
Biochimica et Biophysica Acta 1848 (2015) 422–432

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Experimental determination and computational interpretation of
biophysical properties of lipid bilayers enriched by
cholesteryl hemisuccinate
Waldemar Kulig a,⁎, Piotr Jurkiewicz b,⁎, Agnieszka Olżyńska b, Joona Tynkkynen a, Matti Javanainen a,
Moutusi Manna a, Tomasz Rog a, Martin Hof b, Ilpo Vattulainen a,c, Pavel Jungwirth a,d

a Department of Physics, Tampere University of Technology, P. O. Box 692, FI-33101 Tampere, Finland
b J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, v. v. i., Dolejskova 3, 18223 Prague 8, Czech Republic
c MEMPHYS-Center for Biomembrane Physics, University of Southern Denmark, Odense, Denmark
d Institute of Organic Chemistry Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo nám. 2, 16610 Prague 6, Czech Republic
⁎ Corresponding authors.
E-mail addresses: waldemar.kulig@tut.fi (W. Kulig), p

(P. Jurkiewicz).

http://dx.doi.org/10.1016/j.bbamem.2014.10.032
0005-2736/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 July 2014
Received in revised form 6 October 2014
Accepted 20 October 2014
Available online 25 October 2014

Keywords:
Time-dependent fluorescence shift
Molecular dynamics simulations
Cholesterol-mimicking detergents
Laurdan
DPH
Dynamic light scattering
Cholesteryl hemisuccinate (CHS) is one of the cholesterol-mimicking detergents not observed in nature. It is,
however, widely used in protein crystallography, in biochemical studies of proteins, and in pharmacology.
Here, we performed an extensive experimental and theoretical study on the behavior of CHS in lipid membranes
rich in unsaturated phospholipids. We found that the deprotonated form of CHS (that is the predominant form
under physiological conditions) does not mimic cholesterol very well. The protonated form of CHS does better
in this regard, but also its ability to mimic the physical effects of cholesterol on lipid membranes is limited.
Overall, although ordering and condensing effects characteristic to cholesterol are present in systems containing
any formof CHS, their strength is appreciablyweaker compared to cholesterol. Based on the considerable amount
of experimental and atomistic simulation data,we conclude that these differences originate from the fact that the
ester group of CHS does not anchor it in an optimal position at the water–membrane interface. The implications
of these findings for considerations of protein–cholesterol interactions are briefly discussed.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Biologicalmembranes are essential parts of living cells. They provide
a highly selective permeable barrier for cells, in which the interactions
between lipids and proteins allow fundamental processes such as
photosynthesis, signal transduction, perspiration, and transport of ions
and nonpolarmolecules to take place. In essence, biological membranes
are comprised of a lipid bilayer that acts as a host to numerous
membrane proteins embedded in the bilayer. The specific and usually
strong interactions between lipids and proteins play an important role
in maintaining the structure and function of membrane proteins;
protein crystal structures thus often contain lipids or their fragments
co-crystallized together with the protein. In many cases [1–6],
cholesterol (CHOL) has been resolved as a part of the protein crystal
structure. Such proteins are thereby known as cholesterol-binding
and it is assumed that cholesterol has an important effect on their
function, such as an ability to promote thermal stability or to induce
conformational changes in protein structure. In many cases, however,
iotr.jurkiewicz@jh-inst.cas.cz
the cholesterol-typemolecules involved in crystal structures are actual-
ly not cholesterol but cholesteryl hemisuccinate [7–9]. Cholesteryl
hemisuccinate (CHS) is one of the cholesterol-mimicking detergents
that is not present in nature, but is widely used in protein crystallogra-
phy, in biochemical studies of proteins, and in pharmacology. CHS is
more soluble in water than cholesterol and, therefore, easier to use in
biochemical studies of proteins. It is commercially available and shares
an identical structure with CHOL in the nonpolar part of the membrane
where many of the key effects of CHOL originate. Therefore, it is under-
standable that CHS is commonly employed to replace CHOL in studies
of the effects of membrane composition on structure and stability of
various proteins (especially G-protein coupled receptors) [7,10–14].

CHOL is known to increase the mechanical strength of lipid mem-
branes and decreasemembrane permeability towater, small molecules,
and ions [15]. Due to these properties CHOL has applications in drug
delivery where it is widely employed in the production of liposomes
[16]. For this reason, CHS has been tested as a potential component of
drug delivery systems. CHS can form pH-sensitive liposomes [17,18]
designed to undergo rapid destabilization in an acidic environment
[19]. Such a condition occurs after cellular uptake of liposomes in
endocytic vesicles. pH-sensitive liposomes have been shown to be
more efficient in delivering their contents to the cells than traditional
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ones [20]. CHS may also be used in combination with polymers to coat
liposomes to form so-called stealth-pH sensitive liposomes, and it is
used in gene delivery where together with other lipids it coats the
so-called polyplex-complex of DNA with polymers [21].

For reasons listed above, it is important to know how well CHS
can mimic the behavior of CHOL in lipid bilayers. CHOL and ergosterol
are the most common sterols in nature, yet various other naturally
occurring and synthetic sterols exist, too. The key effects that CHOL
has on lipids are the so-called ordering effect (increase of acyl chain
order in bilayers with CHOL) and the condensing effect (decrease of
surface area per lipid) [22,23]. Numerous studies have shown that
even small modifications in CHOL structuremodify both effects, typical-
ly decreasing their magnitude [24–28]. This also concernsmodifications
of the polar part of cholesterol. For instance, the change of conformation
of the hydroxyl group from beta to alpha [29] or esterification [30]
with sulfuric acid has been shown to decrease cholesterol's effects on
membrane properties. What is more, even seemingly tiny changes in
cholesterol structure, such as a change of an individual double bond to
a single one, have been shown to change the function of cholesterol,
e.g., replacing cholesterol with desmosterol in raft membranes was
reported to impair the function of the insulin receptor [31].

