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Abstract

Hydrophobic resin acids (RAS) are synthesized by trees as part of their defence mechanisms. One of
the functions of RAs in plant defence is suggested to be the perturbation of the cellular membrane.
However, there is vast diversity of chemical structure within this class of molecules, and there are
no clear correlations to the molecular mechanisms behind the RA’s toxicity. In this study we
unravel the molecular interactions of three closely related RAs dehydroabietic acid, neoabietic acid,
and the synthetic analogue dichlorodehydroabietic acid with dipalmitoylphosphatidylcholine
(DPPC) model membranes and the polar lipid extract of soybeans. The complementarity of the
biophysical techniques used (PT ssNMR, DLS, NR, DSC, Cryo-TEM) allowed correlating changes
at the vesicle level with changes at the molecular level and the co-localization of RAs within DPPC
monolayer. Effects on DPPC membranes are correlated with the physical chemical properties of the
RA and their toxicity.

1. Introduction

Resin acids (RAs) belong to an important class of natural biologically active compounds that form
part of the defence mechanisms of certain plants, e.g. conifer trees [1]. Today they are widely
applied as natural insecticides and have potential use in new industrial applications due to their

antimicrobial and antifungal properties [2].
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RAs are tricyclic diterpenes of the labdane type, which derive from the precursor geranylgeranyl
diphosphate (GGPP), consist of 20 carbon atoms and carry a carboxyl group. Their high chemical
diversity arises from various functional groups, diastereoisomers and the number and position of
double bonds [1]. In order to circumvent toxic effects, the synthesis of natural RAs, e.g. in pines,
takes place in specialized epithelial cells after which they are concentrated and stored in cell free
resin ducts [3]. Additionally, a wide range of synthetic and modified RAs exist today, such as
dichlorodehydroabietic acid (Cl.DAA) schematically shown in Fig. 1. CI.DAA is a waste product

from bleaching processes in paper mills and pulp effluents and is highly toxic for aquatic organisms

[4]

The toxicity of RAs against insects, fungi and other organisms is currently linked to their ability to
integrate into the cellular membrane due to their hydrophaobicity. The concentrated release of RAs
toward an invading organism or upon tissue damage is suggested to locally induce a toxic RA to
lipid ratio. In particular, toxicological studies showed that RAs’ toxicity correlates to the
perturbation of the cellular membrane integrity. Electron paramagnetic resonance was used for in
vitro assays to study the cytotoxicity of terpenes on erythrocytes showing a clear weakening of the
cell membrane upon exposure to terpenes closely related to the RAs used in this study [5].
Biophysical studies also showed that terpenes, such as abietic acid from the oleo resin, increase
both the permeability and fluidity of the cellular membrane suggesting a more disordered lipid
packing in DPPC and DMPC bilayers [6, 7].

It is noteworthy that small structural differences in terpenes (for example, a single bond in cis or
trans conformation or additional functional groups) can lead to major differences in toxicity that
may correlate to their degree of lipid membrane perturbance [8]. However, no systematic studies
investigating the structural effects of RAs on model phospholipid monolayers and bilayers have

been reported to date.

Here, we study the lipid membrane structure and morphology using both DPPC and soybean polar

lipid extract in admixture with 3 RAs of similar chemical structure, namely natural dehydroabietic
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acid (DAA) and neoabietic acid (NA), both found in conifer resin, as well as their synthetic
analogue (CI.DAA). Toxicological studies concluded that among natural compounds DAA has a
higher antimicrobial toxicity than NA [9], while another study (that included CI.DAA and DAA)
reported a significantly higher toxicity of chlorinated compounds over non-chlorinated compounds
[10]. The chemical structures of the three RAs and the main phospholipid DPPC used in this study

are shown in Fig. 1.

Fig. 1. Molecular structures of the three diterpene resin acids (RAs) and the lipid used in this study. Top, from the left:
dichlorodehydroabietic acid (CI.DAA), dehydroabietic acid (DAA) and neoabietic acid (NA). Bottom: the chemical
structure of the main lipid used in this study, Dipalmitoylphosphatidylcholine (DPPC) including the carbon numbering
relevant for the PT ssNMR analysis.

Specifically, we investigated the effect of RAs on the biophysical properties and structure of both
lipid vesicles and lipid monolayers using a wide range of complementary biophysical techniques.
Differential scanning calorimetry (DSC), polarization transfer solid-state nuclear magnetic
resonance (PT ssNMR), dynamic light scattering (DLS) and cryogenic transmission electron
microscopy (Cryo-TEM) were used to reveal the overall structural effects on DPPC bilayers.
Neutron reflectometry (NR) and the Langmuir trough (LT) were used to investigate changes at the
molecular level and the RAs” localization within the lipid monolayer. The complementarity of these
techniques allowed correlating changes at the vesicle level with changes at the molecular level of
DPPC membranes in the presence of RAs. Additionally, the DLS measurements of polar soy lipid
extract suggest that the effects observed for DPPC also apply to more biologically relevant lipid

mixtures.

2. Experimental Section
2.1 Materials

The lipids, DPPC, 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (de2DPPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine-N,N,N-trimethyl-d9 (deDPPC) and soybean polar lipid extract
(Composition in  wt/wt%: phosphatidylcholine: 45.7, phosphatidylethanolamine: 22.1,
phosphoinositol: 18.4, phosphatidic acid: 6.9 and unknown: 6.9) [11] were purchased from Avanti
Polar Lipids, Inc. (AL, USA) with a purity over 99 %. Tris-buffered saline (TBS) solution
containing 50 mM Tris and 150 mM NaCl at pH of 7.4 was used in all preparations. CLDAA, DAA
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and NA were purchased from Orchid, Cellmark (Canada). All other chemicals were obtained from

Sigma Aldrich (Brgndby, Denmark) unless otherwise indicated.

2.1. Vesicle Preparation

Vesicles were prepared by manual extrusion. Briefly, lipids and RAs dissolved in chloroform were
mixed at a molar ratio of 9:1 and spread onto the glass vial surface with a glass syringe (Hamilton,
USA), followed by drying under a soft nitrogen stream and subjection for 1 hour under a vacuum to
remove residual organic solvent. Lipid films were used immediately or stored at -20°C. The lipid
film was rehydrated and extruded in buffer well above the melting temperature (Tm), which is
reported to be 41°C for DPPC [12] and -63°C [13] for soybean polar lipids. The vesicle suspension
was extruded eleven times through a 100 nm pore size polycarbonate filter membrane using a mini

extruder (Avanti Polar Lipids, Inc.).

