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MOLECULAR BIOLOGY

Two cooperative binding sites sensitize PI(4,5)P;

recognition by the tubby domain

Veronika Thallmair'?, Lea Schultz'?, Wencai Zhao'?, Siewert J. Marrink?,

Dominik Oliver'?*, Sebastian Thallmair®**

Phosphoinositides (Pls) are lipid signaling molecules that operate by recruiting proteins to cellular membranes via Pl
recognition domains. The dominant Pl of the plasma membrane is phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,].
One of only two PI(4,5)P; recognition domains characterized in detail is the tubby domain. It is essential for targeting
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proteins into cilia involving reversible membrane association. However, the PI(4,5)P, binding properties of tubby do-
mains have remained enigmatic. Here, we used coarse-grained molecular dynamics simulations to explore Pl(4,5)P,
binding by the prototypic tubby domain. The comparatively low PI(4,5)P; affinity of the previously described canonical
binding site is underpinned in a cooperative manner by a previously unknown, adjacent second binding site. Muta-
tions in the previously unknown site impaired PI(4,5)P,-dependent plasma membrane localization in living cells and
PI(4,5)P; interaction in silico, emphasizing its importance for Pl(4,5)P, affinity. The two-ligand binding mode may serve
to sharpen the membrane association-dissociation cycle of tubby-like proteins that underlies delivery of ciliary cargo.

INTRODUCTION

Phosphoinositides (PIs) have multifaceted signaling functions,
acting as a cellular membrane identity code (I, 2) and providing
instructive molecular signals in various pathways and membrane dynam-
ics. Prominent examples are the generation of phosphatidylinositol
3,4,5-trisphosphate (PIP3) downstream of growth factor receptors and
the depletion of phosphatidylinositol 4,5-bisphosphate [PI1(4,5)P]
by phospholipase C-B (PLCB) downstream of G¢-coupled receptors.
In general, the impact of PIs on cellular processes is mediated by the
binding of proteins to the membrane via PI recognition domains
including pleckstrin homology (PH), phox (PX), Fabl-YOTB-Vacl-
EEA1 (FYVE), and epsin N-terminal homology (ENTH) domains
among others [reviewed in (1, 3-5)].

Beyond their eminent role in cell biology, ligand-specific PI-binding
domains have emerged as indispensable biosensors for their cog-
nate PI lipid in living cells (4). Encoded genetically to yield fusions
with fluorescent (or luminescent) modules such as green fluorescent
protein (GFP), they are used widely to interrogate PI cell biology in
model systems across a range of biological complexity from isolated
membrane fragments (6) to intact living animals (7).

PI(4,5)P, is the most abundant PI of the plasma membrane (PM)
and, besides being a precursor of the canonical second messengers
PIP;, inositol 1,4,5-trisphosphate (IP3), and diacylglycerol, has
multiple roles as bona fide messenger (3). Nevertheless, only few
specific PI(4,5)P, binding domains have been identified (4), and
fewer have been characterized in depth (8-10). The first lipid-binding
domain used as a biosensor is the PI(4,5)P,-specific PH domain of
phospholipase C-81 (PLC81-PH) (11, 12) that has been used in
countless studies (4). The only alternative PI(4,5)P, sensor used
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fairly frequently is the C-terminal domain of the tubby protein
(“tubby domain,” hereafter abbreviated tubbyCT), which is con-
served in the family of tubby-like proteins (TULPs) (13). Despite
being structurally unrelated, the binding mode of PLC81-PH do-
main and tubbyCT is highly similar as shown by crystal structures
(13, 14). Both domains feature a positively charged binding grove
that accommodates the inositol head group by electrostatic coordi-
nation of the phosphate groups. In the crystal structures, both do-
mains tightly bind soluble head group analogs (IP5 or glycero-IP3).
Physiologically, PLC31-PH also has a high affinity for the second
messenger IPs, and therefore, its cellular localization is effectively
defined by competition between PI(4,5)P, in the PM and cytosolic
IP3, such that an increase in IP; [e.g., during G protein-coupled
receptor (GPCR) signaling] is sufficient to dislodge PLC31-PH from
the membrane without depletion of PI(4,5)P, (15). In contrast,
membrane binding of tubbyCT is unaffected by IP;3 (9, 16), which
seems unexpected given the similar head group interactions.

The differential IP; recognition must affect fundamentally on the
cell biology of the P1(4,5)P; recognition domains. While PLC31-PH
function is intrinsically sensitive to IP3-producing G4/PLCP path-
ways (11, 17), the IPs-insensitive tubbyCT determines function in a
manner selectively dependent on local PI(4,5)P, concentration and
dynamics. Tubby and related TULPs mediate trafficking of cargo
proteins including GPCRs from PI(4,5)P,-rich PM domains into
primary cilia that are sparse in PI(4,5)P,. This allows dissociation of
tubby and thus release of the cargo GPCR at its ciliary destination
(18, 19). Various ciliopathies have been linked to dysfunction of TULPs,
underscoring the central importance of dynamic PI(4,5)P, binding
of the tubby domain for ciliary function. Mutational disruption of
the PI(4,5)P,-binding C-terminal domain of tubby in a mouse model
leads to severe obesity and retinal degeneration, which is thought to
result from defective ciliary function in the hypothalamus (pivotal for
regulation of energy balance) and the retina, respectively (20-22). In
humans, a mutation within the tubby domain is associated with early
onset obesity and retinal degeneration (23). Recently, mutations in
human TULP3, a tubby homolog that shares the conserved tubby do-
main, were found to cause multisystemic ciliopathy associated with
liver fibrosis, fibrocystic kidney disease, and cardiomyopathy (24).
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In addition to ciliary localization, we recently found preferential
and dynamic accumulation of tubby in PI(4,5)P, microdomains
formed by endoplasmic reticulum (ER)-PM junctions, a property
not shared by PLC81-PH (25).

These differential membrane binding properties and their im-
portant cell biological implications prompted us to explore binding
of tubbyCT to PI(4,5)P, using coarse-grained (CG) molecular
dynamics (MD) simulations with the Martini 3 force field (26, 27).
CG MD simulations are a suitable and well-established tool to study
protein-lipid interactions (28) and specifically protein-PI interac-
tions (29-34). Our simulations of membrane binding showed that
tubbyCT’s PI(4,5)P; binding affinity is lower than that of PLC31-PH,
confirming previous experimental data (8, 35). Unexpectedly, the
MD data revealed a second PI(4,5)P; binding site within tubbyCT’s
membrane-oriented surface, comprising a cluster of positively
charged residues. Mutations within this second binding site strongly
reduced PI(4,5)P, binding both in silico and experimentally in
living cells, demonstrating that it contributes essentially to the
PI(4,5)P,-dependent membrane association of tubby. The positively
charged cluster is conserved throughout TULP family, indicating
that simultaneous PI(4,5)P; binding by two binding sites is a con-
served feature of TULPs. The second binding site constrains high
affinity binding to the PI(4,5)P,-containing membrane surface
and may explain the lack of sensitivity to soluble IP3;. Moreover,

cooperative PI(4,5)P; binding can explain differential association
to membrane microdomains that differ in PI(4,5)P, content. This
property may facilitate delivery of cargo into primary cilia by TULPs,
by ensuring strong binding to the PI(4,5)P,-rich PM but brisk
dissociation at lowered PI(4,5)P; level of the ciliary membrane.

