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This work assessed effects of metal binding on membrane fluidity, liposome size, and lateral organization in
biomimetic membranes composed of 1 mol% of selected phosphorylated phosphoinositides in each system.
Representative examples of phosphoinositide phosphate, bisphosphate and triphosphate were investigated.
These include phosphatidylinositol-(4,5)-bisphosphate, an important signaling lipid constituting a minor
component in plasma membranes whereas phosphatidylinositol-(4,5)-bisphosphate clusters support the propa-
gation of secondary messengers in numerous signaling pathways. The high negative charge of phosphoinositides
facilitates electrostatic interactions with metals. Lipids are increasingly identified as toxicological targets for
divalent metals, which potentially alter lipid packing and domain formation.

Exposure to heavy metals, such as lead and cadmium or elevated levels of essential metals, like cobalt, nickel,
and manganese, implicated with various toxic effects were investigated. Phosphatidylinositol-(4)-phosphate and
phosphatidylinositol-(3,4,5)-triphosphate containing membranes are rigidified by lead, cobalt, and manganese
whilst cadmium and nickel enhanced fluidity of membranes containing phosphatidylinositol-(4,5)-bisphosphate.
Only cobalt induced liposome aggregation. All metals enhanced lipid clustering in phosphatidylinositol-(3,4,5)-
triphosphate systems, cobalt in phosphatidylinositol-(4,5)-bisphosphate systems, while all metals showed limited
changes in lateral film organization in phosphatidylinositol-(4)-phosphate matrices. These observed changes are
relevant from the biophysical perspective as interference with the spatiotemporal formation of intricate domains
composed of important signaling lipids may contribute to metal toxicity.

Introduction

Increasing industrialization exposes humans to metals, resulting in
negative health effects [1-4]. The present study focuses on heavy metals
such as lead (Pb®") and cadmium (Cd?*), which play no biological role
in the human body, yet are harmful even below a concentration of 10
pg/dL [5-7]. These metals cause the production of reactive oxygen
species that result in lipid peroxidation and DNA damage [7]. Manga-
nese (Mn>") and cobalt (Co?") are trace metals where Co®" is a coor-
dinating metal for vitamin B;5 [3], and Mn2" is important for cellular
growth and development [8]. Nickel (Ni%*") is found below 10 pM in the
blood but its function is still under debate [4, 9]. Exposure to these
metals at a concentration above 10 pM is known to be carcinogenic and
neurotoxic [3, 4, 6, 10, 11]. Moreover, these essential metals cause
oxidative stress above physiological concentrations [7, 12, 13].

Previous studies on the toxic effects of these metals have focused on
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their interactions with proteins and DNA whereas the interactions with
the lipids of cell membranes remain poorly understood. Reports on the
effects of Pb%", Cd?**, Co?*, Ni®*, and Mn?" on erythrocyte membranes
and model systems have revealed the importance of electrostatic in-
teractions making anionic lipids prime targets [14-22]. While the initial
contact site would be the outer leaflet of the plasma membrane, it has
been shown that these metals can use transporters to gain access into the
cell [23-25]. Thus, lipids on the inner leaflet should not be dismissed as
potential targets. In this work, three representative phosphoinositide
lipids (PPIs) were selected based on their important role in many cellular
processes.

PPIs constitute only a minor component of most plasma membranes,
yet they play a significant role in signal transduction and membrane
trafficking. PPIs are an important source of secondary messengers such
as inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG), which are
involved in the regulation of metabolism, cellular growth and cellular
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division [26-29]. In addition to signaling, these lipids are key players in
anchoring and activating plasma membrane proteins, including ion
channels, through either nonspecific electrostatic interactions or specific
coordination with the phosphate groups on the PPIs [30-32]. These
lipids contain an inositol ring, which can be phosphorylated and
dephosphorylated at the 3’, 4’, and/or 5° positions by protein kinases
and phosphatases, respectively [33]. The rich phosphorylation pattern is
important for cytosolic protein docking and generation of important
signaling molecules [34]. The presence of a small PPI pool is necessary
for cell growth, division, organization, and maintenance of normal
biological conditions [35-43].

Phosphatidylinositol (PI) and its phosphorylated species - PPIs, may be
a source of locally enhanced surface charge density in the membrane [44]
as the charge of phosphatidylinositol-4-phosphate (PIP) under physio-
logical conditions ranges between -2.0 and -3.0 [45] while
phosphatidylinositol-4,5-bisphosphate (PIP,) and phosphatidylinositol-3,
4,5-triphosphate (PIP3) are found at -4.0 and -5.0, respectively [46]. PIP,
in DOPC systems at 5 mol% ratio was found to hydrogen bond between
the proton at position 3 and the vicinal phosphomonoester groups giving
it an overall charge of around -4. Interestingly, for PIP3, at pH of 7, the
phosphate group at position 4 was much lower than the phosphate groups
in position 3 and 5. However, it was reported that the phosphate in po-
sition 4 can hydrogen bond with both 3 and 5 positions giving PIP3 an
overall charge of -5 [46].

PIP is found in plasma, nuclear and Golgi membranes where it is
involved in the formation of secretory vesicles and membrane trafficking
emanating from the Golgi network targeted to the plasma membrane
[35, 37, 47]. PIP and PIP; account for nearly 10% of this signal which
correlates to 0.5-1% of total phospholipid [48]. PIP; is considered one of
the main signaling PI lipids due to its ability to generate signaling
molecules IP3 and DAG from the enzymatic cleavage by phospholipase
C. It is mainly localized in the plasma and nuclear membranes where it
controls several aspects of membrane protein regulation such as surface
receptors for signaling molecules and integral proteins involved in
generation of secondary messengers [34]. PIP3 is even more sparse,
estimated at 2-5% of PIP; [6, 34]. This corresponds to ~0.02-0.05% of
the total lipids [6, 34, 49, 50]. PIP3 is involved in various cellular
functions such as cell survival and proliferation [5, 6, 35-37] and is
generally located in the plasma and nuclear membranes [35].

