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Abstract

The use of liposomes as drug delivery systems emerged in the last decades in view

of their capacity and versatility to deliver a variety of therapeutic agents. By means

of small angle neutron scattering (SANS), we performed a detailed characterisation of

liposomes containing OprF, the main porin of the Pseudomonas Aeruginosa bacterium

outer membrane. These OprF-liposomes are at the basis of a novel vaccine against this

antibiotic resistant bacterium, which is one of the main hospital-acquired pathogens and

causes each year a significant number of deaths. SANS data were analysed by a specific

model we created to quantify crucial information about the structure of the liposome
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containing OprF, including the lipid bilayer structure, the amount of protein in the lipid

bilayer, the average protein localisation and the effect of the protein incorporation on

the lipid bilayer. Quantification of such structural information is important to enhance

the design of liposomal delivery systems for therapeutic applications.

Introduction

Liposomes are classes of nanoscopic materials that possess excellent capabilities to deliver

drugs and a variety of therapeutic agents into the human body. An important feature of these

systems is that hydrophilic molecules can be contained in the inner part of the liposome,

while hydrophobic molecules can be inserted into the hydrocarbon chains, thus showing

a great versatility in the type of molecules they can carry. Many classes of liposomes of

different size, shape and composition as drug carriers have been developed1 including the

m-RNA vaccines used in the current Covid-19 pandemic.2,3

A detailed structural characterisation of liposomes containing molecular drugs or thera-

peutical agents is a key factor for their development and optimisation. Size and lipid compo-

sition in addition to the presence, the amount, the localisation and orientation of non-lipidic

molecular components embedded in the lipidic membrane may influence the interaction of

liposomes with human cells. The use of small angle neutron and X-ray scattering provides

averaged structural information on length-scales ranging from micrometer to sub nanometer

scales. When applied to liposomes, these scattering techniques provide information about

size and shape as well as a variety of details of the lipid and of the non-lipid components, such

as thickness, roughness and hydration of the head and tail regions, amount and localisation

of guest molecules.4,5

In this article we describe a structural characterisation performed with SANS of lipo-

somes containing the outer membrane protein F (OprF), the main porin of Pseudomonas

aeruginosa. This gram-negative human pathogen is responsible for a significant number of

nosocomial acquired infections that are resistant to most of the common antibiotics.6 This
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resistance is mainly due to the low permeability of the outer membrane that it is thought

to be controlled by the OprF porin.7 OprF is also involved in the mechanisms of adhesion

with host cell and in the interaction with gamma interferon for evasion of the host immune

system.8 It was also recognised that OprF might impact the biogenesis of outer membrane

vesicles used for cell to cell communication and for trafficking hydrophobic signals within a

bacterial population.9,10

Structurally, OprF appears in two conformation states: (i) the closed conformation,

formed by two domains, the N-terminal included in the outer membrane, and the C-terminal

residing outside the membrane as a globular domain; and (ii) the open state conformation,

fully contained in the outer membrane.11 The closed conformation represents around 95%

of OprF population.12 This is consistent with the low permeability of P. aeruginosa outer

membrane.

As other outer membrane proteins of P. aeruginosa, OprF is an ideal antigen that was

considered as vaccine candidate.13–18 OprF is a highly conserved among all the serotypes

of P. aeruginosa and it exposes some epitopes on the surface of the bacteria that can be

recognised by the immune system. It was shown by Lenormand and coworkers19 that fully

functional recombinant OprF, obtained by cell-free expression in form of proteoliposomes,

generates a strong immune response against cell-associated hemolytic activity (CHA) strain

of P. aeruginosa challenge when injected in mice. Importantly, that study showed it possible

to reconstruct the entire OprF membrane antigen, and hence all the conformational epitopes

of the protein, in the lipid bilayer of a synthetic liposome in large amounts. The mice

vaccinated with the injection of the OprF proteoliposomes not only survived and recovered

after lethal doses of a CHA strain, but showed a strong cross-protection conferred by sera

from immunised mice. Inoculation with the serum provided total protection against infection.

OprF proteoliposomes produced with the same method utilised for the vaccine candi-

date19 were analysed with a novel model to calculate small angle scattering form factors.

The model presented in this manuscript describes the form factor of the proteoliposome
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through a combination of volume fraction radial distributions of relevant molecular groups

appropriately chosen. This volume fraction approach, already applied to planar or cylindrical

geometry,20,21 is here extended to particles with spherical symmetry. The analysis returned

key nanostructural information of the OprF proteoliposome, including average structural in-

formation on the lipid bilayer, the localisation of the OprF and the effect of its incorporation

on the lipid bilayer. Importantly, this methodology can be applied to study liposomes formed

by a mixture of lipids and containing proteins or other compounds in the lipid bilayer, either

in its interior or on the liposome surface.

Materials and Methods

Synthesis of OprF Proteoliposomes

OprF proteoliposomes were produced with the cell-free expression technique.22 Briefly, li-

posomes were prepared starting from a lipid mixture of DOPC:DOPE:Cholesterol:DMPA

(2:1:1:1) mole proportion. The mixture in chloroform was firstly dried under nitrogen dur-

ing almost 2 hours. The film was then resuspended and then solution was sonicated 3 times

30 s (5 s pulses). The resulting solution was then filtered with a 0.2 µm polyethersulfone

(PES) filter. Liposomes at a concentration of 3.3 g/L were mixed with the cell free lysate

and the plasmids. After the expression of the membrane protein, the crude extract was

centrifuged and washed with salt solution (5 M NaCl) to remove extrinsic proteins from the

proteoliposomes. The resulting proteoliposomes purity was confirmed by on SDS-PAGE to

be around 90 − 95%. After the centrifugation, the pellet containing the protein was resus-

pended in an adequate volume to obtain a protein concentration of 1 g/L. The concentration

of lipids in the proteoliposomes was not estimated.
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Sample preparation

Liposomes were prepared starting from a lipid mixture of DOPC:DOPE:Cholesterol:DMPA

(2:1:1:1) mole proportion with a concentration of 5 g/L in D2O/H2O mixtures. The lipids

were dissolved in water and sonicated. Then the resulting solution was filtered with a PES

filter of 0.2 µm. Once they were filtered, their relative concentration might have slightly

changed, because some lipids can be preferentially trapped in the sieve compared to others.

Dynamic light scattering experiments (DLS) showed that the radius size was distributed

around 150 nm.

