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The relationship between the membrane bending modulus (k) and compressibility modulus (Ka)

depends on the extent of coupling between the two monolayers (leaflets). Using neutron spin
echo (NSE) spectroscopy, we investigate the effects of n-alkanes on the interleaflet coupling of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers. Structural studies with small-angle
X-ray and neutron scattering (SAXS and SANS) showed that the bilayer thickness increased with
increasing n-alkane length, while NSE suggested that the bilayers became softer. Additional measure-
ments of the membrane thickness fluctuations with NSE suggested that the changes in elastic moduli
were due to a decrease in coupling between the leaflets upon addition of the longer n-alkanes. The
decreased coupling with elongating n-alkane length was explained based on the n-alkane distribution
within the bilayers characterized by SANS measurement of bilayers composed of protiated DPPC and
deuterated n-alkanes. A higher fraction of the incorporated long n-alkanes were concentrated at the
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central plane of the bilayers and decreased the physical interaction between the leaflets. Using NSE
and SANS, we successfully correlated changes in the mesoscopic collective dynamics and microscopic

membrane structure upon incorporation of n-alkanes.

1 Introduction

Lipids are a primary ingredient of biological membranes and the
function of several membrane proteins are influenced by the phys-
ical properties of the underlying lipid bilayer. For example, the
lipid membrane mechanical properties, such as the membrane
tension and bending modulus (x), are known to significantly af-
fect the activity of ion channels. T Also, the diffusion of peripheral
proteins is affected by the membrane viscosity and the intermono-
layer coupling which is related to the friction between two mono-
layers (leaflets) that opposes sliding of the individual monolayers
relative to one another. These essential membrane properties are
determined by the composition of lipids as well as the presence
of other small molecules; however, the effects of additives on the
membrane structure and dynamics are not well understood and
not easily predicted.

Many organic molecules other than lipids participate in regu-
lating the mechanical and physicochemical properties of biolog-
ical membranes such as structure, elasticity and phase behav-
ior 2112 Yet, a systematic understanding of the effects of small
organic molecules on the membrane properties has not been fully
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realized. Significant research efforts have been devoted to un-
derstanding the effects of cholesterol, which is known to loosen
molecular packing in the gel phase and lower the phase transi-
tion temperatures of lipid bilayers. 258 Less is known about other
classes of organic molecules.

Our group has focused on the effects of n-alkanes, where both
the n-alkane length and concentration within the membrane sys-
tematically change the membrane properties. 212 The effects of
n-alkanes on lipid membranes have been studied for more than
30 years because of their known anaesthetic properties as well as
their use in black lipid membranes. ™17 n-Alkanes with 12 and
14 carbons have the opposite effect to cholesterol on the molec-
ular packing and the phase transition temperatures of lipid bi-
layers, specifically they tighten the molecular packing in the gel
phase and increase the phase transition temperature. 1913 In con-
trast, the main transition temperature decreases when n-alkanes
shorter than C12 are incorporated into lipid membranes. 1913 The
location of n-alkanes within the bilayer can also depend on the
carbon length.1318 Absorption of n-alkanes into the center of a
bilayer leads to substantial changes in the bilayer thickness but
only minor changes in the area per lipid,’®20 while absorption
of n-alkanes parallel to the lipid tails leads to a smaller increase
in bilayer thickness. As there is a well-known chain length de-
pendence to the effects on the lipid main transition temperature
and the alkane distribution within the bilayer, we expect that
chain length of n-alkane within the membrane would also affect
the membrane dynamics and associated mechanical properties,
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as well as the interleaflet coupling, which is focus of the current
paper.

The relation between the membrane bending (x) and com-
pressibility moduli (Kp) is well established theoretically and de-
scribed by a coupling constant f8.21'22 The value of B increases as
the leaflets decouple and the bilayer behaves more like two inde-
pendent monolayers. The effects of additives on this coupling is
not well known, in part because determining 8 requires an inde-
pendent measure of both k¥ and K5. Work by Shchelokovskyy et
al. used a combination of micropipette aspiration and fluctuation
analysis to determine the effects of HIV-1 fusion peptide on the
elastic properties of model lipid bilayers.23 They found that the
HIV-1 fusion peptide increased 3, implying that the leaflets were
less coupled compared to the pure lipid bilayer. The authors sug-
gested that the presence of the peptide in the hydrophobic center
of the bilayer pushed the leaflets apart and significantly reduced
the interactions between the two lipid leaflets.

