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ABSTRACT OF THE DISSERTATION
The effect of phospholipid species on non-ideal behavior in cholesterol- containing
bilayer
By
RULONG MA
Dissertation Director:

Grace Brannigan
Cholesterol plays an essential role in membrane properties, such as viscoelasticity and
phase separation. However, the effects of phospholipid species on cholesterol in bilayer
were not well studied. Here, we study the effects of phospholipids on cholesterol in the
bilayer by calculating average lipid lateral area, cholesterol bulk/gas partition
coefficient and cholesterol free energy using Alchemical Free Energy Perturbation by
decoupling in molecular dynamics simulations. We found that the larger headgroups of
the phospholipids, the higher energy of removing cholesterol from the bilayer.
Cholesterol has a more substantial bulk/gas partition coefficient in phosphatidylcholine
(PC) bilayers than phosphatidylethanolamine (PE) bilayers. The longer saturated
hydrocarbon chains, the higher energy of removing cholesterol from the bilayer.
However, the higher chains’ degree of unsaturation, the less free energy of cholesterol
in the bilayer. The quadratic mixture model works well for lateral lipid area but the free

energy of cholesterol in the bilayer.
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1 Introduction
1.1 Lipid Bilayer

A lipid bilayer is composed of a double layer of lipids, arranged with the hydrophobic acyl
chains of each layer facing each other, and the hydrophilic head groups on the outside, exposed
to water [1]. Almost all biological membranes in all organisms consist of lipid bilayers.
Separating aqueous compartments from their surroundings is a significant role of the lipid
bilayer. For example, the bilayer forms a continuous barrier around a cell, which separates the
interior of all cells from the extracellular space. Moreover, the lipid bilayer provides embedded
sites for membrane proteins. The physicochemical properties of biological membranes are
mainly determined by the lipid composition, such as membrane fluidity and elasticity [2]. The
major lipids in biological membranes are phospholipids (PL), glycolipids, and cholesterol
(Chol). Glycerophospholipids, especially phosphatidylcholine (PO) and
phosphatidylethanolamine (PE), is the primary structural lipids in eukaryotic membranes [2].

Lipids can self-organize into a bilayer in water because of two main reasons. The lipid
bilayer formed when the lipid heads point outwards, and the lipid tails point membrane lipids
inwards. The first reason for lipid self-organization is that lipids are amphiphilic molecules.
Amphiphilic PL has a hydrophilic head and a hydrophobic tail consisting of one or two
hydrocarbon chains (Figure 1). There are three components in the polar head, which are a
glycerol backbone, a phosphate, and choline or ethanolamine. The hydrophobic tails are the
long hydrocarbon chains with varied carbon number. Lipids aggregate together by headgroup-

headgroup contact and tail-tail contact based on polar or nonpolar properties. The predominant



force governing the self-assembly of lipids into bilayers in the aqueous system comes from the
hydrophobic effect. The contribution of the hydrophobic effect on a bilayer in water is
comparable to a lateral pressure that squeezes the phospholipids together and keeps the

nonpolar tails from contacting with water [3].
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Figure 1. The structure of DPPC, DPPE, and cholesterol. DPPC and DPPE are representatives of PC
lipids and PE lipids, respectively. The atoms were presented in different colors. (Carbon: green;

Hydrogen: gray; Oxygen: red; Nitrogen: blue; Phosphorus: yellow.)

The lipids are divided into saturated lipids and unsaturated lipids based on the degree of
unsaturation of their hydrocarbon chains. There are no double bonds in saturated chains, which
tend to be rigid and straight. The unsaturated chains with one or more double bonds tend to be
much more flexible [4]. The unsaturated lipids can be grouped into several categories based on
the number of double bonds: mono-unsaturated (one double bond), or polyunsaturated fatty
acids (PUFA) (with multiple double bonds). A lipid with one saturated hydrocarbon chain and

one unsaturated hydrocarbon chain is referred to as an heteroacid.