Proteoliposomes were prepared with the cell-free expression.22 Liposomes prepared as

described above at a concentration of 3.3 g/L were mixed with the lysate and the plasmids.

After the expression, the mixture was centrifuged and washed with salts solution to remove

all the rest of the lysate. The resulting purity of proteoliposomes was around 90−95%. After

the centrifugation, the pellet containing the protein was resuspended in an adequate volume

to obtain a protein concentration of 1 g/L. The concentration of lipids was not estimated.

140 µL of the proteoliposome suspensions were diluted to 400 µL with proper amounts of

H2O and D2O to obtain a total solvent deuteration grade, xD = [D2O]/([D2O] + [H2O]), of

0, 0.1, 0.14 and 0.4 Hence the final protein concentration in the SANS measurement cells

was about 0.5 g/L, whereas the nominal calculated lipid concentration was around 1.2 g/L,

with a possible variation of the molar ratios among the lipids molecules. DLS measurements

showed that the proteoliposome radius is around 1000 nm with a polidispersity index (PDI)

around 0.25. Salt traces in the samples are estimated to be lower than 150 mM.

SAS Model

We have developed a novel method to calculate the SAXS or SANS form factor of a spherical

vesicle with polydispersed radius surrounded by an asymmetric bilayer. The method is based

on the volume fraction approach, which has been widely applied in planar geometry4,20,23–25

and, more recently, in cylindrical geometry.21 Molecules constituting the inner or the outer
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monolayer may comprise one or several kinds of lipids, as well as embedded proteins or other

compounds. The solution inside the vesicle could have a composition different from the one

of the bulk solution. According to the molar composition of all the molecules forming a

monolayer, two molecular units can be identified so that the spherical shell associated to

each monolayer can be seen by the self-assembling of many corresponding molecular units.

Following the standard scattering density profile (SDP)4,23–25 approach, the molecular unit

is described in terms of united groups, each one characterized by two relevant properties from

the scattering point of view: the volume and the scattering length.

We will now describe the details regarding the novel method.

Inner and outer monolayers are hereafter labeled by the symbol α = in and α = out, re-

spectively, and we indicate with Nsa,α the corresponding number of self-assembled molecular

units. For each united group of the molecular unit in the α monolayer (from now on labelled

with the subscript g,α), we assume to know their number (which depends on the composi-

tion of the molecular unit), volume and scattering length, indicated with ng,α, νg,α and bg,α,

respectively. Hence the scattering length density (SLD) of the g-group in the α-monolayer

will be ρg,α = bg,α/νg,α. It is worth to treat in a distinct way the hydrophobic and the polar

groups of the molecular units as well as the hydration molecules (water, co-solvents as well

as other compounds randomly dispersed in solution) that are close to the polar groups. Let

Nh,α and Np,α be the number of hydrophobic and polar groups necessary to describe the

molecular unit in the α monolayer, respectively. We start to label these groups from the

hydrophobic to the polar ones. The group g = 1 is considered the one that mostly occu-

pies the total hydrophobic domain volume: typically it is the methylene CH2 group of the

aliphatic chains. The group with the index g = Nh,α +Np,α + 1 comprises all the hydration

molecules: we assume that the composition and the molecular volumes of these molecules

inside the vesicle (α = in), including the one in contact with the inner polar groups, are

unique and determine a SLD indicated with ρNh,in+Np,in+1,in and that the bulk solution could

have a different composition and hence a different SLD indicated with ρ0. Moreover, accord-
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ing to Berndt et al. 26 , we assume that the molecular volume of the solvent (water in most

cases) in the vicinity of the polar groups of the outer monolayer (α = out) could be different

from the one of the bulk solvent: we hence indicate with ρNh,out+Np,out+1,out the SLD of the

outer hydration molecules.

At the heart of the method there is the concept of group volume fraction radial distribu-

tion: it is the function ϕg,α(r) that indicates the volume fraction occupied by the g-group in

the α-monolayer in the spherical shell placed at a distance from the vesicle center comprised

between r and r + dr. Clearly, since these functions must represent fractions, they should

obey to the constraint
∑Nh,α+Np,α+1

g=1 ϕg,α(r) = 1. Moreover, the volume integral in spherical

coordinates of ϕg,α(r) should give the total volume occupied by the g-group, hence

4π

∫ ∞
0

r2 ϕg,α(r) dr = Nsa,αng,ανg,α. (1)

In the SDP method,4,23–25,27–29 volume fraction distributions are modeled by Gaussians,

whereas in the modified SDP (MSDP)20 method they are a combination of error functions.

Here, according to Berndt et al. 26 , in order to simplify the Fourier transform calculation in

spherical geometry, we have chosen to model the group volume fraction radial distributions

as peaks obtained by a combinations of four parabolas. Before the proper normalization,
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this kind of peak is defined by the expression

f(r) =



0 r ≤ r1

(r1−r)2
2(ξlw)2

r1 < r ≤ r2

1− (r3−r)2
2(ξlw)2

r2 < r ≤ r3

1 r3 < r ≤ r5

1− (r5−r)2
2(ξrw)2

r5 < r ≤ r6

(r7−r)2
2(ξrw)2

r6 ≤ r ≤ r7

0 r ≥ r7

,

r1 = R + r0 − w − ξlw,

r2 = R + r0 − w,

r3 = R + r0 − w + ξlw,

r4 = R + r0,

r5 = R + r0 + w − ξrw,

r6 = R + r0 + w,

r7 = R + r0 + w + ξrw.

(2)

A representative plot of f(r) is reported in Figure 1. In this equation R is the radius of

r

f
(r
)

ξrw

ξrwξlw

ξlw

w w

r7r6r5r4r3r2r1

1

0.5

0

Figure 1: Plot of the function f(r). See Eq. 2 for the definition of ri with i = 1, 7.
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the vesicle, defined by the distance from the vesicle center to the interface between inner

and outer monolayers, R + r0 = r4 is the peak position, w = r6 − r4 = r4 − r2 is half the

width at half the height (in short the peak wideness) and ξl = (r3− r2)/w = (r2− r1)/w and

ξr = (r6 − r5)/w = (r7 − r6)/w (both ranging from 0 to 1) are smoothness parameters that

modulate the parabolic profile on the left side and on the right side of the peak, respectively.