In order to better understand potential preferential interactions be-
tween various metals and various PPIs, well-defined model systems were
used with a specified concentration of PPIs and metal/lipid ratios. The
concentration of metal exposure per lipid in vivo can vary as the metals
are distributed in the body, complexed during metabolism or elimi-
nated. For example, blood and urine Pb?" levels are regularly used to
assess how much Pb?" enters the body throughout all routes of exposure.
However, they don’t reflect metal levels already taken up by cells, or-
ganelles or incorporated into the skeleton.

In this work, the metal effect on model membranes were assessed by
measuring changes in membrane fluidity; liposome aggregation in
bilayer systems, and lateral film organization in monolayers. The total PI
lipid content can be as high as 20 mol% of total cellular lipids and consist
of ~80% of phosphoinositides, whereas the phosphorylated PPIs
contribute much less. Representative and biologically relevant PPIs
carrying one, two, or three phosphate groups [6, 51] were selected for
this work. While PIP and PIP; comprise 2-5 mol% of PPIs, PIP3 con-
centrations are lower at 0.05mol% of the PIs [6, 34].

Moreover, metals effects were studied on model membranes
comprised of 99% 1-palmitoyl-2-oleoyl-sn-glycero-3- phosphocholine
(POPC) and 1mol% PPIs. The zwitterionic phosphatidylcholines (PC)
constitute a major structural components of mammalian membranes
[12, 52] and have an overall neutral charge due to charge cancelation
from the negative phosphate and the positive choline in the lipid
headgroup. All experiments were restricted to 100 mM NaCl at pH 7.4 to
avoid unspecific metal binding to buffer components [53].

Metal binding to the liposomes was confirmed by zeta potential
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measurements. Moreover, metal effects were studied by fluorescence
spectroscopy utilizing the amphiphilic membrane probe laurdan which
readily incorporates into membranes due to its hydrophobic side chain
(Fig. 1). Laurdan reports an average change in fluidity from fluctuations
in water content in the membrane interface. This is achieved by calcu-
lating the Generalized Polarization (GP) based on the emission spectra in
rigid and fluid environments [54]. Liposomes are suitable model mem-
branes exhibiting highly consistent GP values to measure membrane
fluidity and phase transitions between gel and liquid-crystalline phases
[54]. Indeed, Cd%* induced rigidity has been reported for POPC model
systems containing 20% phosphatidylinositol-3-phosphate [18]. More-
over, any metal-induced changes to membrane fluidity can be monitored
with high accuracy within +0.005 standard deviation as shown in
supplementary material (Table S1). Concurrently, dynamic light scat-
tering (DLS) was utilized to measure the hydrodynamic radii defining
the liposomes size and the size distribution within control and metal
exposed liposome populations.

Another relevant aspect was the impact of the metals on lipid
packing and the lateral membrane organization. This was investigated
by analyzing monolayer isotherms in terms of metal induced area/
molecule changes as well as their effect on the compressibility of these
films [55-57]. Both parameters area reported as an averaged response of
the system whereby the POPC bulk does not interact with the metals.
Localized metal induced changes to the lateral organization can be
visualized in realtime utilizing Brewster angle microscopy (BAM). While
the exact distribution of PI molecules between outer and inner leaflet is
not known, monolayers allow for a precise control of the lipid compo-
sition [58, 59] and have been previously used to study interactions of
ions, drugs, or proteins with lipids [58, 60-62]. Furthermore, monolayer
images were taken at surface pressures of around 30mN/m. In this
pressure range, monolayer and bilayer pressure have been reported to be
equivalent [59, 63-65].

The goal of this study was to quantify metal interactions with
important PPIs with varying levels of phosphorylation to gauge potential
effects on these lipids that could subsequently impact signaling path-
ways and proper cellular function. Distinct changes of membrane
fluidity and drastic changes in the lateral membrane organization were
determined by the degree and the position of phosphorylation and the
type of the metal ions tested.

Materials and methods

A key factor to consider for such metal experiments is the charge and
speciation of the metals under investigation [21]. According to the Vi-
sual Minteq modelling software, VMINTEQ 3.1, the investigated metals
speciate mostly into positive ions at the physiological conditions of 100
mM NaCl and pH 7.4 [66] (Table 1). Consequently, interactions with
negatively charged lipids such as the PIs must be expected.

Liposome preparation and analysis

Lipids were purchased from Avanti Polar Lipids (USA), whereby
phosphoinositides were only offered with identical dioleoyl- (DO) side
chains. They were weighed and dissolved in 7:3 (v/v) chloroform:
methanol mixtures (Table 2). Laurdan in chloroform added at 1:550
laurdan: lipid molar ratio.

Lipid solutions were then vortexed, sonicated and dried under argon
forming films on glass vial walls. For details of the handling of PI lipids
see the supplementary information. After a minimum of 4 hours under
vacuum employed to evaporate the residual solvent, the lipid films were
rehydrated in 100 mM NaCl at pH 7.4. The solution was then freeze/
thawed 3 times. The lipid suspension was passed 21 times through a
Whatman nucleopore 100 nm polycarbonate filter using a mini extruder
(Avanti Polar Lipids, USA) to yield the final suspension of unilamellar
liposomes. To account for proper lipid solubility, potential dilution or
loss of lipids throughout this process, the lipid concentrations (Table 2)
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Fig. 1. Schematic illustrations of PI lipids along with potential localization of metal ions in the bulk or bound to the phosphate groups of the PPIs. Panel A) A
schematic of the lipid structures used and the fluorescent molecule laurdan. Panel B) Schematic of the proposed metal localization and interaction with PI containing

liposomes. R; is palmitoyl acyl chain (16:0) and R is oleoyl acyl chain (18:1).

Table 1
The predominant metal species present under physiological conditions of pH
7.4, 100mM NacCl, 37°C as determined by VMINTEQ 3.1 [66].