In this study, we vary the n-alkane length to systematically in-
vestigate the effects of small molecule additives on the elastic
moduli and the coupling in model lipid bilayers. We use small-
angle X-ray scattering (SAXS) and small-angle neutron scatter-
ing (SANS) techniques to characterize the bilayer structure with
added n-alkane and explore the location of the n-alkane within
the hydrophobic bilayer core. We characterize the membrane dy-
namics using neutron spin echo (NSE) spectroscopy to measure
both the collective bending and thickness fluctuations and deter-
mine x and Kx.24 The combined results show that f increases
when the n-alkanes are located within the central plane of the
bilayer. These results support the idea that decreasing the inter-
actions between leaflets decreases the coupling between leaflets,
with the added n-alkane acting as a lubricant and softening the
membrane.

2 Theory

NSE experiments directly measure the intermediate scattering
function, I(g,t) as a cosine Fourier transform of the scattering
law, S(g, ®), where ¢ = 4msin6 /A is the magnitude of the scatter-
ing vector, 260 and A are the scattering angle and the wavelength
of the incident neutron, ® is the exchanged energy and ¢ is the
Fourier time, that is a time associated with the exchanged energy
o. Zilman and Granek (ZG)22 derived the expression for I(g,t) to
describe membrane fluctuations based on the Helfrich model for
bending energy,2°

=exp [—(D‘)%} €8]

where T is the relaxation rate and follows a ¢° dependence,
I < ¢°. When protiated bilayers are subjected to measurements
in D,0 by NSE, it is well documented that /(g,) follows the pre-
dicted scaling.27722 Watson and Brown®Y included the effects of
the internal dissipation within the bilayer into the ZG formalism
to better describe the dynamics observed on the nanoscale with
NSE.!'Nagao and colleagues proposed a relationship between I'
measured with NSE and the membrane bending modulus x by
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incorporating these theoretical considerations as, 2432

' = 0.00694/ kT kB—Tzf (2
K n

where kgT is the thermal energy and n is the viscosity of the
solvent (D;0). This expression allows us to determine the x from
the dynamics observed for the lipid bilayers with added n-alkanes.

When a bilayer bends, one monolayer experiences expansion
while the other is compressed. This mechanical relation is ex-
pressed in a thin elastic sheet model as,

K= %dcz (3)
where Ky is the bilayer area compressibility modulus, 8 is a cou-
pling constant between two monolayers, and d. is the hydrocar-
bon thickness of the bilayer. Experimentally, d. can be obtained
either from SAXS or SANS measurements, while Kx and 3 are
not readily measurable for large unilamellar vesicles (LUVs). It
is noted that lipid chemistry affects both the head group and tail
regions of the bilayer and they contribute differently to k. The
impact of the tail region is seen directly in changes in d.2. On
the other hand, head group modification as well as tail packing
and interactions can affect the value of k through changes in Kx
and/or .

Recently, K5 was estimated from NSE measurements of LUVs
by taking advantage of contrast matching. These measurements
require contrast matching the hydrophobic tails to the surround-
ing solvent and emphasizing the coherent dynamics of the lipid
headgroups.2#33H35 At this contrast, 1(g,7) followed Eq. |1} while
I’ shows a distinct deviation from the underlying ¢°> depen-
dence. 2638 The “excess” dynamics were interpreted as the thick-
ness fluctuations of the bilayers, and I" was expressed by the su-
perposition of the bending and thickness fluctuations® as,

T _ 0.0060,/ %87 8T 7““"03)2 .

g K n o 1+(g—q0)*¢
The first term is the same as Eq. [2} and originates from the mem-
brane bending fluctuations, and the second term is a phenomeno-
logical expression for the thickness fluctuations, where ¢ is the
peak position of the Lorentz function, 7rg is the relaxation time
of the thickness fluctuations, and &~ is the half-width at the half
maximum of the peak, respectively. The peak maximum of the
excess dynamics, gg, corresponds to the first minima in the bi-
layer form factor measured with SANS and is associated with the
bilayer thickness.