2.2. Dynamic Light Scattering (DLS)

DLS measurements were performed using an ALV/CGS-3 (ALV- GmbH, Germany) apparatus
containing a Helium-Neon Laser (4 =632.8 nm) to determine the hydrodynamic size of the vesicle
population. The experiment was performed in TBS buffer at a final vesicle concentration of 0.1 mg
lipid/ml. Measurements for each sample were taken out immediately after extrusion (ho) and one
day later (h2s). Data was collected at a detection angle of @ = 90° for 60 seconds. The data was
analyzed with the ALV correlator Software 3.0 (ALV GmbH, Germany).

For the analysis, the normalized electric field correlation (gi(t)), which describes the measured

intensity fluctuations, is determined by using the distribution of exponential decays

91() = j A(D) exp(~t/T)de

where 7 is the relaxation time and A(z) its distribution. Therefore, the contribution of a particle to
A(7) is proportional to its scattering intensity and thus large particles bias strongly the distribution.

Furthermore, the cooperative diffusion coefficient (D) relates to 7 via the relationship

T= (chZ)—l
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with q as the scattering vector (q = 4nn/A sin(6/2)). At an infinite dilution D¢ will be reduced to the
self-diffusion coefficient of the particle in solution and therefore links to the hydrodynamic radius
which is calculated by the Stokes- Einstein equation

D kT
~ 6mmR

with T as the temperature in Kelvin, k being the Boltzmann Constant, R as the hydrodynamic radius,
the solution viscosity (7 = 0.89 mPa s) as well as the refractive index of water (n = 1.33) [14][15].

The DLS data is displayed as relaxation time distributions vs the hydrodynamic radii (nm).

2.3. Cryogenic-Transmission Electron Microscopy (cryo-TEM)

Cryo-TEM was applied to visualize the shape and size of the vesicles and aggregates. The imaging
was performed with a Philips CM120 BioTWIN microscope (University of Lund, Sweden) with an
Oxford CT 3500 Cryoholder and transfer system. This instrument gives a high resolution down to
0.34 nm [16]. Solutions with a final vesicle concentration of 1 mg/ml in TBS were prepared one day
prior to the experiment. The samples were prepared by plunge freezing. Briefly, a small drop of the
vesicle solution was transferred to a thin carbon grid and after gently removing the excess liquid,
the sample was rapidly frozen at -180°C in an ethane bath. During both, the transfer and the
imaging the samples were kept at -150°C using liquid nitrogen. At least 330 vesicles in two
replicates generated from one aliquot were analyzed with the Software ImageJ (National institute of

Health, Maryland, USA) to measure the average diameter without further image treatment.

2.4. Surface pressure - area (n-A) isotherms at the air/water interface

Surface Pressure — area (n-A) isotherms were undertaken at the air/water interface on a mini trough
film balance (KSV Instruments Ldt., Finland) with a working surface area of 144 cm?. The water
surface was considered to be clean after a total area compression did not lead to a change in surface
pressure of more than 0.1 mN/m, and the measured © was that of water at 25°C (72 mN/m) [17].
The lipids and RAs were mixed in chloroform prior use and spread on the water surface to reach a
mean molecular area (MMA) of ~128 A? for each mixture. The chloroform solution was given 15
minutes to evaporate before the n-A isotherms were measured with a compression speed of 1 cm

per minute at constant temperature. The temperature was controlled with an external water bath. To
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additionally analyze changes in compressibility of the lipids the compressibility modulus (Cs?t) was

calculated using the formula
C-1= —4a [an
S 9A

in which = is the surface pressure and A is the MMA at a given point.

2.5 Neutron Reflectometry (NR)

Specular neutron reflectometry (NR) was used to analyze the structure of DPPC/RA monolayers at
the air/water interface. NR enables one to obtain structural information perpendicular to the
interface in a non-destructive manner. Two reflectometers were used in this study: FIGARO at the
Institute Laue-Langevin (Grenoble, France) [18] and INTER at the Rutherford Appleton
Laboratories (Didcot, UK) [19] Briefly, an incident “white” neutron beam, with a chosen
wavelength (1) generated by a single crystal monochromator, is directed on the air/water interface
and is partially reflected and refracted depending on the incident angle (6) and 1. The ratio between

incident and reflected beam is then measured as a function of the wave vector defined as Q =
%ﬂsin 6. To obtain detailed structural information the isotropic contrast in the sample is important.

The scattering length density (SLD) determines the isotropic contrast by highlighting different
components in the sample. The SLD is described by the sum of the coherent scattering length b;
times the number of nuclei in a given volume n; (SLD = ) n;Xb;). By exchanging hydrogen with
deuterium, the SLD of a molecule can be increased and the isotropic contrast can be manipulated to
partially highlight specific parts of a molecule. In this study, the four isotropic contrasts consisted of
462DPPC on D20, 4¢62DPPC on air contrast matching water (ACMW, 8 w% D,0), hDPPC on D0
and oDPPC on ACMW with and without the presence of RA.

For these experiments, a Langmuir trough with two movable barriers and a total compressible area
of 605.3 cm? was used. The experiments were performed under the same conditions as stated for the
7 - A isotherms section, adjusted to the larger trough area respectively The measurements were
carried out at = = 30 mN/m, which is the estimated lateral pressure of a biological membrane [20].
In the data interpretation procedure, the four isotropic contrasts were simultaneously fitted to get a

unique model. The data was analyzed using the Motofit software, which uses the Abeles matrix for
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simulations of reflectometry data [21]. The SLD values used in the fitting procedure are
summarized in table Supporting Information SI 2. Briefly, a two-layer model was applied that
separates the head group from the acyl chain region of the monolayer. Each layer was given a
specific SLD. In this way, we determined the thickness and roughness of each layer as well as the
solvent penetration into the head group. The roughness of each layer was larger or equal to the
roughness induced by capillary forces 3.7A (Supporting Information Fig. 1). Specifically, from the
fitted parameters the hydration (@p of the head group was calculated using the following

relationship:

SLDhead group — (LayerSLD idealx(1 - Q))) + BulkSLDX Q))

