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Introduction

In biological systems, CHOL is known to play a fundamental 
role as a modulator of physical properties and lateral 
organization of the membrane lipid bilayer. Thus, many 
studies of the interaction of CHOL with phospholipid bilayer 
model membranes have been performed, utilizing a wide 
range of physical techniques (for a review, see Marquardt 
et al., 2016). In our recent paper (Gallová et al., 2015), we 
determined the molecular volumes of CHOL and of a series 
of monounsaturated diacylphosphatidylcholines with the 
number of carbon atoms in the acyl chain 16, 18, 20, 22 and 24 
in the temperature range 20−40 °C in mixed bilayer. This work 
is devoted to the preliminary study of volumetric parameters 
of DMPC and CHOL in mixed bilayers. The knowledge of 
these parameters is essential to evaluate the data obtained 
by scattering and diffraction methods on model membranes. 
Greenwood et al. (2006) studied the binary systems of CHOL 
with different phospholipids at limited temperature points. 
In this paper, changes in volumetric parameters of CHOL and 
DMPC in mixed bilayers induced by increasing temperature 
and CHOL content are studied. 

MATERIAL AND METHODS

Chemicals: 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) was purchased from Avanti Polar Lipids (Alabaster, 
Alabama), CHOL from Sigma Aldrich (Germany) and 
chloroform, p.a. from Slavus (Bratislava, Slovakia).
Sample preparation: DMPC and CHOL were weighed in a 
dry state into a glass vial and then co-dissolved with a small 
amount of chloroform. The solution was mixed thoroughly. The 
solvent was evaporated to dryness under a stream of gaseous 
nitrogen, followed by evacuation in a vacuum chamber. 
The dry lipid film was hydrated by the weighed amounts of 
deionised water to obtain the final concentration of lipid 
≈1−3 % (w/w). Multilamellar liposomes were formed during 
vortexing and brief sonication in a bath sonicator. Samples 
were heated to 30 °C and degassed before measurement. 
The density of prepared samples and also of deionised water 
was measured using vibrational densitometer DMA 4500M 
(Anton Paar, Austria) in the temperature range 16−50 ºC with 
step 1 ºC. Weighing errors were ± 0.0001 g; the precision of 
the density measurement was ± 0.00005 g/cm3.
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Data treatment: The specific volume of the sample, vS, is 
a reciprocal value of the sample density measured by a 
densitometer. According to (Greenwood et al., 2006; Klacsová 
et al., 2010) we assumed that the specific volume of water 
in our samples is the same as in pure bulk water. Under this 
precondition, the apparent specific volume of DMPC, vPC, was 
calculated from the specific volume of the control sample vS0 
without cholesterol, according to the equation 1
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where, mPC and mW are masses of DMPC and water in the sample, respectively. The apparent specific volume of 
the nonaqueous part (DMPC + cholesterol) of the sample, vPC+CH, was calculated in a similar way: 
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where, wPC+CH is the mass fraction of lipid part in the sample defined as 
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If we further suppose that the specific volume of DMPC in the sample does not depend on the CHOL content, 
the apparent specific volume of CHOL, vCH, can be calculated using the equation: 
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where mCH is the mass of CHOL in the sample. The apparent specific volume of CHOL was converted to the 
apparent molecular volume VCH using the following relation: 
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where, MCH is the molar mass of CHOL and NA is the Avogadro’s number. 

 

RESULTS AND DISCUSSION 
The density of samples containing multilamellar liposomes of DMPC and CHOL was measured in the 

temperature range 18−50 ºC. The apparent specific volume of the lipidic (nonaqueous) part of samples was 
calculated for the control sample without CHOL, vPC, and for samples containing CHOL, vPC+CH, according to 
equations 1−4. Because the partial molecular volume of water located in bilayers is the same as the molecular 
volume in the bulk water (for references, see Uhríková et al., 2007), the expression ‘apparent’ is omitted and the 
fully hydrated lipid bilayers in multilamellar liposomes were treated as a separate phase. As expected, the 
specific volume vPC+CH increases with increasing temperature for various mole fractions of CHOL (Fig. 1). 

It is well known that the hydrated bilayers of DMPC are in a solid-ordered So phase at t<tP (temperature 
of pretransition), in a rippled Pß phase at tP<t<tm and in a disordered fluid phase L above the main phase 
transition temperature tm. The main phase transition is clearly visible from the temperature dependence of vPC 
(CHOL-free DMPC bilayers). According to McMullen and et al. (1993), a small amount of CHOL is able to 
abolish the pretransition in DMPC bilayers. In this work, the pretransition was not included in the measured 
temperature range and all the samples were heated above tm just before the measurement to avoid a rippled Pß 
phase formation. The observed main phase transition temperature tm = 23−24 ºC in the control DMPC sample is 
in agreement with data from the literature (McMullen and et al., 1993). The values of DMPC specific volume are 
similar to the data of Nagle & Wilkinson (1978). The main phase transition at low CHOL mole fractions (X < 
0.1) was narrow and only a small decrease of tm (within the temperature range of 1 ºC) was observed (Fig. 1). 
The transition was broadened around X = 0.1 and was not detectable at X ≥ 0.3 (Fig. 1). These observations are 
similar to those in McMullen et al. (1993). It is widely accepted that cholesterol can induce a liquid-ordered Lo 
state in lipid membranes containing high amount of cholesterol. Lo state was described by Vist & Davis (1990) 
as a phase with properties intermediate between So and Ld phases. The Lo phase is stable in a wide temperature 
range. We can therefore suppose that the samples with high CHOL content, where the main phase transition is 
not visible (Fig. 1), contain DMPC-CHOL bilayers in liquid-ordered Lo state. 

The apparent specific volume of CHOL, vCH, was calculated (eq. 5,6) and converted further to the 
apparent molecular volume of CHOL, VCH (eq. 7). As seen from the Fig. 2, VCH changes when the mole fraction 
X of CHOL increases, especially at low X. Our preliminary results confirm the fact that CHOL and DMPC do 
not mix ideally. 

In conclusion, we have determined the temperature dependence of specific volume of DMPC bilayers 
with various amount of CHOL and the temperature dependence of apparent molecular volume of CHOL in the 
mixed DMPC-CHOL bilayers. We have confirmed a non-ideal mixing of CHOL and DMPC. The paper, where 
the partial molecular volumes of CHOL and DMPC will be calculated in dependence on temperature and CHOL 
content, is being in preparation. 
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RESULTS AND DISCUSSION

The density of samples containing multilamellar liposomes 
of DMPC and CHOL was measured in the temperature 
range 16−50 ºC. The apparent specific volume of the lipid 
(nonaqueous) part of samples was calculated for the control 
sample without CHOL, vPC, and for samples containing CHOL, 
vPC+CH, according to equations 1−4. Because the partial 
molecular volume of water located in bilayers is the same as 
the molecular volume in the bulk water (for references, see 
Uhríková et al., 2007), the expression ‘apparent’ is omitted and 
the fully hydrated lipid bilayers in multilamellar liposomes 
were treated as a separate phase. As expected, the specific 
volume vPC+CH increases with increasing temperature for 
various mole fractions of CHOL (Fig. 1).
It is well known that the hydrated bilayers of DMPC are in a 
solid-ordered So phase at t<tP (temperature of pretransition), 
in a rippled Pß phase at tP<t<tm and in a disordered fluid 
phase Ld above the main phase transition temperature tm. The 
main phase transition is clearly visible from the temperature 
dependence of vPC (CHOL-free DMPC bilayers). According to 
McMullen and et al. (1993), a small amount of CHOL is able to 
abolish the pretransition in DMPC bilayers. In this work, the 
pretransition was not included in the measured temperature 

Figure 1. Temperature dependence of the specific volume of 
DMPC-CHOL bilayers with varying content of CHOL. Numbers 
denote mole fraction of CHOL
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range and all the samples were heated above tm just before 
the measurement to avoid a rippled Pß phase formation. The 
observed main phase transition temperature tm = 23−24 ºC 
in the control DMPC sample is in agreement with data from 
the literature (McMullen and et al., 1993). The values of DMPC 
specific volume are similar to the data of Nagle & Wilkinson 
(1978). The main phase transition at low CHOL mole fractions 
(X < 0.1) was narrow and only a small decrease of tm (within the 
temperature range of 1 ºC) was observed (Fig. 1).
The transition was broadened around X = 0.1 and was not 
detectable at X ≥ 0.3 (Fig. 1). These observations are similar 
to those in McMullen et al. (1993). It is widely accepted 
that cholesterol can induce a liquid-ordered Lo state in lipid 
membranes containing high amount of cholesterol. Lo state 
was described by Vist & Davis (1990) as a phase with properties 
intermediate between So and Ld phases. The Lo phase is stable 
in a wide temperature range. We can therefore suppose that 
the samples with high CHOL content, where the main phase 
transition is not visible (Fig. 1), contain DMPC-CHOL bilayers 
in liquid-ordered Lo state.
The apparent specific volume of CHOL, vCH, was calculated (eq. 
5,6) and converted further to the apparent molecular volume 
of CHOL, VCH (eq. 7). As seen from the Fig. 2, VCH changes when 
the mole fraction X of CHOL increases, especially at low X. Our 
preliminary results confirm the fact that CHOL and DMPC do 
not mix ideally.
In conclusion, we have determined the temperature 
dependence of specific volume of DMPC bilayers with 
various amount of CHOL and the temperature dependence 
of apparent molecular volume of CHOL in the mixed DMPC-
CHOL bilayers. We have confirmed a non-ideal mixing of 
CHOL and DMPC. The paper, where the partial molecular 

volumes of CHOL and DMPC will be calculated in dependence 
on temperature and CHOL content, is being in preparation.
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Long-chain primary alcohols (alkan-1-ol or CnOH, where n 
is the number of carbons in aliphatic chain) display several 
biological activities (Fujita et al., 2008; Kubo et al., 1995; 
Pringle et al., 1981). The most widely known are their general 
anaesthetic properties (Pringle et al., 1981), which are believed 
to result from their interactions with biological membranes. 
Whilst the origin of the anaesthetic effect is discussed in terms 
of both their specific interactions with membrane proteins or 
via structural changes in lipid bilayers, neither mechanism is 
described adequately. Because of their amphiphilic structure, 
CnOHs penetrate into lipid bilayers of biomembranes and 
change their structural and dynamic properties. Some of 
these changes may be related to biological effects of CnOHs. 
Their anaesthetic potency increases with the increase in n up 
to n = 11 and then decreases. The compounds with n > 13 
are non-anaesthetic (Pringle et al., 1981). Such dependence 
on the chain length is typical for different types of biological 
activities of homologous series of amphiphilic molecules 
with long-chain substituents and is called the cut-off effect. 
The lipid theory of cut-off effect supposes that amphiphiles 
influence physical properties of lipid bilayers, for example, the 

bilayer thickness, and thereby induce conformational changes 
in transmembrane proteins, resulting in the blockage of ion 
channels (Balgavý & Devínsky, 1996). In this contribution, we 
study the effects of CnOH (n = 8–18) on a model membrane, 
the dioleoylphosphatidylcholine (DOPC) bilayers, which 
resemble the lipid part of biological membrane. Preliminary 
results obtained from experiments performed by small-
angle neutron diffraction (SAND) and small-angle neutron 
scattering (SANS) are presented. 