€]

Here, our focus is on the parameter &~! which is related to
the amplitude 8d. of the thickness fluctuations. 243236138741 The
fractional change in the thickness can be defined as,

8d. _
oq=— = (q0&)". 5

de
By statistical mechanics, Ky is related to the fractional change in
area o5 = AA/A as,42
ks T
Kp = (6)

- oa2Ap]
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where A and A are the unit area of the membrane and the area
per molecule, respectively. Assuming the volume compressibility
is negligible (V = Ad,,AV /V ~ AAJA+ Ad./d. = 0 where V is the
volume), o, is equal to the fractional change in the thickness oy,
ie., A% = 042 = (8d./d.)? 42 Therefore, the experimental goé
relates to K4 as,

KaAg

T VEKa. 7)

Thus, the thickness fluctuation amplitude is related to K, allow-
ing us to explore the effects of added n-alkanes on both x and K
as well as the coupling between the two moduli.

3 Methods

908 =

Sample preparation

Protiated and tail-deuterated 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) were purchased from Avanti Polar Lipids
(Alabaster, AL). Protiated and deuterated n-alkanes (octane
(C8), decane (C10), dodecane (C12), tetradecane (C14)) were
purchased from Sigma Aldrich (Darmstadt, Germany) and
Cambridge Isotope Laboratories (Tewksbury, MA), respectively.
D,0 was also purchased from Cambridge Isotope Laboratories.
All the chemicals were used without further purification. Liquid
n-alkane was added to DPPC powder at the molar ratio of DPPC
: n-alkane = 6 : 4. The mixtures of DPPC and n-alkanes were
dissolved in D,O to give a lipid concentration of 100 mg/mL
and sonicated for 3 h at 60 °C in an ultrasonic bath to ensure
that the same n-alkanes ratio was incorporated in each system.
Successful incorporation of n-alkanes was confirmed using
differential scanning calorimetry (DSC) based on the absence of
the thermal anomaly due to melting of pure n-alkane and change
in the phase transition temperature of DPPC, which depends on
the incorporation ratio. 212 After sonication, the samples were
extruded through two stacked polycarbonate membranes with a
nominal pore size of 100 nm using a heated Mini-Extruder and
stored at 60 °C until the measurement.

Combinations of protiated and deuterated chemicals were cho-
sen to get appropriate samples for each measurement. For
SAXS experiments, fully protiated bilayers (protiated lipid and
n-alkanes) were dispersed in H,O. The contrast for X-ray scatter-
ing, which originates from the electron density (ED) profile, is
shown in Fig.[lp. To more precisely locate the incorporated n-
alkane in the bilayers, we used deuterated n-alkanes with proti-
ated DPPC in D, 0. The scattering length density (SLD) profile for
the neutron scattering at this contrast condition is shown in Fig.
[Ip. The bending fluctuations were observed using NSE by mea-
suring fully protiated bilayers dispersed in D,O with the corre-
sponding SLD profile shown in Fig.[If. The thickness fluctuations
were captured by NSE using the headgroup-highlighted samples,
where tail-deuterated DPPC and deuterated n-alkanes were used
to contrast match the hydrophobic region of the bilayer to the
D,0 solvent. As shown in Fig. [I{, only the head groups are pro-
tiated and visible in the scattering experiment. Small amounts
of protiated DPPC and n-alkanes were added to tail deuterated
DPPC and deuterated n-alkane to precisely match the SLD of the
hydrophobic region with the carrier solvent, D,O.

