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ARTICLE INFO ABSTRACT

The internal profile across the bilayer reveals important structural information regarding the crystallinity of acyl
chains or the positions of encapsulated species. Here, we demonstrate that a simple five-layer-core-shell dis-
coidal model can be employed to best fit the extended-q small angle X-ray scattering (SAXS) data and resolve the
bilayer internal structure (with sub-nanometer resolution) of a nanoscale discoidal system comprised of a
mixture of long- and short- chain lipids (known as “bicelles”). In contrast to the traditional core-shell discoidal
model, the detailed structure in the hydrophobic core such as the methylene and methyl groups can be dis-
tinguished via this model. The refined model is validated by the SAXS data of bicelles whose electron scattering
length density of the hydrophobic core is adjusted by the addition of a long-chain lipid with a fluorine-end
group. The higher resolution of the bilayer internal structure can be employed to advance our understanding of
the interaction and conformation of the membrane and associated molecules, such as membrane-associated
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proteins and locations of entrapped species in the lipid nanoparticles.

1. Introduction

Small-angle scattering (SAS) and diffraction have been applied for
structural characterization of lipid bilayers, membrane-associated pro-
teins and lipid nanoparticles for decades (Herberle et al., 2012;
Angelova et al., 2017; Chaudhuri, 2015; Pan et al., 2013; Fragneto,
2012; Yaghmur and Rappolt, 2012; Kiselev, 2011; Bunjes and Unruh,
2007; Ewert et al., 2004; Winter, 2002). The former is commonly used
for resolving the randomly oriented or dispersed aggregates (e.g., mi-
celles and vesicles) with a dimension larger than 2 nm, while the latter
provides the high-resolution (a few A) structural information via re-
constructing the electron (or neutron) density profile along the bilayer
normal utilizing inverse Fourier Transform based on the intensities of
the many-order Bragg reflections obtained from highly aligned bilayer
systems (Blaurock, 1971; Engelman, 1971; Worcester and Franks, 1976;
Corless, 1972; Franks, 1976; Torbet and Wilkins, 1976). It has been
reported that the morphology of lipid or surfactant aggregates trans-
forms upon environmental stimuli, e.g., variations of temperature, pH,
ionic strength etc. (Hu et al., 2014; Bolze et al., 2000; Liu et al., 2014;
Nieh et al., 2003; Mahabir et al., 2010; Nieh et al., 2011a; Li et al.,
2013) and the structure can be resolved via best fitting the SAS data,

where the scattering intensity is presented as a function of scattering
2
velength of the probe, respectively. Kucerka et al., 2005 were able to
obtain use two individual ranges of g (0.1 - 0.3 A~ from diffuse
scattering and 0.2 — 0.8 A~" from diffraction) to obtain the structural
information of unilamellar vesicle and lipid bilayers. However, the
minimal q of 0.1 A™! remains relatively high in comparison to the
normal small angle X-ray scattering (SAXS) configuration. Simulta-
neous acquisition of scattering data over a wide g range allows us to use
a single model (instead of combined randomly-oriented and aligned
models) to yield both global and local structural information. Hence,
extended-q small angle X-ray or neutron scattering (SAXS or SANS) data
is desirable; however, the low signal-to-noise ratio (S/N) at high-q re-
gime and the size constraint of 2-D detectors limit most SAXS or SANS
from covering both low- and high- g ranges simultaneously. The newly
constructed LiX instrument located at Beamline 16-ID at the National
Synchrotron Light Source — II (Brookhaven National Laboratory)
(DiFabio et al., 2016) has three detectors to cover the angles from low
to high, resulting in a wide q range between 0.005 and 2.5 Al Asa
result, the detailed internal structure of a discoidal lipid micelle, known
as a bicelle, can be obtained in an aqueous solution which was not

vector, q = 4fsin( ), where 0 and A are the scattering angle and wa-
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easily achievable in the past.