Biophysical studies on the effects of CHS are rather limited. CHS
has been shown to act as a membrane stabilizer in the preparation of
liposomes [32,33] and it has been found to alter the motion of acyl
chains and the fluidity of cell membranes [34,35]. Experimental studies
comparing the properties of CHS- and CHOL-containing bilayers have
shown that CHS affects their properties less than CHOL [36]. Our recent
atomistic molecular dynamics (MD) simulations on the behavior of CHS
in saturated lipid bilayers [37] indicated that the protonated version of
cholesteryl hemisuccinate (CHSprot) mimics many of the membrane
properties of cholesterol quite well, while the deprotonated version
(CHSdeprot) is less appropriate for this purpose.

Here, we apply time-resolved fluorescence spectroscopy and dy-
namic light scattering experiments, assisted by atomistic molecular dy-
namics simulations to study the effects of CHS vs. CHOL on unsaturated
lipid bilayers. Our main objective is to clarify how well CHS is able
to mimic the physical behavior of cholesterol in membranes rich in un-
saturated phospholipids. In this context, it is important to note that in
unsaturated lipid membranes under physiological pH, about 98% of
cholesteryl hemisuccinate is in its deprotonated state (CHSdeprot),
since its pKa is about 5.8 [17]. Therefore, given that the experiments
reported in this work were carried out at pH equal to 7.4, their results
correspond to the deprotonated CHS (CHSdeprot). In MD simulations,
we yet considered both states (CHSprot, CHSdeprot) in order to explore
the dependence of CHS behavior on protonation. Building on our
previous computational evidence from saturated bilayers [37], we
can expect properties of membranes with cholesteryl hemisuccinate
(in both protonated and deprotonated forms) to differ from those con-
taining cholesterol. Indeed, the present experiments and simulations
demonstrate that, compared to cholesterol, cholesterol hemisuccinate
has a smaller condensing effect on the lipid bilayer, making the bilayer
less ordered and restricting less the lipid mobility at the glycerol level.
This may alter the strength and dynamics of protein–lipid interactions,
indicating that cholesteryl hemisuccinate may not be an ideal
cholesterol-mimicking detergent for sterol–protein co-crystallization.

2. Materials and methods

2.1. Chemicals and liposome preparation

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and
CHOL (ovine wool cholesterol) were obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). CHS (cholesteryl hemisuccinate),
POPOP (2,2′-(1,4-phenylene)bis[5-phenyl-oxazole]), NaCl, and
NaOH were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fluo-
rescent probes: DPH (1,6-diphenyl-1,3,5-hexatriene), and Laurdan
(6-lauroyl-2-dimethylaminonaphthalene) were purchased from
Invitrogen (Eugene, OR, USA). Hepes (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer (Fluka, Buchs, Switzerland)
was dissolved in Mili Q water (Milipore, USA). Organic solvents of
spectroscopic grade were supplied by Merck (Darmstadt, Germany).
All chemicals were used without further purification.

Extruded large unilamellar vesicles (LUVs) were prepared as
follows: The appropriate volumes of chloroform solutions of POPC,
and either CHS or CHOL, were mixed with methanol solution of a
fluorescent probe. Final molar ratio of lipids to probe was 100:1.
The organic solvents were evaporated under a stream of nitrogen and
then under vacuum overnight. The dried lipid film was suspended in
Hepes buffer: 10 mM, pH 7.4 (NaOH), 150 mM NaCl. After 4 min of
continuous vortexing the suspension of multilamellar vesicles was
extruded through polycarbonate membranes with a nominal pore
diameter of 100 nm (Avestin, Ottawa, Canada).

2.2. Dynamic light scattering

The sampleswere transferred to UV grade poly(methylmethacrylate)
cuvettes (Kartell, Noviglio, Italy), and equilibrated at 298 K for 3 min
before each measurement. The light scattering setup of Zetasizer Nano
ZS (Malvern Instruments Ltd., Worcestershire, UK) consisted of a He–Ne
laser (532 nm) and an avalanche photodiode detector (APD). The scatter-
ing intensity was collected at the angle of 173°. Intensity-weighted size
distributions were obtained using regularized fitting implemented in
Zetasizer Software 6.2 (Malvern Instruments Ltd., Worcestershire, UK).

2.3. Fluorescence instrumentation

All fluorescence measurements were performed in 1 cm quartz
cuvettes. Temperature was maintained at 310 ± 0.5 K using a
water-circulating thermostat. Samples were equilibrated for 10 min
before each measurement. Steady-state fluorescence spectra were col-
lected using a Fluorolog-3 spectrofluorimeter (model FL3-11, JobinYvon
Inc., Edison, NJ, USA). Fluorescence decays were recorded on a time-
correlated single-photon counting (TCSPC) spectrometer: model
5000 U SPC equipped with a NanoLED 11 laser diode (370 nm peak
wavelength, 80 ps pulse width, 1 MHz repetition rate) and a cooled
Hamamatsu R3809U-50 microchannel plate photomultiplier (IBH,
Glasgow, UK). The emission wavelengths were chosen using mono-
chromators. 399 nm cutoff filter was used to eliminate scattered
light. The signal level was kept below 2% of the light source repeti-
tion rate (1 MHz). Data was collected in 8192 channels (0.014 ns
channel width) until the peak value reached 5000 counts. The full
width at half maximum (FWHM) of the instrument response function
was 85 ps.