Unsaturated lipids play an essential role in modulating the membrane fluidity. The

unsaturated lipids, especially unsaturated chains with more than one more double bond, have

low melting temperatures and tend to be flexible. The lipid packing of a lipid bilayer with

unsaturated lipids is loose, and the membrane fluidity is increasing. Moreover, cholesterol,

another vital component of the bilayer, can increase lipid mobility [5, 6]. Thus, the cells can

modulate the membrane fluidity by changing unsaturation levels of lipids tails and the amount

of cholesterol in the membrane [7].

1.2 Cholesterol

Cholesterol is significant for biological membranes. For one thing, cholesterol is

required to build and maintain membranes, and the ratio of Chol/PL is high in cell membranes

(from 10 to 30 mol% Chol) [2]. The Chol content increases along with the secretory pathway

in eukaryotic cell membranes [8]. The condensing effect of cholesterol in the membrane is that

the surface area of a cholesterol-containing lipid bilayer is less than the sum of areas of the

individual bilayer components [9]. When cholesterol was intercalated into the loosely packed

hydrocarbon chains, the membrane thickness increases by chain stretching and the lipid area

decreasing [10, 11] (Figure 2). Moreover, cholesterol can be used to modulates membrane

properties at physiological temperatures, such as membrane fluidity and phase transition.

Even though it is a lipid, the molecular structure of cholesterol is quite different from

that of phospholipids (as shown in Figure 1). The hydrophilic headgroup, a polar hydroxyl

group, is very small. Moreover, adjacent to the hydroxyl group is a rigid plate-like steroid



structure that is composed of four fused rings. Also, there is a short single chain tail located at

the ring structure.
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Figure 2. The schematic of membrane thickness and phospholipid hydrophobic tails alignment caused
by inserted cholesterol molecules (adapted from ref. [12]). The phospholipid molecules are represented
by the gray oval balls for headgroups and blue wavy lines for tails, which form a bilayer. Cholesterol
molecules are represented by red spheres for hydroxyl groups, gray steroid rings, and a blue hydrophobic
tail.

Cholesterol affects lipids bilayer fluidity differently at different depths. When cholesterol
molecules are intercalated into the lipid bilayer, the hydroxyl group of cholesterol is surrounded
by the hydrophilic phosphate headgroups, whereas the steroid ring and the short hydrocarbon
chain are embedded in the lipid bilayer, alongside the acyl chains of the other lipids. As a result,
the membrane fluidity increases at the bilayer headgroup region [13, 14]. This result results
from increasing space among the PL induced by the presence of cholesterol in the membrane
results in the increase of headgroup freedom. A computer simulation study supported this
explanation [15].

Cholesterol plays a critical role in the phase transition of the bilayer. The bilayer tends to
a gel state with tight packing when the temperature lowers its melting temperature. When
cholesterol is added into the bilayer, the tight packing of the gel phase is disrupted by the

cholesterol, and the gel phase transforms into the liquid-disordered phase (ls) phase. This



phenomenon is called the fluidizing effect of cholesterol. The liquid-ordered phase (I,) was
found in the lipid bilayer with cholesterol molecules (as shown in Figure 3). Since cholesterol
prefers to interact with saturated lipids, I, phase (cholesterol and saturated lipid-rich domains)
and lq phases (cholesterol-poor and unsaturated lipid-rich domains) coexist in the bilayer [17].
The most remarkable difference between the I, and I4 phases is that the saturated lipids tails are

more highly ordered in the |, phase than their counterparts in the |4 phase.
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Figure 3. The schematic drawings of membrane structures formed in the DMPC/Chol mixture with
different cholesterol concentrations (adapted from ref. [16]). Cholesterol molecule is represented by a
red sphere for hydroxyl groups, a rectangle for steroid rings, and a gray hydrophobic tail. The DMPC is
represented by the gray oval balls for headgroups and blue lines for tails. The curve lines and the straight
lines represent the hydrocarbon chains in Iy phase and I, phase, respectively. lq, liquid-disordered phase;
lo, liquid-ordered phase; CBD, Chol bilayer domain;

1.3 The models for studying cholesterol

The nature of cholesterol-lipid interaction is a question waiting to be answered, even
though lipids and cholesterol were studied a lot in membrane researches. Although some
conceptual models were proposed to explain the nature of cholesterol-lipid interactions such as
the Superlattice Model, Umbrella Model, and Condensed Complex Model, the fundamental

molecular mechanisms of cholesterol-lipid interactions are different between these models.



