How well does cholesteryl hemisuccinate mimic
cholesterol in saturated phospholipid bilayers?
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Abstract: Cholesteryl hemisuccinate is a detergent that is often used to replace cholesterol in
crystallization of membrane proteins. Here we employ atomistic molecular dynamics simulations
to characterize how well the properties of cholesteryl hemisuccinate actually match those of
cholesterol in saturated protein-free lipid membranes. We show that the protonated form of
cholesteryl hemisuccinate mimics many of the membrane properties of cholesterol quite well,
while the deprotonated form of cholesteryl hemisuccinate is less convincing in this respect. Based
on the results, we suggest that cholesteryl hemisuccinate in its protonated form is a quite faithful
mimic of cholesterol for membrane protein crystallization, if specific cholesterol-protein
interactions (not investigated here) are not playing a crucial role.
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1. INTRODUCTION

Cholesterol (CHOL, Figure 1) is one of the key components in animal cell membranes. It
influences numerous membrane properties, elasticity and fluidity being just a couple of the many
examples, and it has a major role in a variety of physical processes taking place in membranes,
such as lateral and transmembrane diffusion. Importantly, while cholesterol as well as its
precursors, the naturally occurring sterol analogues (e.g. ergosterol), and also synthetic
derivatives of cholesterol are all known to stabilize the structure of phospholipid bilayers, CHOL
is among the most effective agents in this regard [1, 2].

The profound interest to understand the functions of cholesterol and its trafficking inside cells
calls for methods to gauge its dynamics. This is not easy, though, since cholesterol is not
naturally fluorescent. Thus, either fluorescent probes [3, 4] attached to cholesterol or fluorescent
derivatives of cholesterol (dehydroergosterol, for instance) [5-8] have to be used instead. Often
these molecules have properties quite close to those of cholesterol, thus they can be used to gain
insight of the properties of cholesterol, too.

One of the most challenging topics in structural biology is the determination of 3D structures of
membrane proteins. Cases where cholesterol has been observed to be part of the protein complex
are quite common [9-14]. These proteins are thereby known as cholesterol-binding, and it is
assumed that cholesterol has an important effect on protein function, such as an ability to
promote thermal stability or to induce conformational changes in protein structure. However, the
tricky aspect of these studies is that quite often it is not cholesterol that is used in protein 3D
structure determination. Instead, one commonly uses cholesterol derivatives, such as cholesteryl
hemisuccinate (CHS) [15-17].

CHS is a commercially available detergent widely used in integral membrane protein
crystallization [16-19]. In order to maintain the native structure of membrane proteins, CHS
should closely mimic the properties of cholesterol in native membranes [20]. Structurally the
match between CHS and cholesterol is indeed quite good (Figure 1). It is also more soluble than
cholesterol and therefore easier to use in biochemical studies of proteins, thus altogether it is
understandable that CHS is commonly employed to replace cholesterol in unlocking the
structures of membrane proteins, such as those in the GPCR family [15, 21-25].

The importance of CHS as a detergent is highlighted by its usefulness overall, as it has also been
found to be an excellent membrane stabilizer in preparation of liposomes [26, 27]. However, the
molecular mechanism by which CHS stabilizes membranes is not fully understood. It has been
found experimentally to alter motions of acyl chains and the fluidity of cell membranes [28, 29].
Fluorescence polarization studies [30] have shown that CHS is approximately as effective as
cholesterol in reducing the acyl chain mobility, hence altogether it seems to be a reasonably good



substitute for cholesterol. Furthermore, CHS is known to increase specific immunogenicity of
tumor cells [31] and it can form pH-sensitive liposomes [32, 33] designed to undergo rapid
destabilization in an acidic environment [34]. Such a condition occurs after cellular uptake of
liposomes in endocytic vesicles. As a weak acid and as a liposome stabilizing agent, CHS is often
used in liposomes in combination with other neutral lipids, both natural [28, 35] and synthetic
[36]. pH-sensitive liposomes have been shown to be more efficient to deliver their contents to the
cells than traditional ones [37]. In the case of gene delivery, CHS with other lipids coats the so-
called polyplex-complex of DNA with polymers rather than encapsulating them inside the
liposome [38]. CHS may also be used in combination with polymers coating liposomes in so-
called stealth-pH sensitive liposomes, which due to the presence of neutral polymers
(polyethylene glycol (PEG)) are not recognized by the immune system, thus extending their
lifetime in circulation [39].

