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Alessandra Luchini a, Achebe N. O. Nzulumike a, Tania K. Lind b, Tommy Nylander c, Robert
Barker d, Lise Arleth a, Kell Mortensen a and Marité Cardenas c*

a

PT

Niels Bohr Institute, University of Copenhagen, Universitetsparken 5, 2100 Copenhagen,

Denmark.

Nano-Science Center and Institute of Chemistry, Copenhagen University, Universitetsparken

RI

b

5, 2100 Copenhagen, Denmark.
c

SC

Biofilms Research Center for Biointerfaces and Department of Biomedical Science, Faculty

of Health and Society, Malmö University, Per Albin Hanssons Väg 35, 214 32 Malmö,

U

Sweden.

Physical Chemistry 1, Lund University, PO Box 124, 221 00 Lund, Sweden.

e

Institut Laue-Langevin, 71 Avenue des Martyrs, 38000, Grenoble, France; current address

N

d

M

A

University of Kent, CT2 7NZ Canterbury, Kent, United Kingdom.

TE

STATISTICAL SUMMARY

D

* corresponding author: marite.cardenas@mah.se

Total number of words:7252

A

CC
EP

Total number of figures/tables: 7

Graphical Abstract

PT
RI

M

A

N

U

SC

Highlights:
 Supported lipid bilayer containing DOPIP3 were characterized by surface sensitive techniques.
 Neutron Reflectometry revealed that POPC and DOPIP3 form a symmetric bilayer.
 DOPIP3 headgroups are not perpendicularly orientated with respect to the membrane surface
 DOPIP3 headgroups have a preferred orientation close to the surrounding lipid headgroups.

D

Abstract

Phosphoinositide (PIP) lipids are anionic phospholipids playing a fundamental role for the

TE

activity of several transmembrane and soluble proteins. Among all, phosphoinositol-3',4',5'trisphosphate (PIP3) is a secondary signaling messenger that regulates the function of proteins
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involved in cell growth and gene transcription. The present study aims to reveal the structure
of PIP-containing lipid membranes, which so far has been little explored. For this purpose,
supported lipid bilayers (SLBs) containing 1,2-dioleoyl-sn-glycero-3-phospho-(1'-myoinositol-3',4',5'-trisphosphate

(DOPIP3)

and

1-palmitoyl-2-oleoyl-sn-glycero-3-

A

phosphocholine (POPC) were used as mimics of biomembranes. Surface sensitive techniques,
i.e. Quartz Crystal Microbalance with Dissipation monitoring (QCM-D), Atomic Force
Microscopy (AFM) and Neutron Reflectometry (NR), provided detailed information on the
formation of SLB and the location of DOPIP3 in the lipid membrane. Specifically, QCMD and
AFM were used to identify the best condition for lipid deposition and to estimate the total
bilayer thickness. On the other hand, NR was used to collect experimental structural data on
the DOPIP3 location and orientation within the lipid membrane.

The two bilayer leaflets showed the same DOPIP3 concentration, thus suggesting the formation
of a symmetric bilayer.
The headgroup layer thicknesses of the pure POPC and the mixed POPC/DOPIP3 bilayer
suggest that the DOPIP3-headgroups have a preferred orientation , which is not perpendicular
to the membrane surface, but instead it is close to the surrounding lipid headgroups. These
results support the proposed PIP3 tendency to interact with the other lipid headgroups as PC,

RI

Keywords: Phosphoinositides, supported lipid bilayers, neutron reflectometry

PT

so far exclusively suggested by MD simulations.
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1. Introduction

Anionic phospholipids are fundamental components of cellular membranes simultaneously

U

participating at the membrane structure as well as at the regulation of several cellular processes

N

through interaction with proteins and/or ions[1]. Phosphoinositide lipids (PIPs) are a class of

A

anionic phospholipids, which act as primary or secondary messengers and thus allow for a fine
regulation of many different signaling processes[2]. Typically, phosphoinositide lipids are

M

produced by selective phosphorylation of phosphatidylinositol (PI). PI lipids are characterized
by two acyl chains which are connected to the inositol ring by a phospho-glycerol unit. The

D

inositol ring can be phosphorylated in position 3, 4 and 5, and its phosphorylation is regulated

TE

by the activity of specialized lipid kinases or phosphatases[3]. The phosphorylation of PI can
result in seven different phosphatidylinositides[4].
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Reversible PIP-production is fundamental to guarantee the high turnover needed for their
regulatory activity; PI or PIP phosphorylation represents the first step in the signaling cascade
in cells[5]. Indeed, PIPs regulate conformational changes of a large number of membraneassociated or transmembrane proteins. PIPs carry a negative charge at physiological pH, which
is responsible for their interaction with basic protein regions[6, 7]. However, the interaction

