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ARTICLE INFO ABSTRACT

Keywords: As key mediators in a wide array of signaling events, phosphoinositides (PIPs) orchestrate the recruitment of
Phosphoinositide proteins to specific cellular locations at precise moments. This intricate spatiotemporal regulation of protein
PIP2 activity often necessitates the localized enrichment of the corresponding PIP. We investigate the extent and
gff)p thermal stabilities of phosphatidylinositol-4-phosphate (PI(4)P), phosphatidylinositol-4,5-bisphosphate (P1(4,5)
PI(4,5)P2 P, and phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) clusters with calcium and magnesium ions. We
PI(3,4,5)P3 observe negligible or minimal clustering of all examined PIPs in the presence of Mg2* ions. While PI(4)P shows in

the presence of Ca* no clustering, PI(4,5)P, forms with Ca" strong clusters that exhibit stablity up to at least
80°C. The extent of cluster formation for the interaction of PI1(3,4,5)P3 with Ca’" is less than what was observed
for PI(4,5)P,, yet we still observe some clustering up to 80°C. Given that cholesterol has been demonstrated to
enhance PIP clustering, we examined whether bivalent cations and cholesterol synergistically promote PIP
clustering. We found that the interaction of Mg24r or Ca** with PI(4)P remains extraordinarily weak, even in the
presence of cholesterol. In contrast, we observe synergistic interaction of cholesterol and Ca®* with PI(4,5)P,.
Also, in the presence of cholesterol, the interaction of Mg2+ with PI(4,5)P, remains weak. P1(3,4,5)P3 does not
show strong clustering with cholesterol for the experimental conditions of our study and the interaction with
Ca?* and Mg?" was not influenced by the presence of cholesterol.

1. Introduction addition, the quantity of proteins binding to PIP species generally sur-

passes the cellular concentrations of the respective lipid (Catimel et al.,

Phosphoinositides (PIPs) are a family of phospholipids obtained
through phosphorylation of phosphatidylinositol (PI) at the 3, 4 and 5
positions of the inositol ring headgroup. The interconversion of the
seven PIPs is facilitated by kinases and phosphatases specific for distinct
phosphoinositides, resulting in tight regulation in space and time (Viaud
et al, 2016). Within the plasma membrane (PM),
phosphatidylinositol-4-phosphate  (PI(4)P), phosphatidylinositol-4,
5-bisphosphate (PI1(4,5)P5) and phosphatidylinositol-3,4,
5-trisphosphate regulate processes such as cytoskeletal rearrangement,
vesicular trafficking, membrane fusion, cell proliferation, and cell
growth (Bura et al., 2023; Katan and Cockcroft, 2020; Mandal, 2020;
Siess and Leonard, 2019). Many of these processes are associated with
localized accumulation of PIPs (Cabral-Dias and Antonescu, 2022;
Conduit et al., 2021; Fratini et al., 2021; Katan and Cockcroft, 2020; Li
etal., 2022; Li et al., 2020; Myeong et al., 2021; Redpath et al., 2020). In

2008; Catimel et al., 2009; Overduin and Kervin, 2021; Palmieri et al.,
2010). This relative paucity of PIPs in cellular membranes makes the
interaction of proteins with PIPs highly contextual, i.e., PIPs need to
accumulate in domain patches that have other cues for the respective
protein to bind (e.g., binding to a second lipid that co-accumulates with
the respective PIP in a domain). In compositionally diverse biological
membranes, many factors contribute to the formation of lipid/protein
enriched domains. The details of the processes that govern the assembly
of these “platforms” are only just beginning to emerge.

At physiological pH, PI(4)P, PI(4,5)P, and PI(3,4,5)P3 exhibit
headgroup charges of about —2 (Owusu Kwarteng et al., 2021) —4 and
—5 (Kooijman et al., 2009), respectively. It was therefore expected that
mutual PIP interactions would display dominant repulsive forces.
However, intramolecular hydrogen bond formation between the phos-
phomonoester and hydroxyl groups results in a smearing of the charge
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around the ring and hence, a reduction of the charge density, while
intermolecular hydrogen bond formation further distributes the charge
along the interface (Kooijman et al., 2009; Levental et al., 2008; Slo-
chower et al., 2013; Wang et al., 2014). This intricate balance between
repulsive and attractive forces governs the extent of clustering in the
absence of stronger PIP cluster-promoting species. Under these condi-
tions, PIP clusters are extraordinarily fragile and the extent of clustering
(if it even occurs) is strongly dependent on the effects of monovalent
cations in the buffer. While in the presence of Na™ weak PIP clustering
can be observed (Redfern and Gericke, 2004, 2005), it is virtually absent
in the presence of K. The PIP phosphomonoester groups are kosmo-
tropic, while the phosphodiester group is chaotropic (for a review on the
Hofmeister series see (Gregory et al., 2022; He and Ewing, 2023). The
mildly kosmotropic Na® interacts predominantly with the PIP phos-
phomonoester group (and only to a limited extent with the phospho-
diester group), which leads to moderate PIP clustering (Han et al.,
2020). In contrast, the chaotropic K* interacts exclusively with the
chaotropic phosphodiester group and virtually no clustering is observed
(Han et al., 2020).