To note, Eq. 2 shows that f(r) is different from 0 only in the range r1 ≤ r ≤ r7. Hence, its

volume integral can be easily calculated leading to

Vf = 4π

∫ r7

r1

r2f(r)dr

=
2πw

3
(12r2

4 + w2(4 + ξ2
r + ξ2

l ) + 2wr4(ξ2
r − ξ2

l )) (3)

According to Eq. 1, the group volume fraction radial distribution can be then expressed by

ϕg,α(r) =
Nsa,αng,ανg,α

Vf
fg,α(r) (4)

where the symbol fg,α(r) indicates the function f(r) corresponding to the g-group of the

α-monolayer, with r0 = rg,α, w = wg,α and ξl = ξr = ξg,α. Notice that, for the sake of

simplicity, we have assumed that the left and the right smoothness parameters are equal.

We should consider that groups in the inner monolayer will have negative values of rg,α,

whereas for the ones on the outer monolayer rg,α is positive.

In order to avoid the presence of water molecules among the hydrophobic groups, follow-

ing De Rosa et al. 20 , we consider that the peak function defined in Eq. 2, whose maximum

value is 1, can be well suited, without any normalization, to represent the volume fraction

radial distribution of the α-hydrophobic domain (which include all the Nh,α hydrophobic

groups of the α-monolayer), indicated with ϕh,α(r). Let us call Dh,α the thickness of the hy-

drophobic domain: considering the meaning of the parameters defining Eq. 2 and its behavior

reported in Figure 1, for the inner monolayer we should consider r6 = R, r6− r2 = Dh,in and
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r4 = R − Dh,in/2, whereas for the outer monolayer we have r2 = R, r6 − r2 = R + Dh,out

and r4 = Dh,out/2. Moreover, we consider that a unique smoothness length, defined as σterm,

could describe the junction between inner (σterm = r7 − r6 = r6 − r5) and outer monolayers

(σterm = r3− r2 = r2− r1). Hence, on the basis of these considerations, we define ϕh,in(r) the

hydrophobic volume fraction distribution of the inner monolayer obtained through the func-

tion f(r) with r0 = −Dh,in/2, w = Dh,in/2, ξl = ξh,in and ξr = σterm/(Dh,in/2)). Likewise, the

hydrophobic volume fraction distribution of the outer monolayer, ϕh,out(r), is defined through

the function f(r) with r0 = Dh,out/2, w = Dh,out/2, ξl = σterm/(Dh,out/2) and ξr = ξh,out.

The integral over the hydrophobic domain volume fraction radial distribution should be

the volume Vh,α occupied by the hydrophobic components of molecules in the α-monolayer.

Thus we derive

Vh,in = 4π

∫ R+σterm

R−Dh,in−ξh,inDh,in/2

ϕh,in(r)r2dr

=
π

6
(8D3

h,in +D3
h,inξ

2
h,in − 24D2

h,inR−D2
h,inξ

2
h,inR + 4σ2

termR + 24Dh,inR
2)

= Nsa,in

Nh,in∑
g=1

ng,inνg,in = Nsa,inνh,in, (5)

and

Vh,out = 4π

∫ R+Dh,out+ξh,outDh,out

R−σterm
ϕh,out(r)r

2dr

=
π

6
(8D3

h,out +D3
h,outξ

2
h,out + 24D2

h,outR +D2
h,outξ

2
h,outR− 4σ2

termR + 24Dh,outR
2)

= Nsa,out

Nh,out∑
g=1

ng,outνg,out = Nsa,outνh,out, (6)

where we have introduced the volume νh,α =
∑Nh,α

g=1 ng,ανg,α occupied by all the hydrophobic

groups of the molecular unit of the α-monolayer. To note, Eqs. 5-6 can be used to calculate

the self-assembling number Nsa,α (which we have seen enters in Eq. 4) as a function of the

peak parameters defining ϕh,α(r). Considering the Fourier transform and the need to deal
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with the polydispersion on R, as we will discuss in the next paragraph, it is useful to develop

in power series of 1/R the normalization factor introduced in Eq. 4, according to

Nsa,αng,ανg,α
Vf

=
K∑
k=0

ak,g,α
Rk

(7)

where K is the maximum value of the power (we have used K = 3) and the expansion

coefficients ak,g,α will depends on all the parameters, apart R, that define the hydrophobic

volume fraction distribution of the α-monolayer, ϕh,α(r), and the g-group volume fraction

distribution, ϕg,α(r). The analytic values of ak,g,α, that have been obtained on the basis of

Eqs. 3, 5 and 6, are reported in supporting information (SI), Eq. S1. The volume fraction

radial distribution of the dominant hydrophobic group (g = 1, typically CH2) is obtained by

subtracting from the overall volume fraction of the hydrophobic domain the volume fractions

of all the other hydrophobic groups,4,23–25

ϕ1,α(r) = ϕh,α(r)−
Nh,α∑
g=2

ϕg,α(r). (8)

To avoid nonphysical results, it should be ensured that this subtraction is never negative.

We turn now to describe the volume fraction radial distribution of hydration molecules

in the inner and in the outer monolayer, which we have indexed with g = Nh,α + Np,α + 1.

We firstly observe that the minimum radius of the inner region is Rin = R − Din, where

Din = −min{rg,in−wg,in(1 + ξg,in)}, with g = 1, Nh,in +Np,in, defined as the thickness of the

hydrated inner monolayer, whereas the maximum radius of the solvated outer monolayer is

Rout = R+Dout, where Dout = max{rg,out +wg,out(1 + ξg,out)}, with g = 1, Nh,out +Np,out, is

the thickness of the hydrated outer monolayer. Secondly, we observe that, since hydration

molecules cannot enter in the hydrophobic domains, their volume fraction radial distribution

can be different from 0 only in the range 0 ≤ r ≤ R, for the inner monolayer, and only in the

range R ≤ r ≤ Rout, for the outer monolayer. Third, since hydration molecules cannot enter
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in the junction between the two monolayers, for calculating the hydration volume fraction

due to, respectively, the inner monolayer in the range 0 ≤ r ≤ R and to the outer monolayer

in the range R ≤ r ≤ Rout, we need to set σterm = 0. In these conditions, the hydration

volume fraction radial distribution can be expressed as the complement to 1 of all the other

group volume fraction radial distributions, according to

ϕNh,in+Np,in+1,in(r) = rect

(
r −R
R

+
1

2

)
− ϕ̄h,in(r)−

Nh,in+Np,in∑
g=Nh,in+1

ϕg,in(r), (9)

and

ϕNh,out+Np,out+1,out(r) = rect

(
r −R
Dout

− 1

2

)
− ϕ̄h,out(r)−

Nh,out+Np,out∑
g=Nh,out+1

ϕg,out(r), (10)

In these equations rect(x) is the rectangle function (rect(x) = 1 if |x| ≤ 1/2 and 0 otherwise):

it ensures that the complement to 1 is calculated only for the proper values of r. Notice that

ϕ̄h,α(r) is the hydration volume fraction of the α-monolayer calculated with σterm = 0.