Metal % Speciation
Lead 47.4 % PbCl, 31.9% Pb>*, 13.8% PbOH ™, 6.3%PbCly, 0.5% PbCls™
Cadmium 65.2% CdCl", 18.5% Cd**, 16.3% CdCl,

Cobalt 98.2% Co?*, 1.6% CoCl™, 0.2% CoOH™
Nickel 98.3% Ni*, 1.4% NiCl*, 0.3% NiOH*
Manganese 96.1% Mn>*, 3.4% MnCl ", 0.4% MnCl,, 0.1% MnOH*

were determined after extrusion by the Ames assayproviding total
phosphate analysis to determine the concentration of inorganic phos-
phate in solution [67]. To account for pH fluctuations in the unbuffered
water used for lipid hydration, the liposome stock solutions were made
at higher concentrations (Table 2) and the prepared liposomes were
transferred into solutions with proper pH.

Dynamic light scattering (DLS)

The size of liposomes was analyzed by dynamic light scattering
technique (DLS) using a Zetasizer Nano ZSP (Malvern Instruments,
Worcestershire, UK). The experiments were conducted in triplicates at
25°C. Liposomes at 0.3mM concentration were measured with and
without the increasing concentrations of Pb%*, Cd?*, Co®*, Ni?*, and
Mn?* to assess any metal induced changes. Furthermore, it was ensured
that the size of liposomes was kept at a narrow distribution with a
polydispersity index (PDI) of less than 0.10 (< 10%) for each
measurement.

Osmolarity of the liposomes was considered and calculated using the
osmolarities of the mono- and divalent salts present in the external
environment [68]. Briefly, the osmolarity of the mono- and divalent
cations were determined based on the number of particles from dis-
solving the solution in water. The osmolarity of the divalent cation was

Table 2

then divided to the monovalent cation to generate a percentage change
in osmolarity.

Liposome size change estimation

Based on an average area/molecule for POPC of around 64.5A2 [69,
701, the ratio 51.5% lipids on the outer leaflet [71] and the average
diameter of control liposome of 100 nm, it is possible to estimate the
average number of lipids in the outer layer as shown on the supple-
mentary material section. Assuming fusion of two vesicles resulting in a
larger liposome and consequently a ratio of 51.5% of lipids in the outer
layer [71], the radius of the fused liposome would be 708A, approxi-
mately 142 nm in diameter (see Supplementary Material and Fig. S1).

The metal induced changes in molecular area or curvature will affect
the size, but the estimate allows to differentiate between liposome
swelling (between 100-120 nm), potential fusion (130-150 nm) and
aggregation (>140 nm) (Fig. S1).

Laurdan Generalized Polarization (GP)

The emission of the amphipathic probe 6-dodecanoyl-2-dimethyla-
minonaphthalene (laurdan) is sensitive to the polarity and physical
state of the membrane and has been used to monitor membrane fluidity
and lipid phase transitions [54]. Fluorescence measurements were per-
formed on a Cary Eclipse spectrofluorometer (Agilent Technologies,
USA) by excitation at 340 nm and dual emission readings at 440 nm and
490 nm with 5 nm bandpass each for an average of 4 measurements. GP
measurements were conducted at 35°C +0.1°C using a circulating water
bath controller. GP was calculated according to the following equation
[54]:

Lygo — Laoo

GP= ——— (@D)]
Lyao + Lago

The results of Ames phosphate determination assay for the concentration of lipids post-extrusion [67].

Lipid Mass (mg) Lipid Mass (mg) Mol % PI
PIP 0.1 POPC 7.74 1.00% 2
PIP, 0.1 POPC 7.15 0.99% 2

PIP; 0.1 POPC 5.36 1.20% 2

Vol (mL) 7:3 (v/v) CHCl3: MeOH

Conc. Pre-Extrusion (mM) Conc. Post — Extrusion (mM)

5.146 4.49
4.750 3.51
3.567 3.40
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GP values range between +0.6 to -0.4 depending on a lipid phase
state. Under equivalent experimental procedure any changes in laurdan
GP upon the addition of metals will correspond to a change in membrane
polarity, water accessibility and lipid packing. The change in GP (AGP)
is calculated as the difference between metal-free controls and fluidity
changes in samples containing metals. A decrease (negative values) in
AGP is an indication of a fluidization effect while an increase (positive
values) is an indication of a rigidification effect. The laurdan measure-
ments are highly reproducible within +0.005, well below the GP in-
creases reported in this manuscript (Table S1).

Control experiments with the water soluble analogue Prodan or
Laurdan were performed to exclude spectral changes (such as quench-
ing) upon metal addition and no interferences were observed.

Monolayer studies

PI lipids were dissolved in 7:3 (v/v) chloroform : methanol and
mixed with POPC lipids dissolved into 6:4 (v/v) chloroform : methanol
to form a 1 mM stock concentration. A Langmuir trough instrument with
an area of 200 cm? (Biolin, Stockport, UK) was filled with 125 mL of an
aqueous subphase (100 mM NacCl, pH 7.4) containing 86.2 uM metals to
reach the final 500:1 metal : lipid mol ratio. The films were formed by
depositing 21.5uL of 1 mM lipid stock solution onto the air-subphase
interface. After a period of 10 minutes, the monolayer was com-
pressed until a surface pressure of 30 mN/m was reached. The images
were collected using a Brewster angle microscope (BAM) (Accurion,
Germany) and processed by EP3 software (Accurion, Germany). All
experiments were conducted at room temperature. The pH stability of
the subphase against COy uptake from the air was checked and a
decrease in pH values was observed from 7.4 to 7.33 over a period of 60
minutes. This timeline was considerably longer compared to the BAM
experiments that never exceeded 30 minutes.

Statistical analysis

Statistical tests were conducted with the 3 replicates for each system
using a 2 tailed unpaired T-test in Microsoft Excel. The significance was
evaluated at a 95% confidence interval, deemed statistically significant
for p<0.05.

Results

The initial analysis focused on the impact of the metal ions on
membrane fluidity in biomimetic mammalian model membranes
composed of POPC and 1 mol% phosphoinositides.