Materials and method

DOPC was purchased from Avanti Polar Lipids (Alabaster, USA), 
saturated and unbranched CnOHs (n = 10, 12, 14, 16, 18) were 
from Sigma-Aldrich (St. Louis, USA) and heavy water (99.98% 
D2O) was from Izotop (Moscow, Russia) and Chemotrade 
(Leipzig, Germany). Spectrosil 2000 quartz plates (75 mm × 25 
mm) were from Saint-Gobain Quartz (Saint-Gobain, France).
Oriented samples were prepared for SAND measurements. 
Calculated amounts of DOPC and CnOH were co-dissolved 
in chloroform–methanol mixture (3:1 v/v) in glass vials to 
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achieve CnOH:DOPC molar ratio of 0.3. Approximately 20 mg 
of DOPC or DOPC + CnOH in solution were spread onto a 75 
cm × 25 cm quartz glass and rocked during evaporation of 
organic solvent (Tristram-Nagle, 2007). The remaining traces 
of solvent were evaporated by vacuum pump, which was done 
at reduced temperature (−10 °C) to avoid the loss of volatile 
CnOHs. Before each measurement, samples were equilibrated 
for 24 h at 98% relative humidity (RH) and temperature of 25 
oC. The samples were hydrated from a vapour phase over 
saturated K2SO4 solution at three different D2O/H2O contrasts 
(8%, 20% and 50% of D2O) to determine the phases of structure 
factors for the Fourier transformation. Measurements were 
performed using the neutron Membrane Diffractometer V1 
equipped by a 3He position-sensitive detector at the BER II 
reactor of the Helmholtz-Zentrum Berlin für Materialien und 
Energie. Neutron wavelength was selected at λ = 4.5707 Å.
Dispersions of unilamellar liposomes were prepared for SANS 
measurements. Calculated amounts of DOPC and CnOH were 
co-dissolved in chloroform–methanol mixture (3:1 v/v) in glass 
vials to achieve CnOH:DOPC molar ratio of 0.3. Lipid was dried 
by a stream of gaseous nitrogen. The rest of the solvent was 
removed by vacuum pump. Lipid film was hydrated by 100% 
D2O so that the weight percentage of DOPC + CnOH in D2O 
was less than 2%. The dispersion of multilamellar liposomes 
arising in the process of agitation was then extruded through 
a polycarbonate membrane filter with 50-nm diameter pores. 
The extrusion technique is suitable to produce unilamellar 
liposomes with a reasonably homogeneous diameter 
distribution (polydispersity of about 30%) with a mean 
diameter approaching the polycarbonate membrane pore 
diameter (Kucerka et al., 2007). The samples of unilamellar 
liposomes dispersion were poured into 1-mm thick quartz 
cells and measured at 25.0 ± 0.1 oC. The SANS measurements 
were performed at the time-of-flight spectrometer YuMO 
with two-detector system at IBR-2 fast pulse reactor of Frank 
Laboratory of Neutron Physics in Joint Institute for Nuclear 
Research in Dubna, Russia (Kuklin et al., 2012). The scattering 
curves were corrected for background (Soloviev et al., 2003).

RESULTS AND DISCUSSION

We study the interaction of homologous series of  
alkan-1-ols with a model membrane represented by DOPC 
bilayers. Fully hydrated DOPC lipids form a fluid lamellar phase 
at temperatures above −17 °C (Lewis et al., 1988). Because of 
their amphiphilic structure, alcohols (CnOH, n = 8–18) are 
intercalated in DOPC bilayer with their hydroxyl groups in 
the head-group region of DOPC and the hydrophobic chains 
parallel to the acyl chains of DOPC. It was found that DOPC 
+ CnOHs (n = 8–18) also form homogeneous fluid bilayers 
without phase separation at least to CnOH:DOPC molar ratio 
of 0.4 (Kotalová et al., 2008).
In oriented samples, bilayers of CnOH + DOPC are aligned 
parallel to the flat surface of the quartz plate. Individual lipid 
bilayers are separated by layers of water. The number of water 

molecules per one DOPC molecule is only approaching the 
condition of full hydration because samples were hydrated 
in the surroundings with 98% RH. Such partial dehydration 
was, however, shown not to affect, for the most part, the 
bilayer structural parameters (Kucerka et al., 2009). A regular 
arrangement of lipid bilayers separated by interlamellar water 
layers causes a diffraction of neutron beam applied at small 
scattering angle θ (angle between the incident neutron beam 
and the planar surface of the bilayer). Typical diffractogram 
contained five to seven diffraction peaks. As an example, 
diffractogram obtained by C10OH + DOPC oriented sample 
is shown in Fig. 1.
Diffraction peaks were fitted to Gaussians sitting atop of linear 
function describing the background. The equal distance 
between maxima of individual diffraction peaks confirms the 
lamellar arrangement. The position of peaks is given by the 
Bragg law, 

hλ = 2D sin(θ), 	                                                                (1)

where h is the order of diffraction peak, λ is the wavelength of 
neutrons and D is the minimum distance between periodically 
repeated structures. The repeat distance D is the sum of the 
thickness of the lipid bilayer DB and the thickness of the water 
layer DW (D = DB+DW). The dependence of the repeat distance D 
on the chain length of CnOH is shown in Fig. 2. It is clearly seen 
that shorter alcohols (n = 10–14) cause a decrease in D in DOPC 
multilayers where C10OH is the most effective. Longer alcohol, 
C16OH, increases the repeat distance. Two lamellar phases 
with different repeat spacing were detected in the sample 
containing C18OH (see inset to Fig. 1). C18OH and DOPC 
probably do not mix ideally at the molar ratio of 0.3 and level 
of hydration used, and two phases with different C18OH:DOPC 
molar ratio are created. Similar diffractograms were obtained 
after repeated preparation of C18OH + DOPC oriented sample. 

Figure1. Diffractogram of oriented C10OH + DOPC multilayers 
hydrated at 98% RH and D2O/H2O contrast of 8%. Inset – the 
third peak in the diffractogram of DOPC + C18OH multilayers 
documenting phase superposition.
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Results obtained with C18OH + DOPC, though a relative 
amount of the secondary phase can be estimated to be less 
than 5%, are, therefore, excluded from further data analysis.
A similar study was performed with non-oriented samples 
at full hydration (Petrenko et al., 2010). The increase in D 
with increasing n in CnOH:DOPC bilayer was also observed. 
Because of full hydration, the values of D were higher 
(6.03 nm for pure DOPC) and characteristic of the higher 
experimental error. Figure 2 shows that CnOH (n = 10–16) 
are able to influence the repeat distance D of DOPC-stacked 
bilayers at CnOH:DOPC molar ratio of 0.3. On the presented 
level of evaluation, it is not possible to distinguish whether 
DB or DW or both of them are influenced by CnOH. SAND 
patterns measured at various D2O/H2O contrasts also include 
information regarding the internal structure of the lipid 
bilayer. After the correction of Bragg peak intensities for 
incident flux, sample absorption and Lorentz correction, 

form factor phases can be determined through the isotopic 
replacement of H2O for D2O. Scattering length density 
profile of the bilayer can then be acquired using scattering 
form factors through their Fourier transformation. This more 
advanced evaluation described, for example, in Kucerka et al., 
2009 will be presented in future. 
Experimental SANS data are dependencies of scattered 
intensity I on the scattering vector modulus q = 4πsin(θ)/λ. 
Scattering curves for DOPC and CnOH + DOPC are shown in 
Fig. 3. It was experimentally shown (see, e.g. Kučerka et al., 
2003, for citations) that the interparticle interaction between 
unilamellar liposomes is negligible at the lipid concentrations 
and liposome sizes used. When the bilayer thickness is small 
compared to liposome radii, neutron scattering on liposomes 
can be approximated by the scattering on randomly oriented 
planar sheets having the same thickness dg. The Kratky–Porod 
approximation can be used in some range of q:

I(q)=Aq-2exp(-q2Rg
2),	                                                  (2)

where A is a scaling constant and Rg is the radius of gyration. 
The thickness of two-dimensional planar sheet dg (dg

2=12Rg
2) 

can be determined using the Kratky–Porod plot (Ln(Iq2)=f(q2)). 
We found that dg = 3.93 ± 0.08 nm for DOPC without CnOH 
similar to 3.78 ± 0.02 nm (Kučerka et al., 2003), 3.90 ± 0.08 nm 
(Uhríková et al., 2000), 3.92 ± 0.06 nm (Uhríková et al., 2003) 
and 3.91 ± 0.02 nm (Uhríková et al., 2001).
It was shown that bilayer thickness parameter dg is linearly 
correlated with the transbilayer phosphate–phosphate 
distance in unilamellar diacylphosphatidylcholine liposomes 
(Balgavý et al., 2001). This indicates that changes in thickness 
parameter dg can reflect rather well changes in the bilayer 
thickness. Obviously, the values of dg are smaller than the steric 
thickness (e.g. 4.97 ± 0.07 nm for pure DOPC; Kučerka et al., 
2007) obtained when taking into account the internal structure 
of the bilayer with some water molecules penetrating into the 
polar region of the bilayer. Figure 4 shows that the bilayer 
thickness parameter dg increases with increasing n reaching 
the dg value of pure DOPC bilayer at C16OH. However, the 
decrease in dg caused by the shortest alcohol C10OH is only 
mild, around 0.1 nm. Unfortunately, the experimental error of 
dg is quite large. We suppose that more precise values of the 
bilayer thickness will be obtained by fitting of the scattering 
curve in a broader range of q in advanced evaluation using a 
more realistic model of SANS on unilamellar vesicles as shown 
in our previous papers (e.g. Gallová et al., 2011). 
Similar effect of CnOH on the lipid bilayer thickness as 
shown in Fig. 4 was observed in Klacsová et al. (2011), 
wherein the steric thickness of the mixed DOPC–DOPS 
(dioleoylphosphatidylserine) bilayer (DOPC:DOPS molar ratio 
of ∼25) was studied by SANS. The decrease in the bilayer 
thickness caused by short alcohols was explained by the 
mismatch between the chain length of CnOH and lipid– the 
insertion of shorter alcohol molecule into a lipid bilayer creates 
a free space under its terminal methyl group, which is filled-in 

Figure2. Dependence of the repeat distance D on CnOH alkyl 
length n. Horizontal line – DOPC as a reference.