The radial excess SLD profile with respect to the bulk SLD, ρ0, is

%(r)− ρ0 =
∑

α=in,out

Nh,α+Np,α+1∑
g=1

(ρg,α − ρ0)ϕg,α(r) (11)

This equation can be transformed according to Eqs. 8, 9 and 10, as shown in SI, Eq. S3.

The vesicle form factor is the so-called isotropic Fourier transform o the excess SLD,

according to

F (q) = 4π

∫ ∞
0

[%(r)− ρ0]
sin(qr)

qr
r2dr (12)

On the basis of Eq. 11, F (q) will be a linear combination of the Fourier transforms of the

volume fraction distributions ϕg,α(r), which, as previously discussed, are both expressed by

the peak f(r) defined in Eq. 2. As shown in Eq. S5 of the SI, the parabolic nature of f(r)
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allows the easy derivation of the analytic solution of its Fourier transform, f̃(q).

As shown in detail in the SI, we have been able to express both F (q) and its square in a

compact form, prone to be averaged under the polydispersion distribution function p(R) of

the vesicle radius R. Indeed, we have obtained Eqs. S15 and S20 here reported,

F (q) =
4π

q

K∑
k=−1

=
{
eıqR

Fk(q)

Rk

}
(13)

F 2(q) =
8π2

q2

K∑
k1,k2=−1

<
{
Fk1(q)F

∗
k2

(q)

Rk1+k2
− eı2qRFk1(q)Fk2(q)

Rk1+k2

}
(14)

where all the features of the volume distribution functions and SLDs are contained in the

analytic functions Fk(q), reported in Eqs. S16-S19.

According to Pencer et al. 30 , we have chosen the Schulz distribution function as a model

for the p(R),

p(R) =
ssR0

Γ(sR0)
RsR0−1e−sR (15)

being Γ(x) the so-called Gamma function. This distribution is characterized by two param-

eters, the average radius R0,

R0 =<R>=

∫ ∞
0

Rp(R) dR, (16)

and s = 1
R0ξ2R

, where ξR is the dispersion of R,

ξ2
R = (<R2> − <R>2)/ <R>2 . (17)

The expressions that we have derived for the form factor and its square (Eqs. 13 and 14),

which show a simple dependency on R due to the power expansions of the normalization

factors (Eq. 7), allow to derive analytic equations for their polydispersion averages, <F (q)>

and <F 2(q)> over p(R). They are fully reported in the SI, Eqs. S26 and S27. We wish to
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emphasize that this feature allows to apply this model in a rapid and efficient data fitting

procedure.

The macroscopic differential scattering cross section (SCS) provided by a SAXS or a

SANS experiment of polydispersed vesicles can be written in the following form

dΣ

dΩ
(q) = NACves <F

2(q)> SM(q) +B, (18)

where NA is Avogadro’s number, Cves is the molar concentration of polydispersed vesicles

(calculated as shown in the SI, Eq. S32) and B is a flat residual background mostly due to

the inchoerent scattering contribution of the non acidic protons of the sample. It’s worth

remarking that the decoupling approximation is poor for systems with high polydispersities

such the proteoliposomes used in this study, and the local monodisperse approximation

used by Pedersen 31 might work better. However, in view of the low concentration of the

proteoliposomes in solution this does not acctually make a substantial difference. The term

SM(q) in Eq. 18 is called the “effective” structure factor: it takes into account all the

interference effects coming from distinct vesicles. In the case of a polydispersed system, it

can be approximated by the following equation

SM(q) = 1 +
<F (q)>2

<F 2(q)>
[S(q)− 1] (19)

where S(q) is the vesicle-vesicle structure factor, which can be described by different ap-

proximations as discussed in Spinozzi et al. 32 . In this case the S(q) was derived by the

perturbation of the Perkus-Yevick structure factor due to the presence of a double Yukawian

potential within the random phase approximation.32

In the case of SANS, we have also to consider the non negligible experimental uncertainty

on q. To deal with this effect, we have to convolute the model SCS with the instrumental
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resolution function Rav(q′, q), according to

〈
dΣ

dΩ
(q)

〉
=

∫ q+3σq

q−3σq

dΣ

dΩ
(q′)Rav(q′, q) dq′, (20)

where σq is the standard deviation of the q, an information that should be experimentally

available. Analytic approximation of Rav(q′, q) are available in literature.33

SANS experiments

SANS measurements were performed on KWS-2 SANS diffractometer operated by Jülich

Centre for Neutron Science at the neutron source Heinz Maier–Leibnitz (FRM II reac-

tor) in Garching, Germany.34 The incident neutron beam at KWS-2 was monochromatized

with a velocity selector to have an average wavelength λ with a wavelength distribution of

δλ/λ = 20%. The scattering patterns were collected using a two-dimensional (2D) scintil-

lation detector which was placed at 2 m, 8m and 20m after the sample. The measurements

at 2m and 8m detection distance were carried out with a wavelenegth λ = 5 Å while for

the sample-to-detector distance of 20m a wavelength λ = 10 Å was used. The scattering

patterns were corrected for the background of the sample quartz cuvette, the electronic

noise of the detector and the detector sensitivity and circularly averaged to obtain scatter-

ing intensity profiles as a function of Q, where Q is the scattering vector and defined as

Q = (4π/λ) sin(θ/2), with θ the scattering angle. The final intensity profiles obtained were

corrected for the solvent buffer contribution. All measurements were performed at 25◦ C.