2.4. Laurdan fluorescence (GP and TDFS)

Laurdan-labeled LUVs dispersion with 1 mM total lipid concentra-
tion was investigated. Steady-state emission spectrum (EX = 373 nm)
and two excitation spectra (EM = 440, and 490 nm) were recorded.
The excitation spectra were used to calculate excitation generalized
polarization spectra (GPEX) [38]:

GPEX λEXð Þ ¼ I440−I490
I440 þ I490

ð1Þ

where I440 and I490 representfluorescence intensities emitted at 440nm
and 490 nm, respectively (excited at excitation wavelength λEX).

For time-dependent fluorescence shift method (TDFS), fluorescence
emission decays were measured at a series of emission wavelengths
(400–540 nm with a 10 nm step). The decays were fitted in DAS6
software (IBH, Glasgow, UK) with multi-exponential function using
reconvolution method. The fitted fluorescence decays together with
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the steady-state emission spectrum were used to reconstruct time-
resolved emission spectra (TRES) according to Ref. [39]. The reconstruc-
tion routine was implemented in Matlab R2010b (MathWorks, Natick,
MA, USA). The position of TRES maximum, ν(t), and its full-width at
half-maximum, FWHM(t), were inspected. Two main parameters
describing polarity and mobility of the probed system were derived
from ν(t). Total emission shift, Δν, reflecting polarity of the probe
environment was calculated as:

Δν ¼ ν 0ð Þ−ν ∞ð Þ; ð2Þ

where ν(0) = νest(0) = 23800 cm−1 is the position of TRES maximum
at t=0estimated using themethod of Fee andMaroncelli [40] andν(∞)
stands for the position of the TRES from the fully relaxed state. The
dynamics of the polarmoieties in the vicinity of the probewas evaluated
in terms of the mean integrated relaxation time, τr, defined as

τr ¼
Z ∞

0

ν tð Þ−ν ∞ð Þ
ν 0ð Þ−ν ∞ð Þdt: ð3Þ

The percentage of the relaxation process that was faster than the
resolution of the instrumentation (~20 ps) was calculated as:

%TDFSfast ¼
νest 0ð Þ−νrec 0ð Þ
νest 0ð Þ−ν ∞ð Þ ; ð4Þ

where “rec” subscript indicates a ν(0) value obtained directly from a
TRES reconstruction. This value did not exceed 20% for any of the
samples measured. Intrinsic uncertainties for the TDFS parameters
were 50 cm−1, and 0.05 ns for Δν, and τr, respectively. Further details
of TDFS method can be found in Refs. [41,42].

2.5. DPH anisotropy

Steady-state anisotropy (rSS) was measured for LUVs (0.2 mM total
lipid concentration) at 357 nm excitation. For each sample, three
anisotropy emission scans (420–440 nm)were performed by collecting
4 different fluorescence intensities: IHH, IHV, IVV, and IVH, where in IXY—X
and Y stand for the orientation of excitation and emission polarizers,
respectively (V—vertical, H—horizontal). rSS was calculated according
to the formula:

rSS ¼
IVV−G � IVH
IVV þ 2G � IVH

; G ¼ IHV
IHH

ð5Þ

All rSS values obtained for the same sample were averaged and a
standard uncertainty of the mean was calculated.

Emission intensities for time-resolved anisotropy (IVV(t) and IVH(t))
were obtained using reconvolution fitting of the measured decays
(EX/EM = 373/466 nm) with the following functions:

IVV tð Þ ¼ G
Z t

−∞
IRF t

0� �1
3

α1e
−t−t

0
τ1 þ α2e

−t−t
0

τ2

� �
1þ 2 r∞ þ r0−r∞ð Þe−t−t

0
φ

� �� 	
dt

0

IVH tð Þ ¼
Z t

−∞
IRF t

0� �1
3

α1e
−t−t

0
τ1 þ α2e

−t−t
0

τ2

� �
1− r∞ þ r0−r∞ð Þe−t−t

0
φ

� �� 	
dt

0
;

ð6Þ

where IRF is the instrument response function measured for scatter-
ing solution, αi stands for the amplitude of the ith fluorescence decay
component with lifetime τi, r0 is the initial anisotropy, r∞ is the resid-
ual anisotropy and φ stands for the lifetime (rotational correlation
time) of the anisotropy decay. G-factor was calculated by applying
a tail matching method to the measured standard (ethanol solution
of POPOP). The global fitting of the anisotropy decay parameters
and the G-factor determination were performed using FluoFit v.4.5
by PicoQuant (Berlin, Germany).
The anisotropy data were evaluated using model introduced by
Kinosita, Kawato, and Ikegami [43,44], in which DPH molecule
wobbles uniformly in a lipid bilayer within a cone of semiangle θc.
DPH orientational order parameter was defined [45–47] as

S ¼
ffiffiffiffiffi
r∞
r0

r
¼ 1

2
cosθc cosθc þ 1ð Þ: ð7Þ

The so-called wobbling diffusion coefficient Dw, defined by Kawato
et al. [44],was calculated using themethod of Lipari and Szabo [47] from

DW ¼ 1
φ
�
12x2 xþ 1ð Þ2 log xþ 1

2

� �
þ 7x6−8x5−22x4 þ 8x3 þ 17x2 þ 4x−6

−6 x5 þ x4−x3−x2−4xþ 4
� �

with x ¼ cosθc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Sþ 1

p
−1

2

ð8Þ

2.6. Atomistic MD simulations

All-atom MD simulations were performed for 14 different
membrane systems. The first two systems (denoted as DOPC-0
and POPC-0) were bilayers composed of 128 molecules of DOPC or
POPC, respectively. The next six systems contained 114 phospholipid
molecules (DOPC or POPC) and 14 sterol molecules (CHOL, CHSprot,
or CHSdeprot), corresponding to a sterol concentration of 10 mol%
(for molecular structures, see Fig. 1). These systems are called
DOPC_CHOL-10, DOPC_CHSprot-10, DOPC_CHSdeprot-10, POPC_CHOL-
10, POPC_CHSprot-10, and POPC_CHSdeprot-10, in respective order. The
last six bilayers were composed of 76 phospholipid molecules (DOPC
or POPC) and 52 sterol molecules (CHOL, CHSprot, or CHSdeprot), corre-
sponding to a sterol concentration of 40 mol% and denoted as
DOPC_CHOL-40, DOPC_CHSprot-40, DOPC_CHSdeprot-40, POPC_CHOL-
40, POPC_CHSprot-40, and POPC_CHSdeprot-40, respectively.