Physical Chemistry Chemical Physics

The samples with protiated DPPC (Fig. [Th,b,c) were subjected
to measurements at 54 °C, while the samples with the tail-
contrast-matched bilayers (Fig. [Id) were subjected to measure-
ments at 50 °C. This differnece is because mechanical properties
of lipid membranes change as a function of the reduced temper-
ature T — T, where Ty, is the main transition temperature of the
lipid bilayers,42 and T;, using tail-deuterated DPPC was found to
be 4 °C lower than that using protiated DPPC. 44

(@) o (®) ]
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Fig. 1 Schematics of the scattering contrasts used to measure the struc-
ture and dynamics of the DPPC bilayers with added n-alkanes. Black
portions of the molecule contain H atoms, while red parts are deuter-
ated. (a) The electron density (ED) profile of fully protiated bilayers
(protiated lipid and n-alkanes) in H,O for SAXS measurements. (b) The
scattering length density (SLD) profile of bilayers composed of protiated
DPPC and deuterated n-alkanes in D,O prepared for SANS. (c) The
SLD profile of fully protiated bilayers in D,O. (d) The SLD profile of the
headgroup-highlighted bilayers (that is, the tail-contrasted-matched sam-
ples) mainly composed of tail-deuterated lipid and deuterated n-alkanes
in D,0, which were used for NSE and SANS.

Differential scanning calorimetry (DSC)

DSC measurements were performed using a commercial appara-
tus (Q200, TA Instruments, New Castle, DE). To see the thermal
anomaly clearly, we used samples before extrusion which contain
multilamellar vesicles. About 5 uL of the fully protiated samples
were sealed in aluminum pans. Cooling and heating cycles were
performed three times between 20 °C and 55 °C using a scan rate
of 5 °C min~! for the first ramp and 2 °C min~! for the remain-
ing ramps. The enthalpy change upon the transitions could not
be determined because the amount of the bilayers in a pan was
unknown due to poor uniformity of the suspension.

Small-angle X-ray scattering (SAXS)

SAXS experiments were conducted on BL10C in the Photon Fac-
tory, KEK, Japan, where PILATUS 2M (DECTRIS Ltd., Baden,
Switzerland) detector and an incident X-ray with a wavelength
of 1.5 A were used. The measured ¢ range was 0.013 A 't00.83
A ara sample-to-detector distance of 1.1 m. A silver behen-
ate standard was used to calibrate sample-to-detector distances.
A polyimide tube containing a sample was held in a hot stage
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(FP900, Mettler-Toledo Inc., Columbus, OH) and all the samples
were subjected to measurements at 7 = 54 °C. Data reduction was
performed using Nika#2 and background correction was made by
subtracting the SAXS profile of H,O.

Small-angle neutron scattering (SANS)

SANS experiments were conducted on the NG7 30 m SANS at the
National Institute of Standards and Technology (NIST), USA. 40647
The incident neutron wavelengths A were 8.9 A and 6.0 A, and
the covered ¢ range was from 0.001 A~! to 0.5 A~!. The ob-
tained two-dimensional SANS patterns were reduced to be on the
absolute scale using a protocol developed at NIST.48

Neutron spin echo (NSE)

NSE experiments were performed using the NGA-NSE spectrom-
eter at NIST.4950 The selected ¢ range was from 0.03 A~! to
0.16 A~! with the use of 6 A, 8 A and 11 A neutron wave-
lengths. Fourier times, ¢, spanned from 0.2 ns to 100 ns. The tail-
contrasted-matched samples were subjected to measurements in
a 4 mm thick cell at 50 °C and the protiated samples in a 1 mm-
thick cell at 54 °C. The obtained NSE signal was corrected for
instrument resolution and solvent background to obtain the in-
termediate scattering function, /(q,7)/1(q,0), using the software,
DAVE®L,

4 Results and Discussion

Phase behavior

As already discussed in literature, 2101213 jpcorporating n-

alkanes into lipid bilayers changes the lipid melting transition
temperature Ty,. The shifts in melting temperature are caused
by the enthalpic stabilization due to enhanced packing of alkyl
chains in the gel phase.'l? In the present study, some of the ther-
mal anomalies were broadened by the n-alkane incorporation as
shown in Fig. |2p and it was difficult to determine the onset tem-
peratures. Here we treat the peak temperatures as Ty,. T, of pure
DPPC and DPPC/n-alkane (DPPC : n-alkane = 6 : 4 (mol : mol))
bilayers is shown in Fig. [2b. For C8 and C10, the values of Ty,
are lower than that of pure DPPC, while T}, becomes increases
with added C14. For the present work, it is important to under-
stand the effects of n-alkanes on the phase transition temperature
because the elastic properties are known to show anomalies at
T — T < 10 °C.2253 All the other measurements in this study
were performed at temperatures in the range 7 — Ty, > 10 °C
as stated in the section of sample prepartion. In the range of
T — Ty, > 10 °C, the elastic properties still have gradual depen-
dence on temperature.”¥ It is necessary to consider the differ-
ences in reduced temperature when discussing the measured elas-
tic moduli. However, the results for pure DPPC and C12 can be
directly compared without competing temperature effects since
their T;, are almost the same.