2.6 Differential Scanning Calorimetry (DSC)

DSC experiments were performed using a MicroCal™ VP-DSC system (GE Healthcare Bio-
Sciences, Sweden). Extruded vesicles (1 mg lipid /ml in TBS) were measured in two thermal cycles
including heating and cooling from 10 to 70°C at a rate of 1°C per 1.5 minutes and a chamber filled
with buffer as a reference. Duplicates were analyzed on the VPViewerTM2000 (GE Healthcare,
MA, USA) software. The enthalpy (AH®) of the Lg’ — L, phase transition was determined by the
area below the main phase-transition peak of a heating cycle. Additionally, the cooperative unit
(CU) was calculated using the van’t Hoff enthalpy (AHw4) for a two state model based on the
assumption that no significant intermediate populations occur [22]. AH, is calculated using the

following relationship:

dInK _ AH
0T  AH,,RT?

where K is the equilibrium constant of the Lg’ — L, phase transition, R is the gas constant, T is the
absolute Temperature (Kelvin), and AHy is the van't Hoff enthalpy. CU is then defined by the ratio
of the transition enthalpy and the van’'t Hoff enthalpy (AHw+/AHca) and displays the amount of

molecules within one cooperative unit [23].
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2.7 Polarization transfer solid-state nuclear magnetic resonance (PT sSNMR)

For the PT ssNMR studies, 20 mg of fully hydrated DPPC, DPPC/DAA and DPPC/NA samples at a
water to lipid molar ratio of 40:1 were prepared 21 days before the measurement to ensure sufficient
equilibration time. The lipid samples were prepared using TBS buffer and loaded into rotor inserts

that were then placed in a 4 mm Bruker rotor.

NMR experiments were performed at *H and 3C resonance frequencies of, respectively, 500 and
125 MHz on a Bruker Avance 11 500 spectrometer with a 4 mm 3C/*'P/*H Efree probe. The *C
signal was recorded under 5 kHz magic-angle spinning (MAS) [24] and 48 kHz two pulse phase
modulation (TPPM) decoupling [25] with 31.25 kHz spectral width and 100 ms acquisition time.
The 3C chemical shift was referenced to tetramethylsilane using the 43.67 ppm a-carbon signal of
a-glycine as secondary standard [26]. Hard radiofrequency (RF) pulses were applied at 80 kHz
nutation frequency, giving 90° and 180° pulse lengths of, respectively, 3.1 and 6.2 ms. Direct
polarization (DP) spectra were acquired after a single *3C 90° pulse. Selective enhancement of
resonances from rigid and mobile segments were achieved by the cross polarization (CP) [27] and
insensitive nuclei enhanced by polarization transfer (INEPT) [28] schemes. CP was carried out with
1 ms contact time, 80 kHz 3C nutation frequency, and linear ramp of *H nutation frequency from
72 to 88 kHz. The INEPT measurements were performed with the delays t=1.2 msand t" = 1.8 ms.
Each spectrum was acquired by accumulating 256 transients at 5 s recycle delay. The sample
temperature was controlled with a Bruker BVT unit and calibrated to an accuracy of 0.2°C with
methanol at 5 kHz MAS [29].

The data was processed with 20 Hz line broadening, zero-filling from 1560 to 8192 points, Fourier
transformation, automatic phase correction [30], and baseline correction using in-house Matlab
scripts based on matNMR [31]. In order to facilitate observation of transitions between solid and
liquid phases, the DP, CP, and INEPT spectra were overlaid and color-coded in gray, blue, and red,
respectively [32,33]. This set of measurements is known under the term polarization transfer solid-
state NMR (PT ssNMR) and has been applied for studies of phase transitions in a wide range of

aqueous surfactant and lipid systems [33-36].
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3. Results

3.1. Formation of large vesicular structures in the presence of RAs

DLS and Cryo-TEM were combined to characterize the vesicle size and shape distribution in
samples based on either DPPC or the polar soybean lipid extract with and without 10 mol% RA.
Freshly extruded vesicles and vesicles incubated for 24 h at room temperature (RT) after extrusion
were measured with DLS at 90° (Fig. 2 and Supporting Information Fig. S2 and S3). For DPPC
alone, a monodisperse vesicle population with an average radius of 70 £ 4 nm (n=3) with a stable
size distribution over at least 24 h was observed. For polar soybean lipid vesicles, the mean vesicle
size was 40 + 10 nm both right after extrusion (ho) and after 24 h of incubation at RT (h2s).
However, the size distribution broadened towards larger vesicles over time (Supporting Information
S2) reflecting higher dynamics of the polar soybean lipid extract due to their higher fluidity as
compared to the more static gel phase DPPC vesicles. Due to these differences, Fig. 2 shows the
DLS data for soy lipid/RA mixtures at ho, whereas the DPPC/RA mixtures are presented at hys to
allow for a longer equilibration time and similar extent of mixing for both lipid systems. The ho and
h.4 data sets for DPPC/RA and soybean lipid/RA mixtures are given in Supporting Information Fig.
S3.

For DPPC vesicles, the presence of RAs led to a broadening and shifting of the vesicle peak
maximum towards smaller sizes already at ho (Supporting Information Fig. S3). Over time (h24) this
vesicle population was accompanied by the appearance of a second maximum for CI.DAA and
DAA at larger vesicle sizes (Fig. 2A). For DPPC/CI,DAA, the first maximum appeared at 70 £ 5
nm and a second maximum appeared at 290 £ 60 nm. When DAA was added, the first maximum
occurred at 50 £ 10 nm and either a long tail or a second smaller peak appeared at 380 = 60 nm. For
DPPC/NA vesicles, the maximum in size distribution shifted also to slightly smaller radii (60 + 3
nm) at the same time that the peak broadened toward larger vesicles with a maximum radius of
~130 nm. Additionally, the DLS detector-counts for a given laser opening remained roughly

constant suggesting that very large aggregates that sediment did not accumulate in DPPC samples.
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Fig.2. Impact of resin acids on lipid vesicles prepared from DPPC after 24 hours of incubation at RT (A) and the polar soy lipid
extract immediately after extrusion (B) without (solid line) and with (dotted lines) a given RA (10 mol %). In this figure tA(t) is
plotted as a function of the hydrodynamic size radius (nm) showing qualitatively the appearance of larger vesicular structures in the
presence of RAs.

When RAs were added to polar soybean lipid vesicles, a similar effect was observed at ho (Fig. 2B).
Specifically, two maxima were observed at radii of 50 + 20 nm and 70 £ 10 nm when CI.DAA was
incorporated into soybean lipid vesicles. For soybean/DAA vesicles, the maximum in the size
distribution occurred at 40 + 10 nm and a long tail appeared at higher sizes up to 160 £ 30 nm. For
soybean/NA lipid vesicles, the broadening of the size distribution was also accompanied by a
significant shift in the maximum of the observed vesicle size to 60 + 10 nm. The soybean lipid
extract vesicles tend to aggregate over time and thus these differences are less clear at haa
(Supporting Information Fig. S2). To sum up, for both DPPC and the polar soybean lipid extract
two of the three RAs lead to the formation of larger vesicular structures suggesting similar
structural effects for the model DPPC/RA, as well as for the more biologically relevant soybean/RA

mixture.