To our knowledge, there are no previous molecular simulations that would have considered the
behavior of CHS in phospholipid bilayers, with only a single theoretical study of a pure CHS-
containing bilayer being present in the literature [40]. The purpose of the present work is to
bridge this gap and characterize the different effects of CHS vs. CHOL on phospholipid
membranes. To this end, we performed extensive molecular dynamics (MD) simulations of
mixed 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers containing 10 or 40 mol%
of either CHS or its deprotonated form, denoted as CHSA. For comparison, analogous
simulations with CHOL were also carried out. Key biophysical properties of these membranes,
such as area per lipid, tilt angles of sterols, and deuterium order parameters were extracted from
the CHS and CHSA simulations and compared to the corresponding values in cholesterol-
containing DPPC bilayers. The results indicate that the protonated form of CHS mimics many of
the membrane properties of cholesterol quite well, while the deprotonated form (CHSA) is less
appropriate for this purpose. It seems plausible that CHS in its protonated form is a quite faithful
mimic of cholesterol for membrane protein crystallization, if specific cholesterol-protein
interactions are not important. In cases where specific interactions between cholesterol and the
protein binding cholesterol are of a key relevance, our study cannot comment on the usefulness of
CHS since the simulations we have carried out are protein free. Nonetheless, given that
experiments have shown CHS to be a useful cholesterol-mimicking detergent, our simulation
results support this view.

2. COMPUTATIONAL METHODS AND ANALYSIS

We performed atomistic MD simulations for seven different membrane systems. The first system
(denoted as DPPC-0) was a bilayer composed of 128 molecules of DPPC. The next three systems
contained 114 DPPC and 14 sterol molecules (CHOL, CHS, or CHSA), corresponding to a sterol
concentration of 10 mol% (for molecular structures, see Figure 1). These systems are called
CHOL-10, CHS-10, and CHSA-10, in respective order. The last three systems were composed of
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76 DPPC and 52 sterol molecules (CHOL, CHS, or CHSA), corresponding to a sterol
concentration of 40 mol% and denoted as CHOL-40, CHS-40, and CHSA-40, respectively. Table
1 presents the detailed compositions of all the systems investigated in this study.

Table 1. Summary of system compositions considered in this study. Shown here are the numbers
of molecules/ions in each of the system.

System DPPC | CHOL CHS CHSA Na* Water
DPPC-0 128 - - - - 6400
CHOL-10 114 14 - - - 6400
CHS-10 114 - 14 - - 6400
CHSA-10 114 - - 14 14 6386
CHOL-40 76 52 - - - 6400
CHS-40 76 - 52 - - 6400
CHSA-40 76 - - 52 52 6348

The initial structure of a DPPC bilayer was obtained by placing DPPC molecules on an 8 x 8 grid
resulting in a bilayer comprised of two monolayers with an equal number of 64 lipids in each
leaflet. Initial structures of the sterol-containing bilayers were obtained by randomly exchanging
14 or 52 DPPC molecules by the sterol molecules. Figure 2 shows the initial setup of the system,
system after solvation, as well as the snapshot from the production run showing that the bilayer is
stable during simulation.

Topologies of sterol molecules were built using parameters of existing molecular blocks from the
all-atom OPLS (Optimized Parameters for Liquid Simulation) force field [41, 42]. Partial charges
were also taken from the original all-atom OPLS force field. Force field parameters for DPPC
were based on OPLS with partial charges for headgroup derived in a compatible manner with the
OPLS procedure, and torsion angles in the headgroup were specifically derived for
phospholipids. To avoid crystallization of hydrocarbons, also this part of the molecule was re-
parameterized following the procedure described in ref [43]. The obtained model reproduces
experimental data very well (see, e.g., the results section for the surface area per lipid molecule).
Details of DPPC parameterization procedure will be published separately elsewhere. For water,
we used the TIP3P model [44]. To neutralize bilayers containing CHSA, sodium ions described
by standard OPLS parameters were added.