Bilayer structure

The SAXS profiles of LUVs are shown in Fig.[3p. In the measured
g range, the scattered intensity is dominated by the bilayer form
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Fig. 2 (a) DSC traces of pure DPPC and DPPC/n-alkane (DPPC :
n-alkane = 6:4 (mol : mol)) bilayers on the heating processes of the
third cycle at a rate of 2 °C min~!. (b) T, determined from the peak
temperatures of DSC traces in (a). Dotted line is T, of the pure DPPC
bilayer.

factor. The characteristic first hump at the lowest-¢g corresponds
to the main peak originated from the bilayer form factor followed
by oscillatroy scattering as ¢ gets higher. The dip location in the
scattering profile relates to the bilayer thickness. The dip in the
range of 0.2 A~! < g < 0.3 A~! shifts to lower g as the chain length
of n-alkane increases, which indicates an increase in the bilayer
thickness.

To quantify the changes in bilayer thickness with n-alkane
length, we used a model of a core and five-shells,>> as schemati-
cally shown in Fig.[Th, to fit the SAXS profiles. In the model, the
lipid bilayer is represented by five shells that are each character-
ized by a thickness and electron density, and the total thickness
of the three central shells is taken as d., the bilayer hydrocarbon
thickness. Polydispersity was included into the core radius (radius
of a vesicle) and the thickness of the central shell. The obtained
d. increased with increasing the n-alkane length, as shown in Fig.
3b.

The increase of the bilayer thickness, though, seems not sig-
nificant. The incorporated n-alkanes can align parallel to the
lipid alkyl chains or locate in the center of the bilayer. Paral-
lel alignment is seen upon addition of several classes of small
molecules including cholesterol, n-alkanes and n-alkane deriva-
tives. 21012056l Agsyming all of the incorporated n-alkanes are con-
densed at the central part of the bilayer and that neither the area
per lipid nor specific volume of components are change upon mix-
ing, the expected change in bilayer thickness is shown as the dot-

Page 4 of 9



Page 50f 9

Intensity / a.u.

25 | | | |
8 10 12 14

Chain length

Fig. 3 (a) SAXS profiles of pure DPPC and DPPC/n-alkane mixtures
(DPPC : n-alkane =6:4 (mol : mol)) bilayers obtained at 54 °C. Error
bars represent +1 standard deviation, and the confidence intervals are
1.96 times of the error bars throughout the paper. Fitting results are
the solid lines. (b) Plot of d. obtained from fitting to the SAXS profiles.
Broken line : d. of the pure DPPC bilayer. Dotted lines : Calculated d.
assuming that all the incorporated n-alkane locates in the central plane
of the bilayers.

ted line in Fig. [Bp. All of the experimentally measured d. are
smaller than these calculated values. The smaller experimen-
tal d. compared to the calculated values suggests that most n-
alkanes align parallel to the acyl chains of the lipids. It is also
possible that the area per molecule changes with n-alkane incor-
poration. Although the literature suggests that the total area per
lipid increases upon addition of organic molecules such as choles-
terol and drugs®7%1, it does not change significantly when the
n-alkanes are absorbed into the center of the bilayer.1220 Com-
pared to the other n-alkanes studied, addition of C14 leads to
the greatest increase in d. and the measured value is closest to
the calculated value. The significant increase in thickness sug-
gests that around 30 % of the for C14 is located within the center
plane of the membrane. The changes in bilayer structures with
the other n-alkanes are much smaller, and additional experiments
were needed to determine where they are located within the bi-
layer.