Results and Discussion

SANS curves recorded at KWS2 for samples of liposomes (L) and proteoliposomes (PL) in

different conditions of the solvent deuteration grades (xD) are shown in Figure 2. All curves

have been analysed with the model introduced in the section SAS Model, which has been

included in the GENFIT software.32
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Since, the composition of the mixture DOPC:DOPE:CHOL:DMPA constituting the lipo-

somes (L samples) is not exactly known, and considering that it could change in the presence

of OprF (PL samples), we have introduced two sets of molar ratios xS,DOPC:xS,DOPE:xS,CHOL:xS,DMPA

(where S stands for L or PL samples) and leaving each value of xS,k (k = 1, 4) to vary within

a range of ±20% around the nominal value (xS,DOPC = 2, xS,DOPE = 1, xS,CHOL = 1,

xS,DMPA = 1). Accordingly, the average molecular weight of all the lipid molecules consti-

tuting the molecular unit is <Mw>S=
∑4

k=1 yS,kMw,k, yS,k being the lipid normalized ratio,

yS,k = xS,k/
∑4

k′=1 xS,k′ . The total w/v lipid concentrations for the two series of samples, cS,

are also fitting parameters that cannot be greater than the nominal values (cL ≤ 5 g/L and

cPL ≤ 1.2 g/L). Conversely, the w/v protein concentration in the PL samples, cOprF, is refined

in a narrow range 0.4−0.6 g/L around the nominal value. To note, for PL samples, the num-

ber of protein molecules in each molecular unit is yPL,OprF = cOprF/Mw,OprF/(cPL/ <Mw>PL).

The list of the j-chemical groups constituting all the k-molecules in the samples is re-

ported in Table 1, together with their nominal molecular volume (νj), molecular weight

(Mw,j), scattering length calculated in pure light water (where all exchangeable hydrogens

atoms are protons, bH,j) and in pure heavy water (with all exchangeable hydrogens are sub-

stituted with deuterons, bD,j) and their abundance in each molecule (mj,k).

In order to simplify the description of the system and to reduce the number of fitting

parameters, for L samples the molecular units of both inner and outer monolayer are defined

by only one united hydrophobic group, which includes all the lipid hydrophobic j-chemical

groups (first block of Table 1), and one polar united group, referring to the polar j-chemical

groups (second block of Table 1). For PL samples we add a second hydrophobic united group

for each monolayer, which is half the OprF barrel (OprFHB), and a second polar united group.

The scattering length of the united groups belonging to the OprF depends on the isotopic

content of the aqueous solution due to the presence of labile hydrogens that can exchange

with the solution. Accordingly, the scattering length of the g-united group, in the presence

of a solvent with deuteration grade xD, is calculated by bg,α = xDbD,g,α + (1 − xD)bH,g,α,
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Table 1: List of all chemical groups and their molecular volumes, molecular weights, num-
ber of exchangeable hydrogens, scattering length in H2O, scattering length in D2O, and
abundance in the four lipid molecules investigated and in OprF protein. (a) data calculated
according to Marsh 35 . Neutron scattering length and molecular volumes of protein groups
have been calculated according to Jacrot 36 . The first and the last block of the table refer to
hydrophobic and polar groups, respectively.

DOPC DOPE CHOL DMPA OprF

j-group ν
(a)
j Mw,j nH,exg bH,j bD,j mj,k

(Å3) (g/mol) (10−12 cm) k = 1 k = 2 k = 3 k = 4 k = 5
Hydrophobic chemical groups

CH2 27.7 14.03 0 −0.083 −0.083 28 28 24
CH3 52.9 15.04 0 −0.458 −0.458 2 2 2
CH 21.5 13.02 0 0.291 0.291 4 4
CHOLh 608.3 369.66 0 1.119 1.119 1
OprFHB 12662.2 10004.95 159 238.321 404.148 2

Polar chemical groups
PCN 87.8 137.03 0 3.612 3.612 1
CG 143.3 129.09 0 3.776 3.776 1 1 1
ColCH3 99.9 45.11 0 −1.373 −1.373 1
OH 14.3 17.01 1 0.206 1.248 1
PCNH3 103.3 140.06 3 2.489 5.613 1
P 31.9 94.97 1 2.839 3.880 1
OprFC 21631.4 17595.69 290 418.199 720.697 1
OprFN 3187.8 2575.34 44 68.751 114.048 1

Water
H2O 29.9 18.02 2 −0.168 1.915
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Figure 2: SANS experimental data of liposomes (L, left panel) and proteoliposomes (PL,
right panel) at different solvent deuteration grades (xD). Red, green and blue points refer
to a sample-to-detector distance of 20, 8 and 2 m, respectively. Solid black/colored lines are
the best fits obtained by GENFIT software.32 Subsequent curves are multiplied by a factor
50.0 for clarity.

with bI,g,α =
∑5

k=1 yS,k

∑
j δj,gmj,kbI,j with I = D,H, δj,g being the Kronecker δ function

which is 1 only if the united group g includes the chemical group j and 0 otherwise (Table

1). The molecular volume of the united group g is νg,α =
∑5

k=1 yS,k

∑
j δj,gmj,kνj. On this

basis, for L samples we have Nh,α = 1 and Np,α = 1, as well as n1,α = 1 and n2,α = 1 for

both α = in and α = out. On the other hand, for PL samples, we have Nh,α = 2 and

Np,α = 2, n1,α = 1, n2,α = yPL,OprF, n3,α = 1, n4,α = yPL,OprF, again for both α = in and

α = out. We have to pay attention to the 4, α-united groups, which represent the polar

protein domains. Indeed, it is not certain if the OprF C-terminal domain points toward the
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inner or the outer vesicle layers. Thus, we introduce an adjustable parameter, xC,∈, which

indicates the fraction of the OprF proteins with the C-terminal domain pointing toward the

inner vesicle. Hence, the volume and the scattering length of the second inner polar group

are ν4,in = xC,∈νOprFC
+ (1 − xC,∈)νOprFN

and bI,4,in = xC,∈bI,OprFC
+ (1 − xC,∈)bI,OprFN

(with

I = D,H). Conversely, the volume and the scattering length of the second outer polar group

are ν4,out = (1− xC,∈)νOprFC
+ xC,∈νOprFN

and bI,4,out = (1− xC,∈)bI,OprFC
+ xC,∈bI,OprFN

.

The set of all the NC = 30 experimental SANS curves shown in Figure 2 (3 curves for each

samples, recorded at three different sample-to-detector distances) have been simultaneously

co-refined by means of Eq. 20 with a unique optimum fit. The merit function that has been

minimized is the overall reduced chi-square,

χ2 =
1

NC

NC∑
c=1

1

Nq,C

Nq,C∑
k=1

(〈
dΣ
dΩ

(qk)
〉

c
− dΣ

dΩ c,exp
(qk)

σc,exp(qk)

)2

(21)

where
〈
dΣ
dΩ

(qk)
〉

c
, dΣ
dΩ c,exp

(qk) and σc,exp(qk) are theoretical, experimental and standard devia-

tion values of the c-th SANS curve measured at the k-th of the Nq,C values of q.