The Umbrella Model was proposed to explain a crucial PL-Chol interaction: the large

headgroups of PL serving as the “umbrellas” provide coverages for hydrophilic lipid tails and

nonpolar bodies of the cholesterols (as shown in Figure 4). The small hydrophilic hydroxyl

groups of cholesterol are not able to cover the large hydrophobic bodies of cholesterol in water.

Therefore, the cholesterol molecules need the headgroups of neighboring PL to cover their

hydrophilic body. Chol molecules tend to distribute in the bilayer regularly, and a cascade of

“jump” in cholesterol chemical potential was predicted by this model (Figure 5b) [19].

Low concentration Saturation concentration

Figure 4. The umbrella model of PL and Cholesterol interaction (adapted from ref. [18]). The headgroup
and hydrophilic body of cholesterol are colored in red and green, respectively. The headgroup and
hydrocarbon chains of PL were represented by a gray semi-ellipse and two curve lines, respectively. The
hydrophilic bodies of cholesterol are easily covered by the neighboring headgroups of PLs at a low
cholesterol concentration, while the headgroups of the different PLs work together to cover the
hydrophilic bodies of cholesterols at the saturation concentration.

According to Superlattice model, the difference in the cross-sectional area between

cholesterol and other lipid molecules can lead to a long-range repulsive force among

cholesterols and thereby produce superlattice distributions [23, 24]. The “dips” of cholesterol

chemical potential are predicted by this model at the cholesterol mole fractions where

superlattices occur (Figure 5a) [19, 25]. The long-range repulsive force among cholesterols

plays the predominant role in cholesterol-lipid interactions in the superlattice model.



The Condensed Complex Model hypothesizes that the low free-energy stoichiometric
cholesterol-lipid complexes exist and occupy smaller molecular lateral areas [18, 25]. As
shown in Figure 5c¢, a sudden jump in cholesterol chemical potential is predicted by this model
at a stoichiometric composition [22]. According to this model, the formation of cholesterol—

lipid condensed complexes is a fundamental feature of cholesterol-lipid interactions.

b c
B a P I

Figure 5. The schematic of the cholesterol chemical potential (u.) as a function of cholesterol
concentration ((x.) predicted by different models (adapted from ref. [20]). (a) The dips in free energy at
superlattice compositions predicted by the Superlattice Model [21]. (b) A cascade of jump in and
corresponding cholesterol regular distributions predicted by the Umbrella Model [19]. (c) A jump inata
stoichiometric composition predicted by the Condensed Complex Model [22].

The lipid bilayer with PL and Chol can be studied as a quadratic mixture in membrane
thermodynamics. The lipid bilayer with two different types lipids (e.g., A and B) is a non-ideal
mixture, and a quadratic mixture is the simplest non-ideal binary mixture [26-28]. The chemical
potential for cholesterol in the quadratic mixture is:

w= p®+ RTInx+ h°(1 — x)? (1)
The x is number fraction (or concentration) of cholesterols. The u° is the chemical potential
of cholesterol in an infinitely dilute state, and h° = Ep;_cnoi — (Epr—pL + Echoi—chot)/2-

Epr_cnot» Ep—pr and Ecnoi—cnor are the average interaction energies for PL-Chol, PL-PL,



and Chol-Chol pairs, respectively. h° is unlike nearest-neighbor (i.e., PL-Chol) interaction
Gibbs free energy in the mixture, and it determines whether lipids A and B mix well or separate
into domains. h° equals to zero in an ideal mixture where random mixing occurs. If h° >0,
the mixture is nonrandom mixture where lipid A and B tend to separate into domains, and the
larger h° is, the more complete the separation into A and B domains [29].