A

between cytosolic proteins and cytosolic protein domains also involves more selective
recognition mechanisms[8]. Indeed, proteins are able to interact selectively with specific PIP
species, which implies their ability to recognize PIPs according to their phosphorylated sites[9].
Due to their relevant biological functions including their involvement in severe pathologies,
like cancer and diabetes, PIPs and specifically PIP-protein interactions have been intensively
studied[8, 10-13]. The great majority of the published experimental studies available today

focuses on the interaction between PIPs and proteins using functional approaches. However,
considerably less experimental data are available on the structure of PIP-containing lipid
membranes despite this being a key pre-requisite to understand the molecular mechanisms
behind specific interactions between proteins and PIPs. In particular, phosphatidylinositol-4,5biphosphate (PIP2) and phosphatidylinositol-3,4,5-triphosphate (PIP3) have been intensively
studied as they are involved in several cellular functions such as cell growth, regulation of the
actin cytoskeleton and gene transcription[2]. While PIP2 is both a signaling molecule and a

PT

constituent of the plasma membrane (up to concentration ~2-5% mol/mol of all the plasma
membrane lipids), PIP3 is accumulated only in stimulated cells and acts as a second messenger

RI

being produced by PIP2 phosphorylation[3].

Natural plasma membranes are composed by hundreds of lipid species, which makes it

SC

particularly difficult to extract detailed information on the molecular level from a physicochemical point of view [1, 14]. Nevertheless, simpler model systems can be implemented to

U

extract selective structural information on a few lipid species and probe their potential

N

interaction within the membrane or with proteins. Today, most of the simpler models focus on

A

the main mammalian lipid phosphatidylcholine (PC) and some charged species such as
phosphatidylserine (PS) or phosphatidylglycerol (PG) and sterols[15-17]. In this context,

M

supported lipid bilayers (SLBs), are particularly relevant as they provide a stable flat structure
and a highly tuneable composition, which make them optimal candidates for many different

D

kinds of experiments involving surface-sensitive techniques [18-20]. Due to their extensive

TE

implementation, detailed structural descriptions of SLBs are fundamental for the investigation
of more complex systems, as those involving lipids and proteins[21-23].
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Earlier, SLBs were implemented to test the formation of mixed membranes containing POPC
and PIP2 or PIP3[24] and to probe their interaction with proteins[25], e.g. PIP2-containing lipid
membranes and Pleckstrin Homology-Phospholipase C-d1[25]. Specifically, kinetic
information on the PIP-SLB formation mechanism was obtained by Quartz Crystal
Microbalance with Dissipation Monitoring (QCM-D) and dual polarization interferometry [24]

A

while some structural insights on PIP2 or PIP3 orientation in lipid bilayers were recently
provided by Molecular Dynamics (MD)[26]. This is a particularly interesting approach to
explore quite low PIP concentrations, though the MD results remain to be verified
experimentally.
In the present project, SLBs are exploited to collect information on 1,2-dioleoyl-sn-glycero-3phospho-(1'-myo-inositol-3',4',5'-trisphosphate

(DOPIP3)

and

1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) bilayers by means of QCM-D, Atomic Force Microscopy

(AFM) and Neutron Reflectometry (NR) measurements. SLBs were prepared by the vesiclefusion method[20] with pure POPC or POPC/DOPIP3 90/10 mol/mol vesicles. The successful
formation of SLBs was initially confirmed and monitored by QCM-D. AFM was subsequently
implemented to obtain first structural insight such as bilayer thickness and their structure was
subsequently characterized by NR. In particular by exploiting the intrinsic capability of
neutrons to distinguish the two hydrogen isotopes[27], protium (H) and deuterium (D), the
present characterization aimed at quantifying and locating PIP3 in SLBs prepared with single

PT

chain deuterated POPC. To the best of our knowledge, NR data on PC/PIP3 SLBs are presented

here for the first time and provide new insight on the structure of PIP-containing bilayers. In

RI

particular, the reported data provide experimental evidence that the DOPIP3 headgroup location

is close to the membrane surface in spite of the larger volume compared to the other lipid

SC

headgroups. A detailed structural description of PC/PIP3 SLB is needed in order to adopt this
kind of lipid bilayer as a model system to reveal the nature of the interaction with specific

U

proteins or protein domains. At the same time, the discussed results provide a relevant example

A

N

of how the interaction between lipid headgroups can determine membrane structure.

