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ABSTRACT Stearoylsphingomyelin (SSM) bilayers containing 0, 22, and 50 mol % cholesterol (Chol) and a pentadecanoyl-
stearoylphosphatidylcholine (15SPC) bilayer containing 22 mol % Chol were molecular dynamics simulated at two temper-
atures (37�C and 60�C). 15SPC is the best PC equivalent of SSM. The Chol effect on the SSM bilayer differs significantly from
that on the 15SPC bilayer. At the same temperature and Chol content, H-bonding of Chol with SSM is more extensive than with
15SPC. SSM-Chol H-bonding anchors the OH group of Chol in the lower regions of the SSM-Chol bilayer interface. Such a
location strengthens the influence of Chol on the SSM chains. In effect, the phase of the SSM-Chol bilayer containing 22 mol %
Chol at 37�C is shifted from the gel to the liquid-ordered phase, and the bilayer displays similar properties below and above the
main phase-transition temperature for a pure SSM bilayer of ;45�C. In contrast, due to a higher location, Chol is not able to
change the phase of the 15SPC-Chol bilayer, which at 37�C remains in the gel phase. Chol affects both the core and interface
of the SSM bilayer. With increasing Chol content, the order of SSM chains and hydration of SSM headgroups increase, whereas
polar interactions between lipids decrease.

INTRODUCTION

Sphingomyelins (SM), phosphatidylcholines (PC), and cho-

lesterol (Chol) constitute three major classes of lipids in the

outer leaflet of the animal cell membrane. These lipids are

nonuniformly distributed in the membrane plane and form

domains presumably enriched in SM and Chol (rafts) and

areas enriched in PC (1). Rafts were shown to play a role in

numerous biological functions, and for this reason, interac-

tions between SM and Chol that may lead to raft formation

and stabilization are of great interest to membrane biophys-

icists. An excellent overview of the current biophysical view-

point on rafts is given in Pandit et al. (2,3, and references cited

therein).

The chemical structures of PC and SM molecules are

shown in Fig. 1. Both phospholipids have the phosphoryl-

choline group as the polar head but they differ in the back-

bone and acyl chain regions. As recently summarized by

Ramstedt and Slotte (4), the main ‘‘functional’’ difference

between the backbone regions comes from two hydrogen

(H)-bond donor groups, amide and hydroxyl, which, in addi-

tion to the H-bond-accepting carbonyl group, are present in

SM; in contrast, PC has only H-bond-accepting carbonyl

groups in this region. Acyl chains of SM and PC differ in the

length and presence of cis double bonds. In SM and PC, the

chains are commonly 16–24 and 16–18 carbon atoms long,

respectively. If the C4¼C5 bond on SM (cf. Fig. 1 b) is not
considered, the occurrence of cis double bonds in PC chains

is 5–10 times higher than in SM chains. If a cis double bond
occurs in the acyl chain of SM, it is usually located further

away from the headgroup than in the case of PC (4) and its

effect on the properties of a SM bilayer is small (5).

The formation of rafts may result from a preference of

Chol to interact with SM over PC. This preference can be

attributed to the structural differences between SM and PC

outlined above. Chol-phospholipid H-bonding that in PC-

Chol bilayers goes only via the hydrogen atom of the Chol

hydroxyl group (OH-Chol) (6–8) is expected to be more

effective in SM-Chol bilayers. Indeed, experimental studies

demonstrated formation of H-bonds between Chol and SM

(9) that involves, in addition to OH-Chol, the SM amide

group as H-bond donor (10). Molecular dynamics (MD) sim-

ulation studies (11–13) are in line with experimental indica-

tions (14) that in SM aggregates, the hydroxyl group of SM

is involved mainly in intramolecular, and the amide group in

intermolecular, H-bonding. Nonetheless, Holopainen et al.

(15) did not detect any specific interactions between SM and

Chol using fluorescence spectroscopy.

In PC bilayers, Chol is known to induce higher ordering of

PC chains (ordering effect) and higher surface density of the

bilayer (condensing effect). Both effects are stronger in

saturated than in unsaturated bilayers (16–20). In desorption

experiments, Ramstedt and Slotte (21) demonstrated that the

strength of PC-Chol interactions decreases with increasing

length of PC chains to .14 carbon atoms but that of SM-

Chol does not depend on the SM chain length. Comparative

studies of the Chol effect on bilayers composed of SM and

PC of matching chains revealed a slower rate of Chol desorp-

tions from SM bilayers (21) as well as higher order (22) and

condensation (23) in SM bilayers.

Computer simulation studies of the effect of Chol on

lipid bilayers have been carried out mainly on PC-Chol

bilayers (8,17,18,20,24–31), but recently, SM (11–13,33)
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and SM-Chol (2,3,34) bilayers have received attention. MD

simulations of pure SM bilayers showed extensive intra- and

interlipid H-bonding, higher ordering of SM hydrocarbon

chains, reduced hydration of SM headgroups, and slower

dynamics of SM molecules, compared to PC. SM-Chol

bilayers display similar properties at temperatures both below

and above the main phase-transition temperature (Tm) for a
pure SM bilayer. The OH-Chol group forms H-bonds pre-

dominantly with carbonyl (SM-OC), amide (SM-NH), and

hydroxyl (SM-OH) groups of SM and, to a lesser degree, with

phosphate and glycerol groups. The study of Pandit et al. (3)

provides an unexpected result suggesting that Chol locates

between SM-rich and dioleoylphosphatidylcholine (DOPC)-

rich domains in the DOPC-SM-Chol bilayer with a 1:1:1

composition, and accelerates the process of domain formation;

the smooth a-face of Chol is oriented toward SM molecules.

In this article, we employ aMD simulation methodology to

study the effect of Chol on the stearoylsphingomyelin (SSM)

bilayer at two temperatures (37�C and at 60�C) and two Chol
concentrations (22 and 50 mol % Chol), and to compare the

properties of the SSM-Chol bilayer with those of the

pentadecanoylstearoylphosphatidylcholine (15SPC)-bilayer-

containing Chol (PC-Chol bilayer), at 37�C. SSM and 15SPC

have saturated hydrocarbon chains of matching lengths and

similar main phase-transition temperatures (;45�C). The

questions we address in this study concern 1), the effect of

Chol on the SSM bilayer at temperatures above Tm (60�C),
i.e., in the liquid-crystalline phase, by comparing the pure

SSMbilayer with the SSMbilayer containing 22mol%Chol;

2), the effect of Chol concentration (22 and 50 mol %) on the

SSMbilayer at the physiological temperature of 37�C; and 3),
the effect of 22 mol % Chol on the SSM bilayer at 37�C and

60�C. A separate issue, perhaps the least explored so far, is 4),

a comparison between the effect of Chol on 15SPCand that on

SSMbilayers at the same Chol concentration of 22mol% and

the physiological temperature. This comparison indicates that

even though main phase-transition temperatures of 15SPC

and SSM bilayers are similar, Chol differently affects the

phase state of both bilayers, most likely due to its different

localization in the bilayers.