The basic components of bicelles are long- and short- chain lipids,
which constitute the planar and rim of size-uniform discs, respectively.
Bicelles were initially designed and widely used to host the membrane-
associated proteins as a substrate (Sanders and Landis, 1995; Ottiger
and Bax, 1998; Struppe et al., 1998; Ottiger and Bax, 1999; Sass et al.,
1999; Fischer et al., 1998; Andersson and Maler, 2002). Their flat bi-
layer structure resembles the native biological local low-curvature en-
vironment, allowing the structures and activities of bicelle-associated
proteins to be presumably better retained in comparison with the pro-
teins in detergent environment with high curvatures (Beaugrand et al.,
2014; Diirr et al., 2012; Lind et al., 2008). Moreover, their alignability
in magnetic fields enables the structural analysis of the associated
proteins with preferred orientation, although later on the magnetically
alignable phase were confirmed to be either perforated lamellae
(charged) or bilayered ribbons (non-charged) (Nieh et al., 2002, 2004,
2011b; van Dam et al., 2004). Recently, it has been reported that dis-
coidal bicelles show high cellular uptake, making them suitable for
efficacious delivery of theranostic molecules (Aresh et al., 2016;
Rodriguez et al., 2015; Rad et al., 2019a, 2019b). The location of these
payloads would allow researchers to understand the organization of
such biomembranes. Therefore, it is important to resolve the internal
structure of the membrane-like structure. In this report, we developed a
5-layer core-shell disc (SLCSD) scattering model which better agrees
with the extended-g SAXS data resulting in higher resolution for the
bilayer internal structure than the previously reported core-shell dis-
coidal (CSD) model (Nieh et al., 2002; Yang et al., 2012; Luchette et al.,
2001). The 5LCSD model is further validated by bicelles which contain
long-chain lipids with a fluorine atom at the end of a hydrocarbon chain
to enhance the electron density of the hydrophobic region. This model
can be further used to identify the location of the entrapped molecules
in the well-defined lipid nanodiscs.

2. SAXS analysis
2.1. Vesicular model

A common morphology of lipid aggregates in aqueous solution is a
vesicle as shown in Fig. 1 — a spherical compartment enclosed by a
continuous lipid bilayer shell to separate the interior content and the
exterior solution. As a bilayer is composed of amphiphilic phospholipid
molecules, the hydrophilic headgroup has the highest electron density
due to the heavy phosphate which normally yields a broad peak in the
SAXS data at g around 0.12 A ™" corresponding to the bilayer thickness
(i.e., phosphate-to-phosphate distance). The hydrophobic hydrocarbon
tail region can be in either well-ordered gel phase or fluidic L, phase. It
is expected that these two phases should result in different scattering
patterns due to the fact that the crystalline methylene region in gel
phase has a higher electron density than that of the methyl end group
located at the center of the bilayer as shown in Fig. 1. On the other
hand, the difference in electron density between flexible methylene in
L, phase and methyl group should be reduced. Such difference is re-
flected in the q range larger than 0.4 A~!, which is difficult to resolve
with accuracy in most of the general SAXS data due to low S/N ratio
and limited q range. Here, the extended-q SAXS data are attainable and
expected to differentiate the high- density crystalline methylene from
the low-density methyl group. Our first attempt is to apply an existing
5-layer spherical shell (5LSS) model, as described below, to fit the SAXS
data from bicelle solutions in order to resolve the bilayer internal
structure.

The intensity profile of a sample can be simulated as a function of q
as shown in Egs. (1) and (2) (Doucet et al., 2018).

I1(Q) = %FSLSS (q)? + background o
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where ¢ is the volume fraction of the vesicles, psv and ps; are the
scattering length density of solvent and the ith shell, respectively, V.,
Vs,i and V, are the core and total volume, the enclosed volume by the ith
shell (included), respectively, and r. and r;; are the radii of core and the
ith shell, respectively.

The 5LSS model is expected to capture the features of the bilayer,
i.e., capable of best fitting to the experimental SAXS data of bicelles in
the high g regime when the radius of the vesicle (i.e., r.) is set to be
sufficiently large to minimize the curvature of the bilayer. However,
due to the preset large r., this model would not be sufficient to fit the
low-q regime of the SAXS data where the real size of the bicelles is
revealed.

2.2. Core-Shell Discoidal (CSD) model

The CSD model has been applied for fitting to the experimental
SAXS data of bicelles as previously reported by Yang et al. (2012). The
mathematical expression of the form factor, Fcsp(q, @) based on the
schematic shown in Fig. 2 is described in Eq. 4 (Singh, 2009).