Fig. 3. A) Cryo TEM images of DPPC vesicles in the presence of 10 mol% RA: DPPC (1) with 10 mol%, NA (2), CI.DAA (3) and
DAA (4). B) Correlating histograms of maximum vesicle lengths (nm) that were obtained from 330 distinct vesicles.

To analyze the reasons behind the increase in vesicle size on the microscopic level, DPPC/RA
vesicles were visualized by Cryo-TEM (Fig. 3A). DPPC vesicles presented rhombic (faceted)
shapes typical for lipid vesicles in the gel phase [37]. The majority of vesicles were unilamellar
with a quite narrow size distribution, as expected due to the extrusion. For DPPC/RA mixtures,
spherical rhombic vesicles were accompanied by smooth tubular structures, which were mainly
found in clusters. To quantify the impact on the length, the maximum diameters of 330 individual
vesicles were measured and the histograms of the corresponding lengths are shown in Fig. 3B. The
vesicle size distribution obtained using Cryo-TEM imaging for DPPC vesicles gave a radius of 47 +
17 nm (Fig. 3B and Fig. 2A). The majority of vesicles in all samples show a maximum diameter at
~110 nm and furthermore no DPPC vesicles larger than 250 nm occurred in the absence of RAs
(Fig. 3B). Therefore, all tubular structures with a maximum diameter over 250 nm must be induced
by RAs. The addition of C.DAA and DAA produced tubular vesicles with a maximum length of
830 nm and 860 nm, respectively. The percentage of vesicle structures above a 250 nm length for
Cl.DAA was 21%, while that value was 11% and 3% for DAA and NA, respectively. Clearly, the
overall size and structure of most vesicles remained unaffected by RAs. The Cryo-TEM-based size

10
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distribution (Fig. 3B) is qualitatively consistent with that produced by DLS (Fig. 2A) and the
presence of larger vesicular structures follows the trend CI.DAA > DAA > NA. The main
differences in absolute sizes and relative intensities presented from DLS and Cryo-TEM depend on
the physical basis of the techniques used, as DLS measures the size dependent scattering intensities

in bulk solution, while Cryo-TEM allows the evaluation at the single vesicle level.

3.2. Decreased lipid compressibility in the presence of RAs

The RA effect on lipid packing in DPPC monolayers was studied using Langmuir (n-A) isotherms
(Fig. 4A). Briefly, the DPPC molecules were added onto the aqueous subphase in the gaseous phase
at = 0. As m increased, the monolayer underwent a phase transition into the liquid- expanded (LE)
phase up to = ~ 10 mN. Then a first order phase transition to the liquid - condensed (LC) phase took
place, during which the LE and LC phases co-existed. The isotherm for DPPC is similar to that

reported earlier under similar experimental conditions [38-39].

Fig. 4. Impact of RAs on lipid packing in monolayers. A) = - MMA isotherms for DPPC and DPPC/RA (9:1 molar ratio) monolayers
on water. B) Compressibility modulus plot (Cs) versus surface pressure displaying the compressibility of the mixtures at all points
during compression. The liquid expanded (LE) and liquid condensed (LC) phases are labelled in B for clarity.

In the presence of RAs, the n-A isotherm of DPPC monolayers shifted to smaller MMA as
compared to the control regardless of the RA type (Fig. 4A). The shift towards smaller MMA
depended on the RA type following the trend: CI,DAA > NA > DAA. We cannot rule out a loss of
the molecules into the bulk aqueous solution, e.g. in form of mixed lipid/RA micelles, and therefore
we do not further analyze this apparent compaction. However, the slope of the isotherms in the LC
region changed upon RA addition suggesting changes in compressibility. Indeed, Cs* decreased in
the LC- phase over = = 15 mN/m while the minimum of Cs? shifted slightly to a higher surface
pressure for all RAs for DPPC-RA mixtures (Fig. 4B). Overall, our data suggests that RAs integrate
within the phospholipid monolayer inducing structural changes in the lipid packing toward a more

disordered conformation.

Fig. 5. Structural effects of RAs on DPPC monolayer studied by NR. A) Neutron reflectometry data including the best fits as a
function of the scattering vector (RQ*) for ds;DPPC monolayers with (dotted lines) and without (continuous lines) RAs at the air
water (D;0) interface at 7=30 mN. The profiles are shifted along the y-axis for clarity. B) Scattering length density profiles for the
best fits to the neutron reflection data.

To determine the structure and composition of the DPPC/RA monolayers, we used NR on

Langmuir films at the air/water interface with four different isotropic contrasts. The reflectometry

11
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profiles for de2DPPC/RA mixtures on D,O changed significantly when RAs were present and, in
particular, the minimum at 0.08 A* shifted to higher Q following the ranking in this order: ClL.DAA

> DAA > NA (Fig. 5A), indicating changes in the overall structure of the monolayer.

For the fitting procedure, a two-layer model was applied, dividing the phospholipid monolayer into
a head group layer and the acyl chain. The SLD (Supporting Information Table 1) of either the head
group layer, the acyl chain or both were adjusted during the fitting procedure assuming the presence
of 10 mol % RA to gain information of their co-localization within the DPPC monolayer.
Alternatively, the fitting procedure was carried out under the assumption that no RA is present (see
details in the Supporting Information). The chi’-values obtained from the Monte Carlo fitting
method (Supporting Information Fig. S4) allow comparing the quality of the applied models. From
these values, it is likely that both CI,DAA and DAA co-localize within the acyl chain of DPPC.
NA, on the other hand, might co-localize within the head group layer although, in this case, a fit of
similar quality was found assuming the absence of NA in the film. The SLD profiles from the best
ds2DPPC/RA fits to the NR data in Fig. 5A are shown in Fig. 5B. All other isotropic contrasts are
displayed in the Supporting Information Fig. S4. Table 1 lists the main parameters used for the best
fits shown in Fig. 4B and Supporting Information Fig. S4. The structural parameters for pure DPPC
are in agreement with previous studies at similar m [38][39]. CL.DAA reduced the solvent
penetration in the head group from 15 = 5 to 6 + 4 % and decreased the length of the tail from 16.2

+0.2t0 14.7 + 0.1 A, indicating an increase of the lipid tail tilt (t) using the relationship cos(t) =

LL with L as the measured acyl chain length and Lcn as the maximal tail length [40]. When DAA

CH

was added to DPPC, the head group hydration and thickness decreased slightly, though within the
fit error. DAA had no effect on the acyl chain tilt, whereas it decreased slightly for NA (the tail
length decreased to 15.6 + 0.1 A). The roughness at the head group - tail interface was only
increased by CI.DAA, from 3.7 £ 0.2 t0 6.0 + 0.2 A.