METHOD

Simulation system

Four bilayers were constructed. They consisted of 1), 72 SSM (N-stearoyl-d-
erythro-sphingosylphosphorylcholine) and 72 Chol molecules (SM-Chol50);

2), 72 SSM and 20 Chol molecules (SM-Chol20); 3), 72 pentadecanoyl-

stearoylphosphatidylcholine (15:0-18:0-PC, 15SPC) and 20 Chol molecules

(PC-Chol); and 4), 72 SSM molecules (SM). 15SPC is the best PC equiv-

alent of SSM because it has hydrocarbon chains of matching lengths and a

similar main phase-transition temperature. For this reason, the PC-Chol

bilayer, built of 15SPC and Chol molecules, was selected as a reference

system. Three of the bilayers (SM-Chol50, SM-Chol20, and PC-Chol) were

MD simulated at 37�C and two of the bilayers (SM and SM-Chol20) were

MD simulated at 60�C. Thus, the SM-Chol20 bilayer was simulated at two

temperatures (details are given below).

The initial structure of the SSM molecule was built from the crystal

structure of b-D-galactosyl-N-octadecanoyl-D-sphingosine (35) using In-

sightII software (Accelrys, San Diego, CA) by replacing the sugar group with

phosphorylcholine. This procedure ensured the d-erythro- (2S, 3R) config-
uration of the sphingosine moiety as well as the trans conformation of the

double bond betweenC4 andC5 (cf. Fig. 1). The initial structures of SSMand

SSM-Chol bilayerswere constructed in three steps. 1), SSMor SSMandChol

moleculeswere placed on the x,y plane to forma regular layer (the x,y plane) in
such away as to avoid van derWaals contacts. In the bilayers containingChol,

the Chol molecules were uniformly distributed and separated from one

another by SSM molecules. 2), The second layer was obtained from the first

by 180� rotation and shifting to reduce the free volume. 3), The bilayer was

hydrated with 1955 water molecules, i.e., ;27/SM, by adding two layers of

water stretching from the average positions of the carbonyl oxygen atoms

outward. ThePC-Chol bilayerwas constructed following the sameprocedure.

Each bilayer was simulated for 20 ns using AMBER 5.0 (36). Except in the

case of the PC-Chol bilayer (cf. the Equilibration section), the final 15-ns

fragments of the generated trajectories were used for analyses. The structure

and numbering of atoms in Chol, SSM, and 15SPC molecules are shown in

Fig. 1.

Simulation parameters

For lipid molecules, optimized potentials for liquid simulations (OPLS)

parameters (37) were used. Pasenkiewicz-Gierula et al. described the pro-

cedure for supplementing the originalOPLSbasewith themissing parameters

for atom types in the PCheadgroup (38) andChol (8); the numerical values for

the atomic charges of PCandChol are also given. The numerical values for the

atomic charges and other parameters of SSM groups not present in the PC

FIGURE 1 Molecular structures with numbered atoms of Chol (a), SSM

(b), and 15SPC (c) molecules (the chemical symbol for carbon atoms, C, is

omitted). The Chol rings are labeled A–D.
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molecule were approximately the same as for corresponding groups of pep-

tides in the OPLS. The atomic charges on the SSMwere slightly readjusted to

give the net charge zero (the numerical values for the charges are given in

Supplementary Material). The united-atom approximation was applied to the

CH, CH2, and CH3 groups of SSM, PC, and Chol. The hydroxyl and amide

groups of Chol, water, and SSM were treated with full atomic details. For

water, TIP3P parameters were used (39).

Simulation conditions

The SHAKE algorithm (40) was used to preserve the bond lengths of the OH

and NH groups of water, Chol, and SSM molecules, and the time step was

set at 2 fs (41). The nonbonded interactions were evaluated under three-

dimensional periodic boundary conditions using the particle-mesh Ewald

(PME) summation (42). A real cutoff of 12 Å with the usual minimum image

convention, b spline interpolation order of 5, and direct sum tolerance of

10�6 were used. The list of nonbonded pairs was updated every 25 steps.

The MD simulations were performed in the NPT ensemble, at a pressure

of 1 atm and two temperatures (37�C and 60�C). For the first group of

bilayers, i.e., SM-Chol50, SM-Chol20, and PC-Chol bilayers, the system

temperature was 37�C (310 K), which is below Tms for both pure SSM and

15SPC bilayers of ;45�C (43) and ;43�C (44), respectively. These sim-

ulations enabled us to compare bilayers composed of PC and SM of match-

ing chains and containing the same amount of Chol at the physiological

temperature and also to assess the effect of the increased Chol concentration

on the SSM-Chol bilayer. For the second group of bilayers, i.e., SM and SM-

Chol20 bilayers, the system temperature was 60 C (333 K) (the SM-Chol20

bilayer simulated at 60 C is referred to as SM-Chol20*). These simulations

enabled us to determine the effect of Chol on the SSM bilayer in the liquid-

crystalline state. The temperatures of the solute and solvent were controlled

independently. Both the temperatures and pressure of the systems were

controlled by the Berendsen method (45). The relaxation times for temper-

atures and pressure were set at 0.4 and 0.6 ps, respectively. The pressure was

controlled anisotropically as implemented in the AMBER 5.0 package (36).

In this implementation, both the shape and the volume of the simulation box

are changed by rescaling the box size and the coordinates of the atoms in

each direction independently, keeping one-third of the trace of the stress

tensor at the target value.

RESULTS

Characterization of the membrane

Equilibration

In this study, analyses of the bilayer systems concern ei-

ther short-range interactions at the bilayer interface (mainly

H-bonding) or hydrocarbon chain order and tilt in the bilayer

core. These quantities depend on the average cross-sectional

area available to a lipid molecule in the bilayer. Thus, for the

purpose of this study, the convergence of the surface area/

lipid is an adequate indicator of the bilayer equilibration

(supporting data can be found in Supplementary Material).