The initial structure of a lipid bilayer was obtained by placing lipid
molecules on an 8 × 8 grid resulting in a bilayer comprised of 64 lipids
in each leaflet. Initial structures of the sterol-containing bilayers were
obtained by randomly exchanging 14 or 52 phospholipid molecules
by the sterol molecules. All simulated bilayers were symmetric with
regard to lipid composition and adequately hydrated with 6400 water
molecules in the simulation box.

Topologies of sterol molecules were built using parameters of
existing molecular blocks from the all-atom OPLS (Optimized Parame-
ters for Liquid Simulation) force field [48,49]. Partial charges were
taken from the original all-atom OPLS force field. Force field parameters
for lipids were taken from Ref. [50]. Additional parameters for a double
bond were derived following the same parameterization protocol.
Water molecules are described using the TIP3Pmodel [51]. To neutralize
bilayers containing charged CHSdeprot molecules, sodium ions described
by standard OPLS parameters were included in those systems.

The simulation temperature was maintained at 310 K using the
Nosé–Hoover thermostat [52,53] with a coupling constant of 0.4 ps.
The temperatures of the solute and solvent were controlled indepen-
dently. Periodic boundary conditions were used in all three directions.
The pressure was kept constant with a semi-isotropic scheme, meaning
that the pressure in x and y directions (i.e., in themembrane plane) was
coupled separately from the pressure in the z (membrane normal)
direction. The Parrinello–Rahman barostat [54,55] was used to keep
the pressure at 1 atm with a pressure coupling constant of 1 ps and a
compressibility of 4.5°10−5 bar−1. Long-range electrostatic interactions
beyond the non-bonded interaction cutoff of 1.0 nm were treated
by the Particle Mesh Ewald scheme (PME) [56] with a Fourier spacing
of 0.1 nm and a sixth order interpolation to the Ewald mesh. A long-
range dispersion correction to the energy and pressure was added.
The LINCS algorithm [57] was used to constrain all covalent bonds,
allowing a time step of 2 fs. For water, the SETTLE method [58]
was applied.



Fig. 1. Chemical structures of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), cholesterol (CHOL),
and the protonated (CHSprot) and deprotonated (CHSdeprot) forms of cholesteryl
hemisuccinate (CHS).

Fig. 2. Size distribution of extruded mixtures of POPC and either CHS (A) or CHOL
(B) obtained from DLS measurements. Distributions were normalized so that their areas
are equal to 1. The sampleswith 80 and100 mol% of cholesterol produced autocorrelation
curves that could not be fitted properly; their mean distributions are presented here with
their large error bars to indicate their original multimodal distribution.
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The systemswere first energyminimized using the steepest descent
algorithm followed by an equilibration simulation in the isothermal-
isobaric (NpT) ensemble until stable average areas per molecule were
obtained. The MD simulations of all bilayer systems were carried out
for over 400 ns. The first 200 ns was considered as an equilibration
period; thus only the last 200 ns of each trajectory was included in the
analyses. All simulations were performed with the GROMACS 4.6.5
software package [59,60]. Altogether the simulations covered a time
scale of about 6 ms.

2.7. Analysis of MD data

Several measurable quantities were extracted from the simulation
data. The time-dependent area per molecule A(t) was calculated by
dividing the total area of the simulation box in the x-y plane by the
number of all molecules (phospholipids and sterols) in a single leaflet.
Through averaging in equilibrium one then obtains the average area
per lipid bAN. The membrane thickness was calculated as the average
inter-leaflet head-to-head (phosphorous atom to phosphorous atom)
distance. The average values of the deuterium order parameters [61]
(|SCD|) were calculated for the acyl chains of lipid molecules using
standard GROMACS scripts by averaging over all carbons from the
methylene and methyl groups of the lipid molecules' tails (in POPC
bilayers over C2–C15 (sn-1 tail)) or C2–C17 (sn-2 tail) atoms, while
in DOPC bilayers over C2–C17 (in both tails)). The tilt angle of the sterol
rings was defined as the angle between the C3–C17 vector (see Fig. 1)
and the bilayer normal. For evaluation of the average number of
contacts between different atomic groups, a cutoff distance of 4 Å
(corresponding to the first minimum in the radial distribution function
of the cholesterol O1 atom and the choline methyl groups [62]) was
used. A contact is considered when the minimum distance between
any pair of atoms from the respective groups is equal to or smaller
than this cutoff distance. Hydrogen bond is considered to be established
when the O\O distance is less than or equal to 3.25 Å and the angle
between the O\O vector and the O\H bond is less than or equal to
35° [62].