The parent compound, unphosphorylated PI (DOPI) (Fig. 1) carries a
single phosphate group that links the inositol ring to the glycerol
backbone. Therefore, the negative charge on the phosphate linker of
DOPI is less accessible to metals in contrast to the phosphorylated PIs
carrying additional phosphate groups. This control was important to
ensure that any observed effects are indeed due to presence of extra
phosphate groups at the 3°, 4°, and/or 5’ positions, and not due to the
bulky nature of the DOPI head group that may affect lipid packing in the
binary mixture. The solvent sensitive fluorophore laurdan (Fig. 1)
readily inserts into membranes due to its hydrophobic side chain and
may be used to detect any changes in polarity at the membrane inter-
face. These changes are often correlated to membrane fluidity [54]. In
this work, only minor changes of fluidity were observed for 1 mol%
DOPI in POPC upon addition of metals making this lipid system and lipid
ratio a suitable platform for further experiments (Fig. S2). All changes
were statistically relevant with 95% confidence interval.

Another factor of interest was metal induced liposome aggregation
measured by DLS. POPC liposomes served as control membranes and
were exposed to the metals resulting in insignificant size changes
induced by Pb?* (7.0+0.5 nm) and Mn?* (3 nm) (Fig. 2B). Data for a 1
mol% DOPI system is shown in Fig. S2 with no statistically relevant AGP
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or size changes.

Finally, the lateral monofilm organization in the absence and pres-
ence of metals was visualized in real-time by Brewster angle microscopy
[62]. The use of monofilms allows a stringent control of the lipid
composition and the single layer mimics the outer membrane leaflet
interacting with metals in the bulk phase. Fig. S3 shows homogeneous
POPC films in the presence of all metals tested. In addition, systems
including 1 mol % DOPI also showed very limited domain formation for
Cd?* and to an even lesser extent for Ni>" and Mn?*, but no domains for
Pb%* or Co?*.

Metal concentrations used were based on values reported in acute
exposure studies such as a Danish study finding about 0.3 mM Cd>*,
0.70 mM Co?", 0.8 mM Pb>", and 0.4 mM Ni®>" in human blood serum
[72]. Since the binding affinities of metals are reduced by counter ions,
an excess metal/lipid molar ratio of 4:1 was chosen to ensure binding to
allow studying the effect of toxicity. In case of Mn?*, 900 pM (or 3:1
metal/lipid) was used because higher stock concentrations would result
in precipitation. For monolayer systems, metal concentrations in greater
excess of the lipids (500:1 metal: lipid mol ratio) were used to overcome
the large subphase volume of 125 mL which can otherwise reduce the
interaction of metals with the monolayer.

Each phosphoinositide will be discussed separately to compare the
effect of the five metals on the three parameters tested (membrane
fluidity, liposome aggregation and domain formation on monolayers).

POPC + 1 mol% PIP (DOPI(4)P)

Statistically significant membrane rigidification based on laurdan
measurements was observed upon addition of 1200 uM Pb?* and Co?*
with similar AGP values of +0.03 + 0.004 and +0.03 + 0.004 respec-
tively (Fig. 2A) representing the most pronounced AGP changes seen in
this work. Cd?*, Ni%*, and Mn?* did not show any statistically signifi-
cant changes, indicating a weaker effect by these metals. Metal effects on
liposome size indicate that Pb>" also significantly increased the diam-
eter of PIP-containing liposomes by 21.00 + 1.5 nm (Fig. 2B).

Co?* also caused a significant rigidifying effect on PIP alongside a
significant decrease of about 10.6 + 1.4 nm in liposome size (Fig. 2B).
While Cd?* and Ni?* also decreased the liposome diameter, their impact
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Fig. 2. Change in the generalized polarization (A) and size (B) of PI lipids
containing liposomes due to various metals. Panel A) The change in laurdan GP
of POPC controls and liposomes containing 1% of either PIP, PIP,, and PIP3
upon addition of 1200 pM Pb?* (red), Cd%* (green), Co®* (purple), Ni®** (blue),
and 900 uM Mn?* (orange). Panel B) The change in liposome diameter size DLS
of POPC controls liposomes containing 1% PIP, PIP,, and PIP3 liposomes
assessed by DLS at 35°C upon addition of 1200 pM Pb** (red), Cd** (green),
Co?* (purple), Ni?* (blue), and 900 pM Mn?* (orange). Error bars note standard
deviation of triplicates with red asterisks for statistical significance with a 95%
confidence interval from the control non-metal reading.
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was not enough to affect the overall average membrane fluidity as
detected by laurdan (Fig. 2A).

The corresponding BAM images show limited changes to the lateral
organization of PIP-containing films with metals at a physiologically
relevant surface pressure of ~30 mN/m, representing monolayer-bilayer
equivalence in lipid packing [58, 59] (Fig. 3). Limited cluster formation
was seen for Cd>* (Fig. 3) and less for Mn?%* (images not shown). In
terms of Pb2*, void-like defects represented by the dark spots were
present in the more homogenous film (Fig. 3A inserts).

POPC + 1 mol% PIP, (DOPI(4,5)P2)

In contrast to the monophosphorylated PIP, significant fluidizing
effects were observed in PIP; containing systems, indicated by decreased
AGP values. This is the only fluidization effect observed in all systems
whereby Cd?* and Ni?" caused the most significant changes with AGP
values of -0.015 + 0.002 and -0.011 =+ 0.002, respectively (Fig. 2A).

In terms of the metal effects on liposome size, Co?* had the strongest
impact by almost doubling the size with a radius increase of 214 + 5 nm
(change in diameter size of 99 + 2 nm) (Fig. 2B). This could suggests
aggregation or large scale fusions as reported for phosphatidylserine
liposomes with Ca?* [73] and Cd?* [18]. The Co?* induced change was
the most significant alteration whereas Cd>" and Mn?" effects are lower
but close to the estimated fusion size range. Size changes for Pb%* of
about 15.5 + 1.5 nm reflect membrane swelling.