Fig. 2 shows time profiles of the SM-Chol50 bilayer poten-

tial energy (Fig. 2 a), and the surface area (Fig. 2 b) as well as
the time profile of the surface area of the PC-Chol bilayer

(Fig. 2 c), from the onset of simulation until 20 ns. At a

steady state, these parameters should remain constant. As

Fig. 2, a and b, shows, for the SM-Chol50 bilayer both the

potential energy and the area of the simulation box stabilized

within the first ;4.0 ns of MD simulation, so we concluded

that the SM-Chol50 bilayer had reached a steady state at 4 ns.

Similar time profiles were obtained for the remaining SSM-

Chol and SSM bilayers (data not shown). These bilayers equi-

librated within similar time periods. For analyses of the SSM

and SSM-Chol bilayers, the last 15-ns trajectory fragments

generated between 5 and 20 ns of MD simulation were used.

Reported average values are averages over the simulation time

and the ensemble of molecules or their fragments. Errors in

the derived average values are standard error estimates ob-

tained from the block averaging procedure.

The approach to the thermally equilibrated state of the PC-

Chol bilayer was much slower than that of the SSM-Chol

bilayers. A large initial area of the simulation box (Fig. 2 c)
allowed the bilayer to relax to the preferred configuration at

the steady state. However, the area kept decreasing for at

least 15 ns of the simulation and it might not have reached a

steady value even during 20 ns of simulation. Nevertheless,

we used the last 5-ns fragment of the trajectory for analyses,

because the decrease in the area was then not that apparent

(Fig. 2 c). Results of these analyses were used for limited

comparisons with the SSM-Chol bilayers to show contrasts.

Snapshots of SM-Chol20 and PC-Chol bilayers at the end of

the respective trajectories are shown in Fig. 3. There is a

FIGURE 2 Time profiles of the SM-Chol50 bilayer potential energy (a),

and the simulation box surface area of the SM-Chol50 bilayer (b) and the

PC-Chol bilayer (c), from the onset of MD simulations. The thin line in

panel b indicates the average value after equilibration of the SM-Chol50

simulation box surface area of 26.4 6 0.1 nm2.
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striking difference between tilting of chains in both bilayers.

In the PC-Chol bilayer, the collective tilt (for details, see

below) of the 15SPC chains and Chol is;17�, which means

that the bilayer is in the gel phase (46). The 15SPC chains, as

well as Chol, are tilted in opposite directions in both bilayer

leaflets, which can be attributed to an unequal length of the

15SPC chains and possibly the way the initial structure was

constructed. A similar pleated structure was obtained in a

MD simulation of a gel-phase dipalmitoylphosphatidylcho-

line bilayer (47). In the SM-Chol20 bilayer, the SSM chains

are highly ordered but their collective tilt, as well as that of

Chol, is zero; this indicates that the SM-Chol20 bilayer is in

the liquid-ordered phase. Even though the equilibration of

the PC-Chol bilayer is not certain, numerical results char-

acterizing the global properties of the bilayer as well as the

bilayer core are given in Table 1. The values of parameters

describing interactions involving polar groups of 15SPC and

Chol, as well as water in the bilayer interface, are given in

Tables 2–4. We believe that the values of these parameters

obtained for the last 5 ns of MD simulation are not far

from the steady-state values due to a substantial motional

freedom of the polar groups and water molecules in the

bilayer interface.

Thickness

The thickness of a bilayer was evaluated as the distance

between average positions of phosphorus (P) atoms in the

two leaflets of the bilayer (P-P distance). Average values for

the bilayers studied here are given in Table 1 and compared

with those for the dimyristoylphosphatidylcholine (DMPC)

bilayer containing 22 mol % Chol (DMPC-Chol bilayer)

(30). As expected, when compared at the same temperature,

the SSM bilayer containing Chol is thicker than the pure one.

A result worth noting is that the thickness of all SSM bilayers

containing Chol is practically the same, irrespective of the

Chol concentration and the bilayer temperature. The values

for the P-P distance in the SM and SM-Chol50 bilayers of

43.5 and 46.5 Å, respectively, agree perfectly with those

obtained by x-ray diffraction (48).

Surface density

The surface density of the membrane was calculated by

dividing the total mass of all membrane lipids by the surface

area of the simulation box. Average values for the bilayers

are given in Table 1 and compared with those for the DMPC-

Chol bilayer (31). Again, as expected, when compared at the

same temperature, the surface density of the SSM bilayer

containing Chol is larger than the pure one. The surface

FIGURE 3 Snapshots of PC-Chol (a) and SM-Chol20 (b) bilayers at the

end of their 20-ns MD trajectories. Cholesterol molecules are shown as

yellow sticks with the OH group in the standard colors of a CPK model. The

nonester phosphate oxygen atoms, O14 and O13 (Fig. 1), are larger pink

spheres, and the carbonyl oxygen atoms O22 and O32 (Fig. 1) are smaller

brown spheres.

TABLE 1 Average membrane parameters

SM-Chol50 SM-Chol20 SM-Chol20* SM PC-Chol DMPC-Chol

Temperature (K) 310 310 333 333 310 310

Smol

SPH (g-chain) 0.78 6 0.01 0.67 6 0.01 0.68 6 0.01 0.51 6 0.01 0.48 6 0.01 0.40 6 0.01

S (b-chain) 0.81 6 0.01 0.68 6 0.01 0.69 6 0.01 0.49 6 0.01 0.43 6 0.01 0.45 6 0.01

No. gauche rotamers

SPH (g-chain) 1.01 6 0.05 0.96 6 0.05 0.82 6 0.05 1.52 6 0.05 2.18 6 0.05 2.2 6 0.1

S (b-chain) 2.42 6 0.05 2.19 6 0.05 2.05 6 0.05 2.64 6 0.05 1.25 6 0.05 2.3 6 0.1

Tilt angle (�)
SPH (g-chain) 8.0 6 0.5 14.0 6 0.5 14.5 6 0.5 20.0 6 0.5 14.0 6 0.5 22.0 6 0.5