Cholesterol has been found to promote phosphoinositide clustering
in model systems as well as in cells (Bucki et al., 2019; Graber et al.,
2014; Jiang et al., 2014; Levental et al., 2009a; Levental et al., 2009b;
Lolicato et al., 2022; Myeong et al., 2021; Wen et al., 2018). In lipid rafts
(sphingolipid/cholesterol enriched domains), cholesterol interacts pri-
marily with the lipid chains, which leads to an increased conformational
order and for distinct cholesterol mole fractions this results in the for-
mation of liquid-ordered phases. In the case of phosphoinositides, it is
believed that the cholesterol hydroxyl group interacts with the PIP
headgroup either directly or in a water mediated fashion (Jiang et al.,
2014). This interaction leads to a stabilization of enriched phosphoi-
nositide domains and while it is not possible to obtain phosphoinositide
only vesicles, it is possible to fabricate phosphoinositide/cholesterol
vesicles as long as the cholesterol mole fraction exceeds 20 % (Jiang
et al., 2014).

Multivalent cations and cationic peptides and protein motifs have by
far the strongest clustering effect on phosphoinositides. Physiological
concentrations of Ca®>" and Mg2+ have been shown to cluster PI(4,5)P5
(Wen et al., 2018, 2021). The clustering effect of these bivalent cations
and cholesterol have been found to be synergistic (Jiang et al., 2014).
Equally, cationic peptides or cationic amino acid clusters in proteins
have been shown to cluster PIPs (Bucki et al., 2019; Drucker et al., 2013;
Epand et al., 2004; Gambhir et al., 2004; Musse et al., 2008; Sarmento
et al., 2021; Tong et al., 2008; Wang et al., 2002; Yoshioka et al., 2020).

The interaction of cations with phosphoinositides can be best un-
derstood by examining the Hofmeister series. K' is chaotropic, Na* is
mildly kosmotropic, Ca?" is kosmotropic and Mg?" has the strongest
kosmotropic characteristics among these cations. Phosphoinositides
exhibit a chaotropic phosphodiester group (charge —1), a mildly kos-
motropic single deprotonated phosphomonoester group (charge —1),
while the double deprotonated phosphomonoester group is kosmotropic
(Han et al., 2020). The “Law of Matching Water Affinities (LMWA)”
(Collins, 1997) establishes that the tendency of a cation and anion to
form a contact pair is governed by how closely their hydration energies
match. In line with the LMWA, atom molecular dynamics (MD) simu-
lations showed that the kosmotropic K* interacts preferentially with the
kosmotropic PIP phosphodiester group while having no clustering effect
on PI(4,5)P, (Bradley et al., 2020; Han et al., 2020). Similarly, the
mildly kosmotropic Na® interacts with the phosphodiester and phos-
phomonoester groups promoting mild and fragile clustering, consistent
with experimental findings (Redfern and Gericke, 2004, 2005). The MD
studies further showed that Ca®* ions rearrange their hydration shell to
preferentially interact with the PIP phosphomonoester groups (and not
with the phosphodiester group) leading to bridging (clustering) of two
or three PIP molecules. However, Mg?* ions bind tightly their hydration
shell, preventing rearrangement, resulting in weak interaction with the
PIP phosphomonoester group via its outer hydration shell (Bradley et al.,
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2020; Han et al., 2020; Han et al., 2022). Consequently, MgZJr has a
limited PIP clustering effect.

While significant progress has been made to understand the physi-
cochemical underpinnings of phosphoinositide clustering, there are still
several pivotal questions awaiting resolution. Foremost among them is
the thermal stability of phosphoinositide clusters under varying condi-
tions. In this paper we explore the thermal stabilities of PI(4)P, PI(4,5)P,
and PI(3,4,5)P5 exposed to either Ca?t or Mg?*. Furthermore, we
investigate the stabilizing influence that cholesterol imparts to bivalent
cation/PIP clusters.