Figure3. Experimental SANS data obtained from unilamellar li-
posomes of DOPC + CnOH dispersed in D2O. Scattering curves are 
shifted vertically for clarity of presentation. From bottom to top, 
they correspond to DOPC bilayers and DOPC containing C10OH, 
C12OH, C14OH and C16OH, respectively.
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with neighbouring lipid acyl chains. This causes a decrease 
in the bilayer thickness. Such defects become smaller when 
longer-chain alcohol is intercalated in the same bilayer.
In conclusion, the preliminary results of SAND experiments 
on aligned planar bilayers with limited hydration show that 
shorter alcohols (CnOH, n = 10–14) decrease the repeat 
distance, whilst C16OH causes its increase. It was determined 
using SANS that the parameter of the bilayer thickness dg 
increases with increasing n reaching the dg value of pure 
DOPC bilayer at C16OH. 
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Membranes are assemblies of mostly lipids and proteins, 
biomolecules which are essential to life and act as selective 
barriers between the cell’s interior and exterior environments. 
In addition, these complex mesoscopic assemblies possess 
functions which are far more elaborate than a simple 
permeability barrier populated with proteins. Instead, 
biomembranes are highly functional dynamic machines that 
are central to a wide range of biological processes, including 
the transport of materials, cell defence, recognition, adhesion 
and signalling. Generally, plasma and organelle membranes 
serve different functions, as a result, they differ structurally 
(Kučerka et al., 2015a).
Cell membranes are the first line of defense against invading 
species, and are key to understanding disease and the efficacy 
of different pharmaceutical treatments. Small molecules, 
such as cholesterol (Marquardt et al., 2016), antimicrobial 
peptides (Pan et al., 2009), fusion peptides (Tristram-Nagle et 

al., 2010), melatonin (Drolle et al., 2013), vitamin E (Marquardt 
et al., 2013) and other biomolecules, are able to incorporate 
into the lipid matrix virtue of the membrane’s structure and 
its associated physical properties (Marquardt et al., 2014). 
However, the relevant membrane structural properties 
associated with these processes are often controlled by the 
presence of certain ions, as all biological processes take place 
in salt solutions (Petrache et al., 2006) –i.e., the curved bilayers 
have been shown to undergo a series of structural changes in 
the presence of Ca2+ (Pabst et al., 2007a; Uhríková et al., 2008; 
Uhríková et al., 2012).
There are a number of experimental approaches used to 
study biomembranes at the nanoscale. Neutron scattering 
has proven to be a powerful technique in structural biology 
and biophysics (Fitter, 2006), including in studies of biological 
and model lipid membranes. Importantly, recent advances 
offer unique access to the much touted structure-function 
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relationship in biomembranes, a relationship much sought 
out in biology and pharmacology (Pabst et al., 2010). Using 
scattering techniques, changes in the diffraction pattern can 
indicate important modifications to membrane structure, 
which may be associated with membrane function (Harroun et 
al., 2009). For example, small angle neutron diffraction (SAND) 
revealed increased levels of hydration in bacterial membranes 
containing Na+ or Mg2+ cations, while Ca2+ resulted in less 
water penetrating the membrane (Kučerka et al., 2008b).
On the other hand, molecular dynamics (MD) simulations, are 
capable of providing nanoscopic details that are finer than what 
can be obtained by experiment. More powerful computers and 
better characterized force fields have made it possible to study 
larger and more complex systems (Ingolfsson et al., 2014). 
However, the data from MD simulations are a direct result of 
the force fields used. It is therefore essential to first validate 
simulation results with those obtained experimentally (Poger 
et al., 2016). To this end, the importance of the synergistic 
relationship between simulation and experiment has become 
very clear, where simulations are used to aid in the design of 
models that will ultimately be used to analyse experimental 
data, and in turn, experimental results are used to improve 
simulation force fields.
Here, we focus on the well-defined system of dipalmitoyl-
phosphatidylcholine (DPPC) membranes containing calcium 
(Ca2+) or zinc (Zn2+) cations. SAND measurements of oriented 
multilamellar samples were analysed yielding the one-
dimensional structural profile along the membrane normal. 
Two approaches for the analysis of neutron contrast variation 
measurements are discussed. In addition, the experimental 
results are compared to MD simulations. First, a direct 
simulation-to-experiment comparison was performed in 
scattering space (Kučerka et al., 2010), while the subsequent 
examination of the MD data allowed us to identify relevant 
regions of the membrane in real space.

MATERIALS AND METHODS

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was 
purchased from Avanti Polar Lipids (Alabaster, AL) and 
used without further purification. CaCl2 and ZnCl2 salts, 
and organic solvents were obtained from Fisher Scientific 
Company (Ontario). The lipid was co-solubilized with 
appropriate amounts of salt to achieve a stoichiometry 
of Me2+:DPPC=1:7mol/mol. The dispersions were mixed 
thoroughly and deposited onto silicon wafers following 
a well-established procedure (Kučerka et al., 2017). The 
samples were held at 25 oC during the measurements in an 
air-tight hydration chamber, based on the original design by 
Katsaras (Katsaras, 1998). The chamber’s bottom was filled 
with the saturated K2SO4 solution prepared at a series of D2O/
H2O mixtures, resulting in a relative humidity (RH) of 97% 
(Greenspan, 1977).
Neutron diffraction data were collected at the Canadian 
Neutron Beam Centre’s (CNBC) N5 beamline located at the 

National Research Universal (NRU) reactor (Chalk River, 
Ontario, Canada). The diffraction curves were taken using 
standard symmetric diffraction scans, where scattering 
space was probed along the z direction of the scattering 
vector q. The diffraction curves allow for the reconstruction 
of one-dimensional neutron scattering length density (NSLD) 
profiles, as outlined in an earlier study (Kučerka et al., 2009). 
In addition, rocking curves were collected to evaluate the 
quality of sample orientation (Nagle et al., 2016).
MD simulations using GROMACS 5.0.4 (Van Der Spoel et al., 
2005) were performed at T=298 K on a system of 128 DPPC 
and 3655 water molecules, while the initial topology was 
taken from literature (Castillo et al., 2013). Me2+ loaded bilayers 
were constructed by replacing 18 of the water molecules 
with cations (i.e., Me2+:DPPC=1:7 mol/mol). The GridMAT-MD 
program (Allen et al., 2009) was used to calculate an average 
deviation of lipid membrane thickness and an area per lipid, 
and the radial distribution functions were calculated using  
the GROMACS auxiliary program. The SIMtoEXP program 
(Kučerka et al., 2010) was used for the verification of simulated 
results with those obtained from neutron diffraction 
experiments.

RESULTS AND DISCUSSION

Compared to the experiment, MD simulations offer increased 
amounts of information at higher spatial resolution. 
Specifically, they allow for the identification of individual 
atoms within the bilayer, and map their locations in 3D space. 
It should be pointed out, however, that membrane systems 
are dynamic, and are best described by broad statistical 
distributions, rather than sharp delta functions typical of 
perfect crystals (Nagle et al., 2000). 3D simulation data were 
averaged in the plane of the bilayer, producing 1D distribution 
functions — no phase separation is expected in the 2D plane 
of the bilayer. Averaging was also carried out throughout the 
simulation production time, making the simulation results 
comparable to those obtained by experiment, which are 
also averaged over extended periods of time. Finally, we 
symmetrized all the distributions with respect to the bilayer 
centre, as any asymmetries should appear as temporary 
deviations. Typically, the resultant distribution functions from 
such an analysis are smooth curves. In addition, we combined 
the distribution functions of individual atoms (united atoms) 
into components defined by the scattering density profile 
(SDP) model, which described the studied DPPC bilayers 
(Kučerka et al., 2008a).
The probability distributions of  the different components 
shown in Fig. 1 reveal typical features of PC bilayers. The 
bilayer centre is populated almost equally by methyl (CH3) 
and methylene (CH2) groups, and the CH3 distribution is well-
described by a single Gaussian. It is worth noting the absence 
of strong ‘wings’, normally seen in disordered bilayers around 
15 Å from the bilayer centre (Mihailescu et al., 2011). This 
implies that the hydrocarbon core of our gel phase DPPC 
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bilayers is much more ordered. The components describing 
the PC head group, namely the carbonyl-glycerol (CG) and 
phosphate-choline (PCN), have maxima at around 17.5 Å, 
and 22 Å, respectively. The final component shown in Fig. 1 
corresponds to the distribution of water whose amplitude 
achieves half maximum at ~21.6 Å. This value also indicates 
the lipid-water interface (i.e., the Gibbs dividing surface), or 
half the bilayer thickness DB (Kučerka et al., 2008a). Together 
with a lipid volume of 1143.3 Å3, as determined from our 
simulations using the previously derived routine (Petrache et 
al., 1997), we obtain a lipid area of 53 Å2.

Figure 1. Volume probability distributions determined from 
MD simulations of neat DPPC bilayers. Atoms are grouped 
according to the SDP model, which consists, from the bilayer 
centre outwards, of methyl groups (magenta), methylene (cyan), 
carbonyl-glycerol (blue), PCN (i.e., phosphate+CH2CH2N) (red), 
and CholCH3 (i.e., choline’s CH3 groups) (green). The inset shows 
the simulation results in terms of total neutron scattering length 
density (NSLD) profiles calculated for various contrast conditions 
(i.e., 100%, 70%, 40%, and 8% D2O).

