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Conformational analysis was performed for model glycosphingolipid molecules with a view to studying
the effect of structural variability of the lipidic part and its flexibility on the saccharide-ceramide
linkage. In addition to systematic and random molecular mechanics sampling techniques (the RAMM
program), molecular dynamics simulations (Biosym DISCOVER program) were carried out to ana-
lyze the conformational energy surface of the model glycolipid molecules. The influence of the struc-
tural variability and flexibility of the lipidic part is demonstrated by prediction of the stability of
different conformations around the carbohydrate-ceramide linkage. The α2, α1 and Θ1 torsional angles
are the most important structural parameters with respect to the carbohydrate-ceramide connection.
Two dominant conformations for the saccharide-ceramide linkage were observed, with the α2/α1/Θ1

dihedral angles in the –sc/+ac/ap and –sc/ap/–sc regions. While each of the calculation methods pre-
dicts similar flexibility in the α2/α1 space, the flexibility around the Θ1 angle differs considerably,
reflecting the parametrization and set-up of the modelling protocol.
Key words: Glycosphingolipids; Monoglycosyl-ceramide; β-Glycosidic linkage; Molecular mechanics;
Molecular dynamics; Conformational analysis.

Glycolipids (GLs), in particular glycosphingolipids (GSLs), are structurally heteroge-
neous groups of membrane components that are found in biological species ranging
from bacteria to the human organism. GSLs consists of mono- or oligosaccharides
whose reducing end is glycosidic-linked to ceramide. GSL molecules perform various
biological functions in membranes1,2 and are of interest with respect to their role as
receptors for bacteria and viruses3. The structural heterogeneity of GSLs includes a
structural diversity of both the saccharide and ceramide parts of the molecules. Recent
studies on GSLs suggest that not only the structure and orientation of the saccharide
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chain at the membrane surface but also the structural variability of the ceramide part
(i.e. unsaturation of the sphingosine chain and hydroxylation of the fatty acid chain) is
important for the recognition of GSLs by antibodies and bacterial adhesines, for the
binding activity and membrane stability1,4,5. As yet, the role which the structural vari-
ability in the ceramide part of GSLs plays with respect to the orientation of the sac-
charide head group relative to the bilayer has not been recognized. One of the reasons
is the difficulty in the preparation of appropriate amounts of pure and well-defined
GSLs-species for experimental studies.

 For few monoglycosyl-sphingolipids molecules4,6,7 was the three-dimensional struc-
ture determined by diffraction studies. NMR conformational studies are also rare in the
literature8. Moreover, the saccharide head group can take two orientations – parallel or
perpendicular – relative to the layer (cell) surface. This is why computer experiments,
directed to static or dynamic modelling of the conformational behaviour of glycolipids,
can contribute substantially to our understanding of the driving forces that determine
the stability of the molecular conformations.

Conformational analysis of β-D-glucosyl-N-(2-D-hydroxyoctadecanoyl)-D-dihydro-
sphingosine (β-glucosyl-ceramide) was introduced by Wynn, Marsden and Robson9 al-
most a decade ago. Using empirical energy functions and the simplex method for
geometry optimisation, the authors were able to show that the lowest-energy conforma-
tion of the β-glucosyl-ceramide assumes a parallel orientation of the monosaccharide
moiety to the membrane bilayer. These findings were supported by X-ray structure
studies of β-galactosyl-ceramide7. Wynn et al.9 used the simple 6-9 potential energy
function to describe non-bonding interactions and point-charge approximation for the
electrostatic term. In recent conformational studies, Nyholm et al.4,10,11 applied the
well-established molecular mechanics method of Allinger (versions MM2-87 (ref.12)
and MM3 (ref.13)) to analyze native and methylated monoglycosyl-ceramides. In
MM2/MM3 the electrostatic energy contribution is described by bond dipoles. Concur-
rently, the semiempirical quantum chemical AM1 method (using the MOPAC program)
was also introduced to calculate the energies of selected conformations of β-glucosyl-
ceramide10.