In terms of lateral film organization, Pb%* and Co?* induced domain
cluster formation with increased monolayer protrusions (Fig. 3B).
Additionally, Co®" appears to result in phase separation (Fig. 3A). In
PIP, metal free systems, no phase separation was observed. This sig-
nificant Co?" induced clustering in the outer leaflet of liposomes as seen
in monolayer studies could facilitate interactions between liposomes,
potentially leading to fusion (Fig. 2B).

POPC + 1 mol% PIP3 (DOPI(3,4,5)P3)

AGP results show rigidification effects whereby Pb*" and Mn?*
showed the strongest impact with similar AGP values of +0.02 + 0.002
and +0.02 + 0.003, respectively, for both metals (Fig. 2B). Co?*, Ni?*
and Cd?" resulted in not statistically significant AGP values (Fig. 2A).

All metals caused a significant increase in liposome sizes (Fig. 2B).
This is supported by the fact that the structure of PIP3 allows for the 4’-
phosphate to be readily accessible at the membrane interface with the
most negative surface charge compared to PIP and PIP, [74]. This fa-
cilitates the binding of divalent metals that can result in membrane
swelling or fusion. The largest increase was observed for Co®* with 37 +
1.5 nm, followed by Cd?* and Mn®* with 30.5 + 1 nm and 29.5 & 1 nm,
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respectively. These increases are within the range of membrane fusion,
including slightly lower values for Ni®" with an increase of 17 + 1 nm.
The weakest metal impact on liposome size was induced by Pb%* with
only 8 + 1 nm increase.

In terms of the lateral organization, all metals induced lipid clus-
tering in PIP3 containing systems (Fig. 4). The most significant effects
induced by Pb*" and Ni** are shown in Figure 3 as 3D images. Pb?*
shows phase separation and domain cluster formation indicated by the
bright spikes in the insert for the Pb?* image (Fig. 3). The effect of Ni®*
on the PIP3 systems is the most pronounced and comparable to the
impact of Co?" on PIP, by inducing large scale phase separation (Fig. 4).
However, Co®* did have a strong effect on PIP3 similar to that caused by
Pb%" in the form of bright domain clusters. Cd?* resulted in clusters as
well but to a much lesser extent. Interestingly, Mn>* had the weakest
effect, but it is similar to that caused by Ni>* in terms of inducing phase
separation and domain cluster formation (Fig. 4).

Discussion

Adverse health effects as the result of increasing metal exposure can
be dated back over the past millennia. Current literature associates
metals with extensive toxic effects including cognitive impairment [75,
761, developmental delays [77], oxidative damage [78, 79] and damage
to DNA and proteins. While more work has been done on metal in-
teractions with DNA and proteins, lipids constitute half of the cell
membranes by weight [80]. Metal interactions with membranes need to
be considered.

Cellular membranes provide subcellular compartmentalization and
are essential for both intra-and extracellular trafficking. In addition to
structural needs, minor membrane lipids can also perform signaling
roles. Thus, certain PPIs were selected for the current study. Any alter-
ation of lipid behavior and membrane organization of PPI containing
membranes could be part of the mechanism of metal toxicity.

We have previously shown that laurdan fluorescence is a suitable and
sensitive tool to assess metal impact on membrane fluidity in model
systems such as various negatively charged phosphatidylserine, phos-
phatidylglycerol and phosphatidic acid with Co?*, Ni2* [17] and Cd**
and Hg2+ [18, 20, 81] . In order to show that these effects were caused
by metal binding, zeta potential measurements for metal free controls
and changes upon the additions of divalent metal ions showed an in-
crease in zeta potential values for all metals (Fig. S4). While the zeta
potential is measured at the hydration layer of the liposome, laurdan
inserts into the interface and thus report on metal effects at a deeper
location of the sample.

Another potential metal effect is liposome swelling, fusion or ag-
gregation which was assessed by dynamic light scattering as shown for

Fig. 3. Effect of some of the metal ions on PI

Panel A

Panel B

containing monolayers analyzed using BAM.
Two images of the most significant effects for

PIP PIp, PIP, PIP,

each system are displayed. Panel A) Primary
metal-induced changes to BAM images of 1%
PIP, 1% PIP,, and 1% PIP; monolayers after
treatment of 86.2 uM metals (500:1 metal: lipid
mol ratio) in 100 mM NacCl at pH 7.4 subphase
at room temperature. Inserts indicate zoomed
in regions. Panel B) 3D image analysis of
zoomed in regions in Panel A. The scale bar
represents a qualitative representation of the
intensity of domain clusters in height between
monolayer and camera. Scale bars correspond
to 50 pm.
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cd2+

Pb2+

Pure

PIP,
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Mn2+

Fig. 4. BAM images of POPC + 1% PIP3 at 30 mN/m. 3D analysis of Pb®>* and Ni*>* are shown in Figure 3 above. Each system had a metal lipid mol ratio of 500:1

respectively.

cadmium [18] nickel and cobalt [17].

We have also extensively used Brewster angle microscopy [62] to
investigate lateral domain formation in model lipid films [82]. Due to
their biophysical investigational benefits, these tools have been com-
bined to examine the impact of metals on PPI containing membranes and
our results indicate multiple potentially toxic effects. BAM investigates
monolayers spread at the air water interface which were also analyzed
by surface pressure-area isotherms [62, 83, 84] (Fig. S5), which also
shows moderate increases in overall molecular areas, which is not un-
expected when considering how relatively few negatively charged PIs
are targets for divalent ions. These films can also be analyzed in terms of
the compressibility modulus which is a measure of film fluidity/rigidity
[55-57]. Data in Fig. S6 and Fig. S7 confirm trends of film rigid-
ification/fluidization as discussed in detail for the GP analysis.