RESULTS
TubbyCT requires interaction with multiple PI(4,5)P; lipids
for stable membrane binding
To gain insights into the PI(4,5)P; binding behavior of tubbyCT,
we first performed CG MD simulations of tubbyCT bound to a sin-
gle PI(4,5)P, embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayer using the open-beta version of the
Martini 3 force field (Fig. 1A). Figure 1B shows the time evolution
of the distance between the phosphate (PO,) plane of the binding
leaflet and the previously characterized binding pocket (13) for
10 simulations of 1 pus each. It can be clearly seen that tubbyCT
unbinds from the membrane and hence from the PI(4,5)P; lipid in
all cases within 250 ns. In addition, no stable rebinding event to the
membrane is observed within the simulation time.

As a reference for PI(4,5)P, binding proteins, we also performed
simulations of the PLC31-PH domain. Figure 1C shows the time
evolution of the POy4-binding pocket distance for seven simulations
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Fig. 1. Binding a single P1(4,5)P; lipid does not target tubbyCT stably to a model membrane. (A) CG system setup of tubbyCT (red) with one PI(4,5)P; lipid (violet) in
the binding pocket known from the crystal structure (cyan residues). The PI(4,5)P; is embedded in a POPC bilayer (yellow); water and ions are shown as transparent surface.
(B and C) Distance between the tubbyCT/PLC81-PH domain binding pocket and the phosphate layer (PO, beads) of the binding leaflet containing a single PI(4,5)P,. Ten
unbiased simulations of 1 ps [tubbyCT (B)] and seven unbiased simulations of 2 us [PLC81-PH (C)] are shown, respectively. (D and E) Distance between the tubbyCT/PLC81-PH
domain binding pocket and the phosphate layer (PO4 beads) of the binding leaflet containing 5 mol % of P1(4,5)P,. Three unbiased simulations of 5 us each are shown.
(F) Potential of mean force (PMF) for the PI(4,5)P, binding of tubbyCT (red) and PLC81-PH domain (blue). (G) Control simulations of tubbyCT bound to one PI(4,5)P; lipid
embedded in a POPC membrane containing 5 mol % of POPS (PS) (green; 3 X 1 us) and POPG (PG) (orange; 3 X 1 us) lipids, respectively. (H) Control simulations of tubbyCT
bound to one PI(4,5)P; lipid embedded in a POPC membrane containing 5 mol % of PI(4)P (3 x 5 us).
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of 2 us each. The PLC31-PH domain binds much more stably to
the PI(4,5)P; lipid. Despite the doubled simulation time, unbinding
was only observed in three cases, and one rebinding event occurred.

To clarify whether an increased PI(4,5)P, concentration affects
the binding stability of both proteins, we increased the PI(4,5)P;
concentration in the bilayer to 5 mole percent (mol %) and per-
formed three simulations of 5 us each. The observed time evolution
of the POy4-binding pocket distance is shown in Fig. 1D (tubbyCT)
and Fig. 1E (PLC81-PH domain), respectively. Both PI(4,5)P,
sensors bind more stably to the membrane containing 5 mol % of
PI(4,5)P,. However, the increase in binding stability is more pro-
nounced in the case of tubbyCT, where a single PI(4,5)P, was not
sufficient to target the protein for more than 250 ns to the bilayer
surface. Moreover, observed unbinding events of tubbyCT from the
membrane with high PI(4,5)P, concentration are only transient and
followed by rebinding.

We next asked whether the increased membrane binding is spe-
cific for higher PI(4,5)P, concentrations or whether any negatively
charged lipid could support the binding of tubbyCT to a single
PI(4,5)P,. This is particularly relevant because the inner leaflet of
the PM contains several negatively charged lipid species (36, 37).
We decided to test three phospholipids abundant in the eukaryotic
PM, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), as well
as the mono-phosphorylated PI phosphatidylinositol 4-phosphate
[PI(4)P]. The PI(4,5)P; bound to tubbyCT was embedded in a POPC
bilayer containing 5 mol % of POPS, POPG, or PI(4)P. Figure 1G
shows the PO4-binding pocket distance for three simulations of 1 s
with POPS (green) and POPG (orange), respectively. In each case,
no additional stabilization of tubbyCT membrane binding was
observed. PI(4)P clearly increased membrane binding (Fig. 1H);
however, the stabilization was less pronounced than with the same
concentration of PI(4,5)P,. In addition, we tested a 5 mol % fraction
of POPG with doubly negatively charged head group, which showed
minor additional stabilization compared to regular POPG and less
stabilization than PI(4)P (fig. S1).

To quantitatively compare the PI(4,5)P; affinity of the two pro-
teins, we calculated the potential of mean force (PMF) for the
protein-PI(4,5)P; binding. The resulting free energy profiles (Fig. 1F)
confirm that tubbyCT binds much weaker to PI1(4,5)P,. The PMF
minima differ by more than a factor of 3 (tubbyCT, —5.0 k]/mol;
PLC81-PH domain, —18.0 kJ/mol). The total binding free energy
AGying can be calculated by integrating the PMF profile over the region
of the bound state while taking into account the constraints in the
membrane plane (38). This yields a AGping = —2.4 kJ/mol for tubbyCT
and AGying = —15.8 kJ/mol for the PLC31-PH domain. Notably, the
differential binding energies qualitatively agree with experimental
data where PI(4,5)P; affinities were estimated in living cells from
the domain’s membrane unbinding in response to gradual deple-
tion of PI1(4,5)P, with a voltage-sensitive phosphatase (VSP) (8, 35).

Identification of a previously unknown PI(4,5)P; binding site
of tubbyCT

The CG MD simulations allow a microscopic investigation of the
membrane binding behavior of tubbyCT and PLC31-PH domain.
Figure 2A depicts a normalized histogram of the distance between
the PI(4,5)P, head group and the crystal structure binding pocket
for the simulations with a single PI(4,5)P, embedded in a POPC
bilayer. Note that this distance is different from the distances

depicted in Fig. 1 (B to E, G, and H) where the distance between the
PO, plane of the binding leaflet and the binding pocket was analyzed.
The distance to the head group shown here provides more detailed
microscopic information about the protein-PI(4,5)P, contacts.