To clarify the n-alkane location in the cases for C8, C10 and
C12, we performed SANS experiments with the pure protiated
DPPC bilayer and deuterated n-alkanes in D,O. The calculatd SLD
profiles are illustrated in Fig. . Depending on the location of n-
alkane, the scattering pattern should change significantly and we
may qualitatively discuss the location of the molecules. Fig.
shows SANS profiles for pure, C8, C10, and C12 incorporated bi-
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SLD

-40 0 40

Fig. 4 (a) SANS profiles of DPPC and (protiated DPPC) : (deuterated
n-alkane) = 6 : 4 (mol) bilayers obtained at 54 °C. Error bars repre-
sent +1 standard deviation and are smaller than the plots. Solid and
broken lines show the models at the top and bottom in (b), respectively.
(b)Schematics of the contrast of bilayers consist of protiated DPPC and
deuterated n-alkanes (red) in D,O prepared for SANS. top : the con-
trast when deuterated n-alkanes locate in the midsurface. bottom : the
contrast in the case for parallel alignment of deuterated n-alkanes.

layers. In the cases of the pure DPPC bilayer and the DPPC/C8
bilayer, the SANS profiles are flat around 0.2 10\71, but there is
a hump in the cases of DPPC with C12 and C10. As schemati-
cally depicted in Fig. [dp, localization of the n-alkanes at the cen-
tral part of the bilayer can significantly change the SLD profile.
Therefore, the hump for C10 and C12 arises from the localization
of the incorporated n-alkanes at the center of bilayers. Fig. [dh
also shows the fit results with solid and broken lines for the dif-
ferent SLD conditions. The dashed line shows the profile for the
parallel configurations for the incorporated n-alkanes, while the
solid lines represent the case a portion of incorporated n-alkane
is located in the central plane of the bilayer. In these fitting, we
fixed the parameters other than the scattering length densities of
the leaflets. In the pure DPPC and DPPC/C8 bilayer, the broken
lines fit the SANS profile better than the solid lines, indicating
the structureless SLD profile in the hydrophobic region. It is rea-
sonable for the pure DPPC bilayer since the hydrophobic region
consists of only protiated chains. The fitting result indicates that
the deuterated C8 are located parallel to the lipid alkyl tails in
the bilayer which is consistent with the small increase in thick-
ness measured with SAXS. On the other hand, the SANS data for
added C10 and C12 were approximated better by the solid lines,
suggesting that a portion of the n-alkanes distribute in the central
plane of bilayers. C14 is expected to locate in the central plane

1E||5
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considering the significant increase in d, in DPPC/C14 bilayers
and the chain length dependence that other physicochemical pa-
rameters exhibit, 21011362

This trend with n-alkane length is opposite to the previous ob-
servation by McIntosh, ¥ where shorter chain n-alkanes caused
a greater increase in the bilayer thickness. One potential differ-
ence between the results by McIntosh and the present systems
is amount of incorporated n-alkane. Since McIntosh et al. sat-
urated the lipid bilayer with n-alkane, the incorporated amount
can differ depending on the n-alkane length. The incorporated
amounts of n-alkanes are likely different depending on the chain
length. Work by Gruen and Haydon'®® suggested that the location
of the n-alkane within the bilayer also depended on the volume
fraction, where low concentrations were distributed throughout
the bilayer and, as the volume fraction increases, the distribu-
tion within the center of the bilayer plane also increases. This
agrees with our experiment where we kept the mole fraction of n-
alkane constant which leads to the volume fraction of 0.19, 0.22,
0.25 and 0.28 for C8, C10, C12 and C14, respectively. Thus, one
possibility is that McIntosh et al. incorporated a larger volume
fraction of shorter n-alkanes than longer n-alkanes. We also note
that the n-alkane concentrations used in the present studies are
significantly higher than clinically relevant anesthesia concentra-
tions, which are estimated at an approximate mole ratio of 0.02
to 0.05.16465! The high n-alkane concentrations were used to com-
pare with previous experimental results, but the effects may not
extrapolate to the low concentrations used in other applications.

The present results are for liquid-crystalline phase bilayers. Our
previous results focused on gel phase DPPC, where the n-alkane
aligned parallel to the lipid alkyl chains due to the enthalpic
gain. 1% The parallel alignment in the gel phase was seen in the
decrease in the lattice constant of lipid alkyl chain with increasing
incorporation ratio of n-alkanes and also showed a chain length
dependence. 21012 Qur present results suggest that the location
of the n-alkane within a membrane differs depending on the lipid
phase state and whether the lipid is in the gel or liquid-crystalline
phases.