¢ i
IQ == [ F , da + back; d,
Q) th csp (g, a)’sin(a)da ackgroun 3)
where a is the angle between the scattering vector g and the discoidal
normal.
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where peores Pshety Prim and psopy are the electron scattering length den-
sities of the hydrophobic core, the hydrophilic shell (in the planar re-
gion), rim and solvent, respectively, R, L, t; and t, are the core radius
and the thicknesses of the core, shell and rim, respectively, and V, V,
and V, are the volume of core and (core + shell) of the disc and the
whole disc, respectively. J; is the first-order Bessel function of the first
kind.

The CSD model has demonstrated reasonable best fits to the SAXS
data of bicelle solutions for the ¢ range less than 0.2 A~! (Yang et al.,
2012). In this model, the hydrophobic core is considered to have a
uniform electron density, p.ore Which is presumably valid if the lipid is
in the L, phase (i.e., melting hydrocarbon chains). It has been reported
that the hydrocarbon chains of the long-chain lipid of bicelles are
mostly in gel phase (Liu et al., 2014, 2017; Li et al., 2013; Nieh et al.,
2011a, 2011Db), where the methylene group is mostly crystalline with
higher density but the methyl end group near the center of the bilayer is
mobile and occupies more volume, hence having lower density. Whe-
ther the core can be treated as one uniform region would mostly affect
the SAXS pattern at a higher q range. Therefore, we will use SAXS data

FCSD (q’ Of) = Cocore - pshell)Vc

qRsina

+ — pa)Ve
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Fig. 1. The schematic of the cross-section of a vesicle (top left) and the electron density profile across the bilayer (bottom). A 5-layer spherical shell (5LSS) model can
therefore be used to describe the SAXS data.
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Fig. 2. The schematic of bicelle (top) where the long-chain lipid (with blue heads) and short-chain lipid (with green heads) make up the planar and rim regions of the
nanodisc. The schematics of the two scattering models, CSD and 5LCSD (bottom) can be used to describe the SAXS data.
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with an extended g range collected at LiX to examine the model.

2.3. 5-Layer-Core-Shell discoidal (5LCSD) model

The new 5LCSD model is derived based on the abovementioned CSD
model with the hydrophobic core split into 3 layers: a methyl region
sandwiched by two methylene regions as shown in Fig. 2. Together with
the top and bottom shells, there are 5 layers in total. Eq. (3) remains
valid for the scattering function, however the form factor should be
replaced by Fsicsp(q, @), which can be expressed by the following

equation:
—yl
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2J; (qRsina) Sm{q(
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where P jenes Pm-yi> Pss Pr are the electron density of methylene, methyl
group, shell, and rim, respectively, L., is the thickness of the methyl
groups, and V.., is the volume of the methyl groups, respectively. The
rest of the parameters have the same definition as those in Eq. (4). Here,
L = 2Ly iene + L.y, Where Ly, jen is the thickness of methylene group.
J is the first-order Bessel function.

In this report, we will evaluate the necessity of implementing the
three-layer core and its effect on the high-q regime of the SAXS data.
Moreover, this model will be validated by the best fits to the extended-q
SAXS data of bicelles where the electron density can be adjusted in the
hydrophobic core of the bilayer. This report will demonstrate how the
5LCSD model can be used to resolve the bilayer structure as new species
are introduced into the structure.

3. Experiment
3.1. Sample preparation

All lipids including long-chain 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), long-chain fluorine-labeled 1-palmitoyl-2-(16-
fluoropalmitoyl)-sn-glycero-3-phosphocholine (F-DPPC), short-chain
dihexanoyl phosphatidylcholine (DHPC), and charged long-chain 1,2-

(a) (o]
5 H QMVWV\
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N
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Table 1

Molar Ratios of Bicelles.
System DPPC mol. DHPC mol. DPPG mol. F-DPPC mol.