The difference in height of the distributions at long distance is
due to the different PI(4,5)P, binding affinity of tubbyCT (Fig. 2A,
top) and PLC31-PH domain (Fig. 2A, bottom). Notably, the histo-
gram for tubbyCT clearly shows two distinct maxima at which a
stabilizing interaction exists, while in the case of the PLC31-PH
domain, only one maximum appears. The two maxima in the case
of tubbyCT coincide with the two minima of the PMF (red line in
Fig. 1F). Despite both reaction coordinates not being identical, they
are closely related, and at the second minimum of the PMF, tubbyCT
mostly interacts with PI(4,5)P, by means of residues not being part
of the canonical binding site.

The second maximum indicated an additional PI(4,5)P, binding
site on the tubbyCT surface. To evaluate this more closely, we calcu-
lated the average PI(4,5)P, occupancy of each residue of tubbyCT
for the simulations in which tubbyCT interacted with a membrane
containing 5 mol % of P1(4,5)P, (Fig. 2B). The orange bars highlight
the residues of the binding pocket previously identified in the crys-
tal structure (13). Besides those residues, there are five consecutive
positively charged residues (amino acids 301 to 305, colored in
green) of which, in particular, residues 303 to 305 exhibit a notably
high PI(4,5)P, occupancy. Accordingly, these residues constitute the
previously unknown second binding site identified in the PI1(4,5)P,
head group canonical binding site distance histogram (Fig. 2A). The
sequence alignment of TULPs depicted in Fig. 2D reveals that
these five positively charged residues are conserved within the
TULP family. The newly identified binding site is located in proximity
to the crystal structure binding pocket, and both PI1(4,5)P, bind-
ing sites are oriented in parallel so that simultaneous PI(4,5)P, bind-
ing is possible (see Fig. 2, C and E). Thus, the binding affinities of
both binding sites act together and target tubbyCT to the membrane.

The PMF for tubbyCT binding to two PI(4,5)P; lipids (Fig. 2F)
shows a strong increase in binding affinity compared to a single
PI(4,5)P,. In addition, the minimum is shifted closer to the mem-
brane, to a distance of 1.7 nm [one PI1(4,5)P,, 1.9 nm] indicative for
reinforced binding. Two exemplary snapshots of tubbyCT binding
to one and two PI(4,5)P; lipids, respectively, are depicted in fig. S2.
The snapshots are taken from the simulation at the respective
minimum. Integration of the PMF yields a binding free energy
of AGping = —12.5 kJ/mol compared to the previously obtained of
AGying = —2.4 kJ/mol. The fivefold binding free energy indicates
cooperativity between the two binding sites. For noncooperative
binding, a maximum of a doubling of AGyping would be expected.

As a consequence of the two binding sites oriented toward the
membrane, we observed a strong enrichment of PI(4,5)P, close to
tubbyCT. Figure 2G depicts the probability distribution of the
number of simultaneous protein-PI(4,5)P, contacts with a distance
of <0.5 nm for tubbyCT (red) and the PLC81-PH domain (blue)
when binding to a membrane with 5 mol % of PI(4,5)P,. Multiple
contacts to the same lipid are only counted once. It can be clearly
seen that in the case of tubbyCT, the distribution exhibits a higher
number of protein-PI(4,5)P, contacts. The average number of
PI(4,5)P, molecules in direct contact with tubbyCT shows a P1(4,5)P,
enrichment of 44% (distance, <0.5 nm; Table 1). It decreases to 19%
for a distance of <0.9 nm, which is still about four times higher
than the PI(4,5)P, concentration in the membrane (5%). Thus, the
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Fig. 2. Identification of the second PI(4,5)P, binding hotspot of tubbyCT. (A) Normalized distribution for the distance between the PI(4,5)P, head group and the
crystal structure binding pocket of tubbyCT (top) and PLC81-PH domain (bottom). The simulations were performed with one PI(4,5)P; in the bilayer. (B) Relative PI(4,5)P,
occupancy of the tubbyCT residues calculated with a distance cutoff of 0.5 nm. Orange bars represent residues of the crystal structure binding pocket; green bars high-
light residues of the binding hotspot identified here; gray bars represent all other residues. (C) Crystal structure of tubbyCT including the modeled loops. The surface of
the crystal structure binding pocket is shown in orange; the surface of the previously unknown binding hotspot is shown in green. (D) Sequence alignment of tubbyCT
with other proteins of the TULP family; color code according to (B). (E) Representative snapshot showing the binding mode of two PI(4,5)P; lipids in the binding pockets
of tubbyCT. The magnified details show the binding mode in the crystal structure binding site (top) and the previously unknown second binding site (bottom). Additional
particles close to the coordinated PI(4,5)P, lipid are colored in dark cyan [six water beads (top); four water beads and R322 (bottom)]. Protein colors are the same as in (D);
PI(4,5)P, is colored purple, and POPC is colored light gray. (F) PMF for the binding of tubbyCT to a membrane with one PI(4,5)P; lipid (red) and two PI(4,5)P, lipids (orange),
respectively. (G) Probability distribution of the simultaneous PI(4,5)P,-protein contacts for tubbyCT (red) and PLC81-PH domain (blue) binding to a membrane with

5 mol % of PI(4,5)P,.

lipid fingerprint—i.e., the lipid composition of the annular lipid
shell—of tubbyCT is highly enriched of PI(4,5)P,, while POPC is
depleted. Similarly, the lipid fingerprint of PLC31-PH is enriched with
PI(4,5)P,; however, PLC81-PH is in contact with fewer PI(4,5)P,
lipids. Another consequence of the membrane binding of tubbyCT is a
reduced flexibility of three consecutive loops between residues 300
and 340 (see Supplementary Text and fig. S5), which includes the
previously unknown second binding site.

Validation of the secondary binding site with mutants

To evaluate the role of the newly identified second binding site in
membrane association of tubbyCT in living cells, we mutated the posi-
tively charged amino acids 301 to 305 that constitute the previously
unknown binding site to alanine, which lacks electrostatic attraction
to the anionic PI(4,5)P,. GFP-fused tubbyCT and the various mutants

were expressed in Chinese hamster ovary (CHO) cells and examined
for their membrane localization by confocal microscopy. As shown
in Fig. 3 (A and B), the single point mutants R301A, R303A, and
K304A lost the strong membrane association of the wild-type (WT)
domain and predominantly localized to the cytoplasm and nucleus.
TubbyCT K305A showed a similar phenotype, although this mutant
retained distinct but reduced membrane localization. We did not
analyze position R302 by mutation as it binds D499 by hydrogen
bonding and thus might be important for the tubbyCT secondary
structure. Combined neutralization of several of the site’s positive
charges even further reduced PM localization (Fig. 3, A and B).