Fitting parameters have been classified in three classes. In the first class we have param-

eters that should have a unique value for all the 30 SANS curves. They are: the volume of

the methylene group, νCH2 ; the ratios x12 = νCH3/νCH2 and x13 = νCH/νCH2 ; the volumes of

the lipid polar chemical groups, νCHOLh
, νPCN, νCG, νOH, νPCNH3 , and νP; the relative mass

density of the hydration water, dhw.

In the second class there are fitting parameters shared by the all the curves within each

of the two series of samples, S = L and S = PL. This class contains the largest number of

parameters. They are: the composition of the molecular unit, xS,k, with k = 1, 4; the total

w/v lipid concentrations, cS; the protein concentration, cOprF (only for S = PL samples);

the average radius of the vesicles, R0, and its dispersion, ξR; the smoothness length at the

monolayers’ junction, σterm; the thickness of the hydrophobic domain of each monolayers,

Dh,α; a unique hydrophobic domain smoothness parameter, ξh = ξh,in = ξh,out, a choice we
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made in order to reduce at the minimum the number of fitting parameters; the wideness

parameters of the lipid polar group of each monolayers, wp,α (corresponding to wNh,α+1,α,

according to the label assignment rules); a unique lipid polar group smoothness parameter,

ξp = ξNh,α+1,in = ξNh,α+1,out; a unique protein hydrophobic group smoothness parameter,

ξOprF,h = ξNh,α,in = ξNh,α,out (only for S = PL samples); the wideness parameters of the

protein polar group of each monolayers, wOprF,p,α (only for S = PL samples, corresponding

to wNh,α+Np,α,α); the protein polar group smoothness parameters of each monolayers, ξOprF,p,α

(only for S = PL samples, corresponding to ξNh,α+Np,α,α); the structure factor parameters J ,

d, Z as well as the ionic strength IS.32

The third and last class of parameters include those parameters that are shared by

samples that only differ for the sample-to-detector distance. They are: the refined values of

the deuteration grade, xD, that could be slightly different form the nominal value, due to the

contribution of the exchangeable protons coming from all the compounds except light water;

the flat background B due to the incoherent scattering contribution to the SANS curves.

It is worth noting that there are no fitting parameters that refer to only one of the

30 experimental curves and that the values of the parameters were restricted to physically

relevant intervals.

It is also worth to underline that, in order to set at the minimum possible value the num-

ber of the fitting parameters, and also to control the continuity of the protein domains, for

PL samples we have assumed, from one hand, that the wideness parameter of the two pro-

tein hydrophobic groups (OprFHB) should be half the thickness of the hydrophobic domain,

wNh,α,α = Dh,α/2, and, from the other hand, that the positions of these two groups should

be rNh,in,in = −Dh,in/2 and rNh,out,out = Dh,out/2. This choice ensures that the hydrophobic

protein groups have the same thickness of the hydrophobic domain of the molecular units.

Moreover, the positions of the protein polar domains have been written as rNh,in+Np,in,in =

−Dh,in − wOprF,p,in − lOprF,p,in and rNh,out+Np,out,out = Dh,out + wOprF,p,out + lOprF,p,out, where

lOprF,p,α are taken as positive second class fitting parameters.
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Best fitting curves are reported in Figure 2 with the same colour of the experimental

points. The quality of the fit, within the experimental uncertainty, is, in all cases, high.

Looking at the three fitting curves related to the three sample-to-detector distances, we

notice that they do not always overlap each other: this effect is due to the very different q

resolution of at the three configurations, which, according to Eq. 20, differently affects the

unique model curve dΣ
dΩ

(q) behind the three curves.

Fitting parameters of the first and the third class are reported in Table 2. The ones

less relevant, belonging to the third class, are shown in the SI, Table S1. Other significant

parameters, derived by the fitting ones, are shown in Table 3. The molecular volumes of

the different chemical groups was allowed to slightly vary in the fit with respect to the their

nominal values designated in Table 1, in order to account from the differences on molecular

packing. Their values obtained from the fit are in general consistent within the errors of the

nominal values.

The lipid w/v concentration for the L series of samples is 4.6 ± 0.2 g/L, quite close to

the nominal value. For PL samples, the lipid and protein w/v concentration found by the

SANS analysis are 0.56 ± 0.07 and 0.46 ± 0.07 g/L, respectively. The estimate of the lipid

component in a mixed lipid protein system such the proteoliposome is a quantity subject

to a significant uncertainty in the preparation phase due to the measurement uncertainties

at each step, in particular in the filtration step. Our SANS analysis could provide a more

precise estimation of this number thanks to the significant difference in the scattering length

densities of the protein and of the lipid component and to how these densities are differently

affected by the isotopic substitution of the water molecules in the different contrasts used in

the experiments.

To note, for the two series of samples, L and PL, the molar concentration of vesicles has

resulted to be very low (390± 30 nM and 6.0± 0.1 nM, respectively, see Table S1), so that

the structure factor SM(q) is almost 1 and does not modify the form factor. The vesicle

average radius R0 is quite different for the two series of samples (200± 10 Å and 586± 7 Å
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Table 2: First and second class of fitting parameters obtained by the analysis of SANS curves.
The unit of length is Å. Validity ranges of fitting parameters: a 26.5− 28.1; b 1.92− 1.98; c

0.76 − 0.84; d 626.1 − 590.5; e 90.4 − 85.2; f 147.5 − 139.1; g 14.7 − 13.9; h 106.3 − 100.2; i

32.8−30.9; j 1.00−1.10; k 1.6−2.4; l 0.8−1.2; m 3.0−5.0 g/L; n 0.5−1.2 g/L; o 0.4−0.6 g/L;
p 100− 2000; q 0.01− 3; r 1− 5; s 12− 17; t 0.1− 1; u 4− 7; v 0− 1; w 4− 25; x 0− 20.