3. Results and discussion

3.1. In contrast to cholesterol, CHS is fully miscible with POPC

The ability of binary mixtures composed of POPC with either
cholesterol or cholesteryl hemisuccinate to form bilayers was
measured using dynamic light scattering. Fig. 2 shows the size distri-
butions of extruded samples containing different amounts of either
CHS or CHOL mixed with POPC. Here, we remind the reader that

image of Fig.�2


Fig. 3. Area per molecule as a function of simulation time, showing the temporal stability of all bilayer simulations in this study.
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the CHS studied in experiments corresponds to the deprotonated
state (CHSdeprot). Most of the size distributions are unimodal and
centered at around 70 nm (hydrodynamic radius), as expected for
the large unilamellar vesicles (LUVs) studied. Samples containing
80 and 100 mol% of CHOL were strongly polydisperse and their size
distribution thus could not be satisfactorily fitted with any
model. Their estimated size distributions with large error bars are
presented only to highlight their polydispersity. It is apparent that
while CHS is fully miscible with POPC, the situation with cholesterol
is different as only up to 60 mol% of CHOL can be added to POPC
without disturbing its lamellar phase. The sample consisting of
pure CHS was not extruded, though it presents a bimodal size distri-
bution with maxima at 45 and 350 nm. This result is in agreement
with the [3H]sucrose encapsulation experiments, which have
shown that CHS can form closed membrane vesicles by itself [34].

A further inspection of the unimodal distributions reveals addi-
tional differences between CHS and CHOL vesicles. The size of LUVs
as well as the width of the distributions increases with increasing
CHOL content, but decreases with increasing CHS content. The
Fig. 4.Average values of area permolecule and bilayer thickness, and average values of deuteriu
been calculated as the standard errors using block averaging. Data for DPPC systems are taken
mean size ± half-width at half-maximum was (73 ± 34) nm,
(87 ± 44) nm, and (68 ± 24) nm for pure POPC, 60 mol% CHOL, and
60 mol% CHS, respectively. These results indicate that a CHS/POPC
bilayer is more fluid or its spontaneous curvature is larger compared
to a pure POPC bilayer. In contrast, a CHOL/POPC bilayer is less fluid or
its spontaneous curvature is smaller compared to a pure POPC bilayer.
3.2. CHS condenses lipid bilayers less than cholesterol

The evolution of the area per molecule in time (over the last 200 ns
of simulation trajectories) is shown in Fig. 3. The initial evolution of the
system (the equilibration stage) is omitted from the presentation in
Fig. 3. These plots indicate that the membrane lateral area remains
stable in all systems. Averaged values of the area per molecule
for all systems considered in this study are shown in Fig. 4 (top row).
Calculated values of bAN for pure lipid bilayers (72.2 Å2 and 68.8 Å2,
for pure DOPC and pure POPC bilayers, respectively) are in good agree-
ment with the experimental values measured for fluid bilayers [63,64].
morder parameters for the systems studied here throughMD simulations. Error bars have
from Ref. [37].

image of Fig.�3
image of Fig.�4


Fig. 5. Fluorescence of Laurdan embedded in large unilamellar vesicles composed of
POPC and cholesterol (CHOL) or cholesterol hemisuccinate (CHS), measured at
37 °C. (A) Steady-state emission spectra (mean GPEX (320–380 nm) values are
given in the inset). (B) Relaxation curves, i.e. position of the maxima of time-resolved
emission spectra (TRES) in time after excitation. (C) Time-dependent fluorescence
shift parameters: total spectral shift Δν and integrated relaxation time τr.

Fig. 6. Time-resolved fluorescence anisotropy of diphenylhexatriene (DPH) embedded in
large unilamellar vesicles composed of POPC and cholesterol (CHOL) or cholesterol
hemisuccinate (CHS), measured at 37 °C. (A) Anisotropy decays obtained by fitting
Eq. (6) to the experimental data. (B) DPH order parameter, and wobbling constant
calculated according to the wobbling-in-cone model [43].
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The inclusion of all sterol types decreases the average area per
molecule (as compared to pure lipid membranes) showing the
condensation effect (bAN decreaseswith increasing sterol concentration).
In all types of membranes (saturated and unsaturated), the conden-
sation effect of cholesterol is the strongest (resulting in the smallest
average area per molecule), followed by CHSprot and CHSdeprot.
There is one exception to this rule. In the DOPC bilayer containing
40 mol% of sterols, CHSprot condenses the bilayer just as much as
cholesterol does.

Sterol addition also substantially affects the thickness of the
bilayers (see Fig. 4 (middle row)). It is found to monotonously increase
with increasing sterol concentration. Interestingly, the effects of
CHOL and CHSprot are virtually of equal magnitude in all membranes,
while the effect of the more physiologically relevant CHSdeprot is
substantially weaker.

3.3. CHS restricts lipid mobility at the glycerol level less than cholesterol
does

The results for the average area per molecule obtained from the MD
simulations agree with the results of fluorescence measurements
performed using a Laurdan probe. Already the steady-state emission
spectra of Laurdan show a clear difference between the measured
samples (Fig. 5A). A simple quantification of the solvatochromic shift
observed for this probe—generalized polarization (GP)—gives different
trends for increasing content of CHOL and CHS (inset in Fig. 5A). Those
increases in GP values can be interpreted as stiffening or dehydration
of the lipid carbonyls that are probed by Laurdan. The effects are
considerably stronger for cholesterol than for its succinated form.
To distinguish between local lipid mobility and hydration, time-
resolved fluorescence data is required. Analysis of the position of
time-dependent emission spectra presented in Fig. 5B gives two sep-
arate parameters—total emission shift (Δν) for hydration/polarity and in-
tegrated relaxation time (τr) for local lipidmobility (see Eqs. (2) and (3)).
It has been shown that the changes in mobility of hydrated carbonyls
often correspond to lateral compression of the lipid bilayer, i.e., τr
is usually inversely proportional to bAN [42]. The values of integrated
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Table 1
Average deuterium order parameters and the sterol rings' average tilt angles for the
bilayers studied here.