In quadratic mixture, cholesterol bulk/gas partition function can be determined from the
following equation: the chemical potential of cholesterol in the bulk u; equals to its
counterpart u, in the gas phase [30].

uy +RTInx, = pp + RTInx, + R°(1 —xp)*  (2)

Pchor = ;C—Z = Poe~h*(=xp)*/RT 3
Where x;, and x, are the concentrations of cholesterol in bulk and gas phases, respectively.
PO = e (g=HD)/RT g bulk/gas partition coefficient of cholesterol in an ideal bilayer mixture
where h® =0.

According to thermodynamics, the free energy of cholesterol in bilayer can be represented
by bulk/gas phase equilibrium constant. T and R are the temperature and the ideal gas constant,

respectively.

AGepor = —RTInK,, = —RTln;C—Z = —RTInPcpy (4)

Penoy = € AGcnot/RT 5)

The following equation was determined by combining equation 3 and equation 5.

Pehot = e ~AGcnot/RT — Poe—ho(l—xb)z/RT (6)



According to the quadratic mixture, the lipid area in mixed bilayer can be studied by
following equation [11]:
ax) = ap,(1—=x) + acporx + xx(1—x) (7)
The ap; and acp,; are the areas of PL and cholesterol, respectively. Based on the negative
or positive values of y from fit, quadratic mixtures were subdivide with negative and positive
deviation from ideal solution behavior [31]. The negative and positive y represent the
attraction and repulsion between the two species in quadratic mixtures, respectively.
According to one previous study in Grace Brannigan’s lab, the free energy of Chol in
POPC bilayer continuous changed along with its concentrations [30]. This is not predicted by
the conceptual models (Superlattice Model, Umbrella Model, and Condensed Complex Model)
but quadratic mixtures. Thus, three questions are studied in this paper. First, how well do a
simple quadratic mixture model work for lateral lipid area and the free energy of cholesterol in
bilayer? Secondly, how does the PL affect the free energy of cholesterol in dilute solution?

Finally, does the free energy of cholesterol in bilayer depend on Chol concentration.
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2 Methods
2.1 Materials

Twelve different lipids were studied in this project. They are DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine), DPPE  (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine),
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine), DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine), DLPE (1,2-
dilauroyl-sn-glycero-3-phosphoethanolamine), SDPC (1-stearoyl-2-docosahexaenoyl-sn-
glycero-3-phosphocholine), SDPE (1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphoethanolamine), POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), POPE (1-
palmitoyl-2-oleoyl-glycero-3-phosphoethanolamine), PLPC  (1-palmitoyl-2-linoleoyl-sn-
glycero-3-phosphocholine), and PLPE (1-palmitoyl-2-linoleoyl-sn-glycero-3-

phosphoethanolamine). The structures of PC lipids are shown in Figure 6.
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Figure 6. The structures of PC lipids and cholesterol studied in this project.
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2.2 Simulation Details

Lipid—Cholesterol Mixed Bilayer System Setup.

In order to study the decoupling of a cholesterol molecule from the bulk of a lipid bilayer
with various cholesterol concentrations, a series of mixed lipid/cholesterol bilayers were
generated using the CHARMM-GUI Membrane Builder [32]. Each bilayer system is composed
of one type of lipid and cholesterol (mole fraction of cholesterol ranging from trace to 40%).
The bilayer system was in a neutral environment with 0.15mol/L NaCl concentration. There are
110-160 lipids (including cholesterol) molecules in the membrane for all final membrane
simulation systems. Each result was the linear averaging of three replicas.

Molecular Dynamics Simulation

Before alchemical free energy perturbation calculations (AFEP), the mixing bilayer
systems should be prepared by unrestrained molecular dynamics (MD) simulations. All mixed
bilayer MD simulations were performed using the NAMD package (version 2.12 [33]) with
Colvars Module [34], CHARMM36 force field for phospholipids [35], and modified
CHARMM36 parameters [36] for cholesterol.