S (b-chain) 8.5 6 0.5 14.5 6 0.5 15.2 6 0.5 21.0 6 0.5 15.0 6 0.5 20.0 6 0.5

Collective tilt (�) ;0 6 4 ;0 6 4 ;0 6 4 ;0 6 4 ;17 6 1 ;0 6 5

Area (Å2) 73.2 6 0.5 52.5 6 0.5 51.8 6 0.5 48.0 6 0.5 49.2 6 0.5 64 6 1

Surface density (310�7 g/cm2) 2.53 6 0.01 2.57 6 0.01 2.64 6 0.01 2.27 6 0.01 2.93 6 0.01 2.04 6 0.01

P-P distance (Å) 46.5 6 0.5 46.7 6 0.5 46.6 6 0.5 43.5 6 0.5 48.5 6 0.5 35.1 6 0.1

Average values of the molecular order parameter, Smol; number of gauche/chain (No. gauche); chain tilt angle (Tilt angle); collective tilt angle (Collective

tilt); surface area available to the lipid headgroup (Area); membrane surface density; and distance between average positions of phosphorus (P) atoms in the

two leaflets of a bilayer (P-P distance), for the sphingosine- (SPH) and stearoyl- (S) chain of SSM in SM-Chol50, SM-Chol20, SM-Chol20*, and SM

bilayers. For comparison, results for the DMPC-Chol bilayer (30,31) are also given. The same parameters were obtained for the PC-Chol bilayer (b- and

g-chains of 15SPC), which might not have reached a steady state during the simulation time (cf. Results and Fig. 2). The tilt angle was calculated according

to the definition in Róg and Pasenkiewicz-Gierula (20). The collective tilt angle is an average angle between a phospholipid chain and the bilayer normal,

averaged over all chains in the bilayer. The errors in the average values are standard error estimates.
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density of SSM-Chol bilayers slightly depends both on the

Chol concentration and the bilayer temperature.

Area

In PC bilayers, organization of the membrane/water interface

is correlated with the average surface area available to the PC

headgroup. This issue is thoroughly discussed inMurzyn et al.

(49). To check whether similar correlations can be found in

bilayers consisting of other lipids, average surface areas avail-

able to SSM and 15SPC headgroups were calculated by

dividing the surface area of each bilayer by the number of

SSM or 15SPCmolecules in one bilayer leaflet (Table 1). The

correlation between the available area and the organization of

the interfacial region is discussed below.

Bilayer core

Chain order

Values of the molecular order parameter, Smol, along a

hydrocarbon chain are determined both by the trans-gauche
isomerization (representedby the number of gauche rotamers in
the chain) and by the ‘‘rigid-body’’ chain rotation about the in-

plane axis (represented by the chain tilt), averaged over all

chains in the bilayer. In the first approximation, the effect of

rotational isomerism is cumulative—‘‘disorder’’ increases along

the chain, whereas the effect of the rigid-body rotation is con-

stant along the chain. In the liquid-crystalline phase (ordered

or disordered), the average angle of chains with respect to the

bilayer normal (collective tilt, Table 1) is zero, indicating that

the mean orientations of the chains relative to the normal are

almost randomly distributed within a cone. The cone angle

corresponds to the largest tilt angle. Due to internal flexibility

of hydrocarbon chains, an average angular amplitude of the

chain rotation (average tilt) inside the cone cannot bemeasured

experimentally, so individual contributions of both rotations

to Smol cannot be separated. In MD simulations, however,

they can be treated individually, and the Chol effect on each of

the three quantities can be estimated. Our previous studies on

PC-Chol bilayers (30,32,50) indicate a strong positive corre-

lation between tilts of sterol molecules and their neighboring

saturated acyl chains. However, the effect of Chol on the trans-
gauche isomerization is less straightforward (30,32).

In this study, Smol and chain tilt, which is a measure of

chain orientational fluctuations, were calculated as in our

previous articles (20). Average values of Smol, tilt, and

numbers of gauche rotamers per chain for all bilayers studied

here, togetherwith those for theDMPC-Chol (30) bilayer, are

given in Table 1. Profiles of Smol along the sphingosine-

(SPH) and stearoyl- (S) chains of SSM in the four SSM

bilayers are shown in Fig. 4. Similarly, as in the saturated

DMPC bilayer (30), Chol increases the order and decreases

the tilt of SSM chains. The magnitude of both effects

practically does not depend on the bilayer temperature but on

TABLE 2 Interactions in the membrane/water interface

SM-Chol50 310 K SM-Chol20 310 K SM-Chol20* 333 K SM 333 K PC-Chol 310 K

Interlipid

H-bonds

SM-SM 0.22 0.56 0.59 0.66 –

SM-Chol (PC-Chol) 0.64/Chol 0.91/Chol 0.78/Chol – 0.28/Chol

Charge pairs

SM-SM (PC-PC) 1.29 1.74 1.79 1.85 1.58

SM-Chol (PC-Chol) 0.61/Chol 0.58/Chol 0.47/Chol – 1.02/Chol

Water bridges

SM-SM (PC-PC) 0.71 1.00 0.92 0.86 0.82

SM-Chol (PC-Chol) 0.19/Chol 0.13/Chol 0.13/Chol – 0.14/Chol

Chol-Chol 0.04/Chol 0.01/Chol 0.01/Chol – 0.01/Chol

Total

SM-SM (PC-PC) 2.22 3.30 3.30 3.37 2.40

SM-Chol (PC-Chol) 1.44 1.62 1.38 – 1.44

Intralipid

H-bonds

SM-SM 0.47 0.50 0.48 0.50 –

Charge pairs

SM-SM (PC-PC) 0.19 0.13 0.15 0.14 0.18

Water bridges

SM-SM (PC-PC) 0.16 0.14 0.11 0.14 0.16

Total

SM-SM (PC-PC) 0.82 0.77 0.74 0.78 0.34

The data represent the numbers of SM-SM, PC-PC, SM-Chol, PC-Chol, and Chol-Chol inter- and intralipid H-bonds, water bridges, and charge pairs, as well

as the total number of all interactions (Total) per phospholipid or Chol, in SM-Chol50, SM-Chol20, SM-Chol20*, SM, and PC-Chol bilayers. The standard

error estimates of the average values do not exceed 60.02.
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the Chol content. Probability profiles of the gauche confor-
mation along the SPH- and S-chain in SM and SM-Chol20*

bilayers are shown in Fig. 5. In contrast to another saturated

(DMPC) bilayer (30), Chol decreases the average number of

gauche conformations in both chains of SSM (Table 1) as

well as the gauche probability for all torsion angles except the
last two (15 and 16) in the S-chain, for which the probability

is increased (Fig. 5). (These torsion angles are located in the

bilayer below the Chol ring system.) Thus, Chol induces

higher order of SSM chains by decreasing their tilt and

probability of gauche conformation.