Temperature was kept at 323 K (which is above the phase transition temperature T, = 314 K of
DPPC [45]) using the Nosé-Hoover thermostat [46, 47] with a temperature coupling constant of
0.4 ps. Solvent molecules were coupled to the thermostat separately from other bilayer
components. The pressure was kept constant with a semiisotropic scheme, meaning that the
pressure in x and y directions (i.e., in the membrane plane) was coupled separately from the
pressure in the z direction. The Parrinello-Rahman barostat [48, 49] was used to keep the pressure
at 1 atm with a pressure coupling constant of 1ps and a compressibility of 4.5 x 10° bar™. Long-
range electrostatic interactions beyond a non-bonded interaction cutoff of 1.0 nm were treated by
the Particle Mesh Ewald scheme (PME) [50] 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 to maintain the compatibility with the parameterization procedure of the OPLS force
field. The LINCS algorithm [51] was used to constrain all covalent bonds, allowing a time step of
2 fs. For water, the SETTLE method [52] was applied. Momentum of the system’s center of the
mass has been removed during simulation using standard algorithms implemented in the
GROMACS software.

The systems were first energy minimized using the steepest descent algorithm, and then
equilibrated in the constant temperature and pressure (NPT) ensemble until stable areas per
molecule were obtained. After equilibration of at least 100 ns, production runs of 200 ns were
performed. All simulations were performed with the GROMACS 4.6.x software package [53,
54].

Several measurable quantities were extracted from the simulation data. The area per molecule
was calculated by dividing the total area of the simulation box in the x-y plane by the number of
molecules in one leaflet. The membrane thickness was calculated as the average phosphate-to-
phosphate (P-P) distance. The mean values of the deuterium order parameters (|Scp|) [55] were
calculated for the sn-1 and sn-2 acyl chains of DPPC, as well as for the sterol tails (C20-C22-
C23-C24-C25, see Figure 1) using standard GROMACS scripts. The tilt angle of the sterol rings
(defined as the angle between the C3-C17 vector (see Figure 1) and the bilayer normal), DPPC
acyl tails (given as the angle between the C1-C16 (see Figure 1) vector and the bilayer normal),
and sterol tails (defined as the angle between the C20-C25 vector and the bilayer normal), were
calculated in order to characterize the orientation of sterols and lipids in the bilayer. For
evaluation of the average number of contacts between different atomic groups, we used a cut-off
distance of 4.5 A (roughly corresponding to the minimum after the first maximum in the
corresponding radial distribution functions). The contact is considered when the minimum
distance between any pair of atoms from the respective groups is equal to or smaller than the cut-
off distance. The volume (Ky) and surface (Ka) compressibility moduli of the system were
determined using the following equations:
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where V is the volume of the simulation box, A is the total area of the membrane, P is the surface
tension, T is the temperature, kg is the Boltzmann constant, and o is the fluctuation of the

quantity X.

All analyses in this study were performed on the data collected from production runs that were
200 ns long.

3. RESULTS AND DISCUSSION

All sterols decrease the area per molecule and increase membrane thickness, but the effects
are the strongest with cholesterol

Area per molecule is one of the key variables characterizing membrane structure [55-58]. Its time
evolution, free of any drifts, depicted in Figure 3 clearly shows that the area per molecule has
converged in all systems already during the equilibration period (not shown in Figure 3). Sterols
are found to decrease the area per lipid, leading to membrane condensation (see also the average
areas given in Figure 4A). The effect of cholesterol is the strongest, followed by CHS and CHSA.

The reduction of the area per molecule due to the sterols is closely connected to an increase in the
average membrane thickness. Figure 4B demonstrates that the effect of cholesterol on thickening
the membrane is stronger than that of CHS and CHSA.

Sterols have distinct orientations coupled to their ordering ability

The tilt angle of a sterol characterizes the ability of the given sterol to order lipid acyl chains
around it [59]. Figure 5A shows the distributions of sterol tilts in CHOL-10, CHS-10, and CHSA-
10 systems. It is clear that the tilt of cholesterol rings is substantially smaller than the tilt of CHS
or CHSA, and that the tilt angles of the last two compounds are almost the same. This picture is
slightly changed at higher sterol concentrations (Figure 5B). Here, distributions of tilt angles
become narrower and their maxima are shifted toward smaller angles. This correlates with the
condensation effect described above — the higher the concentration of sterols, the more condensed
the bilayer becomes, shifting the average tilt angles of sterols towards smaller values.
Interestingly, this shift is not uniform for all the sterols. The biggest shift is present for CHS
(~13°), followed by CHOL (~11.4°), and CHSA (~3.7°).