Each mixed bilayer system was equilibrated 100ns in the NPT ensemble at 1 atm and
300K (more details in Supplemental Table S1). The timestep is 2fs. Covalent bonds with
hydrogen atoms were kept rigid using the SHAKE (non-water) or RATTLE (water) algorithms.
The cutoff of electrostatic interactions was 12A. Periodic boundary conditions were used. The
long-range components were treated using the Particle Mesh Ewald (PME) method [37]. The

cutoff for Lennard-Jones interactions was set to 12A and smoothly switched from 10A.
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All mixed bilayer systems were energy minimized for 10 000 steps before equilibrium.
The result of unrestrained mixed bilayer MD simulations were used to determine boundaries
for the flat-bottom restraints in the alchemical free energy perturbation calculations. The

restraints were the same as reported by Salari et al. [32].

2.3 Alchemical free energy Perturbation Calculations

The free energy of cholesterol was calculated by the AFEP. The setup of AFEP is the
same as the paper written by Salari et al [30], and below description using paper text.
“Decoupling via AFEP was carried using a total of 47 windows that were spaced by AA = 0.05
when 0 <X < 0.5, AA =0.025 until A = 0.8, AA =0.01 until A = 0.95, and AX = 0.005 until A= 1.
Simulations were performed sequentially. Each window was run for 600ps for equilibration
purposes, followed by 2ns of data collection. Thus, the total simulation time for a complete
AFEP simulation was 122.2ns. We tested convergence of the cumulative average for each

window by monitoring the progression of {dG) for each 1.”
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3 Results
3.1 Effect of phospholipid on condensing effect of cholesterol

The average lipid area was calculated by total lipid area divided by the total number of
lipids (including PLs and Chol) in one leaflet of the bilayer. The average lipid area decreases
gradually with increasing cholesterol concentration in twelve kinds of the lipid bilayer (as
shown in Figure 7). This result is very similar to previous reports [11]. The lipid bilayer is
condensed by cholesterol. Additionally, the ratio of lipid area change is larger in PC bilayer
than PE bilayer with cholesterol concentration ranging from trace to 40%, which means that
the condensing effect of cholesterol is much stronger on PC bilayer than on PE bilayer. The
average lipid area is larger in PC than PE with the same hydrocarbon chains and same
cholesterol concentration, as shown in each subplot in Figure 7. The differences between PC
and PE with the same hydrocarbon chains are the headgroups, and PC has a larger headgroup
than that in PC (as shown in Figure 1). Thus, the larger headgroup in PC results in a larger lipid
area.

The y values in Figure 8 derived from the curve fitting of the average lipid area along
with the Chol concentration in Figure 7. The negative y value means that mixed bilayer is a
negative deviation from the ideal solution, and also means the attractive interaction between
PL and cholesterol. The absolute values of y are larger in PC bilayers than in PE bilayers,
which indicates the attraction of PC-Chol is much stronger than the attraction of PE-Chol. This
result is consistent with the previous finding that the condensing effect of cholesterol is much

stronger on PC than on PE. Furthermore, the differences between the molecular pairs are their
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headgroups, and the order of the headgroups size is PC > PE >> Chol (as shown in Figure 1).

Therefore, comparing to PE lipids, the larger headgroup of PC leads to the stronger attraction

between PC and Chol.
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Figure 7. The average lipid area as a function of cholesterol for various PL species. Solid symbols with

standard error bars show average area per lipid (with cholesterol) (a(x)) versus molecular fraction

cholesterol (x) from 3 replicas of simulation. The solid curve shows the fit using a(x) = ap,(1 —x) +

AcnotX + xx(1 — x). The red and black curves in each subplot represent PC and PE lipids, respectively.

3.2 Effect of phospholipid on chemical potential of dilute cholesterol

The free energy of cholesterol in the bilayer with dilute cholesterol was calculated using

AFEP by decoupling a cholesterol molecule from the bilayer in MD simulation. The free energy

of cholesterol is higher in PC bilayer than in PE bilayer, as shown in Figure 9. This result agrees
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with the above result that the attraction of PC-Chol is much stronger than the attraction of PE-

Chol. The headgroup of PL is the only difference between PC bilayer and PE bilayer with the

same hydrocarbon chains. Thus, the larger headgroup in PC lipid results in the higher free

energy of cholesterol in PC bilayer.
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Figure 8. The attractive interaction between Chol and PL. The y values come from the data fitting in
Figure 7.

