
of the interaction energies of the identified regions and the rest of the
domain is depicted in Fig. 4. For POPC membrane, from which the
domain desorbed during the simulation, the energies are exceptionally
weak. In contrast, membrane with doubly deprotonated POPA showed a
unique distribution of interactions indicating a distinct binding mode.
Consistent results, especially the lack of interactions between DEP and
the neutral POPC membrane (see Figs. S11 to S14), were obtained in
simulations starting from configurations with the domain in solution

POPA*:POPC

POPS:POPC

Fig. 3. Representative snapshots from 500 ns long all-atom simulations of DEP domain interacting with different phospholipid membranes. DEP domain was steadily
bound to all studied anionic membranes, while the weak interaction with the neutral POPC bilayer occasionally led to desorption. The domain representation is the
same as in Fig. 2. The phospholipids heavy atoms are displayed in ‘licorice’ and are colored as follows: dark-orange for POPA (singly and doubly deprotonated), blue
for POPC, cyan for POPE, magenta for POPS, and grey for POPG. Ions and water molecules are omitted for clarity. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Protein regions critical for DEP-membrane binding. The leftmost panels show rotated views of DEP domain highlighting the location of the DEP finger (blue),
Helix 3 (red), and the contiguous loop (green). The bar plots on the right side of the figure display the interaction energy for each of the important DEP region along
with the contribution of the remaining residues of DEP domain (colored in grey to match the views on the left). The total interaction energy is also shown for each
DEP-membrane system. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Fig. S15).

In agreement with the density distribution analysis, most of the
hydrogen bonds and interaction energy of the bound domain with the
membranes, originate from the lipid phosphate groups irrespective of
the headgroup type (red bars in Figs. S9 and S10), and were predomi-
nantly driven by electrostatics (see Figs. S16 and S17).

. Cos(an2)

o
»

The large fluctuations observed in the time evolution of the protein-
membrane contacts (Fig. S6) and the used per-residue indicators
(Tables S5 to S7), suggest variability in the domain binding mode.
Therefore, for each system we analyzed the orientations sampled by the
domain (see Methods for details). The obtained free energy surface (FES)
displayed a similar landscape for all bound domains, with the local

|

. Cos(an2)

1.0

Cos(anl)

-1.0

Fig. 5. Characterization of the different binding modes. Bottom plots: Free energy surface reconstructed based on the distribution of the binding orientations
sampled by DEP domain. For DEP at POPA membrane, we highlighted the position of the local minima corresponding to the two preferential binding modes, for
which representative configurations are shown in panels A and B. The basic and polar residues engaged with the membrane (transparent dark-orange surface) are
shown as balls and sticks. For clarity the residues in panel B are labelled as follows: R462 (1), R465 (2), K466 (3), S469 (4), N470 (5), K473 (6), N482 (7), K483 (8),
T485 (9), S487 (10), and Q489 (11). Colors and representation of the domain as in Fig. 3. For definitions of angles an1 and an2, see Fig. S4.
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minima in a region characterized by negative values of cos anl and
positive values of cos an2 (Fig. 5 bottom plots). The corresponding
configurations showed the interactions between the lipids and the tip of
the DEP finger, the N-terminal end of Helix 3, and the C-terminal part of
the contiguous loop (Fig. 5 panel A). An alternative binding mode was
also observed, where the whole Helix 3 and the contiguous loop, but not
the DEP finger, were engaged with the membrane (Fig. 5 panel B). The
exceptions were again membranes made of pure POPC or doubly
deprotonated POPA, where the domain desorbed or interacted by
different binding modes, respectively. Note that the shorter simulation
time for systems with POPS:POPE:POPC and POPS:POPA:POPC mem-
branes, led to reduced sampling of the binding orientations.