Bending elasticity

Fig. |S5p shows the measured I(q,t)/I(q,0) for the fully protiated
DPPC/C8 bilayers. The C8 data in the figure and all other samples
studied here are well fit by the ZG theory (Eq. [I). These fits
suggest that the dynamics captured for the n-alkane incorporated
bilayers follow the same single membrane undulation model used
to describe pure lipid bilayers. This result is more evident from
the g-dependence of I estimated from the /(g,t). Fig.|5b shows
the decay constant I extracted from the I(q,)/I(g,0), which show
a ¢° dependence for all of the lipid : n-alkane mixtures. We used
Eq. |2] to estimate the value of x, and the fit results are depicted
in Fig.[5p as solid lines.

The extracted bending modulus k values are plotted in Fig.
[Bk. The bending modulus for C8 incorporated bilayers is larger
than that of the pure DPPC, while k decreases with increasing
n-alkane length such that C12 and C14 bilayers are softer than
pure DPPC. The softening of the bilayer with added n-alkane is
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Fig. 5 (a) Intermediate scattering function I(g,)/1(g,0) of the fully pro-
tiated DPPC: C8 (6 : 4 mol) bilayers measured by NSE at 54 °C. The
solid lines are the fits by Eq. [1] (b) The ¢ dependence of T for the fully
protiated samples (DPPC : n-alkane =6:4 (mol : mol)) measured at
54 °C. The solid lines are the fit results to Eq. (c) Circles : exper-
imentally determined x from fits to the NSE data at 54 °C. Squares :
Calculated x from Eq. [3| based on the measured change in bilayer thick-
ness and assuming Kx and B are constant and equal to the values for
pure DPPC.

unexpected based on the measured increase in bilayer thickness.
As we showed in the structure section, the bilayer thickness is
larger when n-alkane is incorporated and increases with increas-
ing n-alkanes chain length. Eq. [3| predicts a quadratic increase
of x with increasing d.. When we calculate the values of k using
the experimentally measured d. values and assume constant val-
ues for Kx and B in Eq. [3] we would expect k to follow the gray
squares in Fig. [Bk. In other words, if the changes in k were due
solely to the changes in bilayer structure, then x for the C12 and
C14 bilayers would increase compared to pure DPPC. Therefore,
our results suggest that either K or B (or both) are changing and
leading to a decrease in k with n-alkane incorporation.

As suggested in the phase behavior section, another potential
source of the change in x is the differences in relative temper-
ature. It is known that the values of k in the gel phase are
about an order of magnitude larger than the values in the fluid
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phase, 2213766l and that x decreases further with increasing T

above T;,. However, our measurements of 7, indicate that 7,
increases as the chain length of n-alkane increases. Therefore,
the longer n-alkanes are closer to Ty, and should have a larger
value of k. As this is not the case for our experimental results, the
change of T;, with the chain length of n-alkane cannot explain the
changes in x.

Interleaflet Coupling

As we stated in the Theory section, K5 determines the thickness
fluctuation amplitude. Thus by measuring the thickness fluctua-
tions with NSE, we are able to estimate the effects of adding n-
alkanes on K. Fig. [6a shows the /(q,t)/I(g,0) measured for tail-
deuterated-DPPC/deuterated-C10 bilayer with which the scatter-
ing length density of the hydrophobic region matched to D,O. The
decay was well fit accordingly to Eq. [1| Fitting of the I(q,)/I(g,0)
for the other tail-deuterated-DPPC/deuterated-n-alkane systems
were successfully done in the same way and the values of I" are
shown in Fig. [p. If the dynamics are solely coming from the
membrane height (bending) undulations, I'/¢* should be a con-
stant with ¢. A deviation from the ¢> scaling is seen for pure DPPC
and DPPC/n-alkane systems except for C8. The excess peak is
centered around ¢ = 0.07 A~!, which moves to lower ¢ as the n-
alkane length increases. The peak shift reflects the increase in the
bilayer thickness with n-alkane elongation observed with SAXS
and SANS. In the case of C8, however, possible reasons for miss-
ing the “excess" signal are the broadening of the peak (increase in
&~1) and/or the weakening of the peak intensity (increase in 7rg).
The average value of I'/¢> for the tail-contrast-matched DPPC/C8
bilayers is 13 A3 /ns~!, while it is 9 A3/ns~! for the fully proti-
ated bilayers. This difference indicates that the width (£~1) of
the peak was broadened upon incorporation of C8. However, we
could not quantify how broad the peak would be from the present
data.