For saturated PL bilayers, the free energy of cholesterol is higher in DPPC bilayer than in

DLPC bilayer. Similarly, cholesterol has higher free energy in DPPE bilayer than in DLPE

bilayer. This result is in line with a previous result that the absolute values of y are larger in

DPPC (or DLPC) bilayers than their counterparts in DPPE (or DLPE) bilayers (Figure 8). It

seems that the longer saturated hydrocarbon chains in DPPC (or DPPE) lead to the higher free

energy of cholesterol.
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Figure 9. The free energy of removing a single cholesterol molecule from mixed lipid bilayer with dilute
cholesterol at 300K. The higher free energy of cholesterol, the more favorable for the cholesterol to stay

at the membrane.

For unsaturated PL bilayers, the free energy of cholesterol decreases in some bilayers, and

the order is DPPC, POPC, PLPC (or DOPC). Since the hydrocarbon chains length in these PL

(DPPC, POPC, PLPC, and DOPC) are very close (16 or 18), the predominant difference

between these PLs is the degree of unsaturation of hydrocarbon chains. The unsaturated degree

of DPPC, POPC, and PLPC (or DOPC) are 0, 1, and 2 (or 2), respectively (Figure 6). Similarly,

this finding occurs in the PE lipid (DPPE, POPE, and PLPE (or DOPE)). It seems that the

decreasing of free energy of cholesterol in the bilayer of DPPC, POPC, PLPC (DOPC) results

from the increasing of the unsaturation degree in these lipids.
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Figure 10. The free energy of cholesterol in different bilayers with varied cholesterol concentration. The
two lines in each subplot represent the two types lipids with the same hydrophobic tails and different
hydrophilic head groups (PC and PE). The POPC data comes from the ref. [30].

3.3 Effect of phospholipid on cholesterol non-ideality

In non-ideal mixed bilayers, the free energy of cholesterol in bilayer was calculated using
AFEP by decoupling a cholesterol molecule from the bilayer with varied cholesterol
concentrations. For a series of bilayers with the same PL and with different cholesterol
concentrations, the free energy of cholesterol in bilayers is changeable, and the amplitude of
variation is relatively small, as shown in Figure 10. The change tendency of the free energy of
cholesterol along its concentrations is diverse for all bilayers. However, a few “dips” occur in
the most bilayers, such as DOPC, DOPE, and PLPC. The free energy of cholesterol changes a

lot around the dips.
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Figure 11. The effect of cholesterol fraction on the inverse gas/bulk partition coefficient 1/Py, as
calculated by AFEP decoupling of a single cholesterol molecule from mixed lipids bilayer with Chol.

Black points with standard error bars represent the average of three replicas. The curve represents the fit

function (Pl—x = —exp[h®(1 — xcyo1)? /RT)).

The interactions (h°) between Chol and PL in Figure 12 come from the fit function in
Figure 11. First, the h® values are nonzero in twelve bilayer mixtures, which indicates that
these mixed bilayers are non-ideal because the h° equals to zero in the ideal mixture. Moreover,
the positive h® indicates the attractive interaction between Chol and PL, and the pair
interactions energy between Chol and PC are higher than Chol and PC interactions. These

results agree with the y values in Figure 8.
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Figure 12. The h® in the different lipid bilayers. The values of h® come from the fit in Figure 11.
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4 Discussion

In this research, the condensing effect of cholesterol on lipid bilayer was observed in
twelve bilayers by the calculation of lipid lateral area on the bilayer. The result is very similar
to previous reports [12]. Besides, the negative y indicates the attractive interaction between
cholesterol and PL, and the larger headgroup of PL results in a stronger attraction between Chol
and PL. Since the results from twelve bilayers are similar, the quadratic mixture model works
well for lateral lipid area.

One finding is that the condensing effect of cholesterol is more distinct on PC bilayer than
that on PE bilayer. According to Umbrella Model, the larger headgroup in PC provide a bigger
cover to keep the hydrocarbon chains from exposure to water. It leads to the loose lipid packing
in lateral distribution. Furthermore, the strong attraction between PC and Chol can be the force
to condense the bilayer. Thus, the condensing effect of cholesterol is very obvious in PC bilayer
with loose lipid packing.