In a complimentary manner, we investigated PI(4,5)P, binding
of the mutants by CG MD simulations. We simulated 10 replicas of
1 us simulation time for each tubbyCT mutant where the protein
was initially bound to a single PI(4,5)P; lipid embedded in a POPC
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Table 1. Number of lipids in contact with tubbyCT and the PLC31-PH domain depending on the cutoff distance. Abs., absolute; rel., relative.

TubbyCT PLC31-PH domain
PI(4,5)P2 POPC PI(4,5)P, POPC
Cutoff (nm) Rel. Abs. Rel. Abs. Rel. Abs. Rel.
05 ,,,,,, 044 44i04 s .
07 ,,,,,, 031 30107
09 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 019 164i1 0
Membrane composition 8 005 34

bilayer, and for the WT, single, and double mutants, we simulated
additional 12 replicas of 0.5-us simulation time. As a measure for
PI(4,5)P;, binding behavior, we calculated the distance between the
PI(4,5)P, head group and the canonical binding site over the dura-
tion of each simulation. For tubbyCT WT, the histogram of the
resulting distances shows two maxima corresponding to the two
binding sites (c.f., Fig. 2A). The occupancy of the second maximum
was reduced by the various mutations (Fig. 3D). To estimate the
relative binding strength of the second binding site in comparison
to the canonical one, we integrated both maxima and calculated
their relative occupancy, i.e., the ratio of the integrals of both bind-
ing site maxima. While for tubbyCT WT, the relative occupancy is
>0.8, all mutants show a reduced relative occupancy with the triple
and quadruple mutants exhibiting the lowest relative occupancy
close to zero (Fig. 3C).

Next, we chose tubbyCT R301A as a representative mutant for
amore detailed experimental characterization of the PI(4,5)P,
binding affinity in living cells. To this end, we used the VSP (from
Ciona intestinalis; Ci-VSP) for gradual and stepwise change of the
PM level of PI(4,5)P,. VSPs are 5-phosphatases that dephosphorylate
PI(4,5)P, to PI(4)P with a gradual dependency of their enzymatic
activity on the membrane potential, where depolarization increases
the activity. As the PI(4,5)P, concentration depends on the counter-
acting activities of the VSP and intrinsic PI(4)P 5-kinase, a stepwise
activation of Ci-VSP (Fig. 4A, top) allows for titration of PI(4,5)P,
levels [cf., (8, 35, 39)]. To this end, we coexpressed the respective
GFP-tubbyCT mutant or WT together with red fluorescent protein
(RFP)-tagged Ci-VSP in CHO cells. RFP-positive cells were whole-cell
voltage-clamped, while the membrane association of GFP-tubbyCT
constructs was monitored by total internal reflection fluorescence
(TIRF) microscopy. As shown in Fig. 4A, incremental depolariza-
tion from —-60 to +80 mV induced progressive dissociation of
tubbyCT WT and R301A mutant from the PM, as reported by a
decreasing TIRF signal, consistent with the membrane binding
being PI(4,5)P, dependent. TubbyCT R301A translocation occurred
at less depolarized membrane potential compared to tubbyCT WT
(Fig. 4, A and B). For quantitative assessment, we fitted TIRF signal
amplitudes with a Boltzmann function that describes the voltage de-
pendency of VSP enzymatic activity (35). As shown in Fig. 4 (B and C),
half-maximum translocation of the R301A mutant occurred at
much more negative potentials (V}, = —=61.5 £+ 20.6 mV) compared
to the WT construct (Vy, = —12.7 + 3.7 mV). Thus, much less activa-
tion of the phosphatase was required for unbinding of the mutant
domain, which is equivalent to the dissociation at a higher PI(4,5)P,
concentration, indicating a reduced PI(4,5)P; affinity. Notably, the

lower overall reduction in normalized signal amplitude observed
with the mutant is explained by the lower basal membrane associa-
tion (Fig. 3A), consistent with the reduced affinity. Moreover,
Fig. 4B also shows that the dependence of the domain’s membrane
association on voltage was much steeper for the WT domain with
both PI(4,5)P, binding sites intact (slope factor, 11.9 = 1.1 mV)
compared to the R301A mutant with an impaired second binding
site (30.2 £ 2.7 mV; P = 0.000145). This voltage sensitivity translates
into a steeper PI(4,5)P; concentration dependence of WT tubbyCT,
as expected for cooperative binding.

Last, we quantified the impact of the R301A mutation on the
PI(4,5)P, binding free energy, by calculating the PMF of the R301A
mutant and WT tubbyCT. Figure 4D shows that the potential depth
at the second binding site (protein-membrane distance of 2.4 nm) is
reduced, while the canonical binding site (at 1.8 nm) is unaffected. The
total binding free energy AGying calculated from the PMF profile yields
a AGpindg = —2.4 kJ/mol for tubbyCT WT and a AGping = —2.0 kJ/mol
for the R301A mutant. Despite the moderate difference, it confirms
the reduced affinity measured in living CHO cells. In the case of two
PI(4,5)P; lipids binding to tubbyCT R301A, the strongest impact on
the PMF is between 1.9 and 2.6 nm, where the R301A shows weaker
binding than the WT (Fig. 4E). However, the minimum of the
PMF at a shorter protein-membrane distance becomes deeper by
about —1 kJ/mol and narrower. Furthermore, the PMFs of the R301
mutant indicate that the pronounced increase in binding affinity
due to a second PI(4,5)P; is still present. In addition, we calculated
the PMFs for the binding to a single PI1(4,5)P; for the two mutants
R303A and K305A (fig. S3). In accordance with the R301A mutant,
the binding strength in the second binding site is reduced by the
mutations with a more pronounced effect for the R303A mutant
compared to R301A and R305A. This trend agrees with the experi-
mental membrane association (Fig. 3B).

Together, experimental and computational analyses agree in
showing that the PI1(4,5)P; affinity of tubbyCT critically depends on
the previously unknown second binding site, such that PM association
at physiological PI(4,5)P, concentration requires lipid interaction
at both binding sites.