Deuteration effects are known to affect the phase transition in lipids and the dynamics of molecules.
In particular, the main phase transition from L, to Lg decreases by 4 °C per tail for phospholipids
due to deuteration [41]. The NR experiments were performed well below this phase transition and
therefore we expect a similar order within the lipid chains. A small deviation may exist in the exact
conformation of tails and their dynamics, however it is reasonable to assume that these differences

are minor. Indeed, similar thermotropic effects using DSC were observed for RA on hydrogenated
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or deuterated DPPC (Supporting Information Fig. S6 and Fig. 6). Further comparison of
hydrogenated versus deuterated lipids could be performed by molecular dynamic simulations, but

that remains out of the scope of the present work.

Table 1. Parameters used for the best the NR fits using a two layer model on DPPC/RA monolayer at 30 mN/m: lipid tail layer
thickness, head group layer thickness, roughness between the head and the tail region. The head solvent penetration of DPPC is
calculated in percentage (%) at = = 30 mN/m as described in section 2.5 [42]. The errors were calculated using the Monte Carlo
method embebbed in Motofit [43].

3.3 Reduced cooperativity of the DPPC phase transition after RA integration

DSC (Fig. 6) and PT ssNMR (Fig. 7-8) experiments were performed to investigate the influence of
RAs on the phase behavior as well as the molecular conformation of DPPC (Fig. 6 - 9). For DSC,
vesicles were first well equilibrated above the melting temperature of DPPC and then subjected to 2
heating/cooling cycles yielding similar thermograms after extrusion (Supporting Information Fig.
S6). The similarity between the heating thermograms of both heating cycles suggests that the
samples were at equilibrium and did not show de-mixing during or prior to the re-heating cycles.
The total heat excess during the main phase transition or the calorimetric enthalpy (AH) was
calculated upon integration under each phase transition peak (Table 2). Additionally, AHv+ and the
cooperativity unit, CU are given in Table 2. AH4 corresponds to a simple two state model, while
AH includes all changes independently of the model. Therefore, it is possible to calculate CU using
these two values to asses information about the cooperativity of the main phase transition from the

solid crystalline phase to the fluid phase, which has been thoroughly discussed in the literature [23].

Fig 6. Representative phase transition profiles of vesicles composed of DPPC and DPPC/RA (9:1, mol%). The enthalpy (cal/mole/C)
is plotted as a function of the temperature for pure DPPC (solid line), DPPC/DAA (dotted broken line), DPPC/NA (broken line) and
DPPC/CI,DAA (dotted line).

The DPPC profile in Fig. 6 shows the characteristic pre-transition onset of AH ~490 cal/mol/°C at
31°C. This peak corresponds to the transition from the planar gel phase (Lg’) to the rippled gel
phase (Pg’). At 41°C, DPPC underwent a phase transition from the Pg’ to the liquid crystalline
phase with AH ~12 kcal/mol/°C. The melting temperature (Tm) is derived as the maximum of the
main transition peak. The sharpness of the peak indicates a highly cooperative phase transition
typical for DPPC (CU = 44). Vesicles containing RA showed both peak broadening and a dramatic

decrease of the maximum of the main phase transition enthalpy. This suggests a loss in
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cooperativity. Additionally, the pre-transition peak displaying the Lg - P g- transition did not occur
in the presence of RAs. For 10 mol% CI:DAA, AH decreased from 12.2 to 5.8 kcal/mol/°C and
increased for DAA and NA to 14.2 and 17.9 kcal/mol/°C. Moreover, for NA and DAA, there was a
significant shift in T from 41°C to 38°C. Thus, all RAs led to a decrease in cooperativity of the
main phase transition of DPPC as indicated by the increase in CU. Note that CU decreased for 5
mol% CLDAA from 44 to 27, but increased to 52 for 10 mol%. Such increase in CU is an artefact
produced from the decrease of the transition peak for DPPC/CI.DAA compared to pure DPPC. The
peak does not seem to broaden due to the loss of width at the same time. As a consequence, the
width-height ratio suggests a cooperative phase transition. However, the data irrevocably indicate a

drastic perturbation of the lipid packing for this particular RA.

Table 2. AH, AHw, CU and Tr, values for DPPC and DPPC/RA vesicles. AH and Tr, were directly calculated from the

heat excess measured by the DSC, whereas AHw and CU were calculated as stated in the methodological section.

PT ssNMR data was collected for DPPC and DPPC mixtures in the lamellar phase containing 10
mol % NA or DAA for a detailed analysis of the phase transition. Fully hydrated DPPC and binary
mixtures were investigated well below the phase transition at 25 °C in the Lg phase, above the
melting point at 50 °C in the fluid lamellar phase, and at intermediate temperatures. In this way, the
dynamics of different segments in DPPC can be followed throughout the entire melting process.
The 3C MAS NMR spectra display the data from experiments including the DP, INEPT and CP
signals (Fig. 7).

For the L, phase, the excellent resolution of the *C chemical shifts affords separate observation of

each of the carbons of the choline moiety of the head group (¢, £ and y), the glycerol backbone (g1,
g2, and gs), as well as several carbons of the acyl chains (1, 2, 3, 14, 15, and 16). The central
segments of the acyl chains (4-13) give rise to a cluster of overlapping resonances at 30-32 ppm.
The peak maximum at 31 ppm is indicative of a distribution of trans and gauche conformations
typical of liquid hydrocarbons [36]. The signal amplitudes obtained with CP and INEPT can be
rationalized in terms of the correlation time tc and order parameter Scy quantifying the rate and
anisotropy of CH bond reorientation [33]. Intense INEPT and vanishing CP indicates fast isotropic

reorientation (approximately tc < 10 ns and |ScH| < 0.01) characteristic of liquids with low viscosity.
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Conversely, strong CP without INEPT can be observed for solids (tc > 0.1 ms). Anisotropic liquids
(t: <10 ns and 0.05 < |ScH| < 0.2) give rise to INEPT and CP signals with similar amplitudes.