MD simulations of systems in which Ca2+ or Zn2+ cations 
were added to DPPC bilayers resulted in distributions similar 
to those shown in Fig. 1. However, Table 1 shows that the 
bilayer thickness increased by about 1 Å in the case of Ca2+, 
and decreased in the case of Zn2+. A closer look at the lipid 
head group components reveals that these changes in 
bilayer thickness can be attributed to changes in the head 
group. Specifically, the probability distributions of both the 
carbonyl and phosphate groups have shifted as a result of 
cation addition (see Tab. 1). The location can be explained in 
terms of the preferential interactions between the cations, 
and the phosphate and carbonyl electronegative oxygens. 
However, the details of the interactions, which can most likely 
be related to differences in the electronic structures of the 
two ions, require further investigation.
The association of the cations with the negatively charged 
oxygens is further confirmed by the radial distribution 
functions (RDF) calculated from our simulations. Moreover, 
they suggest that Ca2+ forms contact pairs with phosphate 
oxygens at about twice the rate of Zn2+. A similar ratio is also 

observed in the case of the RDF calculated for the carbonyl 
oxygen. In addition to confirming the preferential interactions 
of both cations with phosphate, these data indicate a specific 
binding of Ca2+ with the phosphate group, while suggesting 
a much weaker binding between Zn2+ and all other atoms 
within the lipid head group (Kučerka et al., 2017).
Although our MD results have provided us with some very 
interesting physical insights, the overall bilayer structural 
parameters are better determined by experiment. The 
shortcomings of the different force fields have been previously 
discussed, particularly with respect to the determination of 
area per lipid (Kučerka et al., 2010; Valley et al., 2011; Poger 
et al., 2016). We conducted SAND measurements on the 
same system as was used for MD simulations to validate the 
above discussed results. SAND experiments involved contrast 
variation measurements in which a series of contrast solutions 
(i.e., 100%, 70%, 40% and 8% D2O/H2O) were used. This 
approach allowed us to solve the scattering phase problem 
by requiring the scattering form factors to change linearly as 
a function of D2O content. The rule arises from the fact that for 
centro-symmetric systems (as those studied here) scattering 
intensity is proportional to the square of the contrast between 
the measured object and the solvent, (Worcester et al., 1976).
Once the form factors and their signs are determined, the 
neutron scattering length density (NSLD) profile is calculated 
by Fourier transformation (Kučerka et al., 2009). Except for 
the assumption that the bilayers are centrosymmetric, this 
procedure inverts the data from reciprocal space into real 
space without any further assumptions. The 100% D2O 
contrast condition provides the best estimate of bilayer steric 
thickness, while lower contrast profiles reveal more details of 
the lipid head group region (see inset to Fig. 1). In addition, 
the contrast varied diffraction data can be subtracted from 
each other, providing water probability distributions similar 
to those obtained from MD simulations (Kučerka et al., 2009). 
Fig. 2 compares these distributions for all three bilayers 
studied.
Comparison of the simulated and experimental results 
indicates small differences. Although the simulated data 
suggest a thickening of the bilayer in the presence of Ca2+ ion 
binding, and a slight decrease in the case of Zn2+, experimental 
data show a similar effect for both ions. This observation 
is consistent with previously published results, whereby 

Table 1. Component model structural parameters calculated 
from MD simulations. Total bilayer thickness DB is calculated 
from the Gibbs dividing surface, while the positions of the CG and 
PCN components are from Gaussian fits.

DB [Å] zCG [Å] zPCN [Å]

DPPC neat 43.1 17.2 21.1

DPPC:Ca2+ 44.4 17.7 21.9

DPPC:Zn2+ 42.2 16.7 20.7
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zwitterionic lipid multilayers tend to swell in the presence of 
salts (Yamada et al., 2005; Petrache et al., 2006; Pabst et al., 
2007b; Alsop et al., 2016).
As mentioned, analysis of experimental data in real space 
does not require any assumptions regarding the NSLD 
profile functional form, nor of the probability distributions 
resulting from direct subtraction. The water distribution is 
obtained from averaging the different contrast varied NSLD 
profile subtracted pairs, which also provide an estimate of 
the standard deviation error (Fig. 2). It should be pointed 
out that these results are, for the most part, qualitative. We 
used a different approach to analyse the experimental data, 
producing more quantitative results. This approach evaluates 
all the different contrast diffraction data simultaneously, while 
assuming that water probability follows the error function 
(Kučerka et al., 2009). Results in Fig. 2 show good agreement 
between the two methods of data analysis. However, our 
data also highlights the differences between experiment and 
simulation.
The accuracy of MD simulations is known to vary from 
study to study, depending on the force field used and the 
treatment of the electrostatics (Pan et al., 2012). The most 
difficult aspect for simulations is in reproducing the global 
membrane parameters due to an imbalance of long range 
interactions and their approximations, and truncations in 
the calculations (Kučerka et al., 2015b). As a result, many 
simulations require an extra variable parameter (e.g., 
temperature, partial charges, area or surface tension) in order 
to converge with experiment. For example, we noticed an 
increased level of disorder in some of the hydrocarbon chains 
(Fig. 3a), suggesting the spontaneous formation of short-lived 
fluid phase bilayer regions. This was especially true at the 
beginning of the simulations. Even though the ordered phase 

was established during the production run, some fluctuations 
or other secondary effects may have worked themselves in to 
our final results.
It is recognized and accepted that atomic-level simulations 
can provide quantitative details that surpass those obtained 
from the experiment. These molecular details offer insights 
into the nature of short-range interactions, hydrogen 
bridges, and binding specificity. Interatomic correlations 
also fall into this category, from which we calculated the 
RDFs between cations and several different atoms within 
the lipid head group. The data in Fig. 3b shows the presence 
of strong correlations between Ca2+ and the phosphate 
electronegative oxygen, and also points to the fact that Zn2+ 
cations bind weaker than Ca2+ cations (Kučerka et al., 2017). In 
addition to the RDF results that shed light on the differences 
between the two cations, the distribution functions agree 
well with the experimentally obtained results. Despite their 
subtle differences, Ca2+ and Zn2+ seem to affect the structural 
properties of gel phase DPPC bilayers similarly at the 
concentration examined.

CONCLUSIONS

We used MD simulations and SAND to determine the 
structural details of DPPC: bilayers containing Ca2+ and Zn2+ at 
a lipid:metal molar ratio of 7:1. Simulations were compared to 
experiments using the simulation-to-experiment approach. 
Although there is good agreement between simulation and 
experimental results, SIMtoEXP also shows discrepancies 
between the two. These differences are not unexpected, and 
are most likely the result of a less than perfect MD force field. 
As a result, experimental data were used to determine the 
overall bilayer structures, which suggest that the addition 

Figure 2. Water probability distributions from simulations (curves 
shifted up) and by analysis of the experimental data, in real (exp. 
direct) and reciprocal space (exp. inverse; curves shifted down). 
The different coloured curves show results for neat DPPC bilayers 
(black) and those containing Ca2+ (red) or Zn2+ (green) cations.

Figure 3. (a) Simulation snapshot of DPPC+Zn2+ bilayers showing 
some of the hydrocarbon chains (low-left part) in the disordered 
fluid phase, despite a simulation temperature T=298K. (b) The 
number distribution of Ca2+ and Zn2+ cations across the DPPC 
bilayers.
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of either Ca2+ or Zn2+ cations induces bilayers to swell. MD 
simulations, on the other hand, decomposed the bilayer into 
smaller structural subunits, allowing us to extract important 
information regarding short-range interactions. It seems 
that both  cations are attracted to the electronegative 
phosphate and carbonyl moieties of the PC head group. 
However, Ca2+ seems to display an enhanced binding affinity 
for the phosphate group. Finally, the effects on the bilayer’s 
structural properties at the DPPC:Me2+ ratio studied are the 
same for both cations.
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T-type calcium channels, also known as low-voltage-activated 
calcium channels, or CaV3 channels, are characterised by a 
relatively negative voltage activation threshold around -60 mV. 
This feature enables them to operate near the resting membrane 
potential of most electrically excitable cells and contribute to 
the initiation of an action potential. T-type calcium channels 
play a fundamental role in shaping neuronal excitability, as 
they generate the so-called low threshold calcium action 
potential in neurons lacking sodium channels and support 
burst firing (Perez-Reyes, 2003). In the heart, they contribute 
to the pacemaker function of sinoatrial nodal cells. Three 
subtypes of CaV3 channels are currently known: CaV3.1, CaV3.2 
and CaV3.3, with α1 subunits encoded by CACNA1G, CACNA1H, 
and CACNA1I genes (Lacinova et al., 2000) 2000. CaV3.1 and 
CaV3.2 channels share the basic biophysical properties, for 
example, kinetics of activation and inactivation (Figure 1 A), 

voltage dependence of activation and inactivation (Figure 1 B), 
and kinetics of recovery from an inactivation (Lacinova, 2005). 
CaV3.3 channels have distinguished biophysical properties 
(Chemin et al., 2002) having one decimal order slower activation 
and inactivation kinetics (Figure 1 A), but virtually identical 
voltage dependence of activation (Figure 1 B) compared to 
the CaV3.1 and CaV3.2 channels. These channels are expressed 
almost exclusively in the brain (Monteil et al., 2000). CaV3.1 and 
CaV3.2 channels are ubiquitously expressed; nevertheless, their 
expression patterns only partly overlap in the mammalian 
brain (Lacinova, 2004; Aguado et al., 2016) and throughout 
the mammalian body at large. In addition to neuronal tissue, 
CaV3.2 was identified in the heart (Cribbs et al., 1998), skeletal 
muscle (Berthier et al., 2002), pancreas (Braun et al., 2008), 
kidney (Hayashi et al., 2007), and also in female (Ohkubo et al.,  
2005), and male reproductive tissues (Darszon et al., 2006). 

Regulation of the CaV3.2 calcium channels  
in health and disease

Regulácia CaV3.2 vápnikových kanálov  
v zdraví a chorobe

Lacinová Ľ.1,2

Family of T-type or low-voltage activated calcium channels consists of three members: CaV3.1, CaV3.2, and CaV3.3. CaV3.2 channel 
has almost identical biophysical properties as the CaV3.1 channel, but is distinguished by a specific tissue expression profile and 
a prominent role in several pathologies, including neuropathic pain, epilepsy, and dysregulation of cardiac rhythm. Further, it 
may be involved in phenotype of autism spectrum disorders, and amyotrophic lateral sclerosis. It represents a promising target 
for future pharmacotherapies.