Dual binding mode directs tubbyCT to ER-PM junctions

The dual, cooperative binding mode provides steeper concentration
dependence, which can facilitate the sensing of subtle PI(4,5)P,
concentration differences. Thus, it may promote the sharp-cut
dissociation of tubby from the ciliary membrane following delivery of
cargo from the PM into this PI(4,5)P,-poor compartment (18, 19). Vice
versa, this binding mode could also account for the accumulation
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Fig. 3. Mutational analysis of the second binding site. (A) Representative confocal images of tubbyCT WT and mutants expressed in CHO cells show the different
degrees of membrane localization of the constructs. Scale bars, 5 um. (B) Membrane-to-cytosol fluorescence ratios obtained from images as shown in (A). Localization of
the membrane was defined as the local fluorescence maximum of a coexpressed RFP-fused membrane marker. White numbers show the number of analyzed cells, and
asterisks indicate significant differences compared to the WT control (***P < 0.0001). (C) Ratio of occupancy of the second binding site relative to the canonical site
obtained from occupancy distributions as shown in (D). White numbers show the number of analyzed replicas, and asterisks indicate significant differences compared to
the WT control (*P < 0.05, **P <0.01, and ***P < 0.0001). n.s., not significant. (D) Normalized distribution for the distance between the PI(4,5)P, head group and the canonical
binding pocket of tubbyCT mutants. Simulations were performed with one PI(4,5)P, in the bilayer.

of tubbyCT at PM domains with relatively high PI(4,5)P, content.
We recently found that tubbyCT preferentially localizes to E-Syt3-
rich ER-PM junctions (25). Accumulation of tubbyCT at ER-PM
junctions was dependent on PI(4,5)P; synthesis, suggesting that the
junctional PM compartment features a higher PI1(4,5)P; level than
the bulk PM (25).

We therefore investigated the impact of the second PI(4,5)P,
binding site on the localization of tubbyCT to these contact sites.
GFP-tagged tubbyCT mutants were expressed in CHO cells, and
PM-associated tubbyCT was examined by TIRF microscopy. Asso-
ciation of tubbyCT with ER-PM junctions was assessed by quantifi-
cation of its clustering (Fig. 5, A and B). As expected, tubbyCT WT
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Fig. 4. Contribution of the second binding site to PI(4,5)P, affinity of tubbyCT. (A) Changes in membrane association of GFP-tubbyCT in response to activation of
Ci-VSP as recorded by TIRF microscopy. CHO cells cotransfected with GFP-tubbyCT and RFP-Ci-VSP were whole-cell voltage-clamped and depolarized gradually (staircase
voltage protocol) (top) while measuring membrane-localized fluorescence by TIRF microscopy. Bottom shows representative TIRF recordings for WT and R301A mutant,
normalized to resting signal at —-60 mV. (B) Fluorescence-voltage curves obtained from experiments as in (A) were fitted by a Boltzmann function and normalized to
maximal fitted fluorescence change. Shown are averaged data from n =9 and 7 cells for WT (black) and R301A (red), respectively. (C) Mean voltage required for half-maximal
dissociation from the membrane from curves shown in (B). Asterisk indicates statistical significance (*P < 0.05). (D) PMF for the binding of tubbyCT WT (black) and tubbyCT
R301A (red) to a single PI(4,5)P; lipid. (E) PMF for the binding of tubbyCT WT (black) and tubbyCT R301A (red) to two PI(4,5)P, lipids.

displayed a prominent localization to ER-PM junctions at approxi-
mately 12% of the PM area. All analyzed mutations reduced the
recruitment to ER-PM junctions, with K305A showing the smallest
effect, consistent with the strongest residual PI(4,5)P, binding
(Fig. 4, A and B) of this mutant. Mutations R301A, R303A, K304A,
and the double mutations almost completely abolished preferential
junctional localization of tubbyCT (Fig. 5, A and B).

DISCUSSION

Here, we identify a previously unknown second PI(4,5)P,-binding site
in the C-terminal domain of the tubby protein (tubby domain). It
consists of a conserved cluster of positively charged amino acids and
is located next to the classical or canonical binding site at the essentially
planar protein-lipid interface of the tubby domain. PI(4,5)P, binding
by the canonical binding site as previously shown by crystallography
and mutational analysis (13) was fully reproduced by our CG MD
simulations. However, occupancy of the second binding was nearly
as high (ratio, 0.8) as the occupancy of that primary site and indeed
proved essential for PI(4,5)P, binding and hence membrane associ-
ation of the domain at physiological PI(4,5)P; levels.

PI(4,5)P; binding affinity of the tubby domain

There has been considerable confusion concerning the PI(4,5)P,
binding properties of tubbyCT. In some cell types, tubbyCT resists
dissociation from the PM during strong activation of PLCB-mediated
depletion of PI(4,5)P,, despite confirmation of PI(4,5)P, loss by
independent readouts (8, 9, 16). This has been taken to indicate a
higher PI(4,5)P, affinity of tubbyCT compared to PLC31-PH. How-
ever, titration of PI(4,5)P, with a voltage-activated phosphatase
(Ci-VSP) (40) provided evidence that the affinity of tubbyCT for
PI(4,5)P; is actually lower compared to PLC31-PH (8, 35). Our CG
MD simulations show a low binding affinity of tubbyCT to a single
P1(4,5)P, lipid compared to the PLC31-PH domain. Only a second
PI(4,5)P; lipid bound to the previously unknown binding site results
in a binding strength comparable to the PLC31-PH domain with one
PI(4,5)P; lipid. This is in accordance with the Ci-VSP titration, where
tubby unbinding occurred at a higher PI(4,5)P, concentration.

Selective ligand binding of the tubby domain

Polybasic motifs similar to the second binding site mediate membrane
association of many cytosolic proteins by electrostatic interactions
with PI(4,5)P, and PIP; (41, 42) or PI(4)P (43). Here, we observed
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Cluster area (% cell area)

Fig. 5. Dual binding mode directs tubbyCT to ER-PM junctions. (A) Representative TIRF images of tubbyCT WT and mutants expressed in CHO cells show the different
degrees of membrane clustering of the constructs. Scale bars, 5 um. (B) Quantification of clustered area of tubbyCT WT and mutants calculated from images as in (A).
White numbers show the number of analyzed cells, and asterisks indicate significant differences compared to the WT control (*P < 0.05 and ***P < 0.0001).

substantial specificity of the previously unknown binding site for
PI(4,5)P,. Thus, PI(4)P had a much weaker, although detectable
capacity to bind tubbyCT to the membrane, and the anionic POPS
and POPG were ineffective. This specificity may help to ensure
targeting to the PM rather than to other negatively charged mem-
brane compartments.