System Average deuterium
order parametersa

Average sterol rings
tilt angle [°]b

DOPC-0 0.090 –

DOPC_CHOL-10 0.108 25.9
DOPC_CHSprot-10 0.108 38.1
DOPC_CHSdeprot-10 0.098 37.2
DOPC_CHOL-40 0.181 17.8
DOPC_CHSprot-40 0.182 21.5
DOPC_CHSdeprot-40 0.143 30.8
POPC-0 0.127 –

POPC_CHOL-10 0.155 25.5
POPC-CHSprot-10 0.154 33.0
POPC_CHSdeprot-10 0.142 36.2
POPC_CHOL-40 0.279 14.1
POPC_CHSprot-40 0.262 19.8
POPC_CHSdeprot-40 0.211 28.1

a Standard error is smaller than 0.001.
b Standard error is smaller than 0.02°.
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relaxation times τr shown in Fig. 5C indicate that the mobility of lipid
carbonyls is restricted by both sterols. At 10 mol%, cholesterol slows
down the mobility only slightly more than CHS, but at 40 mol% the
difference is clearly visible.

The results presented herein for Laurdan are in qualitative agree-
ment with the steady-state results measured for two Laurdan analogs
—Prodan and Patman—published by Massey [36], who interpreted the
increased GP values as bilayer dehydration. Our time-resolved data
show that the increased GP of Laurdan predominantly results from the
hindered mobility of the hydrated lipid carbonyls. This is likely to
be also the case for Prodan and Patman. We discuss the differences in
bilayer polarity/hydration separately below.

3.4. The effect of CHS in affecting acyl chain order and dynamics is inferior
compared to cholesterol

CHOL is known to order the acyl chain region of fluid lipid
membranes. Here, we compare its ordering effect with that of CHS
using DPH anisotropy measurements and MD simulations.

DPH is a rigid hydrophobic rod-like fluorescent probe aligned along
the lipid acyl chains in lipid bilayers [65–67], as schematically depicted
in Fig. 6. Measurements of DPH anisotropy allow estimation of acyl
chain order andmobility [68], though it also has limitations that render
its use beingmost applicable in predicting trends [66]. DPH orientation-
al order parameter S (Eq. (7)) was postulated to be in good agreement
with 2D NMR order parameter measured for deuterium atoms located
on the 9th or 10th carbon atoms down the lipid acyl chain [45,46].
The time-resolved anisotropy decays, order parameters, and wobbling
diffusion coefficients of DPH in the studied bilayers are presented in
Fig. 7. Distributions of the tilt angle of the sterol ring determined through ato
Fig. 6. The anisotropy decays obtained from the fitting of Eq. (6) to the
experimental data are noticeably altered by the presence of both
CHOL and CHS (see Fig. 6A). It is evident that the effect of CHS is weaker
than that of CHOL. This was also observed in themeasured steady-state
anisotropy, which provided values of 0.082 ± 0.002, 0.098 ± 0.002,
0.185 ± 0.005, 0.085 ± 0.002, and 0.129 ± 0.004, for POPC, 10 and
40 mol% cholesterol, and 10 and 40 mol% CHS, respectively.

In contrast to the steady-state anisotropy, the time-resolved
measurements allow a more accurate characterization of the acyl
chain region by distinguishing between structural and dynamic effects.
In our case the DPH order parameter (S) and the wobbling diffusion
coefficient (DW) shown in Fig. 6B give a similar picture: while both
sterols increase the order and decrease the wobbling constant, CHOL
again affects these parameters more than CHS.

Since the DPH order parameter is usually a good approximation of
the lipid acyl chain order [45,46,66], we can compare the ordering of
CHOL and CHS observed in the experiment with the deuterium order
parameter calculated from MD simulations (see Fig. 4). The deuterium
order parameter data clearly show that all sterols order the bilayer.
CHOL orders the membranes the most, followed by CHSprot and
CHSdeprot. This picture is independent on the type of the bilayer
(saturated [37] or unsaturated). At a higher sterol concentration, differ-
ences between sterols are even more enhanced. This fully corroborates
with the measured DPH order.

The DPH wobbling diffusion coefficient describes the dynamics of
the acyl chain region (Fig. 6B). The value of this parameter is deter-
mined by the frequency of collisions between DPH and the neighboring
lipids and by the mean free rotational angle between successive
collisions [44]. Our results show that CHOL slows down the dynamics
of the acyl chain region in a much more efficient manner than to CHS.

The above described time-resolved and steady-state DPH anisotropy
results are in close agreement with the steady-state anisotropy
measured by Massey [36]. There is reason to bear in mind, though,
as it was discussed before, that the experimental results for CHS
obtained at pH 7.4 should be compared with CHSdeprot rather than
with CHSprot.

3.5. Location and orientation of sterols inside the bilayer

Table 1 shows simulation results for the average tilt angle of the
sterol ring (for definition see Analysis of MD data section). It has
been shown previously that the sterol tilt is an appropriate indicator
of sterols' ability to order their local surroundings [69], thus comparing
the tilt of CHOL and CHS provides one with important insight into their
possibly different ordering capabilities. Also, it is important to stress
that the average tilt angles changewith sterol concentration. In bilayers
with a high sterol concentration, sterol rings prefer being almost
parallel to the normal of the bilayer, while in bilayers with a smaller
sterol concentration they tend to bemore tilted. Sterol concentration
mistic MD simulations. See details in the Analysis of MD data subsection.
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Fig. 8. Partial mass density profiles of a hydroxyl (in CHOL) or ester (in CHSprot and CHSdeprot) group along the normal of the bilayer, computed fromMD simulations. Profiles were shifted
such that the distributions of the phosphate groups in phosphatidylcholine headgroups overlap. Distance of zero corresponds to the position of the phosphate groups.
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affects also the widths of the tilt angle distributions shown in Fig. 7,
which become narrower with increasing sterol concentration. This
agrees with the changes in the average area per molecule (see Fig. 4);
in a more tightly packed bilayer (lower area per molecule) sterols can-
not tilt as much as in the less crowded ones (higher area per molecule).