The tilt angle of a sterol ring describes the orientation of the sterol in the lipid bilayer but it does
not say much about the sterol location. In order to elucidate the location of sterols in the lipid
bilayers studied here, we calculated the mass density profiles of sterol oxygen atoms (O1 for



cholesterol, and carboxyl (O¢) and ester (Og) oxygen atoms for CHS and CHSA, see Figure 1)
and phosphatidylcholine phosphate oxygen atoms (Op) along the normal of the bilayer. Figure 5
depicts the results (averaged over the two leaflets), where the profiles for the different systems
have been aligned such that the Op distributions in all bilayers overlap. This approach allows us
to compare the location of each sterol inside the bilayer [60]. Figure 6 shows that the location of
CHOL, CHS, and CHSA inside the membrane varies depending on the sterol type and its
concentration. At the lower sterol concentration, the depth of the sterols inside the bilayer varies
in the order CHS > CHOL > CHSA, while at the higher sterol concentration there is almost no
difference between the three sterols. This effect reflects the ability of the sterols to condense the
bilayer. Namely, at higher sterol concentrations the generic condensing effect of sterol rings
becomes stronger than the individual differences between the sterols. The position of the
carboxyl group (Oc atoms, broken lines in Figure 6) from CHS behaves in a similar manner. At
the higher sterol concentration, there is no difference between CHS and CHSA, while at the
lower concentration the -COO™ group of CHSA is on average closer to the membrane-water
interface than the -COOH group of CHS.

Orientation of lipid acyl chains and sterol tails is coupled to local ordering around the
molecules

Sterol rings induce the phosphatidylcholine acyl chains to straighten up, therefore causing them
to order. This effect can be measured using various experimental techniques including NMR,
EPR, or fluorescence spectroscopy [61-63]. Usually the order of lipid acyl chains is described in
terms of the deuterium order parameter (|Scpl|); the higher the value of |Scp|, the more ordered the
bilayer is. Intriguingly, even relatively small changes in the chemical structures of the sterols
studied here lead to considerable differences in the ordering of the DPPC bilayer, in agreement
with previous observations for largely similar membrane systems [1, 64, 65]. Figure 7 clearly
shows that cholesterol has the strongest ordering effect. For the cholesteryl hemisuccinates, CHS
orders the acyl tails more than CHSA. The higher sterol concentration strengthens the ordering
effect, but the differences between the sterols remain about the same.

Distributions of the tilt angles of the sn-1 and sn-2 chains of DPPC are shown in Figure 8. The
presence of sterols decreases the tilt angle of the two DPPC tails as compared to a pure DPPC
bilayer. This reduction is smaller in the bilayers containing 10 mol% of sterols, where the
positions of the distributions’ maxima in bilayers containing CHS and CHSA are almost the same
as in the pure DPPC system. This effect is more visible in the bilayers whose sterol concentration
is 40 mol%, where cholesterol reduces the tilt angle the most, followed by CHS and CHSA.

Figure 9 shows profiles for the deuterium order parameter along the sterol tail. Despite the fact
that the tail is chemically identical in all sterols considered in this study (Figure 1), the |Scp|
profiles differ substantially from each other: the order of CHS and CHSA tails is considerably
lower than that along the cholesterol tail. The difference is significant already at the lower sterol
concentration and becomes more pronounced in the bilayers with a higher concentration of
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sterols. The effect can be explained by the ability of the sterols to condense the lipid bilayer, as
described above.

The distributions of the sterol tails tilt angles are depicted in Figure 10, showing their preferable
orientation in a DPPC bilayer. The cholesterol tail exhibits the lowest tilt, followed by that of
CHS and CHSA. Interestingly, the maximum of the distribution in CHSA is practically
unaffected by increasing sterol content, while the maxima for cholesterol and CHS are
substantially (~10°) shifted toward smaller angles. This is likely due to the fact that the -COO"
group interacts more strongly with water molecules than the -COOH group, stabilizing thus the
tilted conformations of CHSA.