2. Materials and methods
2.1. Materials

Porcine brain L-a-phosphatidylinositol-4-phosphate (brain PI(4)P)
ammonium salt, porcine brain L-a-phosphatidylinositol-4,5-bisphos-
phate (brain PI(4,5)P;) ammonium salt, 1,2-dioleoyl-sn-glycero-3-
phospho-1'-myo-inositol-3,4,5-trisphosphate (DO-PIP3) ammonium salt,
1,2-dioleoyl-sn-glycero-3-phosphocholine ~ (DOPC),  plant-derived
cholesterol (Chol), and 1-oleoyl-2-[6-[4 (dipyrrometheneborondi-
fluoride)butanoyl]lamin]1-1-hexanoyl-sn-glycero-3-phosphoinositol-4,
4,5-bisphosphate, and 3,4,5-triphosphate (TF-PI(4)P, TF-PI(4,5)P5, TF-
PI(3,4,5)P3) ammonium salts were obtained as powders from Avanti
Polar Lipids (Alabaster, Alabama) and used as received. Phosphoinosi-
tide lipid stock solutions were prepared by dissolving the powder in a
20:9:1 chloroform:methanol:water mixture by volume while DOPC and
cholesterol stocks were dissolved in a 2:1 chloroform:methanol mixture
by volume. All lipid stock solutions were stored in concentrations
ranging between 1 and 3 mg/mL. Concentrations of the phospholipid
stock solutions were determined using a phosphate assay. The purity of
lipid stock solutions was monitored on a continuous basis by thin layer
chromatography (Rouser, G. 1970). The purity of reagents is reported as
listed on the label. Ethylenediaminetetraacetic acid disodium dihydrate
(disodium EDTA, 99+% purity) was obtained from Alfa Aesar (Haver-
hill, MA). Potassium chloride (KCl, 99.999 % trace metal grade),
anhydrous magnesium chloride (MgCly, 99+% purity), Ethyl-
enediaminetetraacetic acid dipotassium dihydrate (dipotassium EDTA,
99+% purity), sodium hydroxide (NaOH, 99.995 % metal basis), po-
tassium hydroxide (KOH, 99.995 % metal basis), and sodium chloride
(NaCl, 99+% purity) were obtained from Thermo Fisher Scientific
(Fairlawn, NJ). HEPES free acid (99.5+% pure via titration) and calcium
chloride dihydrate (CaCly, 99+% purity) were obtained from Sigma
Aldrich (St. Louis, MO). HPLC grade chloroform and methanol were also
obtained through Fisher Scientific. Deionized water (18.2 MQ/S) was
obtained from a Picopure 3 purification system (Hydro, Durham, NC).
For the experiments conducted, potassium-only and sodium-only buffers
were prepared.

Buffers

The composition of the sodium-only buffer was 150 mM NaCl,
20 mM HEPES, 1 mM disodium EDTA, pH = 7.4. The composition of the
potassium-only buffer was 150 mM KCIl, 20 mM HEPES, 1 mM dipo-
tassium EDTA, pH = 7.4. The pH of these buffers was adjusted using 5 M
NaOH(yq) for the sodium-only buffer or 5 M KOH(,g) for the potassium-
only buffer.

2.2. Sample preparation

Lipids, dissolved in volatile organic solvents, were aliquoted from
their respective stock solutions into an amber vial to achieve the
appropriate mole ratios for the desired vesicle composition. The lipid
mixtures were then dried under a steady stream of Ny gas at 60 °C,
followed by a 1 hr. drying period in a vacuum oven (15 mmHg). The
lipid mixtures were suspended in either the sodium-only or potassium-
only buffer which had been warmed to 40 °C beforehand to obtain a
suspension of multilamellar vesicles (MLVs). The MLV suspension was
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then cycled between a liquid nitrogen bath and a 60 °C water bath six
times. Following these freeze/thaw cycles, extrusion at room tempera-
ture through 100 nm pore filters yielded a stock solution of large uni-
lamellar vesicles (LUVs) with a 1 mM total lipid concentration. LUV
sample size and uniformity were measured using a dynamic light scat-
tering instrument (Malvern Panalytical, Malvern, UK) prior to mea-
surements and afterwards to ensure no aggregation occurred as a result
of the experimental conditions. Average vesicle diameters were typically
narrowly distributed around 120 nm before and after experiments for all
conditions.

2.3. Fluorescence measurements

Forster resonance energy transfer (FRET) experiments were carried
out using a Perkin Elmer FL 6500 fluorescence spectrophotometer (Aex/
Aem = 490/506 nm; Ex/Em slit widths = 5/5 nm) equipped with a Peltier
thermoelectric heating mantle. LUV samples were diluted using the
appropriate buffer from the 1 mM total lipid stock solution to a final
concentration of 100 uM and placed into the unit at the desired tem-
perature. Then, the LUVs were allowed to equilibrate for 10 min prior to
the first measurement. Step 1: The first measurement was a baseline,
with no Ca®* or Mg2+ present. Step 2: Prior to the next measurement,
Ca®* or Mg2+ is added from a concentrated (1 M) stock solution. A
10 min equilibration period transpired before the second set of scans.
The new volume was recorded for each measurement. The average of the
three scans from each measurement was multiplied by the ratio of the
volumes after the addition to the initial volume to account for the effect
of dilution on fluorescence intensity. To consider the temperature
dependence of fluorescence intensities, we normalized the fluorescence
intensities at each temperature to the fluorescence intensity measured in
the absence of bivalent cations (Step 1). We propagated the error using
the standard deviations between scans, which is significantly smaller
than the deviation between experiments. This means that all initial
measurements are normalized to 1 +/- the standard deviation between
scans, while the second measurements represent a deviation from the
initial condition without bivalent cations present. The resulting error
present in each graph is thus the error from multiple repeat experiments.

2.4. Data analysis

To determine statistical significance in each data set a one-way
ANOVA (95 % confidence interval) analysis was performed, followed
by a Sidak multiple comparisons test. This test compares the initial
condition means to the experimental condition means and generates a p-
value as a measure of statistical significance between the two data sets.
For each condition an N-value and p-value are given. The N value rep-
resents the number of repeat experiments, and the p-value is a measure
of statistical difference. In each graph that displays a significant differ-
ence, stars are present which represent the level of statistical difference.
®ik = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05.
Analyses are conducted using GraphPad Prism© software (San Diego,
CA).