% % % %

DPPC/DHPC/DPPG  0.754 0.238 0.00762 0.000
20:80 F-DPPC:DPPC  0.603 0.238 0.00762 0.151
30:70 F-DPPC:DPPC  0.528 0.238 0.00762 0.226
40:60 F-DPPC:DPPC  0.453 0.238 0.00762 0.302

Table 2

SLD Parameters Obtained from CSD, 5LSS, and 5LCSD Models.
Parameter CSD 5LSS 5LCSD
ps (107% A2) 11.40 + 0.05 N/A 11.9 + 0.1
pr (1076 2) 9.60 + 0.01 N/A 9.7 £ 0.0
Peore (107° 2) 8.00 + 0.04 N/A N/A
Pmeytene (107 A) N/A N/A 9.10 + 0.01
Pmyr (1076 2) N/A N/A 6.50 + 0.03
pr1» pr2 (1076 2) N/A 11.40 * 0.03 N/A
Pm1; Pmz (107° A? N/A 9.40 = 0.04 N/A
Pmyt (1076 A%) N/A 7.5+ 0.1 N/A

dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) were purchased from
Avanti Polar Lipids (Alabaster, AL) and were used without further
purification. The structures of these lipids are shown in Fig. 3. DPPC,
DPPG and F-DPPC are considered as the long-chain lipids and DHPC is
considered as the short-chain lipid. Stock solutions of individual lipids
were each first prepared by dissolving a specific amount of lipid into
chloroform, while the DPPG stock solution was prepared in a chloro-
form/methanol mixture with a volume ratio of 65/35. Bicelles were
then made by mixing the stock solutions of individual lipids at appro-
priate molar ratios based on Table 1, where the molar ratio of long- to
short- chain lipid remained constant at 3.2 and the molar ratio of ne-
gatively charged DPPG to total long-chain lipid was also fixed at 0.01
for all samples to stabilize the nanodiscs as reported previously
(Losonczi and Prestegard, 1998; Nieh et al., 2011a, 2011b; Liu et al.,
2014). After the appropriate amounts of the lipid stock solutions were
mixed, they were dried overnight in a vacuum oven. The dried lipid
mixtures were then hydrated with deionized water to form 10 wt. %
solutions, followed by a temperature cycling process to form homo-
geneous bicelle solutions. The standard procedure can be found else-
where (Aresh et al., 2016; Liu et al., 2014, 2017). All the samples were
further diluted into 1 wt. % for SAXS measurements.

3.2. SAXS instrument and analysis

The SAXS experiment was performed at LiX at Beamline 16 of the
National Synchrotron Light Sources —II (NSLS-II) located at Brookhaven
National Laboratory (BNL). The samples were in a 15-position sample
stage where the samples were sandwiched by a pair of mica sheets with

| \ 0 'g
\/\O/ % Y\/\/
o]
d P PN NN
(d) ) WO
\P/O < OW\/\/\N\/\/
” \\O 6

Fig. 3. Chemical Structures of Lipids: (a) DPPC, (b) DHPC, (c) DPPG, (d) F-DPPC.
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Fig. 4. The best fits to the SAXS data of DPPC/DHPC/DPPG bicelles (symbols) using three models: 5LSS (green), CSD (red) and 5LCSD (black). The insets are zoom-in

plots at low q (top right) and high q (bottom right) regimes.

a well-defined gap of 2.4 mm. All samples were run at 25 °C which is
below the melting transition temperature of DPPC (~ 41 °C).

The 2-D intensity data were first reduced to 1-D SAXS data as a
function of g, which were then corrected by background subtraction of
water scattering through matching the water peaks from the sample
with that from the water. Analysis of the 5LSS and CSD scenarios were
done using the core multishell model and core shell bicelle model
provided from SASView 4.2.0 (Doucet et al., 2018). All three models
were tested on F-DPPC-free bicelles for comparison purpose. pso, was
set as a constant of 9.47 x 107 °A™2, the calculated electron scattering
length density for water. Polydispersity (PDI), defined as (%, where oy
and < x > are standard deviation and average of variable x, respec-
tively, using a Schulz distribution (Kotlarchyk and Chen, 1983) were
incorporated in the 5LCSD model to describe the radius for all samples
as well as the shell thickness for the 40 mol% F-DPPC sample. All au-
tomated fitting parameters for 0-30 mol% F-DPPC samples are listed in
the Supplementary Information Tables S1 — S3.