The high selectivity for distinct PI species characteristic for some PH
domains is achieved by stereospecificity of the interaction between the
binding site and the anionic head group of the ligand, and differences
in binding selectivity arise from well-defined variations in the amino
acid sequence of the binding site (14, 44-46). However, the steric inter-
action with the anionic head group of the lipid also goes along with
high-affinity binding of the isolated head group, e.g., the soluble sec-
ond messenger IP; in the case of the PI(4,5)P,-binding PH domain of
PLC&1 (14). This second cellular high affinity ligand is a major con-
founding problem in the use of this domain as a reliable PI(4,5)P;,
biosensor (4, 15). In contrast, by restricting high affinity binding to the
membrane surface, the combinatorial PI(4,5)P, binding by the two
sterically parallel binding sites likely contributes to the fact that tub-
byCT has no detectable IP; affinity in its cellular environment (9, 16).

PI(4,5)P, binding mode of the tubby domain

How does the dual binding mode of tubbyCT compare to well-
characterized PI-binding domains? Most of the PH domains bind their
PIligand by a single binding pocket (14). However, several studies on
different PH domains identified more than one lipid binding site
(30, 33, 47, 48). The functional consequences of multiple lipid binding
sites include (i) nonspecific binding of anionic lipids, (ii) alternative
ligand binding conformations, and (iii) cooperative binding.

Let us first focus on nonspecific binding of anionic lipids. For in-
stance, binding of general receptor for phosphoinositides (GRP)1-PH
domain to its specific ligand, PIPs, in the membrane is substantially
enhanced by the presence of bulk anionic lipids such as PS and PI
(49). However, this interaction is thought to be mediated by weak
electrostatic interaction with the canonical binding site that precedes
the high affinity binding of the specific substrate in a “search mode,”
rather than by a secondary interaction site (49, 50). Similar observa-
tions have been made for a number of yeast PH domains (48).

Second, an alternative occupation of a second binding site (ii) can
allow for an orientational fine-tuning depending on the concentration

of the specific lipid. Such an orientational fine-tuning was reported
for the GRP1-PH domain, for which differently oriented bound
states depending on the PIP; concentration were obtained in CG
MD simulations (33).

Last, more similar to the two-binding site mode identified here
for tubbyCT, some PH domain proteins [GRP1 and ADP-Ribosylation
factor Nucleotide-binding site Opener (ARNO)] feature a polybasic
motif outside of the PH domain, which enhances affinity for nega-
tively charged membranes in a cooperative manner (51, 52). Similarly,
the PH domain of ASter-Associated Protein (ASAP)1 features two
binding sites that confer cooperative PI(4,5)P; binding in liposome
binding assays (47). Nevertheless, one of these sites is nonspecific,
with a substantial affinity to PS. Some other classes of PI recognition
domains, such as the FYVE and PX domains, also use a dual binding
mode where, in addition to head group recognition, insertion of a
hydrophobic moiety into the membrane mediates membrane asso-
ciation and increases affinity for the PI ligand in the membrane
environment [reviewed in (5)].

Distinct from these well-studied domains, the secondary binding
site of tubby is highly specific for PI(4,5)P,, indicated by lack of mem-
brane stabilization by negatively charged lipids of the PM such as PS
and only minor efficacy of the related PI(4)P. Moreover, because the
two binding sites are located on the same face of the protein, orienta-
tional fine-tuning does not play a role either. The close proximity of
both sites enables simultaneous occupancy and strongly enhances the
binding affinity in a cooperative manner. A possible explanation for
the strong cooperativity could be the fact that the positive residues of
the second binding site are already immobilized by the binding of the
first PI(4,5)P;, lipid. This potentially provides an entropic driving force
for the favorable binding energy of the second PI(4,5)P; lipid. Despite
their charges, P1(4,5)P; lipids are often being observed to form small
clusters in membranes and around proteins (32, 33, 37, 42, 53). Over-
all, among PI recognition domains that feature a cooperative binding
mode, the second binding site has the most decisive impact in tubbyCT
in enhancing both specificity and concentration sensitivity.

Functional implications of the binding mode

PI(4,5)P, is considered the major signaling PI of the PM, and a
plethora of proteins are known as PI(4,5)P, interactors. However,
beyond the PH domain of PLC31, detailed characterization of binding
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properties is largely lacking, although the binding mode critically
determines when, where, and in response to which signaling events
PI(4,5)P; effector proteins are active in the complex cell.

The simultaneous binding of two PI(4,5)P, molecules by tubbyCT
not only increases the overall affinity but also enables a steeper con-
centration dependence of membrane binding compared to binding
by a single binding pocket as in the classical PH domains. Such a
steep concentration dependence may be particularly relevant for
differential membrane association under conditions of spatial or
temporal PI(4,5)P, inhomogeneities. For example, tubby domain-
containing proteins may robustly bind at basal PM levels of P1(4,5)P;
while readily dissociating from the membrane at moderately decreased
levels. Vice versa, cooperative binding may strongly favor binding
to PI(4,5)P,-enriched membrane domains, e.g., ER-PM junctions as
opposed to the bulk membrane.

Given the conservation of the previously unknown binding site
motif in mammalian TULPs (Fig. 2D), we consider this idea in the
context of known common functions of TULPs. Although the cell
biology of TULPs is only beginning to be illuminated, a congruent
theme is the trafficking of proteins into cilia (54). The following mech-
anistic model emerged (18): Tubby domains can bind to cargo proteins
designated for ciliary delivery by interacting with a ciliary localization
signal of these proteins, and this interaction requires membrane as-
sociation of the tubby domain through PI(4,5)P, binding (18). The
TULP also binds to the intraflagellar transport complex A, which
shuttles the entire complex into the cilium (19). Once localized in
the cilium, the cargo would be released from the TULP, because the
ciliary membrane is poor in PI(4,5)P; (18). The discrimination be-
tween different PI(4,5)P, concentrations underlying this cyclic pro-
cess may be facilitated by steep cooperative PI(4,5)P; binding.

In summary, our combined computational and experimental
study revealed a previously unknown second PI(4,5)P, binding site
of the tubby domain. This binding site is pivotal for the membrane
targeting of the tubby domain contributing to a large extent to the
binding affinity via cooperativity. Moreover, our data emphasize the
key role of the second binding site to target specific regions of the PM
such as ER-PM junctions. In addition, our findings contribute to
better understand the functioning of TULPs in ciliary trafficking.