3. Results and discussion
3.1. Thermal stability of bivalent cation/PIP clusters

The aim of this study is twofold: first, to ascertain the degree of
formation and thermal stability of PI(4)P, PI(4,5)P; and PI(3,4,5)P3
domains in the presence of Mg?" or Ca2'; secondly to investigate
whether the formation of bivalent cation/PIP domains is affected by the
presence of cholesterol. Our study is structured as follows to address
these inquiries:

(a) To characterize PIP domain stability, we conducted fluorescence
quenching experiments at 20°C and 80°C, respectively. We chose
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this temperature range strategically: if PIP/bivalent cation do-
mains are present in model systems at temperatures as high as
80°C, they are also likely to exist at physiological temperatures in
the more complex environments of native membranes.
Conversely, if these domains are not observed at 20°C for specific
PIP/bivalent cation systems, they also are not likely to exist at
physiological temperatures in biological membranes. In the cases
where the domains melt between 20°C and 80°C, in principle,
follow up experiments could determine the domain melting
temperature (as it turns out this is not possible due to width of the
melting transition and a comparably small fluorescence intensity
change). For monitoring PIP domain formation, we employed
TopFlour labeled PIPs (mixed in with unlabeled PIPs) which
undergo Homo-FRET (quenching) when in proximity due to
domain formation.
The interaction of bivalent cations with PIPs depends on the
overall charge of the lipid which is a function of the number of
phosphomonoester groups at the inositol ring. To compare the
stability of PIP/bivalent cation domains for PIPs with different
number of phosphomonoester groups at the inositol ring, we
investigate this aspect for PI(4)P, PI(4,5)P, and PI(3,4,5)Ps.

(c) We had previously found that even in the absence of bivalent
cations PIPs exhibit mild and very fragile clustering when Na™
was present, while K™ does not stabilize PIP clusters (Han et al.,
2020; Han et al., 2022; Redfern and Gericke, 2005). Therefore,
we investigate the effect of Mg and Ca®" cations on PIP domain
formation in the presence of Na™ or K*.

(d) To explore the effect of cholesterol on bivalent cation/PIP
domain formation, we compare the results obtained in the
absence with those obtained in the presence of cholesterol.
In our experiments, Ca2t or Mg?" is added to preformed vesicles,
allowing us to monitor increases in domain formation. Fluores-
cence intensities are strongly temperature dependent. Therefore,
we normalize the data relative to the fluorescence intensities
observed prior to the addition of the bivalent cations at 20°C and
80°C, respectively. This allows us to compare the effect of biva-
lent cation addition at 20°C and 80°C. Although we can infer
information about domains existing before the addition of the
bivalent cation from these experiments, we do not directly mea-
sure pre-existing domains.

(b

-

(e

~—

Fig. 2 shows fluorescence quenching for the interaction of PI(4)P in
K* or Na*-based buffers upon the addition of Mg?* or Ca®*. The binding
of Mg to PIPs is significantly weaker than the corresponding binding
of Ca%* (Wen et al., 2018, 2021) and hence we are using a higher con-
centration for Mg?* (10 mM) than for Ca®* (5 mM). We deliberately
employ concentrations exceeding physiological levels to ensure a robust
response in case PIP clustering occurs (Mg2*:PIP mole ratio 10000:1 and
Ca%*/PIP mole ratio 5000:1). The panels A and B in Fig. 2 show the
fluorescence change upon the addition of Mg+ and Ca®" at 20°C and
80°C for a K™-based buffer, while panel C and D show the corresponding
data for a Na*-based buffer. In general, it is expected that PI(4)P shows
prior to the addition of the respective bivalent cation no clustering in a
K" based buffer and minimal clustering in a Na™ based buffer (Redfern
and Gericke, 2004). At 20°C, the addition of Mg?" or Ca?" does not
significantly alter the fluorescence intensity, regardless of the buffer
system. At 80°C, a minimal decrease in fluorescence intensity is noted,
albeit at the threshold of statistical significance. This experimental
approach is designed to monitor enhanced clustering upon the addition
of the respective bivalent cation. In Fig. 2, the data demonstrate that at
20°C, the interaction between PI(4)P and Mg?* or Ca®* in a Na*-based
buffer does not lead to a notable increase in cluster formation. However,
at 80°C a slight increase in clustering is observed, albeit minimally. This
indicates that at 20°C, there is some limited clustering in the absence of
bivalent cations, as it was also observed previously for saturated acyl
chain PI(4)P (Redfern and Gericke, 2004). These clusters appear to melt
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Fig. 1. : Chemical structures of PI(4)P, PI(4,5)P, and PI(3,4,5)P3. At physiological pH and ionic strength, the charges are about —2 (PI(4)P), —4 (P1(4,5)P5 and —5 (PI
(3,4,5)P3). While we are using the same mole fractions of PIPs in the lipid mixtures, the charge of the vesicles will differ due to the different charges of the PIPs.

somewhere between 20°C and 80°C, as evidenced by the minor decrease
in fluorescence upon the addition of the respective bivalent cation at
80°C. The comparison of the fluorescence intensity drop at 20°C and
80°C in a K*-based buffer reveals a slight decrease fluorescence intensity
(statistically not significant) upon the addition of bivalent cations at
both temperatures, indicating that at neither temperature, PI(4)P
enriched domains exist in the absence of bivalent cations. Overall, the
clustering effect of bivalent cations on PI(4)P is marginal.