Skupina nízkonapäťových vápnikových kanálov nazývaných aj kanály T-typu má troch členov: CaV3.1, CaV3.2, a CaV3.3. CaV3.2 
kanál má temer identické biofyzikálne vlastnosti ako CaV3.1 kanál, ale líši sa od neho tým, že je exprimovaný v iných tkanivách 
a má dôležitú úlohu pri viacerých závažných ochoreniach ako sú neuropatická bolesť, epilepsia a poruchy regulácie srdcového 
rytmu. Preto tento kanál môže byť cieľom nových liečiv.
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The altered function of T-type calcium channels was implied 
in several pathological states. CaV3.2 channels seem to be of a 
particular importance as they were implied in several heritable 
diseases.

CaV3.2 channels in neurons

Typical resting membrane potential of most neurons 
corresponds to a voltage range at which T-type calcium 
channels are partly inactivated. Minor hyperpolarisation 
recruits additional T-type calcium channels, enhances T-type 
calcium current and enables the generation of low-threshold 
action potentials. Low-threshold action potentials form 
the backbone for neuronal burst firing (Huguenard, 1998). 
Ability of CaV3 channels to initiate an action potential firing 
may contribute to epileptiform activity. Indeed, mutations in 
CaV3.2 channel were associated with the childhood absence 
epilepsy (Chen et al., 2003) and with other forms of idiopathic 
generalised epilepsy (Heron et al., 2004; Heron et al., 2007). 
Identified mutations were either gain-of-function or did 
not alter electrophysiological properties of the channel. 
Mechanism by which these mutations increase neuronal 
excitability, and subsequently increase seizure susceptibility, 
was investigated (Eckle et al., 2014). These authors suggested 
that increased current density caused by an epilepsy 
mutation C456S may be at least partly due to the increased 
surface expression of CaV3.2 channels. Further, this mutation 
enhanced glutamatergic transmission by the enhancement 
of local calcium influx at synapses (Wang et al., 2015). It is 
interesting that in spite of that, CaV3.1 channel has the same 
electrophysiological profile as CaV3.2 channel, CaV3.1-/- mice 
are resistant to baclofen-induced epilepsy (Kim et al., 2001), 
and overexpression of CaV3.1 channel induced absence 
epilepsy in mice (Ernst et al., 2009), no consistent linkage of 
this channel to epilepsy was found until now.
Autism spectrum disorders (ASD) represent complex 
neurodevelopmental conditions. Causes of ASD remain a 

mystery, however, heritable components were demonstrated 
(Zoghbi, 2003). Interestingly, mutations in voltage-dependent 
calcium channels associated with ASD were reported. Initially, 
the gain-of-function mutation of CaV1.2 L-type calcium channel 
was described by Splawski and coauthors (Splawski et al., 2004; 
Splawski et al., 2005). Soon, a group led by the same authors 
reported four loss-of-function point mutations in CaV3.2 
channel, associated with ASD (Splawski et al., 2006). How an 
altered conductance of CaV3.2 channels arising from these 
mutations may lead to ASD phenotype remains unknown.
Two rare recessive variants of the CACNA1H gene associated 
with sporadic amyotrophic lateral sclerosis (ALS) were 
recently discovered (Steinberg et al., 2015). When these 
missense mutations (V1689M and A1705T) were introduced 
into recombinant channels and expressed, they produced 
moderate but significant changes in the channel properties 
consistent with loss-of-function of the mutated channel 
(Rzhepetskyy et al., 2016). Mathematical modelling suggested 
that these changes may result in decreased excitability of 
thalamic neurons (Rzhepetskyy et al., 2016).
Key role of neuronally expressed CaV3.2 channels in nociception 
was established (Todorovic and Jevtovic-Todorovic, 2013). 
Downregulation of these channels in rat dorsal root ganglion 
neurons resulted in major antinociceptive, anti-hyperalgesic, 
and anti-allodynic effects (Bourinet et al., 2005). Inhibition 
of CaV3.2 channels contributed to antinociceptive effect of 
epipregnanolone (Ayoola et al., 2014), KYS-05090S (M’Dahoma 
et al., 2016), and to the peripheral anti-nociceptive effect of 
substance P (Huang et al., 2016). CaV3.2 channel emerged as a 
prospective target of future analgesics.

CaV3.2 channels in the cardiovascular 
system

CaV3.2 channel gene CACNA1H was originally cloned from a 
human heart by a screening of cDNA library with the CaV3.1 
gene (Cribbs et al., 1998). These channels are expressed in 

Figure 1. Basic biophysical profile of T-type calcium channels. a. Examples of current traces activated by a rectangular depolarising 
pulse from a potential of -100 mV to a -20 mV. Traces corresponding to individual channel subtypes (CaV3.1, CaV3.2, and CaV3.3) are 
marked. b. Current-voltage relations for all three subtypes (CaV3.1, CaV3.2, and CaV3.3) of T-type calcium channel, as marked.
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ventricular myocytes, where they mediate chronotropic 
action of corticosteroids (Maturana et al., 2009) and 
aldosterone (Lalevee et al., 2005). In sinoatrial nodal cells, 
CaV3.2 channels contribute to cardiac pacemaking due to 
their ability to be activated during initial slow depolarising 
phase of sinoatrial action potential, which enables them to 
contribute to this depolarisation process (Husse and Franz, 
2016). Their expression in sinoatrial cells is increased in 
streptozotocin-induced diabetic rats (Ferdous et al., 2016) 
and thus, they may contribute to cardiac-related comorbidity 
in diabetic patients. Recently, gain-of-function mutation 
CACNA1H(M1549V) of the CaV3.2 channel was identified, 
which results in an early onset hypertension caused by 
increased aldosterone production (Scholl et al., 2015).

Regulation of CaV3.2 channels by 
gasotransmitters

Gasotransmitters, such as nitric oxide, carbon monoxide and 
hydrogen sulphide may act as calcium channel modulators. In 
recent years, (patho)physiological importance of H2S is being 
acknowledged (Li et al., 2011). Acutely applied micromolar 
H2S inhibited the current through the recombinant CaV3.2 
channel, but not through CaV3.1 or CaV3.3 channels (Elies 
et al., 2014). It was shown that H2S interacts with the CaV3.2 
channel at an amino acid histidine in a position 191 (H191, 
Figure 2), which is absent in CaV3.1 and CaV3.3 channels (Elies 
et al., 2015). The same amino acid residue is responsible for 
channel inhibition by Zn2+ (Nelson et al., 2007), by Ni2+ (Kang 
et al., 2006), and for redox regulation of the channel. Elies 
and coauthors suggested that H2S may enhance channel 
sensitivity to Zn2+ ions (Elies et al., 2016). However, chronic 
exposure to millimolar H2S enhanced T-type calcium current 
in NG108-15 cells and evoked hyperalgesia in rats (Kawabata 
et al., 2007). Acute augmentation of the current through 
recombinant CaV3.2, but not CaV3.1 channel was also achieved 
by millimolar H2S (Elies et al., 2014). Mechanism of this dual 
effect remains unknown.

Carbon monoxide inhibited all three recombinant CaV3 
channels and reached half-maximal inhibition in concentration 
around 3 µM (Boycott et al., 2013). The effect of nitric monoxide 
on T-type calcium channels was not investigated.

Regulation of CaV3.2 channels by other 
endogenous molecules

T-type channels are also sensitive to a number of endogenous 
agents. For instance, arachidonic acid potently shifts 
the steady-state inactivation of CaV3.2 channels by -25 
mV, eliminating the window current (Zhang et al., 2000). 
Considering that arachidonic acid is used in a number 
of anabolic bodybuilding supplements, the alteration of 
immune response may represent a side effect of these 
products. Endogenous cannabinoid anandamide inhibits all 
three CaV3 channels with order of efficiency CaV3.2 > CaV3.3 
> CaV3.1 (Chemin et al., 2001). Inhibition of CaV3.2 channels 
by endocannabinoid N-arachidonoyl dopamine (Ross et al., 
2009), by endogenous lipoamino acids (Barbara et al., 2009), 
and by N-arachidonoyl serotonin (Gilmore et al., 2012) may 
contribute to their anti-nociceptive effect attributed to the 
interaction with TRPV1 channel.

Regulation of CaV3.2 channels by glucose

Glycosylation represents one of the most prevalent 
mechanisms of post-translational modification of proteins 
(Moremen et al., 2012). It is reversible and proteins can 
undergo dynamic glycosylation and deglycosylation. 
Asparagine (N)-linked glycosylation of various voltage- and 
ligand-gated channels (Ufret-Vincenty et al., 2001; Watanabe 
et al., 2003; Cohen, 2006) including CaV3.2 channel (Weiss et 
al., 2013) was documented. Consensus N-linked glycosylation 
site has an amino acid sequence N-X-S/T. Four corresponding 
asparagines are located in the extracellular loops of the CaV3.2 
channel: N192, N271, N1466 and N1710 (Figure 2). Inhibition of 
N-linked glycosylation by tunicamycin reduced an expression 

Figure 2. Scheme of T-type α1 subunit. α1 subunit of T-type calcium channel consists of four homological domains (I – IV). Each 
domain consists of six transmembrane segments S1–S6. S4 segment contains 5–6 positively charged amino acids and is responsible 
for voltage sensing. Segments S5–S6 create conducting pore of the channel. Location of histidine 191 (H191) and four extracellularly 
located asparagines (N192, N271, N1466, and N1710) are marked by filled circles.
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of the CaV3.2 channel in cell membrane (Weiss et al., 2013) 
and reduced the current density. Increase of extracellular 
glucose concentration from 5 mM (physiological level) to 25 
mM (corresponding to clinically observed hyperglycaemia) 
potentiated the trafficking of channel protein to the plasma 
membrane (Lazniewska et al., 2016) and increased the current 
density (Weiss et al., 2013). An uneven role of glycosylation of 
individual asparagines was demonstrated by a substitution of 
each asparagine by glutamine. Mutations N271Q and N1710Q 
disrupted the channel expression and no detectable current 
was observed in cells transfected with these constructs (Weiss 
et al., 2013; Ondacova et al., 2016). Total protein expression 
of  N192Q and N1466Q channels was unaffected but their 
trafficking to the surface membrane was decreased (Weiss et 
al., 2013). Glycosylation could regulate the current amplitude 
solely by altering the number of functional channel expressed 
in the plasma membrane. Alternatively, changes in channel 
gating could contribute to decreased current amplitude. To 
test for involved mechanisms, the charge movement in wild 
type and mutant channels was investigated by Ondacova 
and coauthors. The charge movement arises from upwards 
movement of S4 segments in all four channel domains (Figure 
2) and is proportional to the number of functional channels 
in a cell membrane. Ratio maximal current/maximal charge 
movement is proportional to the channel opening probability 
(Agler et al., 2005). Individual mutations (N192Q or N1466Q) 
did not alter this ratio significantly. However, when both 
asparagines were replaced by glutamines, the ratio maximal 
current/maximal charge movement decreased significantly, 
suggesting that proper glycosylation of the CaV3.2 channel 
may also upregulate the channel’s opening probability 
(Ondacova et al., 2016). Considering that the elevated 
glucose caused the enhanced activity of CaV3.2 channels, 
which plays an important role in the peripheral nociception, 
this mechanism may be involved in the genesis of diabetic 
neuropathy. Therefore, these channels are emerging targets 
for its therapy (Orestes et al., 2013).