4. Fitting results
4.1. Comparison among 5LSS, CSD and 5LCSD models

Fig. 4 illustrates the general SAXS pattern from DPPC/DHPC/DPPG
bicelles. A slope transition takes place around 0.02 A~ indicating the
end of the Guinier regime, where ¢'L < 1 and L is the largest dimension,
i.e., [(R + t)] in the case of a bicelle. After the decay, three broad peaks
are observed at g between 0.06 and 0.6 A™", presumably corresponding
to the internal structure of the bilayer. First, the CSD model was applied
to fit the SAXS data, yielding a reasonable fit over the q range between
0.008 and 0.32 A~'. However, at ¢ > 0.35 A™!, the CSD model can no
longer satisfactorily fit the data, especially the third peak at ¢ ~ 0.4
A~! which cannot be simulated by this model (the bottom inset of
Fig. 4), suggesting a model with a more detailed structure is needed. We
speculated that the electron density of the core cannot be assumed
uniform throughout the hydrophobic regime because of the differences
in the volumetric densities between the crystalline methylene and the
mobile methyl end groups. An attempt for proof-of-concept is to fit the
SAXS data in the extended-q range with the aforementioned 5LSS model
with an extremely large r. (minimizing the curvature effect), whose
five-layer shells are made of the phosphate headgroup (s1) — methylene

(s2) — methyl (s3) — methylene (s4) — phosphate headgroup (s5) from
inner to outer leaflet in sequence where the electron density and
thickness of s1 and s2 are identical to those of s5 and s4, respectively.
The 5LSS model can indeed successfully simulate the three peaks at the
high-q regime of the SAXS data but completely mismatch with the data
at the low-q regime (the top inset of Fig. 4) due to the wrong mor-
phology. The aforementioned 5LCSD model, a modified version of CSD
model with three core layers (five layers in total with two phosphate
shells), is therefore required to fit the data over the extended-q range.

The best fit using the 5SLCSD model as shown in Fig. 4 shows good
agreement with the SAXS data throughout the whole g range (from
0.007 to 0.6 A~ 1), validating the model. In Table 4, the best fitting p..
tene and p_y are 9.1 X 10° and 6.5 x 10°° 10\'2, respectively, lower than
Psotv (9.47 x 10°® A2) and consistent with the expected density varia-
tion in the core. Moreover, the best fitting value of p.,. from CSD model
falls between the best fitting pm.iene and pp.,;, showing excellent con-
sistency of the two models (5LCSD and CSD). The total bilayer thickness
from the best fitting result of (54 * 2.2) A (Table 3) falls in the range
between the reported steric bilayer thickness of gel-phase DPPC of 52.4
A (Nagle and Tristram-Nagle, 2000) obtained through diffraction at 20
°C and the reported bicellar bilayer thickness of 55.3 A fitted using the
CSD model (Yang et al., 2012), and very close to the best fitting bilayer
thickness from the 5LSS model, 53.5 + 1.4 A in Table 3. It is note-
worthy that the best fitting t,.,; appears to be larger than the expected
methyl group, implying that the low-density mobile region extends to a
few CH,- units toward the center of the bilayer core.

In Section 4.2, we will further verify the 5LCSD model using bicelles
containing F-DPPC which presumably changes the electron density
profile of the hydrophobic core in the bilayer.

4.2. Validation of 5LCSD model via SAXS of F-DPPC/DPPC bicelles

Fig. 5 shows the SAXS data of the bicelles containing F-DPPC with
different compositions. For samples containing up to 30 mol% of F-
DPPC (30:70 F-DPPC:DPPC), the scattering patterns inherit the features
of the 0:100 F-DPPC:DPPC bicelle scattering pattern with all three
peaks present but less pronounced. The best fits using 5LCSD model are
in good agreement with the SAXS data and all values for the fitting
parameters of all samples are listed in Table 4. The most obvious effect
of F-DPPC on the morphology of bicelles is that the core radius
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Fig. 5. The SAXS data of F-DPPC/DPPC bicelles with F-DPPC:DPPC = 0:100
(orange), 20:80 (pink), 30:70 (dark cyan) and 40:60 (blue). The black solid
curves are best fits of F-DPPC:DPPC = 0:100, 20:80 and 30:70 using 5LCSD
model and the red solid curve is the manual fits of F-DPPC:DPPC = 40:60 using
the 5LCSD model plus a Gaussian peak that simulates the multilayered vesicle
structure with the parameters listed in Table 4. SAXS data containing F-DPPC
were rescaled for clarity.