Fig. 3 illustrates the degree of fluorescence quenching observed for
PI(4,5)P, in K* or Na* based buffers following the addition of Mg?* or
Ca?*. For both buffer systems, the fluorescence intensity change upon
the addition of Mg2+ to PC/PI(4,5)P, vesicles at 20°C is marginal. At
80°C, a statistically significant decrease of the fluorescence is observed
for the Na™ based buffer (indicating enhanced domain formation), while
for the K based buffer the decrease is in the same range as the decrease
at 20°C, however, for both temperatures the intensity drop is at the limit
of statistical relevance. In contrast to Mg?", significant decreases in
fluorescence intensity were noted when Ca?" was added, regardless of
the buffer conditions and temperature. At 20 °C, the average fluores-
cence decreases relative to the initial condition by about 20 % for both
the K*- and Na™ based buffer. At 80 °C, the addition of Ca®* results in an
average fluorescence intensity decrease of 35-40 %. The smaller fluo-
rescence intensity decrease at 20°C compared to 80°C is due to the pre-
existing domains in particular in the Na*-based buffer.

In Fig. 4, the extent of fluorescence quenching upon the addition of
Ca?* or Mg?" to PI(3,4,5)P3/PC vesicles is depicted. Similar to what was
observed for PI(4,5)P,, the addition of Mg2+ to mixed PC/PI(3,4,5)P3
vesicles results in only a slight reduction in fluorescence intensity.
Specifically, in a K* based buffer, the fluorescence intensity decreases by
2-3 % on average at 20°C and 4-5 % at 80°C. For the Na™ based buffer,
the fluorescence intensity remains essentially unchanged. However,
upon adding Ca?*, we observe a statistically significant drop in fluo-
rescence intensities for both buffer systems (6-8 %) at 20°C and 80°C.
The fluorescence intensity drop for PI(3,4,5)P3 upon the addition of
Ca?* is less pronounced than what was observed for PI(4,5)P,, indi-
cating a less robust domain formation. Like for the other investigated
PIPs, the impact of Mg?* on PI(3,4,5)P5 clustering is marginal.

3.2. Impact of cholesterol on the thermal stability of bivalent cation/PIP
domains

It has been previously established that cholesterol stabilizes phos-
phoinositide enriched domains (Jiang et al., 2014; Wen et al., 2018).
Furthermore, coarse grained MD simulations have shown that choles-
terol prefers interacting with anionic lipids over neutral lipids

(Yesylevskyy and Demchenko, 2012), which should promote PIP/cho-
lesterol domain formation. To investigate the effect of cholesterol on the
formation and thermal stability of bivalent cation/PIP clusters, we
repeated the experiments from the previous section with 40 mol%
cholesterol present in the lipid mixture (the concentration of the PIP
species was kept constant, while the DOPC concentration is reduced to
58 %).

Prior research from our lab has shown that the presence of choles-
terol promotes PI(4)P clustering (Jiang et al., 2014). Fig. 5 displays the
change in fluorescence intensity upon the addition of Mg?*or Ca®* for a
mixture that contains in addition to DOPC (58 mol%), PI(4)P (1.84 mol
%) and TF-PI(4)P (0.16 mol%) also 40 mol% cholesterol. The addition
of Mg?* does not result in a decrease of fluorescence intensity irre-
spective of the buffer composition (Na™ and K* based buffer) and tem-
perature, indicating that the extent of PI(4)P clustering is unchanged. In
the presence of Ca?* the drop in fluorescence intensity is slightly more
pronounced, but also in this case the change in fluorescence intensity is
not statistically significant. Overall, the data suggest that while choles-
terol promotes PI(4)P clustering (Jiang et al., 2014), the extent of PI(4)
P/cholesterol domain formation is not enhanced by the presence of Ca*
and Mg?*.