Regulation of the CaV3.2 channels by 
phosphorylation

CaV3.2 channels are regulated by multiple phosphorylation 
mechanisms. Using high resolution mass spectroscopy, 
34 putative phosphorylation sites, represented by serine 
and threonine residues, were identified in the intracellular 
loops of the rat CaV3.2 channel and 43 such sites were 
identified in the human CaV3.2 channel (Blesneac et al., 
2015). Dephosphorylation of the channel by non-specific 
phosphatase AP accelerated its activation and inactivation 
kinetics, and shifted the voltage dependencies of channel 
activation and inactivation in hyperpolarising direction 

(Blesneac et al., 2015). Several of these phosphorylation sites 
were described previously. S1198 in the cytoplasmic loop, 
connecting the channel domains II and III, is phosphorylated 
by CaMKII (Welsby et al., 2003; Yao et al., 2006). This amino 
acid residue is unique to the CACNA1H sequence (Perez-
Reyes, 2003). Its phosphorylation potentiates calcium entry 
through the CaV3.2 channels by shifting the half-maximal 
activation voltage towards the more negative membrane 
potentials and by increasing voltage sensitivity of the channel 
(Welsby et al., 2003). Phosphorylation of S1107 located in 
the same intracellular loop by protein kinase A is necessary 
for channel inhibition by Gβγ dimers (Hu et al., 2009). This 
signalling pathway is specific for the CaV3.2 channel and 
may be a mechanism mediating dopamine inhibition of this 
channel (Hu et al., 2009).
Vast majority of experiments are conducted at a room 
temperature. Chemin and coauthors demonstrated that 
protein kinases A and C, but not G, can enhance the current 
through all three CaV3 channel subtypes at a physiological 
temperature (30−37 °C), while no effect was observed at room 
temperature (20−27 °C) (Chemin et al., 2007). This observation 
should be taken into account when we think about regulation 
of T-type calcium current in a mammalian organism.

Regulation of the CaV3.2 channels by 
ubiquitination

Ubiquitination is a common enzymatic post-translational 
modification of proteins occurring in eukaryotic cells. 
CaV3.2 channels are under control by ubiquitinating and 
deubiquitinating enzymes as well (Zamponi et al., 2015). 
Deubiquitination of the CaV3.2 channel by deubiquitinase 
USP5 results in an increased T-type calcium current that is 
responsible for inflammatory and neuropathic pain (Gadotti 
et al., 2015). Disrupting USP5/CaV3.2 channel interactions 
prevented such pain and represents a concept for a new class 
of analgesics (Garcia-Caballero et al., 2014; Gadotti et al., 2015; 
Garcia-Caballero et al., 2016).

Conclusion

CaV3.2 channels play a unique role in nociception, in heart 
automaticity, in several types of epilepsy and convulsion. They 
may be involved in diabetic neuropathy, autism spectrum 
disorders, or amyotrophic lateral sclerosis. These features 
make them valuable pharmacological targets.
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Everyone agrees that the bending modulus (also known as KC 
or κ) is an important property of biomembranes, as it quantifies 
the flexibility that is important to cell functions (Nagle, 2013). 
For many years, we have used the traditional Canham–Helfrich 
model for fluctuations to analyse diffuse X-ray scattering 
in order to obtain values for the bending modulus KC (Liu & 
Nagle, 2004). Theory and molecular dynamics  simulations 
have suggested that the next level of refinement to describe 
membrane fluctuations should extend this model to include 
molecular tilting (May et al., 2007). This extension is widely 
considered to be important for understanding membrane 
fusion (Ryham et al., 2016). Of the two versions of an extended 
model, the Brown model (Watson et al., 2011) has been shown 
to provide the more accurate description of the hydrocarbon 
chains as determined by simulations (Kopelevich & Nagle, 
2015). 

II. Experimental

Our primary experimental technique is X-ray scattering from 
stacks of fully hydrated lipid bilayers. In addition to the usual 
quasi-Bragg peaks, these samples exhibit extensive diffuse 
scattering that contains more information than the peaks. 
In particular, we have been obtaining the bending modulus 
KC from diffuse scattering, which is one focus of this talk. 
Quantities also obtained that were not focused on are the 
electron density profile and the bulk B modulus that is a 
measure of interactions between neighbouring bilayers in 

the stack. Recently, we have learned how to include molecular 
tilt in our analysis of X-ray data. We found that the X-ray data 
are fit better for the tilt-dependent model, and we have 
reported the first experimental value of the tilt modulus Kθ for 
dioleoylphosphatidylcholine lipid bilayers (Jablin et al., 2014). 

This has required considerable theoretical, analytical and 
software development (Jablin, 2015). Re-analysis that includes 
the tilt modulus is now being performed on extensive earlier 
X-ray scattering data collected in my laboratory.

III. Results and Discussion

Preliminary results for the tilt modulus of 
dimyristoylphosphatidylcholine (DMPC) were shown. It is 
noteworthy that two recent atomistic simulations (Venable 
et al., 2015; Wang & Deserno, 2016) each performed at only 
one temperature, agree well with our experimental results. 
However, my most striking result, not yet investigated by 
simulations, is the rapid decrease in Kθ as the main transition 
in DMPC is approached by lowering the temperature within 
the fluid phase. This provides a new perspective for the DMPC 
main phase transition. In critical phenomena, the vanishing 
of the modulus corresponding to an order parameter results 
in spontaneous symmetry breaking of that order parameter. 
It is well known that there is spontaneous tilt in the gel phase. 
Although the main transition is into the ripple phase that is 
complicated by ripple symmetry breaking, recent structural 
work (Akabori & Nagle, 2015) shows that the ripple phase also 
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has spontaneous tilt (along with other interesting features not 
comprehended by existing theory). This supports the previous 
interpretation that there is pre-critical behaviour above the 
transition, as originally evidenced by the accelerating decrease 
in volume on approach to the transition (Nagle & Wilkinson, 
1978). However, whilst tilt acts like an order parameter with 
spontaneous symmetry breaking at the transition, there 
is clearly much more going on, and area/lipid is probably 
the most important order parameter (Nagle, 1986) and a 
full theory should probably also include the spontaneous 
symmetry breaking of rippling in the ripple phase.
The new tilt-dependent analysis continues to find that KC 
also decreases as the main transition is approached from 
the fluid phase (Chu et al., 2005). The decrease now begins 
at a lower temperature (27 °C) than the previous one (30 °C), 
above which KC decreases with increasing temperature. The 
new maximum agrees better with the onset of the anomalous 
swelling regime.
The older tilt-independent analysis essentially assumed that 
the tilt modulus was infinite. Allowing a finite tilt modulus in 
the analysis of a data set increases the obtained value of KC. 

Values of the bending modulus KC from the new tilt-dependent 
analysis were compared to those obtained by the classical 
methods that use giant unilamellar vesicles. Compared 
to what has been discussed previously (Nagle, 2013) this 
reduces the differences between the X-ray values of KC and 
the generally larger values obtained by other experimental 
methods that sense membrane flexibility on much larger 
length scales than the X-ray method and that are, therefore, 
insensitive to tilt (Nagle et al., 2015). Nevertheless, there are 
still outstanding discrepancies in the values of the bending 
modulus that might have been due to the effect of sugar 
used at different concentrations in the classical experiments. 
However, we have been unable to find the effect of sugars in 
our experiments (Nagle et al., 2016). 
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Lipid bilayers display a wide range of morphologies (di Vitta et 
al., 2013; Funari et al., 2009, 2011; Silva et al., 2013; Valerio et al., 
2012) and are simple models for the cell membrane. They not 
only provide a matrix for anchoring a variety of substances, 
for example, membrane proteins, glycolipids and so on, that 
play an essential role in the cell metabolism, but also define 
the cell limits keeping apart the inner and outer environments. 
Recently, we studied the structural effects of synthetic 
quinones on lipid model membranes in order to investigate 
their contribution to morphologies, possibly involved in 
transfer processes. Summarizing, we can say that the insertion 
of these additives lowers the temperature of the structural 
phase transitions, and in many cases, induce the formation of 
cubic phases at low temperatures,[1, 2] which corresponds to an 
increase in the lipid matrix surface curvature.
It is accepted that urea and (TMAO) have antagonistic effects 
on the fluidity of lipid membranes (Barton et al., 1998; 
Meersman & Walsh, 2011; Seibel et al., 2002). In red blood 
cells, urea slightly increases the gel-phase domains, but this 
effect is counteracted by TMAO. We intend to determine how 
these solutes affect the lipid membrane and determine their 
contribution to fluidity, or curvature, induced on them.

OBJECTIVES

We intended to study the influence of natural osmolytes 
urea and TMAO on the fluidity and stability of lipid model 

membranes by determining the structure of the phases 
formed in the lipid dispersions. In this way, we expect to 
determine whether a dominant interaction of these solutes 
takes place on the lipids, or more indirectly, by affecting 
the properties of the aqueous region near the headgroup 
surface. Small and wide angle X-ray scattering (SAXS/WAXS) 
thermal scans enable us to determine the number of phases 
in each system, their transitions and respective reversibility. 
SAXS/WAXS identifies these structures and provide the 
dimensions of their lattices. Differential scanning calorimetry 
(DSC) provides the phase transition temperatures and the 
respective energy involved in such processes.