MATERIALS AND METHODS

MD simulations

System setup and simulation details

All simulations were performed using the CG force field Martini 3
[open-beta version (27)] and the program package Gromacs (version
2018.1) (55). We used the tubbyCT crystal structure [Protein Data
Bank (PDB) code: 117E] (13) and modeled the missing loops with
the Iterative Threading ASSEmbly Refinement (I-TASSER) server (56).
Two of the residues involved in the previously unknown PI(4,5)P,
binding site—K304 and K305—are part of a missing loop consisting
of six residues, and their initial structure is based on the model. Figure
S4 depicts the crystal structure together with the I-TASSER model
and a more recent model by AlphaFold (57, 58) for comparison in-
cluding a magnified view of residues 301 to 305. To generate the CG
model, the missing loops were ligated to the crystal structure. This
step was necessary to maintain the side chain orientations around
the PI(4,5)P, binding pocket of tubbyCT identified in the crystal
structure. On the basis of the Martini protein model without any
elastic network (59), side chain corrections (60) were added. To

maintain the secondary and tertiary protein structure, a Go-like
model was used according to the procedure in (61). On the basis
of contacts defined by an overlap and contacts of structural units-
criterion evaluated only for the residues resolved in the crystal struc-
ture, Lennard-Jones interactions were added up to a cutoff distance
of 1.1 nm (62). The dissociation energy of the Lennard-Jones potential
was set to € = 12.0 kJ/mol (63). In total, 541 Go-like bonds were
added for tubbyCT. All intermolecular interactions are solely de-
scribed by the nonbonded terms of the Martini force field.

Different membrane compositions were used to study the PI(4,5)P,
binding of tubbyCT: (i) a simple POPC membrane containing
one additional PI(4,5)P; lipid, which was embedded in the pocket
identified in the crystal structure in the starting structure. (ii) In a
second setup, the membrane consisted of POPC and PI(4,5)P; lipids
in a molar ratio of 95:5. (iii) As control setup, POPC membranes with
5 mol % of different negatively charged lipids [POPG, POPS, and
PI(4)P] were used to test the impact of other negatively charged lipids.
In addition, in cases (ii) and (iii), one PI(4,5)P; lipid was initially
embedded in the crystal structure binding pocket of tubbyCT. In all
simulations, the recently refined bonded parameters of the PI(4,5)
P, lipids were used (32). The membrane patches had a size of 15 nm
by 15 nm containing approximately 700 lipids in total. They were
generated using the program insane.py (64). Last, the system was
neutralized and solvated in a 0.15 M NaCl solution. The rectangular
box with an initial size of 15 nm by 15 nm by 14 nm contained
~17,300 water beads corresponding to ~69,200 water molecules.

The simulation parameters were chosen in accordance to the
new reaction-field settings given in (65). After the equilibration,
setup (i) was simulated for 1 ps (10 replicas), setup (ii) for 5 ps
(3 replicas), and setup (iii) for 1 ps in the case of POPG and POPS
and for 5 us in the case of PI(4)P (three replicas for each lipid type).

For comparison, we also simulated the PLC31-PH domain (PDB
code: IMAI) (14), a well-characterized stable PI(4,5)P, binder
(11, 12). We modeled the missing termini with the I-TASSER server
(56) and ligated them to the crystal structure. The Go-like model was
set up similar to the tubbyCT resulting in 234 added Lennard-Jones
interactions. Simulations were performed using the setups (i) and (ii)
as described earlier for tubbyCT.

CG models for tubbyCT and PLCS1-PH domain were based on
the amino acid sequence used experimentally. Thus, tubbyCT had a
size of 263 residues (amino acids 243 to 505), and PLC81-PH
domain had a size of 170 residues (amino acids 1 to 170). The size
difference and the different number of resolved residues in the crystal
structures (tubbyCT, 237; PLC81-PH, 119) explain the difference in
the number of Lennard-Jones interactions in both Go-like models,
because the contact map was calculated for the crystal structure
without taking into account the modeled parts. The missing resi-
dues of the PLC31-PH domain are solely located at the termini
(C terminus, 40; N terminus, 11), which are both on the opposite
side of the PI(4,5)P, binding site.

Analysis

To identify the unbinding of the proteins from the membrane, the
distance between the plane of the phosphate groups of the lipids
(PO4 beads) and the crystal binding pocket was calculated using
the gmx distance tool. The phosphate plane is formed by the PO,~
groups, which are directly linked to the glycerol moiety. The phos-
phate groups of the inositide head groups are not considered here.
Note that this indirectly indicates the binding of PI(4,5)P; to the
peripheral membrane proteins tubbyCT and PLC81-PH domain,
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which unbind from the membrane if not binding PI1(4,5)P,. This
reaction coordinate—the distance between POy plane and binding
pocket—has the advantage that an exchange of individual PI(4,5)P,
lipids in contact with the protein in systems with multiple PI(4,5)P,
lipids does not alter the calculated distance as it would be the case
for an individual PI(4,5)P,-binding pocket distance.

To obtain more detailed information about the position of the
P1(4,5)P; lipid with respect to the protein surface, the distance
between the PI(4,5)P;, head group and the crystal structure binding
pocket was also calculated for the systems containing only one
PI(4,5)P, lipid [setup (i)]. Again, the gmx distance tool was used.

To calculate the protein-PI(4,5)P, contacts, the number of
PI(4,5)P; lipids with a distance <0.5/0.7/0.9 nm between the head
group and the protein was analyzed (using gmx select), while the
protein was considered being bound to the membrane. The number
of contacts to the individual residues was also calculated using a
distance cutoff of 0.5 nm.

To estimate the relative binding strength of the previously un-
known second binding site in comparison to the canonical binding
site, we first integrated the population of the respective binding site
in the histogram of the PI(4,5)P,-binding pocket distance and then
calculated their ratio. The boarders for the integration were 0.00 to
1.40 nm for the canonical and 1.40 to 2.45 nm for the previously
unknown binding site, respectively. Means and SEs were calculated;
for statistical analysis, a two-tailed Dunnett’s test was performed
(*P < 0.05, **P < 0.01, and ***P < 0.0001) using IGOR Pro software.
Ten replicas of 1-us-long simulations were performed for the WT
and all mutants binding to a single PI(4,5)P,. Additional 12 replicas
of 0.5-us-long simulations were performed for the WT, single, and
double mutants. Because the unbinding from a single PI(4,5)P;
happens quickly (Fig. 1B) and only the relative population of the
two binding sites in the bound state was analyzed, 0.5 s of simula-
tion was performed for the additional replicas.