Membrane/water interface

The membrane interfacial region is composed of lipid polar

groups and water molecules. Phosphate, carbonyl, hydroxyl,

and amide groups of phospholipids and Chol make H-bonds

with water. The choline group attracts and rearranges water

molecules so they form clathrates around it. The lipid polar

groups also interact with one another by forming direct

H-bonds and charge pairs. Furthermore, they interact via water

molecules (water bridges) that are simultaneously H-bonded

to two groups of the same (intramolecular) or different

(intermolecular) lipids. In this study, we use the same geo-

metrical definitions of H-bonding, water bridging, and charge

pairing as in our previous articles (38,49,51).

FIGURE 5 Probabilities of gauche conformations along the S-chain (a)

and SPH-chain (b) in SM (d, :) and SM-Chol20* (s, n) bilayers.

FIGURE 4 Molecular order parameter (Smol) profiles calculated for the

S-chain (stearoyl) (a and c) and SPH-chain (sphingosine) (b and d) in

SM (d, :) and SM-Chol20* (s, n) bilayers (a and b), and in SM-Chol50

(h,,) and SM-Chol20 (n, ;) bilayers (c and d).

TABLE 4 Chol-Phospholipid hydrogen bonds

SM-Chol50 SM-Chol20 SM-Chol20* PC-Chol

Op 0.21 0.22 0.14 0.17

SM-OC (Oc) 0.16 0.21 0.12 0.11

SM-OH 0.10 0.21 0.18 –

SM-NH 0.17 0.27 0.34 –

Total 0.64 0.91 0.78 0.28

The data are numbers of H-bonds between Chol and polar groups of SM

and PC per Chol and their sum (Total) in SM-Chol50, SM-Chol20, SM-

Chol20*, and PC-Chol bilayers. Op stands for both nonester phosphate

oxygen atoms of SM and PC (O14 and O13 (Fig. 1, b and c)), and Oc

stands for both carbonyl oxygen atoms of PC (O22 and O32 (Fig. 1 c)). The

standard error estimates of the average values do not exceed 60.02.

TABLE 3 Lipid-water interactions

SM-Chol50 SM-Chol20 SM-Chol20* SM PC-Chol

H-bonds

Op 3.98 3.85 3.78 3.58 3.86

SM-OC (Oc) 0.91 0.67 0.71 0.51 0.62

SM-OH 0.55 0.34 0.32 0.28 –

(0.35/0.24) (0.23/0.11) (0.19/0.13) (0.17/0.11)

SM-NH 0.36 0.30 0.26 0.19 –

Total/Chol 2.13 2.10 2.12 – 2.15

Total/lipid 5.80 5.16 5.07 4.56 4.48

H-bonded water 5.51 4.65 4.61 4.13 4.07

Choline water 6.88 6.56 6.73 6.34 6.63

Bound water 12.39 11.21 11.34 10.47 10.70

The data represent the numbers of H-bonds between water and polar groups

of SM and PC per group and per SM and PC (Total/lipid), and between

water and Chol per Chol (Total/Chol); total numbers of H-bonded water

molecules (H-bonded water), water molecules in a clathrate around the

choline groups (Choline water), and water molecules bound to SM and PC

(H-bonded and clathrating) (Bound water) per SM and PC in SM-Chol50,

SM-Chol20, SM-Chol20*, SM, and PC-Chol bilayers. Numbers in

parentheses indicate cases in which the SM-OH group is the H-bond

donor/acceptor. See Table 4 note for definitions of Op and Oc. The standard

error estimates of the average values do not exceed 60.02 in the case of

H-bonds and 60.03 in the case of the Choline water.
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Lipid-water interactions

The number of SSM-water H-bonds (Table 3) is strictly

correlated with the area available to the SSM headgroup

(Table 1) and increases with increasing Chol content. The

number ranges from 4.56/SSM in the SM bilayer to 5.84/

SSM in the SM-Chol50 bilayer and is higher than that in the

PC-Chol bilayer, of 4.48/PC (Table 3). As expected, water

makes H-bonds predominantly with the nonester phosphate

oxygen (Op, i.e., O14 and O13, cf. Fig.1, b and c) atoms

(;2/Op) of both SSM and 15SPC, and unexpectedly many

with SM-OC in the SM-Chol50 bilayer of 0.91/SM-OC

(Table 3). The number of water molecules H-bonded to the

phospholipid ranges from 4.13/SSM in the SM bilayer to

5.51/SSM in the SM-Chol50 bilayer and is smaller than the

number of phospholipid-water H-bonds (Table 3). This

indicates formation of inter- and intralipid water bridges.

Chol makes similar number of H-bonds with water (;2.12/

Chol) in all bilayers; in 73% of them, Chol is an H-bond

donor and in 27% an H-bond acceptor. The number of water

molecules in clathrates around choline groups in the SM

bilayer is smaller than in bilayers containing Chol (Table 3).

Thus, as in our previously studied systems (48), there is a

weak correlation between the number of water molecules in

the clathrate and the surface area (Table 3).

SM-SM and PC-PC interactions

H-bonding

SSM molecules have both H-bond donor (SM-OH and SM-

NH) and acceptor (Ops, SM-OC, and SM-OH) groups and can

make H-bonds with each other (intermolecular) as well as

within one molecule (intramolecular), whereas PC molecules

cannot, as they have only H-bond acceptor groups (phosphate,

carbonyl). The number of SSM intramolecular H-bonds is

similar in all SSM bilayers (;0.5/SSM), either pure or

containing Chol (Table 2). The bonds are exclusively made

between SM-OH and SM-OC (Table 5). The number of SSM-

SSM intermolecular H-bonds is in the range 0.22–0.66/SSM

(Table 2). Chol reduces strongly intermolecular H-bonding by

increasing the average SSM-SSM distance. Preferences of

donor and acceptor groups in H-bonding in pure and Chol-

containing SSM bilayers are displayed in Table 5. In brief, in

SM-Chol20 and SM-Chol20* bilayers, the SM-OC makes

H-bonds both with SM-OH and SM-NH, whereas the SM-

OH makes H-bonds predominantly with SM-NH. In the SM

bilayer, the SM-OH rarely participates in intermolecular

H-bonding. SM-NH is never an acceptor in intermolecular

H-bonds.