0.010

increased as the F-DPPC content in the bicelle increased. This is pre-
sumably attributed to the variation of the packing parameter of DPPC
upon mixing with F-DPPC. The reduction of the best fitting ps as shown
in Table 4, is likely caused by two possible contributing factors: (1)
more water associates with the phosphate headgroup caused by more
space between adjacent lipids due to the insertion of fluorine atoms in
the bilayer, (2) the F-DPPC containing bilayer may perturb the head-
group alignment vertical to the bilayer, making the headgroup shell
taking into account of some water and a portion of methylene groups.

The methyl fluorine located at the end of the lipid acyl chain has a
higher electron density than hydrogen. The contrast in electron density,
(Prm-tene — Pm-y)> should decrease under the condition that the headgroup
of F-DPPC aligns with that of DPPC, i.e., no disturbance for the DPPC
bilayer. This can be confirmed by the following two observations: (1)
the similarity of scattering patterns from the samples with F-
DPPC:DPPC < 30:70 and (2) the total bilayer thickness from the best
fits, i.e., [2(t; +Lmiene) + Lmyil are practically invariant with the

Table 3
Best Fitting Dimensions Obtained from CSD, 5LSS, and 5LCSD Models of bi-
celles.

Parameter CSD 5LSS 5LCSD
R(A) 79.3 = 2.1 102.8 + 1.4 81.0 1.9
& (A) 15.0 + 0.1 N/A 10.3 * 0.2
t, (A) 54.7 + 2.4 N/A 53.1 + 2.3
teore (A) 26.0 + 0.1 N/A 33.4 + 1.8 (calc.)
Linytene (R) N/A N/A 132 0.4
Ly (R) N/A N/A 7.0 + 1.0
s (A) N/A 10.1 N/A

Tz (B) N/A 12.6 N/A

Tyt (R) N/A 8.1+0.9 N/A

Fmz (A) N/A 12.6 + 0.3 N/A

2 (A) N/A 10.1 + 0.2 N/A

PDI (R) 0.42 + 0.02 0.45 + 0.02 0.40 + 0.02
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Table 4
Parameter estimates of F-DPPC/DPPC bicelles using the 5LCSD model; (psory =
9.47 x 107°A42),

F-DPPC:DPPC Molar Ratio

Fitting Parameter 0:100 20:80 30:70 40:60*
RA) 81.0+1.9 957+27 1312+ 260.0
2.2
Pmctene (1076 A7) 9.1 +0.0 9.3+ 0.0 9.5+ 0.1 8.8
pmyt (1076 A 2) 6.5+ 0.3 7.1+0.3 7.9+ 0.3 8.8
ps (1076 A 2) 119+0.1 11.4+0.0 10.8+0.1 103
pr (107942 9.7 + 0.0 9.7 0.0 9.7 + 0.0 9.8
t, (A) 10.3+02 10403 103+0.8 116
t (A) 531+23 601+21 71.6+27 90.0
Lim-tene (A) 13.2+04 13105 12206 8.0
Ly (B) 70+10 68*14 8723 20
PDI (R) 0.40 + 0.56 + 0.22 + 0.3
0.02 0.02 0.02
PDI (t) 0.42
Gaussian Peak Position 0.097
A"
o (standard deviation) 0.01

* SAXS data of sample 40:60 were fitted by manually adjusting the parameters.

composition of F-DPPC within the statistic errors. From the best fits,
(Pmotene — Pmoyp) has reduced from 2.6 x 10 °to 1.6 x 107 ° A2 as the
molar ratio of F-DPPC:DPPC increased from 0:100 to 30:70 (Table 4).
Further increase of the F-DPPC composition caused the deviation of the
typical three-peak SAXS pattern to the smeared two-peak feature, in-
dicating that the bilayer structure might be disturbed. It is noteworthy
that the SAXS data of bicelles containing a F-DPPC:DPPC molar ratio of
40:60 also shows a hidden sharp peak at ~ 0.1 Al (Fig. 5) — a scattering
feature characteristic of multilamellar vesicles (MLVs), implying that
over-doped F-DPPC in the bicelles may yield MLVs.