The 45 °C data for all samples are characteristic of L, phases with INEPT signals indicating fast
reorientation of all segments (tc < 10 ns). The absence of CP for the carbons of the CH3 groups 16
and g show that these segments undergo isotropic reorientation. The comparable CP and INEPT
amplitudes for most carbons verify that the phase is anisotropic.

At 25 °C, CP signals dominate for all samples consistent with the expected solid phases. Notable
exceptions are the INEPT signals for the carbons g, and to some extent « and g, indicating that the
choline moiety remains mobile even below the solid-to-liquid phase transition. The 33 ppm shift of
the peak from the central segments of the acyl chains is a signature of an all-trans conformation.
Taken together, these observations are consistent with an Lg phase with all-trans acyl chains and

hydrated head groups.

According to the DSC data, the pure DPPC sample transforms from Lg to Pg* at 33 °C. In the NMR
data, this transition is mainly observed as a minor increase in the linewidth of the 33 ppm peak
consistent with subtle differences in acyl chain packing for the troughs and ridges of the P’ phase.
The transition from Pp 1o Lo gives rise to the appearance of INEPT signals for all carbons. The
two-phase data at 37 °C is a superimposition of the one-phase Pg’ and L, data at 35 and 39 °C,
respectively. In particular, the peaks at 33 and 31 ppm show the coexistence of acyl chains in two
distinct states: solid-like all-trans conformation and a liquid-like distribution of trans- and gauche
conformations. For both RA samples, the transition from Lg to L, is more continuous and lacks a
clear two-phase region (Fig. 7 at 37 °C). Rather than having two pronounced maxima for the main
acyl chain peak, there is a smooth transition between the shifts characteristic for the low and high
temperature states.

Both, DSC and ssNMR data suggest that DPPC undergoes a phase transition at lower temperatures
in the presence of DAA and NA. Data in Fig. 7 for DPPC and the DPPC/RA mixtures at 35 °C
degrees displays the differences in the flexibility of the acyl chains at this temperature. Supporting
Information Fig. S8 shows the expanded area from 20 — 40 ppm corresponding to Cz.15. The spectra
for DPPC show no INEPT signal for any chain segment indicating that DPPC exists in its solid
phase. Moreover, the peak at 32.8 ppm as well as the broadness of the CP signal for these peaks
indicate an all-trans conformation for Cs.13 and thus support the gel phase for DPPC [44]. For DAA
and NA, the spectra clearly showed INEPT signals and rather distinct peaks. The chemical shifts for
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Co-15 appear at 31.4 ppm and 31.6 ppm for DAA and NA, respectively, suggesting an ongoing phase
transition. Overall, the data confirm a lower phase transition of DPPC/RA mixtures regardless of
RA type, thus agreeing with the DSC data (Fig. 6). For future experiments it would be interesting to
study detailed effects on the flexibility of certain segments in DPPC caused by CI.DAA for

comparison.

Fig, 7. 13C MAS NMR spectra (DP: gray; CP: blue; INEPT: red) of DPPC (A) and DPPC with 10 mol% DAA (B) and NA (C) from
25 to 50°C in the lamellar phase. Insets: Magnification of the spectral region of the lipid tails. The spectra were obtained with 125
MHz *3C frequency, 5 kHz MAS and 48 kHz TPPM decoupling.

On the other hand, we observed different conformations of DPPC segments upon NA integration in
the gel phase at 25 °C. The 3C MAS NMR spectrum showed the appearance of a sharp CP peak at
14.13 ppm for the C16 methyl terminus at trans conformation in DPPC (Fig. 8A), whereas this peak
broadened for DAA (Fig. 8B) and split in the presence of NA (Fig. 8C). Moreover, differences were
observed for the C,, located in the head group at 59.3 ppm for NA only. This peak appeared as a

sharp INEPT signal at 59.3 ppm, indicating fast (z < 10 ns) reorientation of the DPPC head groups
(Fig.8).

Fig. 8. 3C MAS NMR spectra (DP: gray; CP: blue; INEPT: red) of DPPC (A) and DPPC with 10 mol % DAA (B) and NA (C) at 25
°C. The spectra were obtained with 125 MHz 13C frequency, 5 kHz MAS and 48 kHz TPPM decoupling. * Peaks corresponding to
TRIS, which is used in the buffer.

4. Discussion

In this study, we performed DLS, PT ssNMR, NR, DSC, Cryo-TEM experiments on DPPC
vesicles, monolayer and lamellar phase as well as DLS experiments on vesicles composed of the
biologically relevant polar soybean lipid extract to unravel structural effects of three closely related
RAs on a phospholipid bilayer. Furthermore, we determine the co-localization and of these RAs

within DPPC monolayer and correlate changes on DPPC to the RAS toxicity.

DLS enabled us to obtain qualitatively comparable data for both model systems. Our DLS results
(Fig. 2) suggest that RAs induce similar structural alterations on the size distribution of lipid
vesicles for DPPC and the polar soy lipid extract. We found that DPPC/RA mixtures in the gel
phase showed the formation of larger structures after 24 hours. In contrast, the liquid crystalline soy

lipid/RA mixtures showed immediate effects on the vesicle sizes and signs of further vesicle growth
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and accumulation after 24 hours. Therefore, the two lipid model systems are compared at two
different time points to show similar extents of mixing as the dynamics of the system are expected
to be different for fluid and gel membranes. By comparing the two model systems it can be
concluded that CI,DAA and DAA induce major structural changes within phospholipid vesicles
leading to significantly larger vesicle sizes, whereas the effect of NA led to a small increase in

vesicle size distribution.

The DLS data was confirmed by Cryo-TEM that allowed visualizing elongated vesicles with
lengths up to 250 nm for DPPC/RA mixtures for CI, DAA and DAA but not for NA (Fig. 3). NA led
to slightly larger faceted vesicles suggesting minor effects on the structure of lipid vesicles. The
tubular vesicles were mainly found in clusters, especially for CI,DAA. The clusters could be
produced during the immobilization of the vesicles on the carbon grid due to the water removal.
Besides mechanical causes, vesicle clustering occurs e.g. due to a decreased ability for hydrogen
bond networking between the head groups and the bulk water as well as changes in the longer range
hydration forces. Lower ability to hydrogen bonding is known to reduce the interlamellar space
between bilayers and to increase intervesicular attraction as reported earlier using Raman scattering
microscopy on 1- palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer [45]. The
formation of microtubules suggests a significant change in the lipid packing. Previously, this type
of membrane shape transformation was discussed in connection to peptides interacting with lipid
bilayers [46]. Briefly, both the total interfacial area and acyl chain volume can be kept constant
upon stretching a bilayer tubule as long as the diameter of the tubule decreases proportionally to the
increase in vesicle length. However, the further bending of the lipid bilayer to form highly curved
vesicles imposes a strain on a symmetric bilayer as the inner monolayer has a negative curvature,
while the outer has a positive curvature. By changing the number or type of molecules in the inner
relative to the outer monolayer of the vesicle bilayer, the relative area of the two monolayers will
change although the total area in the bilayer remains constant. This could be achieved, for instance,
by in plane phase separation within the vesicle membrane as observed for cardiolipin rich domains
on the poles of E.coli [47]. Tubular structures were also observed earlier for milk fat globule
membranes, composed by lipids with different packing parameters using Cryo-TEM [48]. However,
the formation of highly curved areas does not directly correlate alone to phase separation within a

phospholipid bilayer.