M

2. Experimental Section
2.1 Materials

POPC (in the following renamed to hPOPC, ≥99% purity), 1-palmitoyl-d31-2-oleoyl-sn-

D

glycero-3-phosphocholine (dPOPC, ≥99% purity) and DOPIP3 (≥99% purity) were purchased

TE

from Avanti Polar Lipids, Inc. (Alabaster, AL) and used without further purification (Figure
S1.1). 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, ≥99.5% purity), sodium
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chloride (NaCl, ≥99% purity), ethylenediaminetetraacetic acid (EDTA, ≥99% purity), heavy
water (D2O 99.9% purity), chloroform (≥99.5% purity ), ethanol (98% purity), methanol
(99.8% purity), hydrogen peroxide solution 30%w/w, sulfuric acid (H2SO4, 98% purity), and
sodium dodecyl sulfate (SDS, ≥98.5% purity) were purchased from Sigma-Aldrich Corp.
Ultrapure Milli-Q (MQ) water with resistivity of 18.2 M ∙cm at 25 °C was used for all cleaning

A

procedures, and preparation of all hydrogenated samples and buffers. SDS 5 % was used for
cleaning QCM-D sensor crystals, and Hellmanex 2% (Hellma GmbH & Co., Germany) for any
other cleaning.

2.2 Small Unilamellar Vesicle (SUV) Preparation

Lipids were dissolved in CHCl3 (POPC) or 65:35 CHCl3:CH3OH (DOPIP3), mixed according
to desired membrane composition (90/10 mol/mol respectively), dried under gentle nitrogen
flow, and placed in vacuum overnight to ensure evaporation of all solvent. The resulting lipid
films were rehydrated at room temperature for 1 h in MQ, and vortexed to fully suspend
vesicles. Immediately before use for SLB formation, the suspension was diluted in buffer (20
mM HEPES, 200 mM NaCl, 1 mM EDTA, pH 7.5), tip sonicated for 5 min at pulses of 5 s
on/off to consistently produce a clear solution of fusogenic SUVs, and loaded at a final

PT

concentration of 0.01 mg/mL in the case of QCMD and AFM measurement while a final

preparation.

SC

2.3 Quartz Crystal Microbalance with Dissipation Monitoring

RI

concentration of 0.1 mg/mL was used for NR. Room temperature was maintained throughout

QCM-D was performed with a Q-Sense E4 instrument (Q-Sense, Biolin Scientific AB,

U

Sweden), using SiO2-coated 5 MHz quartz sensors. Crystals and O-rings were placed in

N

Hellmanex 2% for 10 min, extensively flushed with absolute ethanol and MQ, and then dried

A

under nitrogen flow. Immediately before use, the crystals were treated with a UV ozone cleaner
(BioForce Nanosciences, Inc., Ames, IA) for 10 min. Before acquisition, the fundamental

M

frequency and six overtones (3rd, 5th, 7th, 11th and 13th) were recorded and the system was
equilibrated in MQ at 25 °C, until stable baselines were obtained. After equilibration in buffer

D

(Figure 3, region I), 0.01 mg/mL SUVs were introduced in the flow cell at 0.1 mL/min and the

TE

typical signals for SLB fusion were followed (Figure 3, region II) until successful bilayer
formation was complete (Figure 3, region III).
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For homogeneous thin and rigid films fully coupled to the sensor surface, the recorded
frequency shifts, normalized to the overtone number, can be simply related to the absorbed
mass (m) through the Sauerbrey equation (equation 1), where C is the mass sensitivity
constant corresponding to 17.7 ng·cm2·Hz-1 for the sensors used in this experiment.[28]
(1)

A

During the experiments, real-time shifts in the resonance frequency (F n) with respect to the

calibration value were measured for different overtones indicated as F n, with n representing the
overtone number (n= 3, 5, 7, 9, 11, 13). Simultaneously, also the energy dissipation factor (D)
was evaluated for all the overtones[29].

2.4 Atomic Force Microscopy (AFM)
Atomic force microscopy measurements were carried out on a Nanoscope IV multimode AFM
(Veeco Instruments Inc.). Images were generated in the PeakForce QNM (quantitative
nanomechanical property mapping) mode with a silicon oxide tip (Olympus microcantilever
OTR8 PS-W) with a spring constant of 0.15 N/m and a radius of curvature <20 nm. A freshly
cleaved mica surface was imaged in ultrapure water to ensure a clean and smooth surface (RMS
< 500 pm) prior to SLB formation. AFM imaging of the bilayer formation process was carried

PT

out under continuous flow of the vesicle solution at room temperature as described

previously[20] using a slow gravity-fed flow of approximately 50 L/min. After bilayer

RI

formation in ultrapure water, the membranes were rinsed with buffer. All images were recorded

at a resolution of 512 × 512 pixels and with a scan rate of 1 Hz. The z-set point and differential

SC

gains were optimized during each scan. Images were analyzed and processed in the Gwyddion

U

2.22 software.