Eq. Was employed to fit ['/¢> in Fig. @) for the present data
except for C8 where ¢y and « are fixed based on the measured
SANS of the tail-contrast-matched samples (data not shown) and
NSE from the fully protiated samples (See Fig. [5k), respectively.
Also, we applied the instrumental ¢ resolution estimated using
the pure DPPC data to the other data sets by following the method
applied before.24 Thus, the only fit parameters are 7 and &.

The fit results for £gy are shown in Fig. @, which is propor-
tional to the inverse of the thickness fluctuation amplitude. As
the value of £qq is smaller for the DPPC/n-alkane mixtures than
pure DPPC, the n-alkane incorporated bilayers have a larger thick-
ness fluctuation amplitude. This trend indicates that the n-alkane
incorporated bilayers are in general more compressible than the
pure DPPC bilayers.

The &qq increases with increasing n-alkane length from C10 to
C14, suggesting K, increases per Eq. Fluctuation data shows
that the trend in Ky is opposite to the trend in k, i.e. the mem-
brane is less compressible, yet more flexible with increasing d..
These trends in moduli are only possible if 3 also increases (Eq.
and the leaflets are less coupled with added n-alkane. Namely,
the data suggest that DPPC/n-alkane membranes are behaving
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more like two uncoupled leaflets than the pure DPPC bilayer. Our
attempt to quantitatively extract f from the observed experimen-
tal parameters, though, was not reliable. While we were able to
estimate that changes in Ay were small from our structural data,
we were not able to extract a definitive value which is needed
to calculate B (Eq. [7). Also it is possible that some other in-
ternal membrane dissipation mechanisms might also contribute
to the measured NSE data and therefore reduce the reliability of
our estimates of the elastic parameters. Nevertheless, while we
only qualitatively discuss the changes in 8 in the present work,
we hope our results motivate future experiments and simulations
to provide a more thorough understanding of coupling in lipid
bilayers.

The structural data provide additional insights into the n-
alkane effects on the membrane dynamics. The structural data
showed that a part of C12 and C14 n-alkanes were also located
in the center of the bilayer, physically separating the two DPPC
leaflets, which may suggest that decreasing interactions between
leaflets will also affect the dynamics. The data presented here for
n-alkanes show similar behavior to the work by Shchelokovskyy et
al. where addition of HIV-fusion peptide also increased f8.23 To-
gether these results suggest that decreasing the interactions be-
tween the bilayer leaflets will impact the membrane dynamics
and point to an additional mechanism through which additives
can influence the membrane properties.

5 Conclusion

In this study, we used neutron scattering techniques to probe the
effects of n-alkanes on the structure and dynamics of lipid bilay-
ers. Combining measurements of the bending and thickness fluc-
tuations suggested that the coupling between the leaflets in a bi-
layer is weakened with added n-alkanes. Due to this decoupling,
the bilayer becomes easier to bend despite being thicker. The de-
crease in coupling seems to correspond to the n-alkane location
within the membrane, suggesting that decreasing the physical in-
teractions between the leaflets decreases the coupling.

Our results are also striking as an investigation into the effects
of additives on lipid bilayers. Previous work has focused on the
effects of n-alkanes on the lipid phase behavior and bilayer struc-
ture. Our results emphasize that adding n-alkanes can have sig-
nificant effects on the membrane dynamics as well. Moreover,
our results for n-alkanes suggest that these effects will depend on
where the additive is located within the membrane. Other small
organic molecules will likely have significant effects on biomem-
brane dynamics. Our results allude to the possibility that the pres-
ence of small molecules in biological membranes also controls
the membrane dynamics, such as bending, thickness fluctuations
and slipping between leaflets, to maintain the functionality of the
membrane.
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