As has been shown for the native cerebroside4, the hydrogen bonding between the
amide N–H group and the glycosidic oxygen is responsible for the orientation of the
monosaccharide head-group. If this hydrogen bond is present, the monosaccharide
orients parallel to the layer. If the hydrogen bond is absent, e.g. in the case of the
permethylated structure, the monosaccharide is oriented perpendicular to the bilayer.
The Θ1 torsional angle (see Fig. 1) plays an essential role in the description of the
orientation of the GSL structures relative to the membrane surface. Nyholm et al.4 have
shown that the amide-glycosidic oxygen intramolecular hydrogen bond occurs in the
–sc orientation of the Θ1 angle around the C1–C2 bond (Θ1 = –75°). The +sc (Θ1 = 69°)
and ap (Θ1 = –175°) minima were found 2.2 and 2.0 kcal/mol less stable as the global
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–sc minimum. A comparison of 11 crystallographic data of relevant glycolipids
(glycerolipids also considered) showed4 that the +sc : ap : –sc ratio of the Θ1 angle
is 1 : 8 : 8. Thus the prediction of preference of the –sc orientation, as emerged from
the MM2 calculation, seems to be reasonable.

All of the calculations discussed were static in their nature and did not take into
account the time dependence of the conformational changes in the glycolipid mole-
cules. The necessity of including dynamic features into theoretical studies on mem-
brane components is beyond doubt. Molecular dynamics simulations are capable of
modelling the motions of molecules. They are increasingly applied to explore the con-
formational space of carbohydrates14. Similarly, molecular dynamics simulations have
been applied with success to the investigation of phospholipids15–20. To our knowledge,
molecules of monoglycosyl-ceramides have not yet been studied by this tool. The pri-
mary aim of the presented study was to bridge the gap between the static and dynamic
conformational search protocols for this type of glycoconjugates. This work shall also
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FIG. 1
Monogalactosyl-ceramide; atom numbering
according to Sundaralingham27. The torsional
angles are designated as fol lows: α2 =
O5"–C1"–O1–C1; α1 = C1"–O1–C1–C2, Θ1 =
O1–C1–C2–C3; Θ3 = C1–C2–C3–C4; γ1 =
C2–C3–C4–C5; γ2 = C3–C4–C5–C6; β1 =
C1–C2–N1–C1′; β2 = C2–N1–C1′–C2′; β3 =
N1–C1′–C2′–C3′;… The glycolipid model
molecule used in the presented study is indi-
cated in bold
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contribute to a better understanding of the relationship between the structural vari-
ability of the ceramide part and the preferred conformational regions of the carbohy-
drate-ceramide linkage.

COMPUTATIONAL METHODS

Molecular Mechanics

GSLs are highly flexible molecules. As indicated with Greek letters in Fig. 1, there are
over 40 rotatable bonds in a monogalactosyl-ceramide molecule around which confor-
mational changes can take place. Regular-grid conformational search considering all of
the rotational degrees of freedom is not practical even on the platform of state-of-the-
art workstations. An alternative approach has been proposed, referred to as the RAn-
dom, Molecular Mechanics21 (RAMM) protocol, which optionally combines three
independent calculation methods: (1) random sampling of the n-dimensional conforma-
tional energy surface, (2) regular-grid conformational search for selected torsional
angles, and (3) minimization of molecular energy. Combinations of all of these options
have been used in the present study: (i) regular scanning of the conformational energy
surface for selected pairs of torsional angles (two-dimensional sections from the n-
dimensional surface), (ii) random generation of ensembles with different torsional
angles, (iii) simultaneous optimization of the torsional angles of low-energy conformers
from randomly generated ensembles, and (iv) consequent global optimization of all
degrees of freedom, i.e. all internal coordinates (torsional and bond angles and bond
lengths) for both the regular-grid and random-generated geometries. The energy calcu-
lation for all steps (i) through (iv) follows the well-established MM2-87 force field of
Allinger12. Bond dipoles were used in the electrostatic energy contribution. Lone pairs
were included for all heteroatoms. No special function was added to account for hy-
drogen bonding, which in the MM2 series is directly included in the force-field para-
metrization.

Due to the complexity of the potential energy surface of the molecules under study,
the fact that two differently generated geometries can converge to one point on the
energy surface after geometry optimization is a source of perplexity of the random
sampling method. This problem becomes more serious with increasing complexity of
the potential energy surface of the molecule studied. Therefore, identical conformers
were eliminated from the final set of minimized conformers of the GSLs. Geometry and
energy criteria were applied to this. The identity of the conformers was tested by calcu-
lating the rms deviation of their cartesian coordinates, and the conformers with identi-
cal rms deviations were discarded from the set. Where a low rms difference between
two conformers was obtained, their energy values were used to judge the identity of the
two conformations. The rms values were also used to divide the conformers into
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families (clusters). The population distribution xi for the different conformers was cal-
culated assuming the Boltzmann distribution at 298 K.