N

2.5 Neutron Reflectometry (NR) experiments

A

NR experiments were performed on FIGARO[30, 31] and D17[32] reflectometers at Institut
Laue Langevin (ILL), Grenoble (France). FIGARO is a horizontal time of flight reflectometers,

M

whereas D17 is a vertical reflectometer which was also used in the time of flight mode. On
both instruments, two incoming angles () typically of 0.8° and 3.2° were used to cover the q-

TE

D

range 8·10-3Å-1 < q < 0.25 Å-1, where q is defined as follows:
sin

(2)

The measured reflected intensity (I(q)) was converted in an absolute reflectivity scale (R(q))
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by normalization to the direct beam (I0) measured at the same slit settings. Slits were chosen
to vary with the incident angle in such a way as to provide a constant illumination of the sample
(35 × 65 mm). The background was accounted for by using the average value from the regions
of interest on both sides of the specular reflected beam and subtracted from the collected NR

A

curve.

(3)

The main goal of the NR experiments is to reveal the scattering length density profile ((z))
from the experimentally determined reflectivity profiles (equation 4). This gives information
on the composition of the sample along the surface normal (z)[31, 33].
(4)

As reported in equation 4,  depends on the chemical and isotopic composition of the sample
as the neutrons are sensitive to the nuclei composing the atoms in the molecules, where ni is
the number of atom i, bi is the coherent scattering length, and Vm is the partial specific molecular
volume (hereafter also referred as molecular volume).
NR was performed using custom-made solid/liquid flow cells with polished silicon crystals
(111) with a surface area of 6 x 8 cm. Neutron cell flow modules and O-rings were cleaned by

PT

3 cycles of 10 min bath sonication in 2%(vol/vol) Hellmanex and rinsing with MQ, followed
by 3 cycles of 10 min bath sonication in MQ and rinsing with MQ. The crystals were rinsed

with ethanol until surfaces were perfectly clear, soaked in detergent for 15 min, and cleaned

RI

with dilute piranha solution; 1:4:5 H2O2:H2SO4:H2O at 80 °C for 15 min. Each step was

SC

followed by thorough rinsing with MQ to clean crystals and confirm hydrophilicity of surfaces.
Finally, the crystals were treated with UV/ozone cleaner for 10 min before neutron cell
assembly.

U

The temperature was maintained at 25 °C by circulating water from a thermostated water bath.

N

Variation of the aqueous solvent contrast was achieved by exchanging the bulk solvent using

A

an HPLC pump set to a flow rate of 1mL/min. Substrate surfaces were characterized in H2O
and D2O, followed by slow manual syringe injection of SUVs and incubation for 1 h to allow

M

for SLB formation. The membranes were characterized in at least 3 isotopic solvent contrasts,
i.e. buffer with different ratio of D2O to H2O. In particular the buffers used during the

D

experiments were prepared with pure D2O (d-buffer,

buffer,

= 3∙10-6 Å-2), D2O:H2O 38:62 w/w (Silicon Matched Water, SMW-buffer

Å-2) and pure H2O buffer (h-buffer,

=2.07∙10-

= -0.56∙10-6 Å-2).
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6

= 4∙10-6 Å-2), D2O:H2O 52:48 (3 Matched Water, 3MW-

TE

Matched Water, 4MW-buffer,

=6.35∙10-6 Å-2), D2O:H2O 68:32 w/w (4

2.6 NR data analysis

NR data were analysed with RasCAL[34]. In this software environment, the interface between
the substrate and the bulk is considered as a stratified medium composed by different slabs.

A

The reflectivity originating from such an interface can be described according to the optical
matrix method[35], where each of the slabs included in the model is characterized by four
output parameters: thickness (t), , the surface coverage expressed as the volume fraction of

the molecules deposited on the substrate () and the roughness ().
SLBs were treated as composed by two external slabs (the lipid headgroups) and one or two
intermediate slabs to describe the lipid acyl chains (tails) in each leaflet. An additional slab was

used to describe the substrate surface in terms of its natural silicon oxide layer, whereas the
silicon and the solvent were considered as bulk on the two sides of the sample.
The experimental data were analyzed by creating a custom model within RasCAL which allows
for defining custom fitting parameters that can be directly optimized to the experimental data.
In the present case, Figure S1.2 illustrates the chosen fitting parameters and how they can be
related to the standard output parameters.
Among the fitting parameters, the area per lipid (Alip) was adopted to impose molecular

PT

constraints between the tails and the headgroups belonging to the same leaflet, as already
reported elsewhere[18, 36, 37] (see also Supplementary Material). Furthermore, in the case of