MATERIALS AND METHODS

The samples were prepared by mixing desired volumes 
of stock solutions with well-defined concentrations of its 
components. The aqueous media at a temperature above the 
lipid main phase transition was directly added to the lipid. The 
samples were agitated slowly for two hours before they were 
filled into glass capillaries of 1.5 mm diameter and sealed. All 
chemicals were commercially available in high purity (POPE: 
Avanti lipids, TMAO and UREA : Sigma) and used without 
further purification.
At the SAXS beamline of ELETTRA, an in-line micro-
calorimeter built by the group of Michel Ollivon (CNRS, Paris, 
France) (M. Ollivon et al., 2006) was used to simultaneously 
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measure SAXS/WAXD and high sensitivity DSC from the 
same sample. The calorimeter was programed to heat and 
cool the sample with a rate of 1oC/min during the thermal 
scans between 15 and 85oC. The acquisition time was 5 s 
each minute, and monochromatic synchrotron radiation of 
0.154 nm wavelength was used. SAXS was monitored with a 
bi-dimensional Pilatus 1M detector positioned ca. 1 m away 
from the sample. WAXS was measured with a Pilatus 100 K 
detector at a sample to detector distance of ca. 15 cm.

RESULTS AND DISCUSSION

Thermal scans on lipid matrices prepared with aqueous 
solutions of Urea or TMAO have shown morphologies 
similar to the ones observed in aqueous solution of the pure 
lipids, although with different dimensions and transition 
temperatures. In POPE, we observe structures with high 
curvature, and upon temperature cycling, the induction 
of cubic phases (see Figure 1), whose structure could not 
be uniquely identified due to the lack of resolution or a 
significant number of diffraction peaks originating from the 
samples. We note the absence of independent SAXS-based 
data available in the literature for the structural effect of such 
solutes. Some salts favour the formation of cubic phases in 
POPE, as described elsewhere (Tenchov & Koynova, 2012).
A fully hydrated sample prepared in 400 mM TMAO shows 
the expected transitions normally seen in POPE. However, 
surprisingly there is a significant absence of diffraction over 
a wide range of temperatures on cooling from the hexagonal 
phase, and the diffraction peaks in the last patterns have 
a much lower intensity as compared to the ones at the 
beginning of the scan, as shown in fig 2. The DSC traces on 
heating and cooling indicate phase transitions on heating 
at temperatures higher than for pure aqueous POPE, while 
during cooling this is not seen (Figure 3). We note that some 
signals were too weak and therefore not subject to our in-
depth interpretation. The high temperatures of the phase 
transition on heating indicate a stabilization of the phases.
Together with the observation that some samples have 
an ‘oily’ appearance, we conclude that TMAO hinders the 
self-assembly of such lipid once it interacts, most likely via 
hydrogen bonds, with the PE head groups. The interactions 
seem to become more effective at high temperatures and 
do not vanish easily or fast enough at our time scale during 
cooling. This finds support in the study on ‘Hydrophobic 
association in mixed urea-TMAO solutions’ by Ganguly et al. 
(2016).
Urea 200mM has a milder effect on the POPE dispersion, 
see fig 4. The DSC trace shows a transition at a temperature 
higher than for pure POPE and POPE in 400 mM TMAO, 

however involving less heat than the previous system. The 
thermal SAXS scan indicates a less organized stack of bilayers. 
The hexagonal phase, normally following the lamellar upon 
heating, could not be seen up to the highest temperatures 
of 85oC. Moreover, no organized structure was formed during 
the whole temperature range during cooling. This is clear 
evidence that Urea has a destabilizing effect on the formed 
structures due to the interaction on the headgroup interface 
region of the bilayers assembly.

CONCLUSIONS

On combining SAXS/WAXS and DSC results obtained from 
dispersions of POPE in either aqueous solution of TMAO or 
Urea, one can see their antagonistic effect from a structural 
perspective, that is, their influence on the macro organization 
of the self-assembled mesogenic units.
Both osmolytes seem to require high temperatures (or weaker 
interactions between headgroups of neighbouring lipids) to 
be able to effectively interact with the POPE (headgroups) and 
exert their influence on the organization of the dispersion. 
TMAO favours the lamellar layer structures, while urea tends 
to hinder the macro organization of the system.

Figure1 . Heating SAXS scan (15 -> 85 oC) of a POPE dispersion 
in solution of TMAO:Urea (2:1). The sample has been through 
5 temperature cycles before this measurement. We note the 
occurrence of several peaks at very low angles (below the known 
peak of the lamellar phase). Near the beam stop (left) one sees 
other peaks very close to each other whose interpretation is still 
unclear at this point.
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Figure 4. Thermal SAXS scan of a POPE:Urea 200mM dispersion (left) and the corresponding DSC trace (right).

Figure 3. DSC trace of a dispersion of POPE in 400 mM TMAO. The 
arrows indicate phase transition signals, many too faint to be 
considered for in-depth analysis.

              

Figure 2. Sequence of diffraction patterns of POPE/TMAO. Left: Temperature scan from 15 -> 85 -> 15oC. Right: Measured spacings 
(thermal evolution upon heating), d.
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INTRODUCTION

Ceramides, that is, N-acylsphingosines belong to the 
family of sphingolipids. Ceramides regulate several cellular 
processes, such as proliferation, differentiation and apoptosis 
(Hannun, 1996; Hannun and Obeid, 2008). In human body, 
ceramides are equally important outside the cell – they form 
multilamellar lipid membranes between corneocytes of the 
uppermost skin layer, the stratum corneum (Candi et al., 
2005). These stratum corneum lipids prevent excessive water 
loss from the body and hamper the penetration of undesired 
substances, allergens and microbes from the environment 
into the body (Bouwstra and Ponec, 2006; Elias, 2008). In fact, 
the development of such lipid-based barrier was an essential 
step in the evolution of life on dry land. In this minireview, the 
structures of major skin barrier lipids, formation of the stratum 
corneum lipid membranes and their molecular organization 
are described.

COMPOSITION OF THE SKIN LIPID BARRIER

Human stratum corneum is composed of approximately 
15–25 layers of flattened dead cells, corneocytes, which are 
surrounded by a lipid matrix (Elias et al., 1977). To provide a 
competent barrier function, the lipids in the stratum corneum 
are highly specialized: there are virtually no phospholipids; 
the major constituents are ceramides, free fatty acids and 
cholesterol in an approximately 1:1:1 molar ratio (Fig. 1). This 
equimolar ratio seems to be highly important for epidermal 
homeostasis, as alterations in this lipid composition were 
associated with a disturbed barrier function (Breiden and 
Sandhoff, 2014; Feingold and Elias, 2014; Holleran et al., 2006; 
Rabionet et al., 2014; van Smeden et al., 2014b).
Free fatty acids in the skin barrier are 14–34 carbons long, 
mostly saturated and unbranched. The predominant fatty 
acids have 24 carbons (lignoceric acid) and 26 carbons (cerotic 
acid) – these two species comprise approximately 50 weight 
% of the stratum corneum fatty acids (Norlen et al., 1998; van 
Smeden et al., 2014a). Unsaturated and shorter fatty acids 
are present in the stratum corneum lipid membranes only in 
minor quantities; their concentrations increase in pathological 
conditions such as atopic dermatitis, probably due to filaggrin 
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deficiency (Jakasa et al., 2011; Jungersted et al., 2010;  
Vavrova et al., 2014).
Cholesterol is the main sterol in the skin lipid barrier. 
Cholesterol is also essential for the correct skin barrier function; 
it contributes to the correct lamellar and lateral structure 
and lipid fluidity (Feingold and Elias, 2014; Mojumdar et al., 
2015a). Previous studies described separation of cholesterol 
from the lamellar phases (Mojumdar et al., 2015b; Schreiner 
et al., 2000); however, the physiological relevance of this 
separation is not known. In contrast, recent study using very 
high resolution electron microscopy on vitreous skin sections 
found no cholesterol crystals (Iwai et al., 2012).
Cholesteryl sulphate, that is, ester of sulphuric acid with 
cholesterol, is a minor component of the stratum corneum 
lipid matrix; it is present in approximately 5% of the barrier 
lipids (or approximately 2% of all lipids including surface 
lipids (Lampe et al., 1983)). The role of cholesteryl sulphate 
is probably not fully understood, one possible function of 
this molecule is that it contributes to the stratum corneum 
cohesion and regulates desquamation (Long et al., 1985).

CHEMISTRY OF CERAMIDES

The dominant lipids in the stratum corneum are ceramides; 
they constitute approximately one third of lipid molecules 
or 50% of the lipids by weight (van Smeden et al., 2014b). 
These simple sphingolipids have a relatively small polar head 
that does not extensively hydrate and two hydrophobic 
chains – the sphingoid base chain and N-acyl chain (fatty 
acid chain). The most intriguing fact in skin ceramides is their 
heterogeneity: 15 ceramide subclasses have been described 
until the present and together with the different chain 
lengths, this yields hundreds of distinct chemical structures 
(Fig. 2). For a recent review, see (Rabionet et al., 2014).
All ceramides are based on a sphingoid base, which is a long 
chain (usually 18 carbons) amino alcohol. The skin ceramides 
can contain sphingosine (S) and dihydrosphingosine (dS), which 
are common in eukaryotic cells, phytosphingosine (P), which is 
found only in some human tissues, and 6-hydroxysphingosine 
(H), which is specific for the epidermis (Kováčik et al., 2014). 
Recently, a novel tetrahydroxylated sphingoid base, which 

Figure 1. Schematic representation of epidermal layers, structure of the stratum corneum and the major skin barrier lipids.
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has not been fully structurally described, has been found 
(t’Kindt et al., 2012). In ceramides, the primary amino group 
of the sphingoid base is acylated (that is, amide-linked) with 
a fatty acid, which is usually saturated, unbranched and 
very long (approximately 24 carbons) or ultralong (up to 38 
carbons, mostly 30–32 carbons) (Breiden and Sandhoff, 2014; 
van Smeden et al., 2011). The fatty acid chain in ceramides 
can be without further substitution (N), α-hydroxylated (A) or, 
in case of ultralong chains, ω-hydroxylated (O) (Breiden and 
Sandhoff, 2014; Novotný et al., 2010; Rabionet et al., 2014; 
van Smeden et al., 2014b). The ω-hydroxyl is further ester-
bound either to linoleic acid (EO) or to glutamate residues of 
the proteins (mostly involucrin) at the surface of a corneocyte 
(Candi et al., 2005). Recently, a new class of ceramides with 
three hydrophobic chains was discovered with the third 
chain ester-linked to the primary hydroxyl in position 1 of the 
sphingoid base (1-O-E) (Rabionet et al., 2013).
The letters in parentheses refer to the shorthand nomenclature 
developed by Motta (Motta et al., 1993) and expanded by 
Robson (Robson et al., 1994), Masukawa (Masukawa et al., 
2008) and Rabionet (Rabionet et al., 2014). The ceramide 
structure is defined by a combination of the above-mentioned 
letters that specify the acyl with letters for the sphingoid 
part (Fig. 2). Thus, for example, N-lignoceroylsphingosine is 
ceramide NS or, more precisely, ceramide NS24, where the 
number 24 defines the fatty acid chain length.