Two independent sets of calculations were carried out. In the first, the standard MM2
value of the dielectric constant (ε = 1.5) was applied. In the second, a dielectric con-
stant of 4 was used, a value appropriate for carbohydrates, in accordance with the pro-
posal of French and Dowd22. The value of the dielectric constant for glucosyl-ceramide
conformational analysis, performed by the MM3 method, has been tested re-
cently (ε = 1.5; 4 and 80) by Nyholm et al.10,11. The dielectric constant ε = 4 has also
been shown10 to be consistent with the experimental observations23 (ε between 4 to 10)
for the head-group region of phospholipids; corresponding experimental data for gly-
colipids are unavailable so far.

Molecular Dynamics (MD)

The DISCOVER program (Versions 2.95) of Biosym Technologies of San Diego, run-
ning on a Silicon Graphics workstation, was used for molecular dynamics simulations.
No carbohydrate or lipid-specific alteration was applied to the standard Consistent
Valence Force Field24–26 (CVFF). Equation (1) illustrates the analytic forms of the en-
ergy terms used optionally in CVFF:

Epot = ∑ 
b

Db(b − b0)2 + ∑ 
Θ

HΘ(Θ − Θ0)2 + ∑ 
Φ

HΦ[1 + s cos (nΦ)] + 

+ ∑ 
χ

Hχχ2 + ∑ 
b

∑ 
b′

Fbb′(b − b0)(b′ − b′0) + ∑ 
Θ

∑ 
Θ′

FΘΘ′(Θ − Θ0)(Θ′ − Θ′0) + 

+ ∑ 
b

∑ 
Θ

FbΘ(b − b0)(Θ − Θ0) + ∑ 
Φ

FΦΘΘ′ cos Φ(Θ − Θ0)(Θ′ − Θ′0) +

∑ 
χ

∑ 
χ′

Fχχ′χχ′ + ∑ ε[(r∗/r)12 − 2(r∗/r)6] + ∑ qiqj/εrij  . (1)

The first four terms in Eq. (1) represent the energy of distortion of the bond lengths (b),
bond angles (Θ), torsional term (Φ) and out-of-plane interactions with the correspond-
ing force constants D and H. The next five contributions are off-diagonal or cross-
terms. The last two terms in Eq. (1) correspond to the non-bonding (Lennard–Jones
function) and electrostatic contributions with point-charges (qi and qj). In addition to
the molecular dynamics simulation considering all terms in Eq. (1), simulations with a
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simplified potential energy function, i.e. omitting all cross-terms from Eq. (1), are also
presented for the model glycolipid molecules.

The Verlet algorithm was used for the integration of Newton’s equations of motion
with the leapfrog version. No CUTOFFs or SHAKE approximation was applied during
the calculations in the all-atom approach. In contrast to the MM2 method described
above, heteroatom lone pairs are not required within the frame of the CVFF. The
atomic point-charges, necessary for the electrostatic contribution (Eq. (1)), were estab-
lished using the automatic assignment procedure of the BUILDER module in the INSIGHTII
program of Biosym Technologies, in accordance with the pre-set CVFF parametriza-
tion. Several molecular dynamics simulation protocols (up to 1 000 ps) were carried out
at 300 K with a 1 fs integration step. The thermodynamic parameters, the atomic veloc-
ities and coordinates during the simulation period were saved for further processing at
time intervals of 0.25 ps. The ANALYSIS module of the INSIGHTII was used to
examine the trajectories. For the analysis, an 1 ps interval was set to read in trajectory
data. The time dependences of the simulation temperature and the total energy of the
molecule, composed of the potential and kinetic energies, were selected as the main
parameters to assess the stability of the simulation. After the equilibration period (20 ps
for each molecule), only small fluctuations around the equilibrium values were observed
and no intervention was thus necessary to maintain the simulation temperature.

The lowest-energy conformers from the RAMM modelling were used as the starting
geometries for the molecular dynamics simulation. At the beginning of the simulation,
all geometries were re-optimized to achieve low gradients in the CVFF force field. As
in the RAMM modelling, two sets of molecular dynamics simulations with dielectric
constant values of ε = 1 and ε = 4 were carried out.

The DISANA program was used for the trajectory analysis and for calculation of the
counts of occurrence of the given torsional angle within a certain conformational re-
gion. The time-averaged values and standard deviations of the geometric parameters
were also calculated by DISANA.