The effect of bivalent cations on PI(4,5)P,/cholesterol clusters is
shown in Fig. 6. The effect of Mg?" in a K* based buffer is marginal at
both investigated temperatures. In a Na* based buffer, we observe only a
small reduction of fluorescence intensity at 20°C, however, at 80°C the
drop in intensity is statistically significant. This suggests that the PI(4,5)
P»/cholesterol domains that exist at 20°C in the absence of Mg2+ (see
Graber et al. (2012)) disintegrate somewhere between 20°C and 80°C.
The addition of Mg2+ stabilizes the PI(4,5)Py/cholesterol up to a tem-
perature of 80°C. This is consistent with the data presented in Fig. 3,
where we saw no fluorescence intensity changes in a K based buffer and
only a marginal increase of Mg?" induced clustering in a Na® based
buffer at 20°C and statistically significant increase of clustering at 80°C.
At 20°C, the addition of Ca®" results in a significant decrease of fluo-
rescence intensity in both buffer systems like what was observed in the
absence of cholesterol. When comparing the effect of Ca®* on PI(4,5)P,
clustering in the absence and presence of cholesterol, we find for the K™
based buffer a similar drop in fluorescence intensity for the two lipid
mixtures (~20 %). In contrast, for the Na® based buffer, the fluores-
cence intensity drop in the presence of cholesterol is less pronounced
than in its absence. This suggests that PI(4,5)Py/cholesterol domains are
less developed in the absence of Ca®" in a K* based buffer compared to a
Na™ based buffer. Consequently, the increase in clustering (decrease in
fluorescence intensity) upon addition of Ca%" is more pronounced in a
K" based buffer. At 80°C, the decrease in fluorescence intensity
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PI(4)P in K" Buffer
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Fig. 2. Fluorescence intensities for DOPC/brain-PI1(4)P/TopFluor®PI(4)P LUVs (98/1.84/0.16 mol%) in the absence and presence of Mg2 " or Ca?* prepared in either
sodium or potassium based buffer. The normalized intensities at each temperature are calculated by setting the fluorescence intensity in the absence of bivalent
cations as the reference value (1.0) and reporting the intensities in the presence of bivalent cations relative to this reference. Panel A and B: Effect of the addition of
Mg?* or Ca®* on PI(4)P clustering in a K* based buffer. Panel C and D: Effect of the addition of Mg?* or Ca®* on PI(4)P clustering in a Na* based buffer. For all
investigated conditions, little to no decrease of fluorescence intensity was observed, indicating that neither Mg?* nor Ca®* cluster PI(4)P appreciably. Bivalent cation
free buffer: 150 mM NaCl or KCI, 1 mM Na,EDTA or K,EDTA, 20 mM HEPES, pH 7.4. After the addition of the bivalent cation stock solution, the final sample
concentration is 5 mM Ca%* or 10 mM Mg>", respectively. The total lipid concentration is 100 uM. All reported data are the averages of five completely independent

experiments; error bars represent standard deviations.

(increase in the extent of PI(4,5)P; clustering) is for both buffer systems
similar in the absence and presence of cholesterol (see Fig. 3 for com-
parison). This suggests that the PI(4,5)Pa/cholesterol domains have
disintegrated at 80°C and the observed decline is due to the formation of
PI(4,5)P,/Ca" clusters. Based upon our data it cannot be unequivocally
delineated whether cholesterol is or is not present in these domains.
However, since cholesterol and Ca?" synergistically stabilize at 20°C PI
(4,5)P; enriched domains, this is also likely the case at 80°C.

The impact of bivalent cations on PI(3,4,5)P3/cholesterol clusters is
depicted in Fig. 7. As observed for PI(4,5)P,, the impact of Mg?* on PI
(3,4,5)P3/cholesterol is marginal, with a slightly stronger but statisti-
cally not significant decrease for the Na™ based buffer at 80°C. Upon the
addition of Ca®*, a fluorescence intensity drop is observed for all
investigated buffer conditions and temperatures. The extent of the
decrease in fluorescence intensity (increase in clustering), is similar to

the extent of clustering increase in the absence of cholesterol. Previous
studies from our lab have demonstrated that cholesterol promotes PI
(3,4,5)P3 domain formation at room temperature (Jiang et al., 2014).
The addition of Ca®" results in additional clustering, however, the effect
is significantly less pronounced than what was observed for the PI(4,5)
Py/cholesterol system. The consistent decrease in fluorescence intensity
upon the addition of Ca?" at both temperatures is intriguing. In general,
this observation could be attributed to the absence of cholesterol/PI(3,4,
5)P3 domains at 20°C or, alternatively, the persistence of these domains
at 80°C. The comparison of the experiments when Ca* is added in the
absence of cholesterol (Fig. 4, B/D) with the corresponding experiments
in its presence (Fig. 7, B/D), reveals similar fluorescence intensity drops
in both cases. This suggests that cholesterol/PI(3,4,5)P3 domains for the
experimental conditions used in our current experiments do not exist or
are not developed well enough so that fluorescence quenching occurs. In
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Fig. 3. Fluorescence intensities for DOPC/brain-PI(4,5)P,/TopFluor®PI(4,5)P, LUVs (98/1.84/0.16 mol%) in the absence and presence of Mg>" or Ca®* prepared in
either sodium or potassium based buffer. The normalized intensities at each temperature are calculated by setting the fluorescence intensity in the absence of bivalent
cations as the reference value (1.0) and reporting the intensities in the presence of bivalent cations relative to this reference. Panel A and B: Effect of the addition of
Mger or Ca** on PI(4,5)P, clustering in a K" based buffer. Panel C and D: Effect of the addition of Mger or Ca** on PI(4,5)P, clustering in a Na* based buffer. For the
addition of Mg*, only at 80°C and a Na* based buffer a statistically significant drop in fluorescence intensity is observed. In contrast, for the addition of Ca®* a
decrease in fluorescence is observed for all conditions. Bivalent cation free buffer: 150 mM NaCl or KCl, 1 mM Na,EDTA or KoEDTA, 20 mM HEPES, pH 7.4. After the
addition of the bivalent cation stock solution, the final sample concentration is 5 mM Ca®" or 10 mM Mg?>", respectively. The total lipid concentration is 100 uM. All

reported data are the averages of five completely independent experiments; error bars represent standard deviations. The single * represents p < 0.05, while

represents p < 0.0001.

contrast, for giant unilamellar vesicles composed of 20 mol% PI(3,4,5)
P3/80 mol% palmitoyloleoylphosphatidylcholine (POPC) we did
observe domain formation (Jiang et al., 2014). We attribute the differ-
ence between our earlier and current experiments to the significantly
different lipid compositions (POPC vs. DOPC and 20 mol% vs. 2 mol% PI
(3,4,5)P3).