In bilayer mixtures with infinitely dilute cholesterol, the larger headgroups in the PC,
compared to PE, result in the higher free energy of cholesterol in the bilayer. This result is
consistent with the attractive interaction of Chol-PL where the attraction is much stronger in
PC-Chol than in PE-Chol. Furthermore, the longer saturated hydrocarbon chains lead to the
increasing free energy of cholesterol in the bilayer. However, the unsaturated lipid decreases
the free energy of cholesterol in PL bilayers. These results indicate that cholesterol prefers to

stay with saturated lipids than unsaturated lipids. It happens in coexist phases-l, phase
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(cholesterol and saturated lipid-rich domains) and Iy phases (cholesterol-poor and unsaturated
lipid rich domains) [17].

In non-ideal bilayer mixture, the free energy of cholesterol in the bilayer is changeable
with its concentrations, and it is hard to find a general rule to summarize the changes in all
bilayer. Some reasons may lead to this result. For one thing, the random error may occur in
AFEP. Some data in Figure 10 have large standard errors. The AFEP focus on one cholesterol
molecule. Moreover, cholesterol has different free energy in different phases. Three possible
phases (lg phase, lg + lo phases, and I, phase) occur in lipid bilayers at multiple cholesterol
concentration ranging from trace to 40%, as shown in Figure 2. Furthermore, in the bilayer with
dilute cholesterol, cholesterol is surrounded by PLs in bilayer where the Chol-Chol interactions
can be ignored in statistics. Nevertheless, Chol-Chol interactions can not be neglected in non-
dilute cholesterol mixture, and it can affect cholesterol free energy in the bilayer. Thus, the free
energy of cholesterol is not constant in the bilayer with various cholesterol concentration.

According to quadratic mixtures (liquid), the cholesterol free energy should continuously
change along with its concentration. But some dips occur in Figure 10. It seems that quadratic
mixture does not work well for the free energy of cholesterol in lipid bilayers. It seems that the
dips in the free energy of cholesterol in lipid bilayers support the superlattice model. However,
more data need to be done to confirm it. According to the superlattice model, the cholesterol
regularly distributes at the “dips” points. The cholesterol radial distribution is another to

confirm the dips. Moreover, more sampling around the dips should be studied.
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6 Supplemental Material

Table S1: Lipids areas and fitted parameters y of bilayer (coming from Figure 7).

- Simulation lipids Area in
Lipid X error . .

bilayers Temperature X value simulation ap_
(K) (A2)
DPPC 320 -86.5 10.6 61.7
DPPE 330 -64.1 8.5 56.0
DLPC 300 -54.4 14.0 62.7
DLPE 320 -42.9 8.9 57.1
POPC 300 -82.8 2.3 63.5
POPE 300 -34.5 11.8 55.6
DOPC 300 -73.5 11.2 69.1
DOPE 300 -23.5 12.8 62.1
SDPC 300 -15.5 18.5 68.5
SDPE 300 4.1 14.2 61.7
PLPC 300 -41.8 12.3 67.0
PLPE 320 -25.6 15.1 61.9
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Table S2. The P° and h° of the cholesterol in the different lipid bilayers. The values of P° and
h° come from the fit in Figure 11.

Simulation Simulation h? error
system Temperature/K PO ho value
DPPC 320 4.1x10% 2.1 0.6
DPPE 330 4.5<10% 0.5 0.5
DLPC 300 9.7x10% 2.5 0.3
DLPE 320 9.7x10% 0.6 0.4
POPC 300 1.5x10% 0.9 0.5
POPE 300 2.5x10%° 4.4 0.9
DOPC 300 8.7x10%3 1.3 0.3
DOPE 300 4.0x10%3 1.0 0.7
SDPC 300 7.0x10%3 1.2 0.2
SDPE 300 5.8x10%3 1.1 0.5
PLPC 300 1.2x10% 2.6 0.5
PLPE 320 5.0x<10%? 2.3 0.4