Differences at the membrane-water interface are rather minor

To investigate the effect of the sterols on the membrane-water interface, we analyzed the average
number of contacts between all molecules present in this region. Additionally, we considered the
role of the sterols’ hydrophilic groups (-OH, —-COOH, —COOQO", and -OCO-) in the membrane-
water interactions by calculating the average number of contacts between these groups and water.
Results of this analysis are summarized in Table 2.

Table 2. Average number of contacts between different groups at the membrane-water interface.
The hydrophilic group is —OH in CHOL, —COOH in CHS, and -COQO" in CHSA. Values for the
ester group are given in the brackets. The results were normalized to the number of sterol-DPPC
contacts.

Sterol- Sterol- DPPC- H:;?Jr?phmc
water DPPC water group
water
CHOL-10 0.053 1 0.539 0.014
0.024
CHS-10 0.063 1 0.479
(0.004)
0.050
CHSA-10 0.153 1 0.536
(0.014)
CHOL-40 0.065 1 0.680 0.020
0.032
CHS-40 0.072 1 0.566
(0.003)
0.057
CHSA-40 0.171 1 0.701
(0.017)




The average number of contacts between a sterol and DPPC molecules seems to be almost
independent of the sterol type, though it changes with sterol concentration. At high sterol
concentration, the average number of sterol-DPPC contacts is smaller than at low sterol
concentration. This may be surprising given that the presence of sterols condenses the membrane,
shortening distances between their components, which in turn should increase the average
number of contacts. However, at the higher sterol concentration, sterol-sterol interactions
increase, leading to a decrease in the average number of sterol-DPPC contacts. This is not an
issue for DPPC-water contacts, whose average number is almost constant and independent of the
sterol type or its concentration.

Interestingly, the average number of sterol-water contacts does not depend on sterol
concentration, though it varies substantially with sterol type. The number of sterol-water contacts
increases as CHOL < CHS < CHSA, which can be explained by increasing hydrophilicity of
functional groups present in each of these molecules. The hydroxyl group of CHOL is less
hydrophilic than the protonated carboxyl group of CHS, which in turn is less hydrophilic than the
deprotonated carboxyl group of CHSA. CHS and CHSA molecules also contain an ester group.
Data gathered in Table 2 suggest that in CHSA the ester group is more hydrated (larger average
number of ester group-water contacts) than in the case of CHS. This is likely connected to the
higher hydrophilicity of the deprotonated vs. the protonated carboxylic group, allowing water to
come closer to the ester group in the former case.

Membrane compressibility increases with increasing sterol concentration

Direct application of Eq. (1) gives the volume and surface compressibility moduli in the range of
14.3-18.1 kbar and 244.8-1653.0 dyn/cm, respectively. The calculated surface compressibility
modulus (Table 3) for the pure DPPC bilayer corresponds nicely to the values observed in
previous simulations [66]. It is rather clear that the surface compressibility modulus increases
with increasing sterol concentration, which agrees with experimental observations for DMPC
bilayers (where a fourfold increase was observed upon addition of 33-50 mol% of cholesterol)
[67]. Here, the biggest increase is observed in the case of CHS, followed by CHOL and CHSA.
The volume compressibility modulus (Table 3) seems to be almost independent of the sterol type,
but it slightly increases with increasing sterol concentration.

Table 3. Volume and surface compressibility moduli calculated from the volume and area
fluctuations using Eq. (1). The statistical errors are of the order of 20 %.