To calculate the root mean square fluctuations (RMSFs) of the
backbone of membrane-bound and free tubbyCT, we used 10 win-
dows of 500 ns each of membrane-bound tubbyCT [POPC mem-
brane with 5 mol % of PI(4,5)P,] and free tubbyCT. We fitted the
protein backbone within each of the 500-ns windows before cal-
culating the backbone RMSF using gmx rmsf. Last, we calculated
the mean value of the 10 windows, and its SE was depicted in fig. S5.
PMF calculations
To estimate the binding free energy of WT tubbyCT, tubbyCT R301A4,
R303A, R305A, and PLC31-PH domain, we calculated the PMF using
umbrella sampling. We followed the procedure described in (30).
Briefly, we generated conformations along the reaction coordinate
by pulling the protein center of mass away from the PI(4,5)P, head
group perpendicular to the membrane plane [z direction; force
constant, 1000 kJ/(mol nm?); pulling rate, 0.001 nm/ps], while the
PI(4,5)P; lipid was restrained in space using a harmonic potential
[force constant, 1000 kJ/(mol nm?)], and the PI(4,5)P, head group
and the protein center of mass were kept at the same point in the
plane of the membrane [x/y plane; force constant, 100 kJ/(mol nm?)].
For the umbrella sampling simulations, the harmonic constraint of the
PI(4,5)P; lipid in z direction was released, and the distance between
the PI(4,5)P, head group and the protein center of mass was con-
strained with a harmonic potential [force constant, 1000 kJ/(mol nm?)].
This distance was sampled between 1.6 and 5 nm for tubbyCT and
1.2 and 4.6 nm for the PLC31-PH domain, respectively, using an
interval of 0.1 nm. The resulting 35 windows were sampled for 2 ps
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up to 4 nm and 1 ps for larger distances in the case of tubbyCT and
1 ps in the case of the PH domain. The sampling for tubbyCT was
increased to better distinguish the WT tubbyCT from its R301A
mutant. To calculate the PMFs, the gmx wham tool was used, and
the initial 200 ns of each umbrella window was discarded; error esti-
mation was done using a bootstrap analysis with 100 bootstraps (66).
The convergence behavior of the PMFs is depicted in figs. S6 to S12.

Experimental assessment of membrane binding

in living cells

Cell culture

CHO dhFr™ cells (CRL-9096, American Type Culture Collection)
were cultured in MEM (minimum essential medium) Alpha medium
(Gibco, Thermo Fisher Scientific, Waltham, USA) supplemented
with 10% fetal bovine serum, 1% penicillin, and 1% streptomycin.
Cells were seeded on glass bottom dishes and kept at 37°C and 5% CO».
Two days after seeding, cells were transfected using JetPEI DNA
transfection reagent (Polyplus-transfection, Illkirch-Graffenstaden,
France) according to the manufacturer’s instructions. Experiments
were performed 24 hours after transfection. For each experiment, at
least three individual transfections were performed (biological
replicates at the transfection level). The number of cells analyzed is
given in the respective figure.

Molecular biology

Expression constructs used for transfection were as follows: mouse
tubbyCT (amino acids 243 to 505) in pEGFP-C1 (NM_021885.4) and
Ci-VSP and Ci-VSP-C363S in pRFP-C1 (AB183035.1). Mutagenesis
of tubbyCT was done using a QuikChange II XL Site-Directed
mutagenesis kit (Stratagene, Agilent Technologies, Waldbronn,
Germany). Used mutagenesis primers are listed in the Supplementary
Materials (table S3).

Confocal microscopy

Experiments were performed on an upright LSM 710 Axio Examiner
Z1 microscope equipped with a 100x/1.30 oil ultraviolet objective
(Carl Zeiss, Oberkochen, Germany). For determination of membrane
localization of GFP-tubbyCT constructs, CHO cells were cotransfected
with an RFP-tagged membrane marker (catalytically inactive Ci-VSP
C363S or Lyn11). Cells were fixed with 4% paraformaldehyde before
imaging. To quantify membrane localization of tubbyCT, line pro-
files across the cells were derived, and ratios of membrane-localized
GFP-tubbyCT fluorescence intensities (averaged from the two in-
tersections with the PM, defined by the membrane marker fluores-
cence peaks) and cytosolic fluorescence were calculated.

TIRF microscopy

TIRF imaging was done on a Dmi8 upright microscope (Leica,
Wetzlar, Germany) equipped with an Infinity TIRF module (Leica),
a HC PL APO 100x/1.47 oil objective (Leica), and a widefield laser
(Leica). GFP fluorescence was excited at 488 nm and imaged through
a GFP-T (505 to 555 nm) emission filter (Leica). Images were acquired
every 6 s with an ORCA-Flash4.0 C13440-20C camera (Hamamatsu
photonics, Hamamatsu, Japan) controlled by LAS X software (Leica).
During imaging, cells were perfused with an extracellular solution
[5.8 mM KCl, 144 mM NaCl, 0.9 mM MgCl,, 1.3 mM CaCl,, 0.7 mM
NaH,POy, 5.6 mM p-glucose, and 10 mM Hepes (pH 7.4)]. Data
were analyzed by Image] software, and tubbyCT clusters were
detected by an algorithm described previously (25).

Combined TIRF microscopy and voltage-clamp experiments
TIRF imaging was performed as described above, and images were
taken every 3 s. Simultaneously, cells were whole-cell patch-clamped
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for control of Ci-VSP activity as described previously (8, 35). Briefly,
voltage clamp recordings were done with an EPC 10 amplifier con-
trolled by PATCHMASTER software (HEKA Elektronik, Lambrecht,
Germany). Patch pipettes were pulled from borosilicate glass (Sutter
Instrument Company, Novato, CA, USA) and had an open pipette
resistance of 2 to 3 megohms after backfilling with intracellular
solution containing 135 mM KCl, 2.41 mM CaCl,, 3.5 mM MgCl,,
5 mM Hepes, 5 mM EGTA, 2.5 mM Na,ATP, and 0.1 mM Na;GTP
(pH 7.3) (with KOH), 290 to 295 mosmol/kg. Series resistance (Rs)
typically was below 6 megohms. Cells were held at -60 mV and
depolarized in a stairstep command. During these experiments, the
experimental chamber was continuously fed with an extracellular
solution [5.8 mM KCI, 144 mM NacCl, 0.9 mM MgCl,, 1.3 mM
CaCly, 0.7 mM NaH,POy, 5.6 mM Dp-glucose, and 10 mM Hepes
(pH 7.4)].

Analysis and statistical evaluation

Mean values and SEs were calculated on the basis of the number of
cells examined (biological replicates at the cellular level) as given in
Figs. 3 to 5. For the imaging experiments (confocal and TIRF
microscopy), cells from at least three individual transfections were
analyzed for each condition. For statistical analysis, a two-tailed
Dunnett’s test was performed (*P < 0.05 and ***P < 0.0001) using
IGOR Pro software (WaveMetrics, Lake Oswego, OR, USA). In
patch-clamp experiments, one or two cells were recorded per inde-
pendent transfection. For statistical comparison, Student’s ¢ tests
were applied with an asterisk indicating statistical significance at
P <0.05. All data are displayed as means + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp9471

View/request a protocol for this paper from Bio-protocol.
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