Charge pairing

A positively charged choline moiety (N-CH3) can make

charge pairs with negatively charged oxygen atoms of both

SM and PC. We distinguish between intermolecular and

intramolecular charge pairs. In SSM bilayers, intramolecular

charge pairs are less frequent than intramolecular H-bonds,

whereas intermolecular charge pairs are more frequent

than intermolecular H-bonds (Table 2); the latter range from

1.29 to 1.85/SSM or 15SPC. As in the case of H-bonds,

the number of intramolecular charge pairs is similar in all

bilayers (;0.15/SSMor15SPC),whereas thenumber of inter-

molecular charge pairs decreases with increasing Chol con-

tent (Table 2).

Water bridges

Numbers of intra- and intermolecular water bridges in the

bilayers are given in (Table 2). These numbers do not differ

significantly; they are ;0.86/SSM or 15SPC for intermolec-

ular water bridges and ;0.14/SSM or 15SPC for intramo-

lecular water bridges (Table 2).

TABLE 5 SSM-SSM hydrogen bonds

SM-Chol50 310 K SM-Chol20 310 K SM-Chol20* 333 K SM 333 K

SM-OH SM-NH SM-OH SM-NH SM-OH SM-NH SM-OH SM-NH

Interlipid

Op 0.11 0.04 0.10 0.04 0.13 0.06 0.14 0.09

SM-OC 0.03 0.00 0.13 0.12 0.11 0.11 0.06 0.22

SM-OH 0.01 0.03 0.02 0.15 0.02 0.14 0.03 0.13

SM-NH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SUM 0.15 0.07 0.25 0.31 0.27 0.32 0.23 0.43

Total 0.22 0.56 0.59 0.66

Intralipid

SM-OC 0.47 0.00 0.50 0.00 0.48 0.00 0.50 0.00

OS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The data are the numbers of H-bonds between SM groups involved in inter- and intralipid SM-SM H-bonding per group (SUM) and per SM (Total) in SM-

Chol50, SM-Chol20, SM-Chol20*, and SM bilayers. Column headings are H-bond donor groups, and items in the lefthand column are H-bond acceptor

groups. Op stands for both nonester phosphate oxygen atoms of SM (O14 and O13 (Fig. 1 b)), and OS stands for both ester phosphate oxygen atoms of SM

(O11 and O12 (Fig. 1 b)). SM-OC, SM-NH, and SM-OH are carbonyl, amide, and hydroxyl groups, respectively, of SM. The standard error estimates of the

average values do not exceed 60.02.
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SM-Chol and PC-Chol interactions

The OH-Chol group can be both H-bond donor and acceptor;

thus, it can make direct H-bonds with both SM and PC. It can

also interact with the phospholipids via water bridges and

charge pairs. In SSM bilayers containing Chol, the number

of direct SSM-Chol H-bonds ranges from 0.64 to 0.91/Chol

(Table 2); Chol is an H-bond donor in;60% of them, and an

H-bond acceptor in;40%. Examples of SSM-Chol H-bonds

in the SM-Chol20 bilayer are shown in Fig. 6. Chol makes

significantly fewer H-bonds with 15SPC than with SSM; on

average, in the PC-Chol bilayer there are 0.28 such bonds per

Chol (Table 2). Preferences of OH-Chol to H-bond with

certain groups of phospholipids are displayed in Table 4.

Numbers of SSM-Chol charge pairs are similar in all SSM-

Chol bilayers, they range from 0.47 to 0.61/Chol. In the

PC-Chol bilayer, the number is 1.02/Chol. There are fewer

SSM-Chol and PC-Chol water bridges than other polar inter-

lipid interactions (Table 2).

Chol-Chol interactions

Both in 15SPC and SSMbilayers containing Chol, Chol-Chol

interactions are rare and only via water bridges (Table 2).

Location of OH-Chol

As shown in our previous articles (20,32), the effect of sterol

on the PC bilayer is correlated with the average location of

the sterol’s hydroxyl group in the bilayer interface relative to

the average position of the phosphate group. The average

vertical position of OH-Chol in the SM-Chol20 bilayer is

0.4 Å below that in the DMPC-Chol bilayer (32) and only

0.1 Å below that in the SM-Chol50 bilayer, which is within

the estimated error. However, Chol cannot insert too deeply

due to the formation of H-bonds between OH-Chol and polar

groups in the SSM backbone, which anchor Chol at a certain

position. In the SM-Chol20 bilayer, OH-Chol locates, on

average, 0.8 Å lower in the interface than in the PC-Chol

bilayer. Distributions of vertical locations of the oxygen

atoms of phosphate and OH-Chol groups in SM-Chol20 and

PC-Chol bilayers are shown in Fig. 7, a and b, for the upper
and lower leaflets, respectively. The maxima of distributions

for Op in both bilayers overlap, but the distribution for OH-

Chol in the SM-Chol20 bilayer is shifted toward the bilayer

core relative to that in the PC-Chol bilayer. Fig. 7 also shows

that distributions for OH-Chol and Op in the PC-Chol bilayer

are narrower than those in the SM-Chol20 bilayer. These

indicate that the PC-Chol bilayer is a less dynamic system. In

analogy to the previously observed correlation (32), one

would expect the effect of the sterol ring on hydrocarbon

chains to be stronger in the SM-Chol20 than in the PC-Chol

bilayer. Indeed, at temperatures below the main phase-

transition temperatures for pure SSM and 15SPC bilayers,

the SM-Chol20 bilayer is in the liquid-ordered phase,

whereas the PC-Chol bilayer is in the gel phase.

DISCUSSION

In this article, we present a comparative MD simulation

study of the effect of Chol on sphingomyelin and phospha-

tidylcholine bilayers. Four bilayers with and without Chol

were studied at two temperatures. Each contained the same

number of phospholipid molecules, either SSM or 15SPC,

FIGURE 6 Examples of H-bonds (ellipsed area) between the OH-Chol

group of one Chol molecule and two SSM molecules (thin yellow lines). (a)

OH-Chol���SM-OH and OH-Chol���SM-OC H-bonds; (b) OH-Chol���SM-

NH and OH-Chol���SM-Op H-bonds in the SM-Chol20 bilayer. The SSM

and Chol molecules are in stick representation and standard colors.