POPC was used as a matrix as it is the main mammalian structural
membrane component. In addition, this lipid showed very limited or no
relevant interactions in previous studies with Cd>*, Hg?*, Ni?* and Co?*
[17, 18, 81] as well as very limited AGP changes for all 5 metals in this
work (Fig. 2A). While the average molecular areas and compressibility
moduli are averages across the entire system, the GP analysis is focused
on dyes in closer proximity to the PI lipids as the metal interactions site.
Moreover, BAM images show local membrane architecture when the
samples is passed by the laser beam. Localized metal induced effects will
be biologically more relevant when they impact the spatiotemporal
function of membranes. Thus, the focus was on AGP and BAM images.

POPC metal interactions with 1 mol% PIP (DOPI(4)P)

PIP is phosphorylated at the 4’ position on the inositol ring of the PI
lipid’s headgroup (Fig. 1). A 3'P NMR study reported a -2 to -3 charge
distribution for PIP due to possible charge neutralization at physiolog-
ical pH in 20 mM Tris-maleate 5 mM EDTA 100 mM NaCl [45]. The
orientation of the head group determines the accessibility of PIs for
metal binding [85]. While the exact positioning of the phosphates
relative to the bilayer plane is still unresolved, 'H NMR experiments
assessing the orientation of the inositol ring -OH groups reported that
the 3’ position is the closest to the membrane backbone, followed by 5’
whereas position 4’ has the outermost location [3]. Neutron diffraction
studies also suggested an orientation of PIP with the 3° OH group
positioned down to allow intermolecular hydrogen bonds with neigh-
boring phosphates so the charged 4’ phosphate is available for electro-
static interactions with the positive choline groups of PC lipids [86]. This
may enhance the favorable hydrogen bonding between axial 2° OH
groups with neighboring lipid phosphates as well [87].

Table 3
Tabulated values of the physical-chemical properties of each metal investigated.

The pronounced increase in AGP value by Pb2*t (Fig. 2A) as well as
the increase in liposome size (Fig. 2B) could be due to the small hydrated
radius of Pb®" (4.01 A) [88] and its high electronegativity (2.2) [89]
(Table 3). These factors may assist in the deeper binding of this metal in
the lipid membrane towards the backbone phosphate linker, as depicted
in the Fig. 1B schematic. This increases the average area of the lipid head
group due to increased water penetration and subsequent swelling. In
addition, a disruption of PI hydrogen bonding network is possible as
Pb%* is the only metal to form an appreciable amount of hydroxide
species, which are present at around 14% [66] under our experimental
conditions (Table 1).

Co?' binding to the external 4° position also induced significant
membrane rigidity (Fig. 2A) in the glycerol backbone region however,
the concomitant reduction in the liposome size (Fig. 2B) also suggests
tighter lipid packing because of membrane binding. Comparatively to
Pb2+, the larger hydrated radius (4.23 }D\) [88] and lower electronega-
tivity (1.84) [89] (Table 3) of Co?" could result in interactions more
externally to the membrane. As the prevailing species of Co®* is divalent
(Table 1), these factors may draw the negatively charged lipids together
for a rigidifying effect.

Cd?* and Ni%* are less likely to impact PIP lipids as they both showed
minor insignificant increases in rigidity (Fig. 2A) while their presence
caused a general reduction in liposome sizes of 7% and 9%, respectively
(Fig. 2B). This suggests that the presence of these metals spatially pack
the lipids tighter without adequately affecting membrane fluidity. Mn2*
also exhibited a minor insignificant increase in rigidity (Fig. 2A) but
without appreciable changes in liposome size. Mn?t has the lowest
electronegativity but the largest hydrodynamic radius of these metals
[24] (Table 3), which may reduce interactions close to the backbone.

The lateral film organization was investigated at 30 mN/m, which is
physiologically relevant to equivalate monolayer pressure to bilayers
[64]. No significant changes and only minor domain cluster formation
for Cd%* and Mn?* was observed. The only notable observation was the
presence of void like defects represented by the dark spots within the
homogenous film, (Fig. 3A inserts). While such features have been
previously reported for membranes containing minor lipid or protein
components [90-92], in our model system such features were only
observed in the presence of Pb and not in metal free controls.

POPC metal interactions with 1 mol% PIP, (DOPI(4,5)P2)

PIP; carries an overall charge of around -4 due to the added phos-
phate group on the 5’ position and a proton shared with the adjacent
phosphomonoester groups [46]. A detailed conformation of PIP; has not

Metal Hydrated radius ()% Electronegativity®>%® Hard/Soft Acid/Base (HSAB) *® Coordination Chemistry 77:9%190 Essentiality
Pb 4.01 2.33 Soft Octahedral Toxic

Ccd 4.26 1.69 Soft Octahedral, Trigonal pyramidal Toxic

Co 4.23 1.84 Borderline* Octahedral, Trigonal pyramidal Essential
Ni 4.04 1.91 Borderline* Square planar, Octahedral Uncertain
Mn 4.38 1.55 Borderline* Octahedral, Trigonal Bipyramidal Essential

*Borderline means that it is ranked in between hard and soft lewis acids based on HSAB theory.
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been determined however a molecular simulation study on head group
protrusion found that the average 4’ phosphate is 6 A away from the
membrane plane in contrast to 5 A for 5° phosphate [26, 87].

PIP; is involved in interactions with more than 280 proteins using
spatiotemporal distributions of PI pools [9]. Any interference to the PI
distribution would have localized effects at given time points in the
signaling pathways. Fluidization suggests less tight packing and
increased areas per molecule. Such effects were reported for PIP; in the
presence of monovalent ions (Na™, KT, Li*, Cs™) whereas the opposite
effect was reported for Ca" and to a lesser effect for Mg2+ [93]. As PIP,
is the most abundant signaling molecule, fluidity changes could have
detrimental effects on signal transduction pathways [8-10].