3.3. Lipid preference

The radial distribution function (RDF) analysis of DEP at binary lipid
membranes (see Methods), clearly demonstrates the preference of the
domain for the anionic phospholipids over the neutral POPC (Fig. S18).
This is further confirmed in Figs. S19 to S21, where the data on contacts,
hydrogen bonds, and interaction energies were grouped based on the
lipid type. We note from the RDF analysis, that DEP domain bound POPA
lipid stronger than POPS and POPG lipids. This observation is in line
with the preferential interaction of DEP domain with the phosphate
groups, which are fully exposed and accessible on POPA lipids.

A more accurate estimate of the lipid preference was obtained via
calculations of the free energy of binding. The starting conformations of
DEP domain bound to POPA, POPA:POPC, POPS:POPC, POPS:POPE:
POPC, and POPC membranes, were chosen to resemble the binding
modes shown in panel A and B of Fig. 5. As summarized in Table 1, DEP
domain binds POPA:POPC membrane ~15 kJ mol* stronger than
POPS:POPC membrane, suggesting that POPA is indeed the optimal
binding substrate. POPS:POPE:POPC membrane, which mimics the
physiological concentration of the most common phospholipids in the
inner leaflet of the plasma membranes of human cells [60] was found to
be similarly good in binding DEP domain as POPS:POPC mixture, where
a higher content of negatively charged lipids was present. Note that
strongly binding POPA membrane and more complex POPS:POPE:POPC
lipid mixture had large differences/errors in the binding free energy due
to the presence of small membrane defects during the pulling, variations
in the binding modes and surrounding lipid distribution, and limited
simulation time.

3.4. Analysis of DVL3/DEP binding to defined membranes using flow
cytometry

To validate the outcome of the MD simulations, we evaluated the
binding of DVL3/DEP proteins to lipid vesicles using confocal micro-
scopy and flow cytometry (FC) (Fig. 6A). The vesicles were composed of
DOPA, DOPS, and DOPC, as well as POPA, POPS, and POPC lipids (see
Methods for details). Halo tag becomes fluorescent upon addition of
TMR ligand, which allowed us to observe under the microscope clear

Table 1
Free Energy (FE) of binding between DEP domain and membranes with
various lipid compositions.

Lipid composition FE (kJ mol )"
POPA —109.0 +£18.2
POPA:POPC (1:1) -73.8+0.3
POPS:POPC (1:1) —60.9 + 8.2
POPS:POPE:POPC (7:15:10) —55.9 + 26.7
POPC —-23+1.3

# Average and standard deviation calculated over both copies of DEP
domain.

b The bootstrap errors associated with free energy calculation aver-
aged over both copies of the domain are: 4.3, 3.3, 3.1, 4.9, and 1.3 kJ
mol ! from top to bottom.
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binding of Halo-TMR-DVL3 and Halo-TMR-DEP to DOPA vesicles
(Fig. 6B). To compare the strength of the protein-membrane interaction,
we utilized the FC method, see Fig. 6C. Advantage of FC is the possibility
to monitor separately individual events, in this case vesicles, and choose
for the analysis only the ones of particular size and density. Moreover,
vesicles stained with DiD lipid dye can be clearly distinguished from the
debris. Once the FC detection of the vesicles was validated, we opti-
mized the analysis of the protein-vesicles binding. For the optimization
we used purified Halo-tagged DVL3 and DOPA vesicles, where we ex-
pected the strongest interaction based on microscopy observations.