In addition, it was found that the best fit to the 40:60 data did not
agree with the data as well as the best fits in for other samples. This is
likely attributed to the bilayer interdigitation induced by F-DPPC as
Smith et al. has suggested (2010). Finally, the increased value of the
best fitting t. with increasing F-DPPC molar ratio (for F-DDPC:DPPC <
30:70) seemingly suggests that some of long-chain F-DPPC molecules
may participate in the short-chain DHPC-rich rim, resulting in an in-
crease of the rim thickness. However, further experiments are needed to
verify this statement.

5. Discussions

Over decades, SAXS and SANS have been powerful techniques to
resolve nanostructures with a length scale larger than 2 nm. The con-
straint on insufficient resolution at the smaller length scale (< 2 nm) is
mainly attributed to the low S/N ratio for the data in the high g regime.
It has been an emergent need to combine SAXS and WAXS outcomes to
provide a comprehensive understanding of the system over a wider
range of length scale. The current SAXS data with the extended g range
enables more refined models to provide higher resolution of structures.
In comparing the three SAXS models (5LSS, CSD and 5LCSD) in this
report, the use of the 5LCSD model demonstrates the importance of
using an extended g range for higher resolution of sub-nanometer
structures. The main purpose of using the 5LCSD model to describe the
SAXS data using a single model is to render relatively accurate di-
mensions and electron densities of the bicellar internal structure
through the best fitting over a wide range. Although both 5LSS and CSD
models fit the SAXS data reasonably well over a specific q range
yielding similar best fitting parameters, it is required to have sufficient
separation between the dimensions of the two structures with no evi-
dent cross-contamination of scattering intensity from each other, which
is not needed for the use of 5SLCSD model.

It is noteworthy that the refined 5LCSD model has two additional
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fitting parameters — t;,.; and pp,.,; — in comparison with the CSD model.
To ensure that the obtained best fitting parameters correspond to the
real structures while having physical meaning, the initial guesses for
the parameters describing the bilayer internal structure and contrasts
were adopted from the 5LSS model, while the CSD model provided the
initial guesses for the core radius and other parameters related to the
rim section. During the fitting procedure, a few parameters that would
not be expected to have significant changes in comparison with the
DPPC bicelles, such as t; and p; were highly constrained within a narrow
range of variation. Eventually, the final best fits can be obtained by
slowly relaxing the constraints of all parameters. For the bicelle sample
containing 40 mol% of F-DPPC, the task of performing an automated fit
was found to be not feasible for using a larger number of parameters
than that used for the other samples. As such, the sample data was fitted
manually while maintaining reasonable values for all parameters except
for Psotv-

The comparison between the electron profile across the bilayer in
5LCSD model and the electron density profile obtained from the dif-
fraction analysis of F-DPPC bilayers provides some insight into the ef-
fect of F-DPPC in the bilayer section of the bicelle. Hirsh et al. had
discovered that F-DPPC bilayers are thinner than the DPPC bilayers,
and that the headgroups of oppositely oriented F-DPPC molecules were
slightly closer together than their DPPC counterparts (Hirsh et al.,
1998). In F-DPPC interdigitated domains, the fluorine atoms would be
situated near the headgroups resulting in domains with shorter thick-
nesses than that of the non-interdigitated domains. As shown in Fig. 6,
when F-DPPC was mixed with DPPC, a lipid which does not naturally
interdigitate in the presence of water, mixed domains of both inter-
digitated and non-interdigitated bilayers could form as shown through
DSC experiments of F-DPPC/DPPC bilayers by Smith et al. (2010). Such
mixing behavior could explain the decrease in ps; with increasing F-
DPPC content as shown in Table 4 since the slightly bulky fluorine (than
hydrogen) may create more space between the lipids for water (of lower
scattering length density) to participate in the headgroup region, con-
sequently reducing p,. No statistically observable changes in the t; upon
the addition of F-DPPC (up to 30 mol%) also suggest undisturbed bi-
layer thickness. From the fitting parameters, it appears that addition of
F-DPPC up to 30 mol% results in a bilayer which appears as the middle
case in Fig. 6, while the use of 40 mol% F-DPPC likely leads to a bilayer
structure shown in the right case where segregated interdigitated do-
mains could take place.