While Co?* had strong binding affinity for PIP (Fig. S4) with a
minimal change in liposome size (Fig. 2), this transition metal showed
limited fluidization but a significant increase in liposome size of 99 + 2
nm. This suggests rather aggregation than fusion (see Supplementary
Material and Fig. S1). The addition of the 5° phosphate may create the
perfect coordination site for the hydrodynamic radius of 4.23 A [88],
reported for C02+, whereas the smaller Pb2t with 4.01 A [88] can bind
to the more accessible 4 phosphate in the case for PIP (Fig. 2). Atomic
radii as well as differences in the preferred coordination complexes will
define the outcome of metal binding to the 4* and/or 5’ phosphates. For
Co?*, the effect would be inter-liposomal, explaining the increase in size
that is much larger than size estimates for fusion. At the same time, the
effect on the lipid packing at the intra-liposomal level was limited as
shown by the insignificant fluidization. The most pronounced effects on
fluidity were induced by Cd** and Ni?*.

Cd?* is similar in size to Co®* (4.23 A), while Ni?* is slightly smaller
at 4.04 A (Table 3). Cadmium speciates under these experimental con-
ditions into CACl* and CdCl, complexes as well as divalent Cd2*,
whereas cobalt, manganese and nickel are predominantly divalent ions
(Table 1). Cadmium-induced aggregation of negatively charged POPS
liposomes has been reported at 0.50 mM Cd?* while Co®" and Ni%*
induced less changes [18]. The fluidization effects seen in PIP;, systems
due to Cd2+, Ni** and to a lesser extent, Mn2+, did also result in a sig-
nificant liposomal size increases of 28%, 4%, and 29%, respectively,
however none of which reached the same extent as with Co®". Thus, it is
not the binding of these metals to a negatively charged lipids, but the
specific coordination with PIP, that is responsible for these significant
effects.

In terms of lateral membrane organization, ion-induced phase sep-
aration has been previously reported as Ca?*-induced solid phase of PS
and a fluid phase of PC separation in PC/PS systems [94] as well as phase
separation of PGs in PC/PG systems [95]. In addition, the ability of
cations to induce changes to lateral organization of PIP; has also been
observed [85, 94, 96, 97]. MD simulations and lipid monolayer exper-
iments on PIP; domain cluster formation has been reported using Ca®*
and Mg?" as these metals were able to condense PIP,-containing
membranes which may involve changes in packing geometry and hy-
dration enthalpy [85, 96]. Ca®" interactions with PIP, changed the
ionization state leading to PIP; domain formation [85, 98]. It was found
that Ca®" has the ability to cluster up to 3 PIP, molecules based on the
law of matching water affinities and where the electrostatic interactions
are strong enough to overcome the dehydration energy and the resulting
entropic effects [32, 63]. In addition, hydrogen bonding networks were
proposed to change the charge distribution in PIP, leading to mixed
domains of PI and PIP; [99]. The effects were lipid specific where PE in
mixtures of PI/PIP,/PE induced increased hydrogen bonding and ioni-
zation exhibiting a stronger effect than PS in PI/PIP,/PS which the au-
thors attributed to demixing [99]. In contrast, PC, which can’t hydrogen
bond in comparison to PE and PS, resulted in fluid/fluid demixing in
PI/PIP,/PC systems [99].

Recently, PIP, cluster formation at 0.02 - 0.05 mol% was demon-
strated by highly sensitive fluorescence energy transfer experiments.
These results were also independent of the acyl chain composition.
Moreover, other lipids like PC, PE, PS or PI did not form co-clusters, but
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PPIs did [100]. Cholesterol and PI enhanced the trends. These findings
show that the bulk lipid composition affects cluster formation.

Considering PIP; concentrations in the cytosolic leaflet of the plasma
membranes is 1-2 %, most of these lipids could be present in clusters.
Tighter metal induced packing and concomitantly reduced membrane
fluidity between leaflets can induce curvature [32]. Indeed, bulge for-
mation has been reported for supported monolayers of PIP; in the
presence of Ca®* [97]. Disruptions caused by the clustering of PIP, may
lead to either enhanced or decreased function of proteins that interact
with PIP, [63]. Under our experimental conditions, Pb%* and Co*"
induced domain cluster formation with increased monolayer protrusions
(Fig. 3B). Especially the presence of Co?* results in phase separation in
addition to cluster formation (Fig. 3A). Since these monolayers only
contain 1% PIPy, the observed clusters must include significant amounts
of POPC as well. It is interesting to note that Co?>" induced the most
pronounced effect in the monolayer systems and by far the biggest in-
creases in liposome size yet no effect was seen in the laurdan studies.
Cluster formation and negative curvature was reported for Ca®* in giant
unilamellar vesicles potentially leading to phase separation [74].
Therefore, similar forces could be driving the clustering and phase
separation effects seen here with PIP,.

A direct comparison between bilayer AGP data and monolayer data
is not straightforward [96, 97]. The single monolayer plane provides a
very precise lipid composition and can be used as a model for the outer
leaflet of a membrane exposed to metals in the extracellular space.
Nevertheless, certain factors need to be considered such as the bilayer
curvature which is absent in monolayers, which will change intermo-
lecular distances and angles, and impact metal binding although PIP,
clusters have been reported for monolayers models [63] and bilayers
alike [100].

POPC metal interactions with 1 mol% PIP3 (DOPI(3,4,5)P3)

The last lipid analyzed was PIP; which is formed in vivo by the
phosphorylation of PIP, lipid at the 3’ position (Fig. 1). It is also the
largest and most negative of all the PPIs with a charge of -5 due to charge
localization of the negative charge on the phosphate group [46].
Moreover, a comprehensive analysis by NMR based on chemical shifts
demonstrated that the charge at the 4’ was more negative between pH 5
— 7 than 3’ and 5’ positions [74].

The cellular PIP3 pool is very dynamic and its regulation is tightly
controlled to ensure availability [26]. Signaling abnormalities in its
pathway have been linked to a variety of diseases including cancer,
diabetes, cardiovascular disease, and various inflammatory disorders
[35].