Despite the appearance of tubules, the structure of most vesicles in all DPPC/RA mixtures remained

unaffected. This suggests that RAs distribute heterogeneously at the single vesicle level. This
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heterogeneity is further supported by the PT ssNMR data showing a split of the peak for the acyl
terminal methyl group for DPPC in the lamellar gel phase when NA was added (Fig. 8). Thus,
DPPC exists in two distinguishable conformations upon the integration of NA at 25 °C in the gel
phase. However, for spherical/faceted vesicles the presence of RAs cannot be excluded, yet, the RA
concentration within these vesicles could be too low to alter the vesicle shape. Earlier studies have
shown that compositional heterogeneity at the single vesicle level exists for binary lipid mixtures
using atomic force microscopy [49] and fluorescence microscopy by the inclusion of two lipid

fluorophores [50].

To further investigate packing effects of RAs on DPPC, Langmuir isotherm experiments were
performed on the lipid monolayer. Our Langmuir data indeed confirmed changes in lipid packing
upon RA insertion in the DPPC monolayer towards reduced compressibility in the LC-phase and a
shift toward smaller MMA for all RAs (Fig. 4). The shift toward smaller MMA could be due to
partial loss of lipid/RA molecules into the aqueous subphase and is therefore not further discussed.
Partial material loss may also influence the reduction in compressibility. However, all RAs reduced
the LE-LC coexisting region displayed by the shortened plateau at 7 = 15 mN/m in the isotherm
(Fig. 4A) and shifted the minima in the compressibility moduli to higher = (Fig. 4B). This suggests
a delay in the formation of the LC phase due to RA integration. To gain certainty about this effect,
Brewster angle microscopy may visualize this expanding effect on DPPC monolayer in future
experiments, as done in the past on pulmonary surfactants protein on lipid monolayer [51]. We note
that the LC — LE plateau did not entirely disappear, which may facilitate a non-homogeneous
distribution of RAs in the DPPC monolayer. Such a non-homogeneous effect could correlate well
with the heterogeneous structural consequences at the bilayer level observed via Cryo-TEM and PT
sSNMR (Fig. 3, 7-8). Although it has to be noted that the comparison between bilayer and
monolayer systems does not necessarily yield similar effects due to the constraints imposed by the

air-water interface.

In a recent study, a DPPC monolayer mixed with the monoterpenoid thymol were studied under
similar conditions to the ones used in this work [52]. The authors observed similar changes in the 7t-
A isotherms as the ones we report here in terms of compressibility modulus and concluded that the

terpenes clearly had a fluidizing effect on DPPC monolayers. Our DSC and PT ssNMR data
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confirmed the changes in membrane fluidity of DPPC bilayer in the presence of RAs (Fig. 6 and 7).
DAA and NA caused the earlier onset and broadening of the Lg-L, phase transition of DPPC. The
earlier onset of the phase transition was visible at 35 °C in the 13C MAS NMR spectra due to the
INEPT signal, the shift from 32.8 to 31.4 ppm and a clear distinction of the peaks. Similar effects
were recently observed when linear monoterpenes were analyzed in DMPC membranes using PT
sSNMR [35]. Furthermore, the DSC results reveal a drastic loss of cooperativity (CU decrease) of
the phase transition that follows the trend CL,LDAA > DAA > NA (Table 2). The integration of RAs
into DPPC bilayers could destabilize the DPPC crystalline phase in such a way that the forces in the
lattice are lowered to an extent that prevents a cooperative phase transition. Such an effect may be
accompanied with an increased mobility of the acyl chains and is supported by the small decrease in
Tm. This suggests a major disturbance of the lipid packing consistent with an increased disorder of
lipid configurations (Table 2). The increased molecular disorder is supported by: 1) the decreased
compression modulus observed in our monolayer studies (Fig. 4) and 2) coexisting DPPC
configurations in our PT ssNMR data (Fig. 8) for DPPC bilayer. Similar impact on the thermotropic
behavior of lipids as studied by DSC, were reported for abietic acid/DPPC [7] and rosmarinic
acid/DMPC systems (their chemical structure is related to the ones used in this study) [6]. Such
perturbing effect on the thermotropic behavior of lipid membranes for RAs was previously linked to
their toxicity [53]. Our data also suggests that besides the correlation between the toxicity of RAs
and the thermotropic effect on the main phase transition of DPPC, there is a correlation with the
presence of coexisting lipid configurations at 25 °C for NA and the ability to induce highly curved
elongated vesicular structures for DAA and CI,DAA.

For structural details, NR measurements were taken out on Langmuir films to study the molecular
geometry of DPPC/RA monolayer at the air-water interface. The best fit for DPPC monolayers
containing CI,DAA and DAA was achieved when these particular RAs where co-localized in the
acyl chain region (Supporting Information Fig. S4). The overall geometry of DPPC changed upon
CI.DAA integration in terms of a decreased acyl chain length thickness from 16.2 £ 0.2 to 14.4 +
0.1 A and increased roughness from 3.7 + 0.2 A t0 6.0 + 0.2 A at the head to tail interfacial region
(Table 1). These effects confirmed changes in the lipid packing toward a more disordered lipid
packing, and the integration of this particular RA into the lipid tail region. DAA, which differs from
CI,DAA only in the absence of the two chlorine atoms, seemed also to co-localize within the acyl