It has been reported that the increasing rates of Ty, for DPPC/F-
DPPC vesicles were 0.03 °C and 0.11 °C per 1 mol% increment of F-
DPPC below and above 40 mol% F-DPPC, respectively (Smith et al.,
2010), suggesting a morphological change of the bilayer at around 40
mol% of F-DPPC that changes the increasing rate of T This is con-
sistent with the fact that the SAXS pattern starts to change when the F-
DPPC:DPPC molar ratio is 40:60, agreeing with the aforementioned
thinner bilayer thickness and reduced Ly,.,; obtained from the best fit-
ting result in Table 4. We speculate that interdigitation of the F-DPPC
may occur at this composition, making the best fitting methyl layer
almost disappear and the first peak almost merge with the second peak
to a higher q range.

Skar-Gislinge and Arleth (2011) have applied the same strategy to
differentiate the methyl and methylene regions to construct a scattering
model to describe SAXS and small angle neutron scattering data of di-
lauroyl-phosphatidylcholine (DLPC) nanodiscs, whose rim consists of a

(CICOE, I
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membrane scaffold protein (MSP) belt and histine tags. They have
successfully obtained the dimension of each region of the nanodiscs.
The model is more complicated than ours since it also includes a
polymer scattering model to account for the MSP. The SAXS data of
bicellar nanodiscs yield a cleaner pattern without the contaminating
signal from the MSP. Likewise, Midtgaard et al. (2014) have modelled
18A:DMPC nanodiscs using a similar model containing headgroup,
methylene and methyl regions for the bilayer and a protein belt (2014).
It is also reported that continuous electron density profiles across the
bilayer can be applied to describe the SAXS patterns of nanodiscoidal
systems, e.g., DPPC/MSP1D1, DPPC/MSP1E3D1, DMPC/MSP1D1 and
DMPC/MSP1E3D1 (Graziano et al., 2018). However, the best fits do not
always agree with the SAXS data throughout the full q range. With
fewer fitting parameters, our model is able to yield the best fits rea-
sonably consistent with the SAXS data and to provide physically
meaningful internal structure of the nanodiscs. In addition, our model is
validated by the best fits for the SAXS data of bicelles containing F-
DPPC.

For both CSD and 5LCSD models, the best fit rim thickness was
found to be significantly larger than the lengths of DHPC and DPPC
molecules. This implies that the “rim” of discoidal bicelle may not have
ideal, clear boundary as depicted in the schematic of Fig. 2. A more
realistic portrayal of the rim should contain a less-dense mixture of
DPPC and DHPC (in contrast to gel-phase planar DPPC), both of which
are presumably in the L, phase and/or loosely associated with water,
resulting in the distinct contrast between rim and other regions of bi-
celles. This explanation agrees with a recent report indicating that the
lipid transfer rate of DPPC between bicelles is two orders of magnitude
higher than that between liposomes (Xia et al., 2015, 2016). The en-
hanced lipid transfer rate was presumably attributed to the DPPC at the
vicinity of the rim, consistent with the large loosely-packed “rim” re-
gion obtained from this study.

The fact that increased F-DPPC content leads to further increase of
the rim thickness (from 53 to 72 A) suggests that the perturbations of
the bilayer would drive more non-gel phase DPPC to the loosely packed
“rim”. Moreover, the fluorine atom at the end of the lipid tail is pre-
sumably more hydrophilic, and consequently F-DPPC molecules may
also participate in the rim region. Both may contribute to the broad-
ening of the rim thickness.

6. Summary

The combination of extended-qg SAXS data and application of the
5LCSD model has successfully refined the internal bilayer structure of
the bicelles and has been validated by the F-DPPC/DPPC bicellar
system. This approach does not require the analysis of inverse Fourier
transform to reconstruct the electron density profile using the diffrac-
tion peak intensity from stacked aligned lipid membranes. The higher-
resolution structural information obtained from SAXS can be generally
applied to the analysis of completely isotropic discoidal nanoparticles,
revealing their internal structures. As a result, complete in-situ mea-
surements are achievable, enabling the structural study of membrane-
associated proteins or entrapped species in their native state and pre-
senting an opportunity for obtaining fundamental understanding of

biomolecule-lipid interactions.

Fig. 6. Non-interdigitated DPPC bilayer (Left), non-interdigitated F-DPPC/DPPC bilayer (Middle), and segregated interdigitated and non-interdigitated bilayer

(Right).
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