The results for Halo-TMR-DVL3 and Halo-TMR-DEP with vesicles
made of DOPA, DOPS, and DOPC lipids are summarized in Fig. 6D (for
raw data and controls see Fig. S5). Both protein constructs bound
strongly to DOPA vesicles and weakly to DOPS vesicles, in qualitative
agreement with the calculated binding free energies. As expected for a
binding mechanism mostly driven by generic electrostatic attraction, no
visible interaction was observed with DOPC vesicles. Consistently,
decreased amount of anionic phospholipids (i.e. DOPA:DOPC (1:1 mol:
mol) mixture) substantially reduced the protein-vesicles association.
However, we could not detect any affinity (Fig. SS5L) of DEP domain for
PIP2:DOPC (1:3 mol:mol) lipid mixture. The same binding trend (i.e. PA
> > PS > PC) was reproduced with POPA, POPS, and POPC lipids
(Fig. S22). In addition, minor changes in the solution pH (from 8 to 7)
enhanced the affinity of DEP domain for DOPA and DOPS vesicles
(Fig. 6E), and, only marginally, for DOPA:DOPC (Fig. S23) vesicles,
suggesting a possible role of pH in DEP-membrane association.

In summary, these experimental data not only confirm main pre-
dictions of MD simulations but also demonstrate a versatile application
of FC for the analysis of protein-membrane interactions.

3.5. QCM-D monitoring of DEP domain binding to supported lipid bilayers

The interaction of DEP domain with lipid membranes was indepen-
dently assessed via quartz crystal microbalance with dissipation moni-
toring (QCM-D). In short, this technique allows the real-time detection
of mass changes at the surface of a piezoelectric sensor oscillating at a
specific resonance frequency (f). f is dependent on the mass of the layer
adsorbed onto the sensor surface enabling measurement of the
molecule-surface interaction. In our case, the binding of DEP domain to
a lipid bilayer formed at the sensor surface would result in a negative
frequency change.

QCM-D measurements of DEP domain (without Halo tag) at sup-
ported lipid bilayers with composition DOPC, DOPA:DOPC (1:1 mol:
mol), DOPS:DOPC (1:1 mol:mol), and PIP2:DOPC (1:3 mol:mol), are
shown in Fig. 7. In the presence of anionic phospholipids (DOPA, DOPS,
and PIP2), the addition of DEP domain (black arrows) led to a clear
decrease in the frequency, revealing specific DEP-membrane binding. In
agreement with flow cytometry experiments and simulations, the
domain affinity for DOPA lipid was the strongest. As expected, no as-
sociation of DEP to the neutral DOPC bilayer was detected. The raw
data, together with the binding of DEP domain to DOPA:DOPC at
different pH conditions, can be found in Figs. S24 and S25, respectively.

4. Discussion

The interaction of protein effectors with specific phospholipids, such
as phosphatidic acid (PA) and phosphatidylserine (PS), plays a crucial
role in many biological processes, including cell signaling [61]. In
particular, Wnt signaling is regulated by the dynamic relocalization of
DVL protein between the plasmamembrane and the cytoplasm [62], a
process mediated by the putative interaction of its C-terminal DEP
domain with anionic lipids [12,13], especially PA [14]. In our simula-
tions, DEP domain firmly bound to all membranes containing anionic
phospholipids, irrespective of their nature and molar concentration. An
in-depth analysis of the domain-membrane interaction revealed that the
bulk of the hydrogen bonds and interaction energies originates from the
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Fig. 6. DEP domain and full length DVL3 binding to the defined synthetic membranes using flow cytometry. (A) Schematic representation of the experimental
workflow. Synthetic lipid vesicles were stained with DiD lipid dye and incubated with fluorescently labelled protein. The samples were then analyzed using confocal
microscopy (B) or flow cytometry (C). (B) Confocal microscopy images of DOPA vesicles with or without HALO-TMR-DVL3 and HALO-TMR-DEP. Scale bar represents
10 pm. (C) Flow cytometry analysis of DVL3 binding to DOPA vesicles. Gating strategy is shown in dot plots. First, we show size (FSC) vs. density (SSC) gated for
vesicles (i), then lipid dye DiD vs. density (SSC) gated for DiD + vesicles (ii), and finally protein label TMR vs. lipid dye DiD (iii). The overlay of TMR channel signals