RI

POPC/DOPIP3 SLBs, the lipid molar fraction was explicitly taken into account among the

fitting parameters. The molecular volumes of the headgroups and tails (Vhdry and Vtdry) were as

SC

well directly optimized to the experimental. Indeed, the scattering length,

, is a

quantity that can be calculated from the chemical and isotopic composition of the lipids (see

U

Table S1.1). In case of DOPIP3 headgroup, B was calculated by taking into account the

N

potential exchange of the labile hydrogen atoms with the hydrogen atoms in the solvent. On

A

the other hand, the molecular volumes can be reasonably estimated from already reported
experimental or simulation data[38]. By choosing the molecular volume as a fitting parameter,

M

the atomic composition of the molecules is kept constant while the volume that they occupy is
allowed to vary (in response to the surrounding environment) to give the best  value according

D

to the experimental data. Indeed, while accurate values for the lipid molecular volumes can be

TE

obtained both theoretically and experimentally in the case of pure lipid bilayers (composed by
a single lipid species) less information is available in the literature about molecular volumes
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for multicomponent lipid bilayers and more specifically for PIPs/PC lipid bilayers. This is due
to the fact that the lipid molecular volume can vary according to the composition of a specific
bilayer both in terms of number of lipid species and their relative abundance. In the present
case, it is worth mentioning that only variations within 4% for the headgroups and for the tails
of the initial guess for POPC / DOPIP3 volumes (see Table S1.2) were observed during data

A

fitting. The initial guess was based on the already reported value for the POPC molecular
volume[39] and the DOPIP3 molecular volume which was calculated from the molecular

structure of the lipid.
The experimental curves collected for the same lipid bilayer exposed to the different solvents
were simultaneously analysed with the same model. This approach, known as global analysis,
gives significantly reduced ambiguity in the interpretation of the sample structure due to the

different sensitivity that the curves collected in the different solvents exhibit with respect to
the different sample components[40]. Indeed, the buffers with high D2O content, i.e. d-buffer
and 4MW-buffer, exhibit high contrast (difference in  between the solvent and the sample)
for the h-lipid acyl chains, which are characterized by negative . On the other hand, the buffers
with high H2O content, i.e. SMW and h-buffer, exhibit high contrast for the lipid headgroups
and the d-acyl chains. In addition, SMW-buffer perfectly mask the signal coming from the

PT

silicon bulk, so that only the signal arising from the silicon oxide layer and the lipid bilayer is
detected in this solvent.

To further constrain the generated model to the maximum number of experimental data sets,

RI

curves collected for the samples prepared with hPOPC and dPOPC were simultaneously fitted.

Indeed, hPOPC and dPOPC have the same molecular structure and thus produce only variation

SC

in the  of the bilayer. Hence the data collected for the bilayers with hPOPC and dPOPC can
be constrained to have the same structures but different B as input (see Table S1.1).

N

thus only the  of the acyl chain layer become affected.

U

Furthermore, the dPOPC used in this study is only partially tail deuterated in the tail region,

A

During the experiments, bare silicon crystals were initially characterized to evaluate the
structure of the native silicon oxide (see section S3 in Supplementary Material). Subsequently

M

SLBs were formed on the support surface. During data analysis, the output parameters for the
corresponding substrate were kept fixed to the values determined in their preliminary

TE

D

characterization.
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3. Results and Discussions
3.1.QCM-D Measurements

SLB formation by vesicle fusion was initially verified by QCM-D measurements. Figure 1
shows the formation of hPOPC and hPOPC/DOPIP3 bilayers by monitoringF and D over
time, see also Figure S2.1 and S2.2. In particular, the injection of vesicles induces a fast

A

decrease in F and parallel increasein D (region II), which are produced by vesicle
adsorption on the substrate surface. As already reported for vesicle-fusion in the presence of

salts [41], once a critical concentration of adsorbed vesicles is reached at the sensor surface
(F minimum and D maximum in region II), the vesicles will start to fuse and form a flat
lipid bilayer. As the vesicles contain a large amount of water, a mass decrease (an increase in
F), is expected when they fuse to form the lipid bilayer. In parallel, D is expected to decrease

as the lipid bilayer present a more rigid structure with respect to adsorbed vesicles. In the
present case, the effective formation of a lipid bilayer with high surface coverage was
confirmed by the final F value ~-26 Hz and a corresponding dissipation factor decrease to a

U

SC

RI

PT

value close to 0.