FIGURE 7 Distributions of vertical locations of the oxygen atoms of

phosphate (solid lines) and OH-Chol (dashed lines) groups along the normal

in SM-Chol20 (black) and PC-Chol (gray) bilayers for the upper (a) and

lower (b) leaflets. Zero of the horizontal axis (not shown) indicates the

middle of the hydrocarbon core of the bilayer.
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and a varying number of Chol molecules. The bilayers com-

prised two groups. The first group consisted of two SSM-

Chol bilayers, one containing 22 and the other 50 mol %

Chol, and a 15SPC-Chol bilayer containing 22 mol % Chol.

SSM and 15SPC have hydrocarbon chains of matching

lengths and similar main phase-transition temperatures

(;45�C). Simulations of these systems were carried out at

37�C. Their main purpose was to compare the effect of Chol

on SSM and 15SPC bilayers at the same Chol concentration,

at physiological temperature, and also to assess the effect of

the increased Chol concentration (22 or 50 mol %) on the

SSM bilayer. The second group consisted of a pure SSM and

a SSM-Chol bilayer containing 22 mol % Chol. Simulations

of these systems were carried out at 60�C to evaluate the

effect of Chol on the SSM bilayer in the liquid-crystalline

state.

Chol effects on the liquid-crystalline SSM bilayer

Entries in Table 1 concerning SM and SM-Chol20* bilayers

as well as Figs. 4 and 5 indicate that Chol exerts both order-

ing and condensing effects on the SSM bilayer. In the SM-

Chol20* bilayer, Chol induced the increase in the surface

density of ;17%, in the average value of Smol of ;40%, in

the bilayer thickness (the P-P distance) of ;7% (3 Å), as

well as the decrease in the chain tilt of ;30% (;6�) and in

the number of gauche rotamers of;30%. The Chol-induced

increase of SSM hydrocarbon chains ordering as well as the

bilayer thickness originate from the decrease of the average

tilt of the chains and the probability of gauche.
PC-PC and PC-water interactions taking place at the

membrane/water interface are correlated with the average

surface area available to the PC headgroup (49). With increas-

ing area, the number of inter-lipid interaction decreases (due

to a larger inter-lipid distance) but the number of hydrating

water molecules increases (due to a better access to PC polar

groups). A similar correlation is observed in the SSM

bilayers studied here. In the SM-Chol20* bilayer the average

surface area available to the SSM headgroups is larger than

in the SM bilayer and accordingly, the number of bound

water molecules is larger and the number of direct SSM-

SSM interactions via H-bonds and charge pairs is smaller. As

a matter of fact, in the SM-Chol20* bilayer there is a

competition between SSM and Chol to interact with SSM, so

a meticulous comparison of the number of SSM-SSM inter-

actions in both bilayers is not fully justified. The number of

intermolecular H-bonds in the SM bilayer of 0.66/SSM falls

into the range 0.41–0.8/SM obtained in other MD simulations

of SSM or palmitoylSM (PSM) bilayers at ;50�C (11–13).

The number of intramolecular H-bonds of 0.5/SSM is

practically the same in SM and SM-Chol20* bilayers. This

number is not far from those obtained in other MD sim-

ulations of SM and SM-Chol bilayers at ;50�C (11–13,34)

ranging 0.59–1.1/SSM or PSM. Also Hyvönen and Kovanen

(33) observed intramolecular H-bonds in the PSM bilayer

at 37�C, but their number was not provided. However,

the bonds observed in this study are made primarily between

SM-OH and SM-OC, whereas in the studies cited above,

primarily between SM-OH and O11 (cf. Fig. 1 b). Assuming

that in all cases the sphingosine base of the SM molecule had

d-erythro- (2S, 3R) configuration, as was pointed out in the

Method section of this as well as Hyvönen and Kovanen (33)

and Niemelä et al. (13) papers, a different SM-OH partner in

intra-lipid H-bonding may result from conformational var-

iations in the sphingosine base due to differences in the

parameterization of the C4¼C5 trans double bond and single
bonds next to it. Validation of the parameterization used in

this study is presented in our previous paper (52) where

properties of a mono-trans-unsaturated bilayer are analyzed.

Ramstedt and Slotte (53) studied the effect of the isomeric

form of SM on the bilayer properties and showed that the

surface area/SM in the bilayer is smaller for d-erythro- than
for the racemic SM.

SSM-Chol bilayers at different temperatures

Khelashvili and Scott (34) compared properties of SSM-

Chol bilayers containing ;30 mol % Chol and MD sim-

ulated at temperatures below (20�C) and above (50�C) Tm

for a pure SSM bilayer of ;45�C. The bilayer thickness,

hydrocarbon chains order as well as area/molecule were very

similar in both systems indicating that the bilayers were in a

similar state of fluidity. In this study, we compare SSM-Chol

bilayers containing 22 mol % Chol and MD simulated at

temperatures 37�C (SM-Chol20) and 60�C (SM-Chol20*).

The bilayer thickness, hydrocarbon chains order, and SSM-

SSM interactions in both bilayers are similar and only the

surface density is slightly lower at lower temperature (Table

1). Thus, the results obtained by Khelashvili and Scott (34)

for the SSM bilayers containing ;30 mol % Chol and our

results obtained for SSM bilayers containing 22 mol % Chol

are in full agreement, although they do not fully agree with

x-ray diffraction results of Maulik and Shipley (48), who

found that only at ;50 mol % Chol diffraction patterns of

SSM-Chol bilayers are identical both below and above Tm

for a pure SSM bilayer.

SSM-Chol bilayers at different Chol content

Entries in Table 1 concerning SM-Chol50 and SM-Chol20

bilayers indicate that when Chol content is increased from

22 to 50 mol %, the SSM chain order increases by ;18%.

This increase is mainly due to an ;42% decrease of the

chain tilt as the number of gauche rotamers is increased by

;9%. Most likely, this concomitant decrease of the chain tilt

and increase of the number of gauche rotamers causes that

the P-P distance of 46.5 Å is the same in both bilayers. The

value 46.5 Å agrees perfectly with those obtained by x-ray

diffraction at 58�C and 22�C for the SSM bilayer containing

50 mol % Chol, ranging from 46 to 47 Å (48). Our study

3764 Róg and Pasenkiewicz-Gierula

Biophysical Journal 91(10) 3756–3767



indicates additionally that the P-P distance in all SSM

bilayers containing Chol is practically the same, irrespective

of the Chol concentration and the bilayer temperature.