FORMATION OF THE SKIN LIPID BARRIER; 
CORNEOCYTE LIPID ENVELOPE

The skin lipids are synthesized in the epidermal cells, 
keratinocytes, converted to their more polar precursors 

(e.g., ceramides are converted to sphingomyelins and 
glucosylceramides) (Holleran et al., 2006; Jensen et al., 1999), 
which are stored in lamellar granules together with catabolic 
enzymes. At the stratum granulosum/stratum corneum 
interface, the lamellar granules migrate to the keratinocyte 
upper surface, merge with plasma membrane, and secrete 
their contents into the intercellular space. The enzymes are 
activated and convert lipid precursors to barrier lipids that 
eventually assemble into lamellar structures that fill the entire 
space between the cells (Mizutani et al., 2009; Rabionet et al., 
2014; Uchida and Holleran, 2008).
Some of the glucosylceramides of the EO-subclass, or 
acylglucosylceramides, are oxidized at their linoleic acid tail, 
which is then removed and the remaining ω-hydroxyceramides 
are attached via their ω-hydroxyl to glutamate residues 
of the corneocyte proteins involucrin and loricrin (Banks-
Schlegel and Green, 1981; Behne et al., 2000). These covalent 
lipid monolayer, the corneocyte lipid envelope (Elias et al., 
2014; Wertz et al., 1989), covers the whole cell surface in the 
stratum corneum and is believed to act as a template for the 
orientation of the free barrier lipids and prevent permeable 
boundaries between the lipids and cells (Behne et al., 2000). 
Any major defects in the biosynthesis or transport of lipids 
of the corneocyte lipid envelope are lethal (Jennemann et al., 
2012; Vasireddy et al., 2007).

MOLECULAR ARRANGEMENT OF THE SKIN LIPID 
BARRIER

The molecular arrangement of the stratum corneum lipids 
is also highly specialized: the skin barrier lipids do not form 
conventional bilayers but multilamellar membranes with the 

Figure 2. Chemical structures of the main components of the stratum corneum ceramides and their shorthand nomenclature.
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first lipid layer covalently anchored to the corneocyte surface 
(Breathnach, 1975; Grayson and Elias, 1982). In contrast to 
phospholipids, the stratum corneum ceramides have a small 
polar head and very long, saturated chains with prevailing all-
trans conformation. The prevalent lateral packing of the skin 
barrier lipids is orthorhombic, which is a very tight packing 
with highly limited motional freedom. In addition, some lipids 
are arranged in a hexagonal subcell with greater rotational 
freedom, and a minor lipid fraction is liquid (Fig. 3) (Bouwstra 
et al., 2001; Damien and Boncheva, 2010; Mendelsohn et al., 
2006; Mendelsohn and Moore, 2000; Stahlberg et al., 2015).
Considering the lamellar arrangement of the stratum corneum 
lipid multilayers, their unique feature is the formation of 
the so-called long periodicity lamellar phase with a repeat 
distance of 11.9–13.1 nm (Hou et al., 1991; Madison et al., 
1987; Mojumdar et al., 2015a; Neto et al., 2011; White et 
al., 1988) (Fig. 3). This lamellar phase was first observed by 
electron microscopy and later confirmed by X-ray diffraction. 
In addition, most studies also describe the presence of a 
short periodicity phase (with repeat distance of 5.3–6.4 nm) 
(Bouwstra et al., 1995; Bouwstra et al., 1991; de Jager et al., 
2004; de Sousa Neto et al., 2011; Mojumdar et al., 2014; White 
et al., 1988) and phase separated cholesterol (Craven, 1979; 
Shieh et al., 1981). Nevertheless, recent experiments on 
native skin barrier using very high resolution cryo-electron 
microscopy only detected the long periodicity phase, with 
the repeat distance of approximately 11 nm (Iwai et al., 2012). 
There is a consensus that acylceramides (that is, ceramides of 
the EO-subclass) are necessary for the formation of the long 
periodicity phase (Bouwstra et al., 1991; de Sousa Neto et al., 
2011; Kessner et al., 2010; Madison et al., 1987; Mojumdar et 
al., 2015a; White et al., 1988). However, recent X-ray diffraction 

study showed a lamellar phase with 10.6 nm periodicity in 
ceramide NH membranes without any acylceramide present 
(Kovacik et al., 2016).
Because of the multilamellar arrangement of lipids in the 
stratum corneum, both hairpin conformation (with both chains 
pointing to the same direction) and extended conformation 
of ceramide (or splayed-chain conformation, with the chains 
pointing into opposite directions) are theoretically possible 
(Fig. 4). Although the extended conformation is not common 
in biological membranes, it could be advantageous for the 
stratum corneum barrier properties (Corkery, 2002; Iwai et al., 
2012). First, it would reduce the packing strain of ceramide 
because they have a smaller cross-section of the polar head 
than of the chains and there are no lipids with bulky polar 
heads to compensate for such unfavourable packing ratio of 
hairpin ceramide. Second, the extended conformation would 
connect the adjacent lipid lamellae and prevent permeable 
boundaries.

STRATUM CORNEUM LIPID MEMBRANE MODELS

The exact lipid organization in the stratum corneum has 
been under debate for decades (Norlen, 2013). Both lamellar 
phases and the lateral packing can be reproduced using the in 
vitro lipid membrane models (Kessner et al., 2008). Numerous 
previous studies using either lipid membrane models 
or stratum corneum described how ceramide structure 
influences their behaviour in membranes and permeability 
(Janusova et al., 2011; Novotný et al., 2009; Pullmannová et 
al., 2014; Rerek et al., 2001; Skolova et al., 2014; Skolova et al., 
2016; Skolova et al., 2013; Stahlberg et al., 2016; Stahlberg et 
al., 2015) and proposed models of the arrangement (Bouwstra 

Figure 3. Lamellar and lateral organization of the stratum corneum lipid membranes.
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et al., 1991; de Jager et al., 2004; de Sousa Neto et al., 2011; 
Iwai et al., 2012; Mojumdar et al., 2015a; Mojumdar et al., 
2015b; Mojumdar et al., 2014). However, no broad consensus 
has been reached, mainly because of the differences in the 
experimental setup, method used and, in case of models, lipid 
composition.
These lipid models always bear a certain level of simplification 
but some of them showed very good correlations with real 
skin properties. For example, de Jager et al. studied a model 
lipid membrane composed of ceramides EOS, NS24, NP24, 
AS24, NP16, AP24, free fatty acid mixture and cholesterol and 
found similar permeabilities of this model and isolated stratum 
corneum to p-aminobenzoic acid and its esters (de Jager et al., 
2006). We compared the effects of ceramide with shortened 
chains (both acyl and sphingosine) in skin and simple lipid 
membranes composed of ceramide NS24, lignoceric acid, 
cholesterol and cholesteryl sulphate and found similar trends 
in permeabilities to the two model permeants theophylline 
and indomethacin (Janůšová et al., 2011; Školová et al., 2016; 
Školová et al., 2013). Furthermore, a lipid model composed 
of ceramide NS24, free fatty acids and cholesterol (with or 
without cholesteryl sulphate) confirmed the existence of fully 
extended ceramide with cholesterol molecules associated 
with the ceramide sphingoid moiety and free fatty acids with 
the acyl chains (Školová et al., 2014) suggested by very high 
resolution cryo-electron microscopy of native skin (Iwai et 
al., 2012). The permeabilities of our recent complex model 
with ceramides EOS, EOdS and EOP, NS, NdS, NP, AS, AdS 
and AP, free fatty acids, cholesterol and cholesteryl sulphate 
(the flux values of theophylline and indomethacin were 0.24 
± 0.02 µg/cm2/h and 0.12 ± 0.02 µg/cm2/h,(Opálka et al., 
2016)) are in very good agreement with those of a membrane 
model constructed from isolated human skin ceramides 
(the flux values of theophylline and indomethacin were  
0.40 ± 0.05 µg/cm2/h and 0.23 ± 0.02 µg/cm2/h, respectively 

(Pullmannová et al., 2014)) and also with permeabilities 
of isolated human epidermis under the same conditions  
(the flux values of theophylline and indomethacin were  
0.15 ± 0.05 µg/cm2/h and 0.05 ± 0.02 µg/cm2/h, respectively – 
Kováčik, unpublished data).
The main drawback of the model lipid membranes is that 
some ceramides are not commercially available, especially 
those of the EO-subclass and H-subclass. However, synthetic 
procedures to these lipids have recently been published 
(Kovacik et al., 2016; Mori and Matsuda, 1991; Muller and 
Schmidt, 2000; Opálka et al., 2015) and opened the possibility 
to further improve the stratum corneum lipid models to 
better mimic the real skin lipid barrier.

CONCLUSION

Ceramides are essential for our life on dry land. Major 
disturbances to their biosynthesis or transport could be lethal 
because of an extensive water loss. Even less pronounced 
alterations of the stratum corneum lipid composition and 
organization are associated with skin diseases such as 
atopic dermatitis, psoriasis and ichthyoses and could greatly 
affect the quality of life of the patients. Although topical 
application of skin-identical lipids or their analogues has a 
strong potential to repair the skin barrier in such diseases and 
prevent inflammation, deeper understanding of the physical 
chemistry of ceramides and the molecular arrangement of the 
skin lipid membranes is necessary for more rational design of 
such therapies.
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Figure 4. Two possible conformations of ceramide in the skin barrier membranes.
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