M

A

N

Figure 1 - QCM-D data monitoring the formation of hPOPC (blue) and hPOPC/DOPIP3 (red) lipid
bilayers; frequency (F) and dissipation (D) shifts for the sensor harmonics n=5 vs time (t), left and
right panel respectively. Region I=equilibration of the sensor in buffer; region II=injection of lipid
vesicles, adsorption on the sensor surface and fusion to form the SLB; Region III=complete SLB on the
sensor surface.

D

While in the case of POPC, the formation of a lipid bilayer through vesicle fusion was expected,
in the case of POPC/DOPIP3 it was fundamental to verify that the presence of DOPIP3, which

TE

has a considerably larger headgroup than POPC, did not prevent the SLB formation.
The presence of DOPIP3 in the vesicles slowed down the adsorption process, and but still the
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following formation of the lipid bilayer was observed. This evidence is in agreement with the
results of Baumann et al. [24], although the buffer composition and lipid concentration was
different. Indeed, F minimum and D maximum were reached later in time with respect to
the pure POPC sample. This observation can be related to the negative charge of PIP3 at pH =
7.5[26], which slows down the vesicle adsorption on the negative quartz surface. Nevertheless,

A

the lower vesicle adsorption rate did not affect the formation of the POPC/DOPIP3 SLB.

Besides the observation of the SLB formation both in the case of POPC and POPC/DOPIP3,

the similar F and D value for POPC and POPC/DOPIP3 bilayers (region III) suggests a
similar lipid amount of adsorbed lipids. Indeed, although equation 1 refers to a rigid film
(D=0), it still possible to use the equation 1 in the present case to make qualitative comparison
between the two lipid systems. The absorbed mass resulted to be ~470 and ~460 ng/cm2 for

POPC and POPC/DOPIP3 respectively. These results are in good agreement with previously
reported values for SLB formation on QCMD sensors.[42]
QCMD was used to identify the best condition for lipid deposition, however this technique can
only provide information of lipid adsorption kinetics. For this reason, AFM and in particular
NR resulted fundamental to complement the characterization of the SLBs with structural

PT

information.

RI

3.2 AFM measurements

AFM measurements further validated the successful formation of SLBs by POPC/DOPIP3

SC

vesicle deposition and it was used to estimate the total bilayer thickness. In situ lipid deposition
in the AFM measuring cell was performed three times and showed bilayers of high coverage

U

and homogeneous in-plane lipid distribution once the vesicle fusion process had completed.
The image in Figure 4 was recorded during the membrane formation process and shows an

N

incomplete bilayer that allows for height measurements and calculation of statistical quantities.

A

The average height and median height values of the image in Figure 2 were 4.6 ± 0.2 nm and
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D

there were no detectable defects.

M

5.0 ± 0.2 nm, respectively. It was otherwise not possible to identify the height on full SLB as

A

Figure 2 - Panel a: AFM image recorded during SLB formation from POPC/DOPIP3 vesicle fusion on
freshly cleaved mica. Panel b: line profile showing bilayer thickness from the edges of a defect as
indicated by the blue line in panel a.

3.3 NR measurements
NR measurements were performed to reveal the SLB structure and highlight the effect of the
presence of PIP3 as well as its location within the membrane. NR data were collected for pure

hPOPC bilayer, which was used as the reference in this study. Figure 3 shows the experimental

SC

RI

PT

data together with the fitted curves and the SLD profiles obtained from data analysis.

A

N

U

Figure 3 - NR data collected on FIGARO for hPOPC (panel a) bilayer in d-buffer, 4MW-buffer, SMWbuffer and h-buffer. The curves corresponding to the different solvents were offset for clarity, as
reported in the legend. The SLD profiles obtained from the global optimization of the fitting parameters
are given for hPOPC (panel b) and

M

The bilayer was described by the standard model including two outer layers accounting for the
headgroups and one intermediate layer accounting for the tails of both leaflets. As the bilayer

D

is composed by a single lipid species the two headgroup layers were constrained to the same

TE

fitting parameters.

The main structural parameters obtained from the data fitting (Table 1) are in good agreement
with the expected structure of POPC bilayers as previously reported in the literature[43].
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Figure 4 shows the NR data collected for the DOPIP3-containing bilayers where, respectively,
hPOPC and dPOPC were used. Indeed, it has been extensively demonstrated that selective
deuteration of lipids is a very suitable method to vary the contrast between different sample
components without affecting their structure[43-50]. In this case the first goal of the data