4. Conclusions

Previous studies using MD simulation (Han et al., 2020; Han et al.,
2022; Slochower et al., 2015) and wet lab experiments (Wen et al., 2018,
2021) have demonstrated that the interaction between Mg?* ions and PI
(4,5)P, is weak. In contrast, the interaction with Ca®* ions results in
significant clustering of PI(4,5)P,. In this work, we extend these

investigations to include other phosphoinositides, specifically PI(4)P
and PI(3,4,5)Ps. Our findings indicate that the interaction of Mg2+ with
various phosphoinositides is weak across all investigated species, as
evidenced by only a marginal increase in clustering. The interaction of
Ca%* with PI(4)P leads to only a very limited increase of clustering,
which is a clear departure from what is observed for the higher phos-
phorylated PIP species. It is remarkable that the interaction of Ca®* with
PI(3,4,5)P3 leads to a significantly smaller drop in fluorescence intensity
than what is observed for the PI(4,5)P5/Ca®" interaction, despite its
larger charge. This finding suggests that the clustering effect of Ca®* on
PI(3,4,5)P;3 is less than the corresponding clustering for PI(4,5)Ps.

The Ca®*/PI(4,5)P, and Ca’*/PI(3,4,5)P5 clusters show a remark-
able thermal stability. The fact that these domains exist at these high
temperatures underscores the strong binding of Ca®" to PI(4,5)P, and PI
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Fig. 4. Fluorescence intensities for DOPC/brain-PI(3,4,5)P3/TopFluor®PI(3,4,5)P3 LUVs (98/1.84/0.16 mol%) in the absence and presence of Mg2+ or Ca** pre-
pared in either sodium or potassium based buffer. The normalized intensities at each temperature are calculated by setting the fluorescence intensity in the absence of
bivalent cations as the reference value (1.0) and reporting the intensities in the presence of bivalent cations relative to this reference. Panel A and B: Effect of the
addition of Mg2" or Ca®>" on PI(3,4,5)P3 clustering in a K" based buffer. Panel C and D: Effect of the addition of Mg*" or Ca®* on PI(3,4,5)P; clustering in a Na* based
buffer. For the addition of Mg>", only no or marginal changes of the fluorescence intensity are observed. For the addition of Ca®" statistically significant changes are
observed for both buffers at 20°C and 80°C. Bivalent cation free buffer: 150 mM NaCl or KCl, 1 mM Na;EDTA or K,EDTA, 20 mM HEPES, pH 7.4. After the addition
of the bivalent cation stock solution, the final sample concentration is 5 mM Ca®" or 10 mM Mg?*, respectively. The total lipid concentration is 100 uM. All reported
data are the averages of five completely independent experiments; error bars represent standard deviations. The ** represents p < 0.01, the *** represents p < 0.001

and **** represents p < 0.0001.

(3,4,5)P3, respectively. This suggests that such clusters also exist at
physiological temperatures in more complex environments like it is
found in biological membranes. While in this study Mg?* and Ca?*
concentrations were used that exceed cellular levels, studies from the
Feigenson group (Wen et al., 2018) showed that Ca2+/PI(4,5)P2 clusters
are also formed at physiological Ca®* concentrations.

The effect of bivalent cations on PIP/cholesterol domains depends on
the nature of the phosphoinositide. The weak interaction between
bivalent cations and PI(4)P observed in absence of cholesterol persists
even in lipid mixtures containing both cholesterol and phospholipids.
Although the fluorescence intensity decreases slightly more in the
presence of cholesterol, it is statistically not significant. The lack of
Ca2*/PI(4)P clustering is surprising considering that phosphatidic acid,
which also carries a singular phosphomonoester group, shows strong

clustering in the presence of ca’®* (Faraudo and Travesset, 2007;
Kouaouci et al., 1985; Laroche et al., 1991). While PI(4)P probably
forms dimers in the presence of Ca®", we believe that larger clusters
cannot form due to steric reasons. Clustering would require that the PI
(4)P headgroup positions itself in a way that more than two lipids can be
bridged. An arrangement where the inositol rings are side by side (like it
is probably happening for PI(4,5)P3) would result in a phosphomo-
noester/phosphomonoester distance that is too large to be bridged by
the Ca%". A “face-to-face” packing of the inositol ring would move the
phosphomonoester groups of adjacent molecules closer together (prin-
cipally allowing for effective Ca>" bridging), however, the axial OH
group in the 2-position of the inositol ring might prevent such a packing.
In the future, it might be of interest to compare the results obtained for
PI(4)P to the corresponding data for the other
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Fig. 5. Fluorescence intensities for Cholesterol/DOPC/brain-PI(4)P/TopFluor®PI(4)P LUVs (40/58/1.84/0.16 mol%) in the absence and presence of Mngr or Ca%*
prepared in either sodium or potassium based buffer. The normalized intensities at each temperature are calculated by setting the fluorescence intensity in the
absence of bivalent cations as the reference value (1.0) and reporting the intensities in the presence of bivalent cations relative to this reference. Panel A and B: Effect
of the addition of Mg?* or Ca®* on PI(4)P clustering in a K based buffer. Panel C and D: Effect of the addition of Mg?" or Ca®>" on PI(4)P clustering in a Na* based
buffer. For both, the addition of Mg?" and Ca®*, only marginal changes of the fluorescence intensity are observed. Bivalent cation free buffer: 150 mM NaCl or KCl,
1 mM NayEDTA or K,EDTA, 20 mM HEPES, pH 7.4. After the addition of the bivalent cation stock solution, the final sample concentration is 5 mM Ca®" or 10 mM
Mg?*, respectively. The total lipid concentration is 100 uM. All reported data are the averages of six completely independent experiments; error bars represent