for DOPA-DIiD vesicles with and without HALO-TMR-DVLS3 is shown in the histogram

(iv). Data are shown as normalized count. (D) HALO-TMR-DEP and HALO-TMR-

DVL3 binding to vesicles of different composition at pH 8. Histograms show overlay of lipid only and HALO-TMR-DVL3 or HALO-TMR-DEP with DOPA (i), DOPS (ii),
DOPC (iii), and DOPA:DOPC 1:1 lipid mixture (iv). Gel with CBB stained purified proteins is shown next to the histograms. (E) HALO-TMR-DEP binding to DOPA (i)
or DOPS (ii) lipids at different pH. Histograms show overlay of lipid only and lipid with HALO-TMR-DEP at pH = 7, 7.5, and 8. Graph represents median TMR
intensity for each HALO-TMR-DEP + lipid condition with subtracted median intensity of lipid without protein (iii). Raw data and not normalized counts for D and E
are shown in Fig. S5. Vesicles schematic used in A and C was created by BioRender.com.

interplay between the basic residues of the domain and the lipid phos-
phate groups. The particularly strong interaction of DEP domain with
the lipid phosphates and the enhanced binding of the domain to PA
lipids, shown in a previous work [14] and confirmed by our flow
cytometry and QCM-D experiments, indicate that the strength of the
electrostatic attraction, responsible for the main recruitment of DEP
domain to anionic membranes, is proportional to the availability of the
lipid phosphates. Indeed, the domain desorbed from the neutral POPC
membrane, where the presence of the bulky and positively charged
choline headgroup substituent, makes the phosphate group poorly

accessible for electrostatic and hydrogen bond interactions with DEP
domain basic residues.

The analysis of the simulations demonstrated that a cluster of lysines
and arginines located on Helix 3 and the contiguous loop (R462, R465,
K466, K473, and K483) is dominating the interaction with anionic
membranes. The identified residues are in perfect agreement with pre-
vious reports on DEP domain from DVL2 obtained with a different
parametrization [14] and form a basic motif common in peripheral
membrane proteins interacting with negatively charged membranes
[63-66]. Moreover, the loop contiguous to Helix 3 also accommodates
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Fig. 7. QCM-D monitoring of DEP domain (without Halo tag) at supported lipid
bilayers composed of DOPC, DOPA:DOPC, DOPS:DOPC, and PIP2:DOPC. The
binding of the protein to bilayers adsorbed onto the sensor surface results in a
negative frequency change, the extent of which is proportional to the amount of
the bound protein (i.e. increased binding affinity). For the ease of visualization
both x- and y- axes are shifted so that the reference point is represented by the
stable lipid bilayer. The data are shown as average (full line) and standard
deviation (shaded area) over three separated measurements (see Fig. S25 for
raw data). Note that for clarity only the third overtone is considered.

four polar residues (N482, T485, S487, and Q489) that further stabilize
the membrane binding, especially in the presence of POPS and POPG
lipids (Fig. S26). A third region, known as the tip of the DEP finger
(residues 434-LKI-436), was interacting with the membrane more
weakly and transiently than Helix3 and the contiguous loop. The
interaction was governed by electrostatic attraction and hydrogen bonds
involving residue K435, with the support of two preceding arginines,
R429 and R431. In addition, few adjacent highly conserved non-polar
residues (M432, L434, and 1436) and a tryptophane (W433) provided
a small but non-negligible contribution to the binding, by means of
hydrophobic interactions with the hydrocarbon region of the phospho-
lipids and cation-z interactions with the choline headgroup substituent
of POPC, respectively. Notably, both binding mechanisms were
observed in other peripheral membrane proteins [67-69].