Average sterol rings' tilt angles also change with the type of sterol,
being the smallest for CHOL, followed by CHSprot and CHSdeprot.
This may be connected with the flexibility of the sterol molecule.
In case of CHOL the functional group pointing out to the membrane–
water interface is the hydroxyl group that has less degrees of freedom
(and therefore CHOL is less flexible) than the hemisuccinate group of
CHSprot and CHSdeprot (allowing them to tilt more easily).

To elucidate the location of the sterols inside the phospholipid bilay-
ers, partial mass density profiles were calculated. Fig. 8 shows mass
density profiles of the hydroxyl (in CHOL) or ester group (in CHSprot
and CHSdeprot) of the sterols. Mass profiles of different systems were
shifted such that the distributions of the phosphate groups overlap,
which allows direct comparison of the depth of the penetration of the
bilayer by the sterols' hydrophilic groups. Fig. 8 shows that the ester
group of CHSprot is located much deeper than the hydroxyl and ester
groups of CHOL and CHSdeprot, respectively. The partial mass density
profiles of the sterols' rings (C1–C17, see Fig. 1) shown in Fig. 9 seem
to corroborate this observation, suggesting that the protonated form
of cholesteryl hemisuccinate (CHSprot) penetrates the bilayer much
deeper than cholesterol or CHSdeprot, and that the bilayer penetration
of the last two compounds is almost the same. This behavior is altered
Fig. 9. Partial mass density profiles of the sterol ring's (C1–C17) group along the normal of the
phosphate groups in phosphatidylcholine headgroups overlap. Distance of zero corresponds to
by neither the type of the bilayer (similar pattern was also noticed
previously in the saturated phospholipid bilayers [37]) nor the sterol
concentration.

3.6. Sterols affect the hydration of the carbonyl region of lipids

To elucidate the effect of the sterols on the water–membrane
interface, numbers of contacts between all molecules in this region
were calculated based on the simulation data. Results of this analysis
are listed in Table 2. The number of sterol–lipid interactions seems to
be almost the same in all systems taken into consideration in this
study. In all cases the addition of a sterol decreases the number of lipid–
water interactions (as compared to the pure phospholipid systems).
This effect depends on both the concentration of sterol and the sterol
type. CHSprot decreases the number of lipid–water interactions the most,
followedbyCHSdeprot andCHOL. This corresponds nicelywith the number
of water–carbonyl interactions (following the same trend) showing that
CHSprot dehydrates the carbonyl region of lipids more effectively than
CHSdeprot or CHOL.

In TDFS experiments the total spectral shift, Δν, is often directly
related to the local polarity and hydration in a membrane [42]. In the
present study a precise determination of this parameter was difficult
in the case of higher sterol contents. Primarily for 40 mol% of CHOL,
but also to some extent for 40 mol% of CHS, the dipolar relaxation
was very slow. As a result the TRES position (Fig. 5B) did not converge
to a constant value within the fluorescence lifetime of Laurdan. This
bilayer, determined from simulations. Profiles were shifted such the distributions of the
the position of the phosphate groups.
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Table 2
Average number of contacts at the water–membrane interface. Lipid–water and
water–carbonyl contacts were normalized to the corresponding values in pure lipid
bilayers, while sterol–lipid and sterol–water contacts were normalized to the
corresponding values in the systems containing 10 mol% or 40 mol% of cholesterol.
Errors are smaller than 1%.

System Sterol–lipid Sterol–water Lipid–water Water–carbonyl

DOPC-0 – – 1.00 sn-1 1.00
sn-2 1.00

DOPC_CHOL-10 1.00 1.00 0.89 sn-1 0.89
sn-2 0.90

DOPC_CHSprot-10 1.18 1.17 0.87 sn-1 0.88
sn-2 0.87

DOPC_CHSdeprot-10 1.08 2.48 0.89 sn-1 0.89
sn-2 0.88

DOPC_CHOL-40 1.00 1.00 0.59 sn-1 0.60
sn-2 0.61

DOPC_CHSprot-40 1.15 0.92 0.55 sn-1 0.54
sn-2 0.54

DOPC_CHSdeprot-40 1.10 2.04 0.58 sn-1 0.59
sn-2 0.55

POPC-0 – – 1.00 sn-1 1.00
sn-2 1.00

POPC_CHOL-10 1.00 1.00 0.88 sn-1 0.86
sn-2 0.88

POPC_CHSprot-10 1.16 1.16 0.87 sn-1 0.85
sn-2 0.87

POPC_CHSdeprot-10 1.10 2.61 0.88 sn-1 0.88
sn-2 0.88

POPC_CHOL-40 1.00 1.00 0.58 sn-1 0.57
sn-2 0.61

POPC_CHSprot-40 1.20 1.15 0.53 sn-1 0.49
sn-2 0.52

POPC_CHSdeprot-40 1.07 2.24 0.57 sn-1 0.56
sn-2 0.56
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hampered accurate determination of ν(∞), which was estimated by
extrapolating ν(t). Therefore the values of Δν presented herein for sys-
tems with 40 mol% sterols should be regarded as suggestive estimates.
Addition of 10 mol% of either CHOL or CHS into pure phospholipid
bilayers does not change the hydration of the carbonyl region probed
by Laurdan (Fig. 5C). The observed slight decrease in Δν is within the
error bars. At 40 mol% CHS already significantly dehydrates the probed
region. Surprisingly, Δνmeasured for 40 mol% of CHOL is even slightly
higher than for the pure POPC bilayer, which is not supported by theMD
results. This discrepancy might result from phase separation present in
experiments [70] and not observed in MD simulations due to a finite
system size considered.