First class fitting parameters
νCH2

a 28.1±0.2
x12

b 1.92±0.03
x13

c 0.83±0.02
νCHOLh

d 620±8
νPCN

e 88±2
νCG

f 145.8±0.8
νOH

g 14.2±0.2
νPCNH3

h 103.8±0.7
νP

i 31.6±0.3
dhw

j 1.00±0.01
Second class fitting parameters

L PL
xS,DOPC

k 2.1±0.2 2.40±0.04
xS,DOPE

l 0.80±0.07 0.89±0.08
xS,CHOL

l 1.1±0.1 0.8±0.2
xS,DMPA

l 0.8±0.1 0.8±0.2
cS

m 4.6±0.2 0.56±0.07 n

cOprF 0.46±0.07 o

R0
p 200±10 586±7

ξR
q 0.36±0.02 0.33±0.01

σterm
r 1.0±0.1 4.6±0.6

Dh,∈
s 13.9±0.4 14.8±0.1

Dh,out
s 14.8±0.4 15.5±0.2

ξh
t 0.999±0.002 1.0±0.1

wp,∈
u 4.6±0.6 5.5±0.3

wp,out
u 7.0±0.8 6.3±0.8

ξp
t 0.5±0.4 0.1±0.4

xC,∈ 0.5±0.2 v

ξOprF,h 0.1±0.4 t

wOprF,p,∈ 6±2 w

wOprF,p,out 6.4±0.6 w

ξOprF,p,∈ 0.9±0.5 t

ξOprF,p,out 0.7±0.4 t

lOprF,p,∈ 0±1 x

lOprF,p,out 0±7 x
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Table 3: Derived parameters obtained by the analysis of SANS curves. The unit of length
and surface area are Å and Å2, respectively. a nM unit.

L PL
a∈ 51±1 72±6
aout 66±1 74±6
D∈ 27.7±0.8 33.8±0.3
Dout 32.6±0.8 32.8±0.3
nwat,∈ 17±2 29±2
nwat,out 31±4 27±3
Cves

a 390±30 6.0±0.1
aOprF,∈ 4800±400
aOprF,out 5400±900
dOprF,∈ 96±2
dOprF,out 101±4

for L and PL, respectively), as already suggested by DLS. Distribution functions, reported in

Figure 3, show the effect of the quite high level of dispersion ξR (0.36± 0.02 and 0.33± 0.01

for L and PL, respectively). The radius R0 of the PL obtained from the analysis of SANS is

significantly smaller than that obtained from the DLS experiment. This is probably due to

the presence of some larger proteoliposomes that, even in small number, can mask the DLS

signal of the smaller ones. However, that the number of these larger proteoliposomes is low,

can be seen from the SANS data at low Q. Larger proteoliposomes in higher number would

be seen by SANS like vesicles with infinite radius, giving a Q−2 trend at low Q that is not

present in our data. In terms of PDI, the SANS analysis returned a PDI of 0.11, which is

smaller compared to that obtained with DLS.

The united group volume fraction distributions, obtained with the set of fitting param-

eters, are reported in Figure 4, left and right panel for L and PL samples, respectively.

Regarding liposomes, the results show an high level of symmetry of the bilayer, with sim-

ilar values of the inner and the outer hydrophobic thickness (Dh,in = 13.9 ± 0.4 Å and

Dh,out = 14.8 ± 0.4 Å) and polar wideness (wp,in = 4.6 ± 0.6 Å and wp,out = 7.0 ± 0.8 Å).

The different heights of the polar group (blue curves) are the effect of the difference in cur-

vature between the two monolayers, which is not negligible being the vesicle radius R0 of a
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Figure 3: Vesicle radius distributions derived from the analysis of SANS data for liposomes
(L, red line) and proteoliposomes (PL, blue line). The vescicle radius distribution is defined
in equation S21.

size comparable with that of the overall bilayer thickness. Indeed, this difference is clearly

reflected by the areas of molecular unit, which have been calculated with Eqs. S35-S36 and

reported in Table 3, which have resulted ain = 51±1 Å2 and aout = 66±1 Å2. Consequently,

also the number of water molecules in the outer polar regions has turned out to be higher

than the one in the inner counterpart (nwat,in = 17± 2 and nwat,out = 31± 4).

Regarding PL samples, we first notice that the fraction of the OprF proteins with the C-

terminal domain pointing toward the inner vesicle is xC,∈ = 0.5±0.2, suggesting that, in the

limit of the SANS techniques, protein molecules have not a preferential orientation within the

bilayers. Indeed, Figure 4, right-PL panel, shows an asymmetric behaviour quite similar to

the one of samples without proteins. The tiny asymmetry of the bilayer is well reflected by the

average area of the molecular unit, which includes also protein: they are ain = 72±6 Å2 and

aout = 74± 6 Å2. By the obtained value of the number of protein molecules in the molecular

unit (indicated with yPL,OprF) we have calculated both the average area of the monolayer polar

surface that can be assigned at each protein molecule, aOprF,α = aα/yPL,OprF, and, assuming

that this area is a circle, the circle’s diameter, dOprF,α, which may represent an estimation

of the average protein-protein distance along the α-monolayer surface. Results, reported in

Table 3, show that this distance, measured along the polar surface of the inner monolayer,

is 96 ± 2 Å, very similar to the one in the outer monolayer, 101 ± 4 Å, corresponding to a
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Figure 4: Volume fraction distributions of the united groups derived from the analysis of
SANS data for liposomes (L, left panel) and proteoliposomes (PL, right panel) reported as
a function of the radial distance r from the vesicle center (bottom horizontal axis) and as
a function of the radial distance from the average vesicle radius R0 (top horizontal axis).
Filled areas with lower and higher transparency refer to inner (α = in) and outer (α = out)
monolayer, respectively. In both panels, red, blue and turquoise distributions refer to lipid
hydrophobic group, lipid polar group and water, respectively. In the right panel, green and
magenta colors refer to hydrophobic protein group and polar protein group, respectively.

inner and outer surface per protein in the bilayer of 7240 and 8010 Å2, respectively. Despite

an average distance between proteins around 100 Å, no peak of the SANS intensity was

detected at q ∼ 2π/100 = 0.06 Å−1. This means that no significant correlation in the lateral

arrangement of the protein is present in the membranes, or, if a correlation exists, is not

enough to modify the SANS profiles.

For the sake of completeness, we report in the Figure S1 of the SI the SLD profile of each

group and their sum that have been used by the method for fitting the SANS experimental

data. Their dependency on the solvent deuteration grade xD is clearly seen, together with

their significant asymmetry in the presence of protein.