The dispensable role of the DEP finger in membrane binding was
suggested by the description of two preferred binding modes, which
differ in (1) the direct contact between the DEP finger and the mem-
brane and (2) the total contribution to the interaction of Helix 3 and the
contiguous loop. Both modes occurred with similar probability and were
separated by a small energy barrier of ~5 kJ mol ™, which is available in
the thermal energy of the system at 310 K. Indeed, we observed a full
transition from one mode to the other during our simulations in a sort of
rocking motion (see Video S1). Note that DEP domain was binding
differently to membranes with doubly deprotonated POPA lipids. The
presence of cation-mediated clustering of POPA headgroups (Fig. S27),
similarly observed in previous simulations [70], led to unusual elec-
trostatic interactions of the N-terminus of DEP domain or to defects of
the membrane surface, where the side chain of the apolar residues
populating the DEP finger favorably inserted (Fig. S28).

In all our simulations and experiments DEP domain showed a
consistent preference for PA lipids over PS. However, the preference was
considerably less pronounced in simulations. To reconcile our observa-
tions, we note that non-polarizable force fields tend to overestimate the
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electrostatic interaction between charged groups [71]. Thus, in our
systems, the excessive adsorption of solution cations to phospholipid
membranes [72,73] would result in electrostatic screening of DEP-
membrane interaction, an effect enhanced by PC and PS headgroup
substituent. Yet, as demonstrated by the non-negligible free energy of
binding of DEP domain at the neutral POPC membrane (see Table 1),
also the affinity of DEP basic motif for the lipid phosphates could be
exaggerated. Moreover, during our free energy calculations the molec-
ular charge of each POPA lipid remained fixed at —1le (i.e. singly
deprotonated), despite the fact that its second pKj is in the physiological
pH range [19]. On the contrary, the flow cytometry and QCM-D ex-
periments shown in Figs. 6D and 7 were performed at pH 8, condition at
which a portion of the PA lipids is fully deprotonated leading to charge
—2e. The extent of the deprotonation can be amplified by specific
protein-PA interactions, as predicted by the electrostatic/hydrogen
bond mechanism [74]. Thus, with respect to experiments, the POPA
model used in simulations may underestimate the magnitude of the
electrostatic attraction existing between DEP and PA lipids.

The selectivity of DEP domain between PS and PG lipids is not
straightforward. Despite the identical molecular charge and similar
hydrogen bond propensity, POPS and POPG interacted with DEP domain
in different ways. The glycerol of POPG headgroup was oriented parallel
to the membrane plane [75], which made its phosphate groups more
accessible for electrostatic interactions with DEP domain. This effect
was only partially compensated by the higher number of hydrogen
bonds and total interaction energy existing between the domain and the
headgroup substituent of POPS (Figs. S20 and S21), leading to an overall
preference for POPG over POPS lipid (see Fig. S18).

Finally, we comment on the employed experimental methodologies.
Flow cytometry (FC) evaluates protein-lipid interaction in a more
physiological context compared with QCM-D monitoring (i.e. vesicles in
suspension vs supported lipid bilayers (SLBs)). While QCM-D is a label-
free technology, FC requires the coupling of DVL3/DEP constructs with
Halo tag. Although Halo alone shows no affinity for DOPA vesicles
(Fig. S29), its overall negative charge in the explored pH range might
decrease the sensitivity towards low affinity anionic lipids (weak and no
binding to PS and PIP2 vesicles, respectively). Nevertheless, we
emphasize that the independent findings from both FC and QCM-D are
in general agreement and provide a strong evidence on DEP domain
lipid preference.