The most pronounced changes in membrane rigidification were
observed for Pb>" and Mn?" which also resulted in a significant lipo-
somal size increase of 7 % and 27 %, respectively. Despite the metal ions
sharing a preferred coordination complex of octahedral geometry,
manganese mainly speciates into divalent ions whereas lead is found as
PbCl™, Pb?* and PbOH™ under these experimental conditions (Table 1).
Moreover, there is a significant difference in the atomic radius whereby
Mn?" is larger (4.35 A) than Pb%* (4.01 A) [24]. Atomic radii as well as
differences in the metal species charges will define the outcome of metal
binding to the highly negative PIP3. While both metals are equally
rigidifying the membrane, Mn?* induces larger lipid packing alterations
upon metal coordination.

More moderate AGP increases in rigidity were determined for Co%*
(4.24 108) and Ni%* (4.06 10\) (Fig. 2A). The preferred complexation ge-
ometry of both Co?" and Ni2" is octahedral. However, both of these
metals can adopt a different complexation geometry, namely trigonal
bipyramidal and square planar for Co>" and Ni?" respectively (Table 3).
Both Co?" and Ni2?" coordination to the phosphate groups of PIP; show
only moderate effects on membrane fluidity but have a significant
impact on liposome size of 34 % and 15 %, respectively. While the size
increase seen with Co?* exceeds the effect of Mn?" in PIP3, both suggest
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potential liposome fusion. The AGP of Ni?* was like that seen with Co®*
but the size increase is limited suggesting liposomal swelling. Although
this size increase was double that seen for Pb2* system, it did not cause a
significant rigidifying effect as seen with Pb?* matrices (Fig. 2).

Finally, Cd?>* does not induce appreciable changes in membrane
fluidity (Fig. 2A) but the liposome size increase of 28 % is the second
largest effect in this system followed closely by Mn?" (27 %). Cd spe-
ciates into CdCl" and CdCl, complexes as well as Cd®** [18] and we have
previously reported Cd>* size changes for negatively charged liposomes.
In term of size, Cd*" (4.26 A) is very similar to Co®" (4.24 A) but smaller
than Mn?* (4.35 A) with a preference for octahedral complexes. The
octahedral geometry is suggested to be a preferred coordination com-
plexes to define the outcome of metal binding to PIPs.

An inverse correlation between electronegativity and cation polar-
izability have been reported, as lower values of the former result in in-
creases of the latter [101]. In terms of the metals investigated here,
Pb%*, Co?* and Ni?" have similar electronegativities around 1.9 fol-
lowed by Cd (1.6) and Mn (1.55) (Table 3). The relative minor differ-
ences are less likely to explain the observed differences and more work
will be required to investigate other parameters like coordination
geometry.

In terms of the lateral organization, all metals induced lipid domain
clustering in PIP3-containing systems (Fig. 4). The most significant ef-
fects were induced by Pb2" and Ni?* as shown in Figure 4. The effect of
NiZ* on PIP; systems was similar but more pronounced than the impact
of Co?" on PIP,, in inducing phase separation in the monofilm into
liquid expanded and liquid condensed phases (Fig. 3). Factors separating
Pb%* and Ni%* from the other metals tested are their smaller hydrated
radii (4.01 and 4.04 A, respectively [88]) and the higher electronega-
tivity (2.2 and 1.91, respectively [89]).

Domain formation of PIP3 [74] in the presence of PI has been pro-
posed due to changes in the protonation states of the phosphates and the
impact of hydrogen bonding networks. PE and PI mixtures with PIP3
were compared whereby PE had a stronger impact on the detailed
protonation states leading to higher charges on the phosphates at posi-
tions 3’ and 5’ of PIP3 [74]. While both lipids can form hydrogen bonds,
only PI-induced domains enriched in PI and PIP3 and these structures, in
conjunction with proteins, could serve important signaling roles [74].
Metal ion-induced phase separation for PIP3 has not been reported
before. Moreover, the data suggests that Pb®" and Ni?* metals can
induce phase separation in monofilms containing only 1 mol% PIP3 as
the only charged lipid within a matrix of zwitterionic
phosphatidylcholine.

Conclusion

The mechanism of metal toxicity is still not fully understood. Many
different aspects of interactions with biologically relevant macromole-
cules may contribute, including the increasingly recognized role of lipids
for metal toxicity [17-21, 81, 102]. The data and references in this
manuscript emphasize the role of metal induced lipid-lipid interactions.

Model systems reflecting the relatively low abundance of PPIs were
used to compare the impact of toxic (Pb%* and Cd?™), physiologically not
relevant transition metals (Ni?"), and metals that serve physiological
roles (Co2+, Mn3"). The absolute GP changes were small as expected
considering the very low PI content but reflected significant metal-
induced rigidification for PIP and PIP3 and fluidification in PIP,. Lipo-
some size increases were most pronounced for Co>", followed by Cd>*
and Mn?" in both PIP, and PIP5 systems.

The most striking changes were observed with the lateral membrane
organization. Previous work has suggested PIP, and PIP3 domains form
in the presence of PI [74, 99]. In addition, the stabilization of PI domains
by cholesterol has been reported due to hydrogen bonding contributions
of the sterol’s hydroxyl group [103]. Moreover, the biologically relevant
ions Ca?* and Mg?* have been known to induce localized domains of
phosphoinositides [85, 97] where the spatiotemporally controlled
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domains serve important signaling physiological roles.

The presented data suggests that the investigated metals can inter-
fere with biologically important and highly regulated signaling events
by inducing new clusters that would not form otherwise. In addition to
lipid-metal specific events as reported here, it must be emphasized that
metals always occur as mixtures [78] and competing effects have been
reported for Cd** and Hg?*!“),

A wide and diverse range of metal effects on the selected phos-
phoinositides were observed and many factors including but are not
limited to the hydration radii [88], electronegativity [89], complex
geometry [104-107], as well as the solvation free energy [108, 109] may
play a role. Much more work will be necessary to better understand
these and other factors in order to gain a conclusive biophysical analysis.

Nevertheless, metal-based toxicity due to altered or impaired lateral
lipid domain organization or mobility and potentially resulting detri-
mental impact on signaling events is a concerning specter with far
reaching implications that requires more scientific attention.
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