A

analysis was to investigate the location of PIP3 within the lipid bilayer, i.e. if it distributed
symmetrically or asymmetrically between the two leaflets. The DOPIP3 headgroup has a

considerably different scattering length with respect to POPC (see Table S1.1). However, by
replacing hPOPC with dPOPC, an even more significant contrast (difference in scattering
length density) was achieved also between the PIP3 and POPC tails (see Table S1.1).
As for POPC bilayers, the data sets for hPOPC/DOPIP3 and dPOPC/DOPIP3 were initially
analyzed separately and the fit analysis converged to similar parameter values. Therefore, the

two data sets were simultaneously analysed instead. The adopted model imposed the same lipid
structural parameters but using the relevant scattering lengths for hPOPC and dPOPC tails and
allowing the fitting curves for the two data sets to reflect different coverage for the two bilayers.
During the preliminary data analysis, a more complex model was used, where the bilayer was
described by 4 layers accounting for the tails and headgroups of each of the two leaflets. In this
case, molecular constraints were applied only between the headgroups and the tails belonging
to the same leaflet; this allowed for investigating the the distribution of DOPIP3 between the

PT

two bilayer leaflets. As it turned out, the obtained values for the fitting parameters highlighted
that upon addition of DOPIP3 the bilayer leaflets were still characterized by a symmetric

RI

composition, i.e. DOPIP3 is symmetrically distributed in the two bilayer leaflets (in

Supplementary Materials simulated curves corresponding to asymmetric distribution of

SC

DOPIP3 are reported for comparison with the adopted model). Consequently, the data analysis
was refined by applying constraints between the two leaflets in order to reduce the number of

U

fitting parameters; the headgroup layers were constrained to the same fitting parameters (inner

N

and outer headgroups are alike) and a single intermediate layer was used for the tails.

A

As reported in Table 1, the presence of DOPIP3 in the bilayer did not significantly affect the
the bilayer structure as compared to the pure POPC SLB; it mainly produced a small increment

M

in the headgroup layer thickness (the effect of the headgroup layer thickness on the theoretical
NR curves is reported in Supplementary Material).

D

The distance between the first DOPIP3 phosphate group (close to the glycerol unit) and the

TE

most external phosphate on the inositol ring (position 4) is ~5 Å [26]. The first phosphate group
is very close to the phosphate groups of the surrounding PC headgroups; in this situation , the
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DOPIP3 headgroup would protrude ~4 Å out from the membrane if it undertook a perpendicular
orientation with respect to the membrane surface [51].
Indeed, MD simulation performed by Wu and co-workers [26] showed that the orientation of
the DOPIP3 headgroup was influenced not only by solvation but also by the formation of
hydrogen bonds with the surrounding headgroups. Particularly, these latter would stabilize the

A

DOPIP3 headgroup tilting towards the membrane surface with a mean angle ~40 [52].
However it should be remembered that MD simulations are performed using 1) a reduced
number of lipids in order for the molecules to be explicitly taken into account (being in some
case limited event to a single PIP3 molecule in the bilayer[26]) and 2) limited simulation time.
These restrictions can impact the statistical relevance of the results. From this point of view
NR can highly complement MD studies providing experimental data averaged on a large

number of lipids. At the same time, the analysis of NR results can be reinforced by the great
molecular detail provided by the MD structure. In the present case, the thickness increment of
(3 ± 2) Å produced by DOPIP3 in POPC/DOPIP3 bilayer suggests a broad distribution of
orientations for the DOPIP3 headgroups. Nevertheless, this distribution resulted to be centered
on a value smaller than the expected one for a perpendicular orientation of the DOPIP3 inositol
ring, thus indicating a preferred orientation for the DOPIP3 headgroup which is actually closer
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to the membrane surface and the surrounding lipid headgroups.

A

Figure 4 - NR data collected on D17 for hPOPC/DOPIP3 (panel a) and dPOPC/DOPIP3 (panel c)
bilayers in d-buffer, 4MW-buffer, SMW-buffer and h-buffer. The curves corresponding to the different
solvents were offset for clarity, as reported in the legend. The SLD profiles obtained from the
optimization of the fitting parameters is reported for hPOPC/ DOPIP3 (panel b) and dPOPC/DOPIP3
(panel d). Data collected for hPOPC/DOPIP3 (panel a) and dPOPC/DOPIP3 (panel c) bilayer were
simultaneously fitted by the same model.

The calculated value for the area-per-lipid, Alip, for hPOPC and hPOPC/DOPIP3 (Table 1)
indicates that the surface area associated to each lipid is only slightly affected by the presence

RI

PT

of DOPIP3.

SC

Figure 5 - Schematic representation of POPC/DOPIP3. The DOPIP3 headgroup closer to the membrane
surface are reported in green with red dots representing the phosphorylated sites; POPC molecules are
represented in blue.

Interestingly the composition of POPC/DOPIP3 bilayers was considerably different from the

U

nominal molar ratio of POPC and DOPIP3 used to prepare the vesicles (i.e. 90/10 mol/mol).