Ka [dyn/cm] Ky [Kbar]
DPPC-0 244 15
CHOL-10 294 15
CHS-10 395 14
CHSA-10 254 15
CHOL-40 1550 18
CHS-40 1653 18
CHSA-40 1099 17

4. CONCLUSIONS

Using extensive MD simulations, we have characterized how cholesteryl hemisuccinate, one of
the commonly used cholesterol-mimicking detergents, behaves in saturated lipid bilayers. We
found that of the sterols considered in this work, cholesterol has the largest effect as a membrane-
ordering agent. It is well known in the field that the strong ordering capacity of cholesterol has
several implications in terms of slowing down lateral diffusion, changing the distribution of free
volume inside a saturated lipid bilayer, and reducing membrane elasticity [55, 68]. As cholesteryl
hemisuccinate (in particular its protonated form) has a comparable ordering effect on a DPPC
bilayer, it is justified to assume that many of these cholesterol-induced effects on membrane
properties hold for protonated cholesteryl hemisuccinate, to a considerable extent, too. The
deprotonated form of cholesteryl hemisuccinate is a different matter, since its ordering effect on
the DPPC bilayer was in this work found to be significantly weaker compared to its protonated
form and cholesterol. As far as membrane protein crystallization protocols are concerned, our
results suggest that cholesteryl hemisuccinate in its protonated form is a rather faithful mimic of
cholesterol, if the purpose is to use it for creating a cholesterol-rich-like membrane environment
that would stabilize the structure of membrane proteins under crystallization. However, this view
holds only if the purpose of cholesteryl hemisuccinate were to adjust membrane elasticity,
perhaps also the transmembrane lateral stress profile around the given protein, with no intention
to include effects arising from specific cholesterol-protein interactions. If specific interactions are
important, as is often the case with cholesterol-binding membrane proteins which have a specific
binding pocket for cholesterol, then the situation is more complex and cannot be clarified by the
results of this work, which does not include the protein explicitly. Nonetheless, experiments have
shown that cholesteryl hemisuccinate is a useful detergent, mimicking cholesterol, and our
simulation results support this view for its protonated form.
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FIGURE CAPTIONS

Figure 1. Chemical structures of DPPC, CHOL, CHS, and CHSA molecules with the carbon
numbering scheme used in this study.

Figure 2. Molecular graphics view of the system (CHOL-10) showing the initial setup as well as
the end of the simulation. Cholesterol molecules are depicted in green, while DPPC molecules
are shown in red.

Figure 3. Area per molecule as a function of time, showing the production run (200 ns) of the
simulations.

Figure 4. Average areas per molecule (A) and membrane thickness (B). Error bars were
calculated as a RMSD (root mean square deviation) of the data.

Figure 5. Distribution of the tilt angles for the sterol rings (CHOL — red, CHS — green, and
CHSA —blue).

Figure 6. Partial mass density profiles of a few specific sterol oxygen atoms along bilayer
normal. Profiles have been shifted such that the distributions of the phosphate oxygen atoms in
phosphatidylcholine headgroups overlap. Here, membrane depth = 0 corresponds to membrane
center and only half of the membrane is shown to clarify the presentation. Results are given for
the following molecular units: CHOL O1 atom (red, full line), CHS Og atoms (green, full line),
CHSA Og atoms (blue, full line), CHS Oc¢ atoms (green, dashed line), CHSA O¢ atoms (blue,
dashed line). For the atoms referred to, see Figure 1.

Figure 7. Deuterium order parameter (|Scpl|) profiles calculated for (A, C) the sn-1 and (B, D) sn-
2 tails. Panels A and B correspond to 10 mol% sterol concentration, while panels C and D give
the data for 40 mol%. Small carbon numbers correspond to those close to the glycerol group,
while largest one is the terminal carbon. Colors are as follows: pure DPPC bilayer (black), CHOL
(red), CHS (green), and CHSA (blue).

Figure 8. Distributions of the tilt angles of (A, C) the sn-1 and (B, D) sn-2 tails of DPPC. Panels
A and B panel correspond to 10 mol% sterol concentration, while panels C and D show the data
for 40 mol% sterol concentration. The color code is as follows: pure DPPC bilayer (black),
CHOL (red), CHS (green), and CHSA (blue).

Figure 9. Deuterium order parameter (|Scp|) profiles calculated for sterol tails. Panel A
corresponds to 10 mol% sterol concentration, while panel B shows the data for 40% sterol
content: CHOL (red), CHS (green), and CHSA (blue).

Figure 10. Distributions of the sterol tails’ tilt angle. Panel A is for 10 mol% sterol concentration,
and panel B for 40 mol%: CHOL (red), CHS (green), and CHSA (blue).
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