standard deviations.

phosphatidylinositolmonophosphates, PI(3)P and PI(5)P.

Cholesterol and Ca®' synergistically stabilize PI(4,5)P, enriched
domains. At 20°C, the fluorescence intensity drop upon the addition of
Ca?t in the presence of cholesterol is less pronounced than in its
absence, highlighting the existence of PI(4,5)Py/cholesterol domains
prior to the addition of Ca®" and the additional domain stabilizing effect
of Ca®*. However, at 80°C, PI(4,5)P5/cholesterol domains have dis-
solved and hence the fluorescence drop upon the addition of Ca?* is in
the same range as in the absence of cholesterol. The interaction of PI
(4,5)P, with Mg?" is also in the presence of cholesterol marginal.
Overall, the geometry of PI(4,5)P, seems to be more favorable for
clustering compared to PI(4)P and PI(3,4,5)Ps.

For the PI(3,4,5)P3 containing lipid system, it seems that the extent
of domain formation in the presence of cholesterol is limited and the
domain formation upon the addition of Ca?' (or Mg2+) is similar to the

cholesterol free case. The fact that P1(3,4,5)P3 shows in comparison to PI
(4,5)P, reduced Ca®* induced clustering, raises the question whether
Ca%* promotes for the other 3-phosphorylated PIP species clustering. An
MD simulation showed no PI(3,5)P; clustering in the presence of Ca%*
(Bradley et al., 2020), however, PI(3,5)P is different from PI(4,5)P5
since it has isolated rather than neighbored phosphomonoester groups.
In this context, it would be interesting to investigate the clustering of
phosphatidylinositol-3,4-bisphosphate.

A range of important cellular processes have been associated with
PIP clustering. It is important to note that clustering of PI(4)P upon the
addition of Ca®* or Mg2+ does not occur. If PI(4)P clustering is observed
in a cellular context, other interaction partners (other lipid or proteins)
must have contributed to such clustering. Ca®*/PI(4,5)P,, clusters show
a remarkable thermal stability. Wen et al. (2018) showed for room
temperature experiments that Ca2* clusters PI(4,5)P, at physiological
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Fig. 6. Fluorescence intensities for Chol/DOPC/brain-PI(4,5)P,/TopFluor®PI(4,5)P, LUVs (40/58/1.84/0.16 mol%) in the absence and presence of Mg2+ or Ca®*
prepared in either sodium or potassium based buffer. The normalized intensities at each temperature are calculated by setting the fluorescence intensity in the
absence of bivalent cations as the reference value (1.0) and reporting the intensities in the presence of bivalent cations relative to this reference. Panel A and B: Effect
of the addition of Mg?* or Ca®* on PI(4,5)P, clustering in a K based buffer. Panel C and D: Effect of the addition of Mg or Ca%* on PI(4,5)P; clustering in a Na*
based buffer. For the addition of Mg?*, only at 80°C in a Na* based buffer a statistically significant change in fluorescence intensity is observed. The addition of Ca®*
leads to enhanced clustering for all investigated temperatures and buffer systems. Bivalent cation free buffer: 150 mM NaCl or KCl, 1 mM Na,EDTA or K,EDTA,
20 mM HEPES, pH 7.4. After the addition of the bivalent cation stock solution, the final sample concentration is 5 mM Ca®" or 10 mM Mg?*, respectively. The total
lipid concentration is 100 uM. All reported data are the averages of six completely independent experiments; error bars represent standard deviations. The single *

represents p < 0.05, ** represents p < 0.01, while **** represents p < 0.0001.

concentrations (Ca2+ concentration ~ 6 pM). Taken together these re-
sults reaffirm that Ca®*/PI(4,5)P, clusters exist under physiological
temperatures and lipid/cation concentrations.

Notably, PI(3,4,5)P3 accumulation is associated with various physi-
ological processes, particularly in chemotactic migration of eukaryotic
cells. In this context, PI(4,5)P5/PI(3,4,5)3 gradients play a crucial role in
proper cell movement (Devreotes and Horwitz, 2015). Ca®* and PI(3,4,
5)P3 drive the targeting of signaling proteins from the cytoplasm to the
leading edge of the migrating cell (Falke and Ziemba, 2014). The
observation that C'c\2+/PI(3,4,5)P3/Ca2+ clusters appear to be less dense
than the PI(4,5)P,/Ca%" clusters might have implications for the dy-
namic behavior of these clusters at the leading edge.
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