N

As reported in Table 1, NR data indicated that the molar ratio of POPC/DOPIP3 in the

A

characterized sample was 61/39 mol/mol. As already reported elsewhere[44, 53], SLBs formed
by vesicle fusion can exhibit different composition with respect to the nominal sample

M

composition due to heterogeneity in the lipid distribution among vesicles with broad size
distribution. Fluorescence measurements performed on the single liposome level demonstrated

D

that vesicles in suspension can exhibit a high degree of heterogeneity in their composition[54].
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This compositional heterogeneity is associated to size polydispersity, i.e. small vesicles can
exhibit a different composition with respect to large vesicles due to curvature effects and the
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formation of SLBs with different composition from the nominal can be promoted by the small
vesicles reaching the substrate surface first [44]. These arguments explain the NR results of
DOPIP3 enrichment in the characterized SLBs. In particular, the experimental data suggests
that the concentration of DOPIP3 in smaller and more curved vesicles is higher than in larger
less curved vesicles. Smaller vesicles diffuse faster on the substrate surface, thus producing

A

higher DOPIP3 concentration in the SLB than expected from the nominal concentration of the
vesicles.

Table 1 - Structural parameters obtained from the fitting of NR data. Alip = averaged area per lipid
corrected for the lipid coverage; t=scattering length density of the tails; h=scattering length density
of the headgroups (the exchange of the 5 labile hydrogen atoms in the headgroup was taken into

account); t = tail surface coverage; h = headgroup surface coverage; tt=tail thickness; th = headgroup
thickness. Thickness values were calculated according to equation S1.7.

Parameter

hPOPC

hPOPC/DOPIP3 dPOPC/DOPIP3

Alip [Å2]

62 ± 1

63 ± 3

t ∙10-6[Å-2]

-0.29 ± 0.05

h ∙10-6 [Å-2]

1.82 ± 0.11

-0.26 ± 0.04

2.37 ± 0.02

PT

2.33 ± 0.25 (d-buffer)

2.21 ± 0.22 (4MW-buffer)

RI

2.08 ± 0.20 (SMW-buffer)
1.93± 0.17 (h-buffer)
0.96 ± 0.01

0.77 ± 0.02

0.81 ± 0.03

h

0.57 ± 0.02

0.49 ± 0.03

0.54 ± 0.04

tt [Å]

30 ± 1

th [Å]

9± 1

30 ± 1
12 ± 1

4. Conclusions
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PIPs are anionic phospholipids that play an important biological role as interaction partner of
different proteins thus regulating several cellular processes[2]. In the view of exploring PIP-
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protein co-structure in lipid membranes, SLBs are a suitable system for the implementation of
surface-sensitive techniques to study biomolecular interaction with and in biomembrane
mimics. Here the structure and composition of SLBs composed of POPC and DOPIP3 was
discussed, providing, for the first time, experimental structural data by NR on this kind of SLB.
Indeed, similar lipid bilayers were previously characterized by QCMD and MD. However, in

A

the first case only the bilayer formation kinetics was investigated and in the second case the

experimental validation of the simulation results was missing.
The best condition for lipid bilayer deposition were initially explored by means of QCMD
measurements. AFM provided insights on the total bilayer thickness, while NR provided a
detailed picture of the lipid bilayer structures.

As a result, the overall SLB structural properties are only slightly affected by DOPIP3; the tail
organization appeared to be unperturbed and a small increment of the headgroup thickness was
observed with respect to the pure POPC bilayer. Among the different orientation that the
DOPIP3 headgroup can undertake, NR results suggest a preferred orientation, which is actually
in the proximity of the membrane surface. This observation suggests that the DOPIP3
headgroups have a preferred orientation in the proximity of the other lipid headgroups,
Concerning the SLB composition, PIP3 was symmetrically distributed between the two leaflets,

PT

although its concentration was significantly higher than the nominal composition of the vesicle
preparation (39 % mol/mol compared to 10% mol/mol, respectively). Discrepancies between

RI

the nominal and the experimental composition of SLBs formed by vesicle fusion are well

documented[44, 53]. Indeed, the inhomogeneous composition of the vesicles (different sizes

SC

together with different distribution of the lipids in the vesicle populations) can be the
determining factor for SLB composition. This is important information to consider when

U

designing experiments with controlled PIP3 composition in the bilayer to assess the specific

N

interactions with proteins from solution.

A

Altogether, the present study provided valuable information on the structure of DOPIP3containg SLBs, which represent the fundamental scientific background for future studies aimed

M

at exploiting surface-sensitive techniques to shed light on the interaction between PIPs and
proteins. Indeed, the way the surrounding lipids can affect DOPIP3 orientation may have a

TE
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