The analysis of the SANS data provided a detailed structural description of liposomes

containing the OprF porin on a wide range of lenghtscales. First of all, the size of the

liposomes, once exposed to the cell free protein production and purification, have a significant
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larger size compared to the original liposomes. This could be due to reshuffle of the liposomes

during the exposure to the lysate that might induce fusion between them. The analysis

returned the concentration of protein and lipids in the proteoliposomes performed on the

final product that gives a more precise estimation compared to that in the phase of sample

preparation. With the exception of the differences induced by the curvature of the liposomes

that involve mainly the thickness and hydration of the lipid head region, the lipid bilayers

show a high degree of symmetry between the inner and outer leaflet. The symmetry includes

also the orientation of the OprF in the liposome at least within the simplified model used in

our analysis based on the OprF closed conformer. This conformation is characterised by the

presence of a globular C-terminal domain that in the real bacteria is located in the periplasm.

Our analysis shows that the orientation of this C-terminal has an equal probability of being

on the inner or the outer side of the liposomes. The results obtained by Lenormand et

coworkers19 on the same type or proteoliposomes, using AFM with modified tips binding the

N-terminal of OprF and trypsin digestion of OprF membrane protected liposomes, suggested

instead a preferential orientation of the OprF with the the globular C-terminal domain

pointing toward the interior of the proteoliposome. The two experimental determinations

are however not in conflict since both studies provide evidence of the presence of OprF on

both orientations and the indetermination of this parameter is significantly high. The result

of the SANS analysis returned the value of xC,∈ = 0.5 ± 0.2 with an indetermination of

around 40%. The indetermination of AFM results is difficult to quantify since Lenormand

et coworkers19 provide results relative to single liposomes, not an average over the whole

sample of liposomes present in the solution. So within the limit of the sensitivity the two

results are compatible and the different results can be ascribed to different sensitivities of the

techniques used, which are subject in any case to a significant degree of uncertainty. On the

other hand, our previous study performed on planar tethered lipid bilayers22 showed that

the protein was more extended in the liquid sub-phase above the distal leaflet suggesting a

preferred orientation of the globular C-terminus toward this region. In that case however,
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this was probably due to the steric hindrance of the tethering molecules that bound the lipid

bilayer to the solid substrate. The tough competition for space in this region crowded with

the tethering molecules might induce the voluminous globular part of the C-terminal away

from this region and more prone to be located in the liquid sub-phase above the lipid bilayer.

This steric hindrance is instead absent in the case of the protoliposomes.

Our SANS analysis provides further structural details of the protein within the bilayer, in-

cluding the average volume fraction of protein in the liposome, the average area per molecule

and the average distance of proteins that assume very similar values in the inner and outer

leaflet. This information, very difficult to obtain with other techniques, is important for

quantification of the average number of antigens present in the liposomes and could provide

an indication of how to modulate the dose of a future potential vaccine.

We have also seen that the hydrophobic tail region of the liposomes is affected by the

presence of the protein. After the incorporation of OprF the analysis reveals an increase

in its thickness of almost 2 Å (Table 2). This behaviour is different with respect to OprF

incorporated in planar tethered lipid bilayer, where we observed more pronounced reduc-

tion of the thickness of the tail region of around 6 Å.22 Changes in the thickness of the

hydrophobic region due to the presence of an integral membrane protein are generally at-

tributed to the hydrophobic mismatch, a principle at the basis of the interaction between

membrane proteins and lipid membranes that we observed experimentally also in another

similar study.37 These changes are originated from the difference between the thickness of

the hydrophobic region of the lipid bilayer and of the protein contained in the membrane.

The hydrophobic mismatch strongly impacts the organisation of lipids and proteins although

the precise effect on the structure and function strongly depends on the individual nature

of the protein-lipids systems. Several different structural rearrangements can be induced,

including protein oligomerisation, protein and lipid conformational changes and membrane

curvature. The different effect of protein inclusion obtained in this work on liposomes with

respect to the case of planar lipid bilayers22 might be due to a combination of factors. On
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one hand, the curvature of the two surfaces are significantly different. On the other hand, the

planar tethered lipid bilayer was composed by a single lipid, whereas the lipid composition

of the liposomes of the present study was of four lipids. The larger variety of lipids allowed

probably a more pronounced structural flexibility to preferentially accomodate some lipids

to better accomodate the protein and minimise the mismatch.

Conclusions

We performed a detailed nanostructural characterisation of proteoliposomes containing OprF,

the main porin of the P. aeruginosa, which has recently been identified as a potential candi-

date for a vaccine against this deadly pathogen. We described a method that we developed to

analyse SANS data from spherical lipid vesicles based on the volume fraction radial distribu-

tion of the relevant molecular groups to compute the form factor. One of the main novelties

and advantage of our approach is that the SLD profile is computed in terms of the volume

distribution of the chemical groups directly in spherical geometry. In previous models the

volume distribution of the chemical groups was realized in planar geometry,20,23–25 as the

radius of the vesicles was supposed so large (infinite) that the curvature could be neglected.

For smaller vesicles, models invoking spherical shells at constant density were used that were

not constrained to the volume distribution of the components inside the membrane.30 Hence,

our model extends the volume fraction approach to compute the SLD profiles also to vesicles

with finite radius. Each group, including those of the protein, contributes to the total SLD

profile according on how it is distributed along the radial coordinate. The fundamental con-

strain that the sum of the volume fractions equals 1 implies that the presence of a g-group

at a given position (as for example the hydrophobic protein domain) replaces the space that

would have been occupied by the other group in the absence of the g-group. Even the solvent

molecules among the polar groups are described with a volume fraction distribution obtained

by complementing to 1 the sum of the volume fraction of the other groups (see the turquoise
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profiles in Fig. 4)

The methodology used in this study is very flexible and can be easily adapted to different

classes of liposome systems containing different host molecules in the bilayer, in the interior or

on the surface of the liposome, providing a useful tool to obtain a detailed average structural

characterization that could be difficult to obtain with other techniques.

The analysis provided detailed information on the lipid bilayer structure, on the amount

of OprF in the lipid bilayer, their average localisation, orientation and the effect of the

protein incorporation on the lipid bilayer. This information is valuable for fine-tuning the

proteoliposome delivery system, for example in quantifying the dosage of proteins delivered

for therapy.

Supporting Information
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Acknowledgement

The work reported here was supported financially by grants from the French Investisse-

ments d’Avenir (ANR-10-NANO-03-01, 2012–2016) and partially funded from the European

Union’s Horizon 2020 research and innovation program under the Marie Sk lodowska-Curie

grant agreement No 823780. This work is based upon experiments performed at the KWS-
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