chain, yet there were no effects on the acyl chain length or any further interfacial roughening. These
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differences may be caused by the presence of the two bulky chlorine atoms in CI.DAA leading to a
drastic perturbation in the acyl chain packing due to their large van der Waals radii and steric
effects they may induce. The main effect caused by DAA on DPPC was the shortening of the head
group region. In contrast, NA is likely to integrate into the head group region of DPPC as
determined by NR (Supporting Information Fig. S4). A fit to the NR data of similar quality could be
found assuming that NA was absent from the Langmuir monolayer. This could be due to lower
contrast between the NA and DPPC head groups or that the actual NA concentration in the
Langmuir film was lower than the nominal composition due to NA molecules being expelled into
the aqueous phase. However, the effects in Langmuir film compressibility, PT ssNMR signals, and
the low aqueous solubility of 2.31 mg/L suggest that NA is indeed kept in the lipid layer [54]. The
best fits to the NR data showed minimal effects on the head group and a slight decrease in the acyl
chain thickness from 16.2 + 0.2 to 15.6 = 0.1 A. This was accompanied by a slight increase in
solvent penetration into the head group region from 15 + 5 to 21 + 5 %, although within the fit error
(Table 1). Our PT ssNMR results indeed support increased mobility of the DPPC head group region
as displayed by the INEPT peak for the C, carbon (Fig. 9). This INEPT signal in the 3C MAS
spectra shows all head groups in a mobile conformation at this particular position, which may be
caused by the integration of NA. Furthermore, NA affected the acyl chain, since the CP signal at
14.3 ppm split indicating the terminus methyl group in the acyl chain to exist in two different
conformations or environments (Fig. 8): either as two distinct solid phases, as a single phase with
two distinct locations of the DPPC molecules, or as a single phase where all DPPC molecules are
equivalent but with different conformations of the snl- and sn2- termini. Thus, it is likely that NA

co-localizes in the head group region of DPPC.

In summary, the formation of tubular vesicular structures correlates with the suggested co-
localization of RAs in the acyl chain region of DPPC and increased conformational disorder in the
lipid bilayer. The data suggests that RAs may induce a change in the packing parameter. The critical

packing parameter (P) is calculated by

pP=

SO lC

where V is the molecular volume, S, is the surface cross section of the head group and Ic is the

length of the acyl chain [55]. For NA, where no incorporation on the lipid tail occurs, increased
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mobility in the head group suggests an increased head group area that seems to be compensated by
the tilting of the DPPC chain to maintain a packing parameter close to 1 and therefore the spherical,
facetted vesicle structure prevailed. For DAA and CI,DAA, on the other hand, the incorporation
into the acyl tail is more likely to induce a shift of the packing parameter towards smaller values
and the possibility to accommodate for the highly curved poles of the tubular vesicles. Similar space
filling models have been proposed earlier that show the changes in lipid packing to optimize the van
der Waals forces between lipids and structural consequences for the lipid shape [56]. More recently,
fluorescence microscopy was used to show that cardiolipin, a cone inverted lipid present in E coli,
enriches the regions of E.coli with high curvature such as poles and septa [47]. Note that Langmuir
isotherms and NR experiments are performed at the air-water interface, and therefore the studies are
made on lipid monolayers. This may impose an additional constraint against the induction of high
curvature structures due to changes in P. This is in contrast to the other techniques in this work
performed on lipid vesicles, which can respond to changes in P. Schematics of our proposed model
for RA incorporation into the membrane and its effect on the overall structure of lipid bilayers are

shown in Fig. 9.

Fig. 9. Proposed impact of the integration of different RAs, NA (blue) and DAA (yellow), on the structure of the DPPC bilayer and
the consequences for the macrostructure of unilamellar vesicles. DAA co-localizes within the lipid tail region, whereas NA co-
localizes at the head-tail interface both affecting the lipid packing to different extents. The higher polarity and/or increased rigidness
of DAA (and bulkiness of CI,DAA) may be responsible for changes in the lipid packing affecting the curvature at the vesicle
level and this, in turn, can be correlated with the increased toxicity of these particular RAs.

5. Conclusion

RAs integrate into phospholipid membranes and induce significant effects on the thermotropic and
structural properties of lipid bilayers. The extent in which the DPPC packing parameter is affected
follows the trend CI.DAA > DAA > NA. This trend follows the polarity of these RAs, which can be
displayed by their dipole moment: CI.DAA (3.1 D) > DAA (1.9 D) > NA (1.7 D) [57]. Moreover,
this trend follows each RA’s molecular mobility. Briefly, the chemical difference between CI,DAA
and DAA are two synthetically added bulky chlorine atoms at C14 and Ci2. Due to the relatively
large van der Waals radius of chlorine, the chlorine atoms may cause steric fixation and loss of
flexibility within the molecule, especially on the isopropane group. Both, CI.DAA and DAA share
an aromatic ring with a planar ring geometry in contrast to NA [58]. Moreover, the presence of the

aromatic ring (n-m stacking) and chlorine groups increase the polarizability of CI,LDAA and DAA as
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compared to NA. The extent of these effects can be correlated to the toxicity of RAs. More
specifically, we have shown that the more toxic DAA and CI.DAA co-localize in the lipid tail
region and therefore induce mainly changes in this region that lead to alterations in the membrane
fluidity, curvature and shape. Particularly, CI.DAA with two relatively large chlorine atoms
perturbs the interface between the head group and tail region of lipid monolayers due to roughening
of the membrane and a reduction of the head group hydration showing the strongest effects on
phospholipid bilayer structure. This promotes the stretching of the phospholipid membrane and the
formation of tubular vesicular structures. In contrast, the least toxic NA, has its main effects on the
head group region enabling the compensation of perturbing effects by the acyl chain tilt. NA is the
least polarizable and most flexible of the RA studied, and it can be incorporated in the membrane,

to a larger extent, without compromising the functionality of the lipid membrane.

Graphical abstract

Same as Figure 9.
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Tail Head group Roughness Solvent
Layer thickness Layer thickness head/tail penetration (%)

(A) (A) interface head group
DPPC 16.2+0.2 89+05 3.7+0.2 15 +5
DPPC/CI,.DAA 147 +0.1 8.5+ 0.3 6.0+0.2 64
DPPC/DAA 16.4+0.1 76+0.2 3.7+0.2 9+2
DPPC/NA 156+0.1 94+ 05 44+0.1 215
Mixture AH AHvH CuU Tm

(kcal/mol) (kcal/mol)

DPPC 12+1.0 541.2+0.4 44 +5 41+1
+5 mol% CI:.DAA 13.1+0.7 364+1.2 27+3 41+1
+10 mol% CI,bDAA 58 %05 300.0+0.3 52+ 6 40+ 1
+10 mol% DAA 14+2.0 241.0+£0.3 16+3 38+l
+10 mol% NA 18+ 1.0 213.2+0.1 12+1 38+1
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