Cholesterol is known to form hydrogen bonds (H-bonds) with
carbonyl and phosphate groups of PC molecules. On average in our
simulations we observed 0.21–0.29 H-bonds formed between the
hydroxyl group of CHOL and phospholipids. CHSprot is also capable
to form H-bonds via its protonated carboxyl group and we observe
0.61–0.72 H-bonds formed for CHSprot. The second important inter-
action between CHOL and phospholipids concerns charge pairs be-
tween the negatively charged CHOL oxygen and the positively
charged methyl groups of choline. These interactions are sometimes
considered as weak hydrogen bonds. For cholesterol's O1 oxygen we
observe 1.5–1.65 charge pairs per molecule, while for the O1 oxygen
of CHSprot this number is less than 0.1, and for CHSdeprot it was found
to be 0.14. The carbonyl oxygen O2 is also participating in charge
pairs in CHSprot, and the number of charge pairs it forms with
phospholipids is less than 0.26. The corresponding value for
CHSdeprot is 1.1. These differences in the frequency of charge pairs
between CHSdeprot and CHSprot can be explained by differences in
vertical locations of the sterols: CHSprot positions itself much deeper
into the lipid bilayer and, therefore, its interactions with choline are
less likely. While we compare the mass distribution of O1 of the
simulated sterols along the bilayer normal, we see that this distribu-
tion is narrower for CHOL compared to both forms of CHS. The
corresponding full widths at half maximum are (5.2 ± 0.1)Å,
(6.1 ± 0.2)Å, (6.0 ± 0.2)Å, (5.0 ± 0.1)Å, (6.0 ± 0.2)Å, (6.3 ± 0.2)Å,
(5.5 ± 0.1)Å, (6.1 ± 0.2)Å, (6.9 ± 0.2)Å, (4.2 ± 0.1)Å, (7.0 ± 0.2)Å,
and (6.3 ± 0.1)Å for DOPC_CHOL_10, DOPC_CHSprot_10, DOPC_
CHSdeprot_10, DOPC_CHOL_40, DOPC_CHSprot_40, DOPC_CHSdeprot_40,
POPC_CHOL_10, POPC_CHSprot_10, POPC_CHSdeprot_10, POPC_CHOL_
40, POPC_CHSprot_40, and POPC_CHSdeprot_40, respectively. This results
from the lower ability of CHS to form charge pairs with choline groups
and the lack of ability of forming H-bonds which seems to anchor
cholesterol in its optimal position. These dissimilarities also explain
the difference in the mobility of the carbonyl region as discussed
above—narrower distribution indicates that the protrusive motion of
cholesterol is more restricted than that of both forms of CHS. The
carboxylic group of CHS also interacts with choline groups. However,
as it is located at the flexible chain it does not contribute to anchoring
the molecule in a specific position. The carboxylic group of CHSprot
forms 3.0 charge pairs while that of CHSdeprot forms 4.5 such pairs.

4. Summary and conclusions

Cholesteryl hemisuccinate, a convenient synthetic surrogate for
cholesterol in protein crystallization, should be used with care.
We have shown that the substitution of cholesteryl hemisuccinate
for cholesterol in model lipid membranes changes the physical proper-
ties of a membrane significantly. Full miscibility of CHS with POPC can
be advantageous for biochemical studies, but our DLS measurements
show that the resulting lipid membrane is easier to deform, while fluo-
rescence measurements indicate acyl chain disordering and increased
lipid mobility. All-atom MD simulations confirm decreased lipid pack-
ing and provide a molecular view on the CHS-containing bilayers. The
deprotonated form of CHS (CHSdeprot), while located at the same
depth in a lipid bilayer (compared to cholesterol), is more tilted than
cholesterol, which is in line with the elevated area per lipid of
CHSdeprot-containing membranes. This result is quite striking, since it
is the deprotonated version CHSdeprot that is more abundant under
physiological pH compared to the protonated CHSprot. Yet, when we
consider all the present data together, CHSprot mimics cholesterol
behavior better compared to CHSdeprot.

The changes due to CHS described herein for unsaturated lipid
bilayers (POPC and DOPC) are in qualitative agreement with the
results of MD simulations of CHS-containing saturated lipid bilayers
that we published recently [37]. Yet the present data show that in
lipid bilayers comprised mainly of unsaturated lipids the differences
of CHS compared to CHOL are a bit stronger compared to those in a
saturated lipid environment. Further, the present study also unravels
the role of CHS protonation through a comparison of protonated
(CHSprot) versus deprotonated (CHSdeprot) forms of CHS. The latter
form should prevail under physiological pH. Our results demonstrate
that the discrepancy between the properties of cholesterol and CHS
is much stronger for the deprotonated form of CHS.

The function of many transmembrane proteins can bemodulated by
their interactions with neighboring lipids [71]. Thus, the differences
between cholesterol and CHS in their ordering and condensing effects
we have observed in model lipid membranes could easily affect
protein–lipid interaction in biological membranes. This is why the
use of this cholesterol-mimicking detergent for sterol–protein
co-crystallization might lead to unreliable protein structures. We
predict that this difficulty may become even more pronounced
for the membrane proteins that are known to directly interact with
cholesterol, either specifically [72] or non-specifically [73]. We plan
to address this issue in our future work.
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