At the membrane/water interface of the SM-Chol50 bi-

layer, there are significantly fewer interlipid (Table 2) and

more lipid-water interactions (Table 3) than at that of the

SM-Chol20 bilayer. This is consistent with a larger SSM-

SSM average distance in the SM-Chol50 bilayer (Table 1).

The number of intramolecular interactions is slightly higher

in the SM-Chol50 bilayer, probably to compensate for some

of the missing intermolecular interactions.

Location of the OH-Chol in the bilayer interface

Our previous studies (20,32) as well as those of Karolis et al.

(54), Smondyrev and Berkowitz (55,56), and Faure et al. (57)

indicate that the effect of sterol on the bilayer is correlated

with the average relative location of the sterol’s hydroxyl

group in the bilayer interface. The OH group of Echol in the

DMPC-Echol bilayer and the OH-Chol group in the POPC-

Chol bilayer are located 2–3 Å higher in the interfacial regions

than is OH-Chol in the DMPC-Chol bilayer, and both Echol

and Chol have smaller effects on DMPC and POPC bilayers,

respectively, than does Chol on the DMPC bilayer (20,32). In

the SSM bilayers containing Chol, OH-Chol is located 0.1–

0.4 Å lower in the interface than in theDMPC-Chol bilayer, so

theChol effect on the SSMbilayer is expected to be somewhat

larger. Indeed, when compared at the sameChol content (;20

mol%) and T. Tm, the condensing effect of Chol on the SSM
bilayer is stronger (the surface density increases ;17% and

;10% in the SSM-Chol and DMPC-Chol (30) bilayers,

respectively) but the ordering effect is comparable as the

Chol-induced changes in Smol and chain tilt are similar in both

systems. The most pronounced difference between the Chol

effect on SSM and DMPC bilayers is that Chol decreases the

average number of gauche rotamers by ;30% in the SM-

Chol20* bilayer, whereas in the DMPC-Chol bilayer the

decrease is negligible (30).

The effect of the OH-Chol location on the bilayer

properties is even more striking when the SSM-Chol bilayer

is compared with the 15SPC-Chol bilayer at a temperature

below the Tms for pure SSM and 15SPC bilayers (Fig. 7). In

the PC-Chol bilayer, the average vertical position of the OH-

Chol in the interface is 0.8 Å higher. This difference in the

position might, at first sight, seem small but it is very close to

the vertical distance between two consecutive carbon atoms

in the acyl chain. Due to this higher position, the effect of the

sterol ring on the 15SPC chains is evidently too weak to

modify the phase state of the PC-Chol bilayer, and at 37�C
the PC-Chol bilayer remains in the gel phase. This is

evidenced by the collective tilt of the PC chains and Chol,

which is ;17� (cf. Equilibration), whereas the collective tilt
of chains in the liquid-crystalline phase is zero. In contrast,

the lower vertical position of Chol affects ‘‘fluidity’’ of the

SSM chains, and at 37�C the SM-Chol20 bilayer is in the

liquid-ordered phase. A deeper insertion of OH-Chol in

the SM-Chol20 bilayer is stabilized by numerous H-bonds

between OH-Chol and SSM polar groups that are located

closer to the bilayer core, i.e., SM-OC, SM-OH and SM-NH

groups. As 15SPC has no H-bond donor groups, it makes

over three times fewer H-bonds with Chol, and additionally,

the bonds are formed more often with the phosphate than

with the carbonyl group (Table 4). Thus, OH-Chol is an-

chored higher in the interfacial region of the PC-Chol bilayer

than in that of the SM-Chol bilayer. Once formed, H-bonds

stabilize the position of OH-Chol in the bilayer and larger

changes in both the location of the OH-Chol and the number

of phospholipid-Chol H-bonds would not be expected if the

simulation of the bilayer were continued.

The key result of this MD simulation study is demonstra-

tion that at 37�C, Chol at concentration 22 mol % is able to

change the phase of the SSM bilayer from gel to liquid-

ordered, whereas it is not able to change the phase of the

15SPC bilayer despite the fact that hydrocarbon chains of

both SSM and 15SPC have the same lengths and the main

phase-transition temperatures of SSM and 15SPC bilayers are

45�C (5) and 43�C (44), respectively. A plausible explana-

tion, relating this observation to the location of OH-Chol in

the bilayer interfacial region, is given above. By showing this,

i.e., correlating the location of Chol with its ability to modify

the membrane phase state, the study described here extends

the results of previous studies that indicated a correlation

between the location of a sterolmolecule in themembrane and

the strength of ordering and condensing effects of the sterol

(20,32,54–57).

Saturated PCs with chains of unequal length

(C(X):C(Y)PC) for which the normalized effective chain

length difference, DC/CL, is ,0.42 (both the effective chain

length difference DC ¼ jX � Y 1 1.5j and the effective

length of the longer of the two acyl chains, CL, are expressed
in C–C bond-length units) pack into a partially interdigitated

bilayer at T, Tm (58). This rule was found to be valid when

the difference between numbers of carbon atoms in the two

PC chains (DN) is an even number. If we assume, based on

Marsh’s study (59), that the same rule holds for odd DN, then
one can expect that the pure 15SPC bilayer in the gel phase is

partially interdigitated, as DC/CL for 15SPC is ;0.1. Par-

tially interdigitated bilayers are highly ordered. However, by

perturbing the acyl chain order, Chol can abolish both the

phase transition and the interdigitated structure of the bilayer

(60). Parameters characterizing the PC-Chol bilayer (Table

1 and Fig. 3) suggest that the bilayer is in the gel phase but

does not form a partially interdigitated structure. Instead, the

lipids in each bilayer leaflet are collectively tilted to com-

pensate for the mismatch of their acyl chains. When the

temperature of the PC-Chol bilayer was elevated to 90�C, the
collective tilt of the acyl chains disappeared within 10 ps of

MD simulation (Supplementary Material, Fig. S8). One of

the biological consequences of the observation that at the

same temperature and Chol content the 15SPC-Chol bilayer
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is in the gel phase, whereas the SSM-Chol bilayer is in the

liquid-ordered phase, might be at most a very rare occurrence

of 15SPC in the biomembrane. Indeed, saturated PCs with an

odd DN and, particularly, with 15 carbon atoms in the g-chain
are quite uncommon.

SUPPLEMENTARY MATERIAL
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