4.1. Biological consequences

Functional and microscopy experiments demonstrated that DEP
domain is required for the activation of Wnt signaling [8] and the co-
localization of DVL protein with Frizzled receptor to the plasma mem-
brane [76,77]. Here, we show that DEP domain adsorb to membranes
containing negatively charged lipids mainly via electrostatic attraction,
with a strong preference for PA over PS lipids. Therefore, we hypothe-
size that the weak interaction between DEP domain and the abundant PS
lipids, could lead to the transient translocation of DVL protein from the
cytoplasm to the inner leaflet of the plasma membrane. In response to
local increase of PA concentration, for example due to de novo biosyn-
thesis [78] and mechanical stimulation [79], the membrane binding
would stabilize, facilitating the direct interaction of DVL with Frizzled
receptor and the initiation of the signal transduction. The increase of PA
local concentration could potentially be very small, as suggested by
simulations with POPA:POPC membrane, where approximately 5 PA
lipids were in close contact with DEP domain (Fig. S18). However, in
flow cytometry experiments with DOPA:DOPC (1:1) and pure DOPA
vesicles, we observed that the binding is dependent on the concentration
of the anionic lipid (Fig. 6D), thus further increase in PA concentration
would consolidate the association. Consistent results were provided by
our free energy calculations, where the binding to POPA membrane was
~30 kJ mol ™! stronger than to POPA:POPC (1:1) membrane (Table 1).

The preferred interaction of DEP with the lipid phosphates also
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suggests that phosphoinositides, another family of functionally active
phospholipids with available phosphate groups [80], could contribute to
DEP/DVL binding, as was similarly reported for MARCKS protein
[81,82]. QCM-D measurements summarized in Fig. 7 indicate that DEP
domain binds bilayers containing PIP2, with similar strength as DOPS:
DOPC (1:1) but significantly weaker than DOPA:DOPC (1:1) bilayers.
The binding of DEP domain to PIP2 lipids is in line with previous ex-
periments showing the essential role of PIP2 and two kinases sequen-
tially producing PIP2 (PI4KII and PIP5K) in Wnt/p-catenin signaling at
the level of DVL protein [83]. Subsequent work proved that AMER1, a
protein recognizing phosphoinositides, links FZD/DVL complex with
downstream LRP6/Axin module [84,85]. Local production of PIP2
directly resulting in stronger DVL membrane interaction, thus represents
the attractive possibility explaining proximal events in the Wnt signal
transduction.

Moreover, the electrostatic nature of DEP-membrane interaction
makes the binding pH and salt concentration dependent (Fig. 6E), which
provides the potential for further regulation of DVL-membrane associ-
ation. However, the effect could be complex and system dependent. In
our experiments, the pH effect was minimal for both DEP domain
binding to DOPA:DOPC (1:1) vesicles (Fig. S23) and SLBs (Fig. S25),
while a similar, but not identical, DEP domain from DVL2 was previ-
ously reported to significantly decrease the binding at acidic pH [14].
Therefore, additional work is necessary to understand the sensitivity of
DEP-membrane association to changes in the local environment.

The analysis of the alternative binding modes revealed that the DEP
finger is partially dispensable for membrane binding and it can be
involved in other functions, e.g. interaction with Frizzled receptor
[10,76] or DEP oligomerization [11]. Interestingly, binding with alter-
native orientations was also reported for other mammalian [86] and
bacterial [87] peripheral membrane proteins.

Finally, we emphasize that we needed higher concentration of DEP
domain compared to full-length DVL to show membrane binding in our
flow cytometry measurements (Fig. 6D). This difference indicates that,
despite DEP domain plays a crucial role in membrane binding, other
regions of DVL could be cooperatively involved in this process and/or
that significant intramolecular changes are necessary for DEP domain to
optimally carry out its function.

5. Conclusion

The identification of the protein residues and physical forces driving
the protein-membrane interaction is essential for understanding the
mechanism of action and regulation of many biological processes
[88,89].

By combining MD simulations with flow cytometry and QCM-D ex-
periments, we demonstrate that the C-terminal DEP domain from DVL
protein in Wnt signaling pathway favorably interacts with all the
investigated anionic model membranes, especially those containing PA
lipids. The interaction is mainly driven by the electrostatic attraction
between a cluster of positively charged residues on DEP domain and the
negatively charged lipid phosphate groups. The observed strong pref-
erence for PA lipids together with the weaker binding to PS and PIP2
lipids, may shed light on yet unclear regulatory aspects of Wnt signaling
and also pave the way for a more profound comprehension of the
complex protein-membrane interplay.
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