Model

The scheme of β-galactosyl-ceramide is shown in Fig. 1 (the atom numbering and con-
formational variables, i.e. torsional angles, are defined in accordance with Sundaralin-
gam27). Since the number of rotatable torsional angles is high (exceeding 40), the
multiple-minimum problem28 is encountered in the glycolipid molecule. As a conse-
quence, a systematic conformational sampling of all degrees of freedom is difficult on
the molecular mechanics level. Li and Scheraga29 have shown for the Monte Carlo
algorithm that the efficiency of sampling of the conformational space of biomolecules
can be increased if the number of the variables (torsional angles) is reduced. In the case
of the glycolipid molecules, where the conformational behaviour of the saccharide-ce-
ramide linkage is of particular interest, several simplifications can be made to increase
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the efficiency of the molecular mechanics sampling protocol and thus to save computer
time. First, assuming a high probability of the all-trans orientation of the –C–C–C–C–
torsional angles in the hydrocarbon chains of the lipidic part, the chains can be short-
ened to a few atoms. Second, it is convenient to replace the monosaccharide moiety by
an unsubstituted pyranose ring, that is, to substitute the glucose or galactose residues
present in native, natural monoglycosyl-ceramides with a tetrahydropyran (THP) mole-
cule having no primary or secondary hydroxy groups. In addition to saving computa-
tion time, the asset of such a model is that it represents both galacto- and
gluco-ceramides; the drawback of the model is that the occurrence of the lateral intra-
molecular hydrogen bonding between the pendant groups of the monosaccharide and
the lipidic part is explicitly excluded. Still, the model is physically meaningful because
it represents the optional hydrogen bonding between the glycosidic or ring oxygens of
the model head group and the amide or oxygen atoms of the lipidic part.

Four model molecules were set up to study the effect of the ceramide substitution on
the saccharide-ceramide linkage: with or without a hydroxyl group in the fatty acid
chain, and with or without a double bond between the C4 and C5 atoms in the sphingo-
sine chain. The models are designated as follows: HD a glycolipid with both a hydroxy
group in the fatty acid chain and the C4=C5 double bond present in the sphingosine
chain of the molecule; HS a glycolipid having a hydroxy group in the fatty acid chain
and with no multiple bonds in the hydrocarbon chain; ND a glycolipid without any
hydroxy group in fatty acid and with the C4=C5 double bond in the sphingosine chain;
and, finally, NS the unhydroxylated model molecule with all C–C bonds saturated.

The conformational energy profiles, calculated for all above models, are presented as
two-dimensional energy maps for selected pairs of torsional angles, mainly α1, α2 and
Θ1. The conformational space for the other torsional angles, in the case of the molecu-
lar mechanics conformational search, was sampled in a random manner and the geo-
metry of the low-energy conformations was also optimized. For the molecular
dynamics calculation the resulting trajectories of the torsional angles are represented as
time dependences of the angles, or as two-dimensional plots, showing the distribution
of the torsional angles in the α2, α1 and α1, Θ1 space.

In both sampling protocols – random molecular mechanics and molecular dynamics
– only the properties of the isolated glycolipid molecule were modelled, without ex-
plicit inclusion of molecules of the biological environment (proteins, membranes, water
of counter ions). Because modelling of the conformational properties of the saccharide-
lipid linkage was the main goal of the present study aimed specially at ascertaining the
existence of hydrogen bonding between the amide N–H and oxygen of the pyranose
ring or glycosidic linkage, we consider the approximation of the isolated molecule ap-
propriate.
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RESULTS AND DISCUSSION

Conformational Flexibility

Four sets of molecular dynamics simulations were carried out for the four molecules
under study: with and without the cross-energy terms (see Eq. (1)), both with dielectric
constants of 1 and 4. As selected examples of results of the 16 simulations, Figs 2–5
illustrate the summaries of the molecular dynamics trajectories (i.e. time dependences)
for the four model molecules, considering all cross-energy terms in Eq. (1) and the
electrostatic part calculated with a dielectric constant of 4. As the energy profiles dem-
onstrate (“Total E” on the right bottom in the figures), all of the simulations were fairly
stable. The average temperature and energy values and the standard deviations, as cal-
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FIG. 2
Time-dependences (trajectories) of selected torsional angles and of the total energy of the HD mole-
cule as obtained from a 1.02 ns molecular dynamics simulation, calculated by the DISCOVER pro-
gram. All cross-energy terms were included in the CVFF force field simulation at T = 300 K with a
dielectric constant ε = 4. The starting geometry of the molecule is shown in the middle of the figure.
The trajectories of the torsional angles, illustrating the conformational changes of the sugar-ceramide
linkage and the mobility of the lipidic chains (α2, α1, Θ1, Θ3, γ1, γ2, β1, β2 and β3 starting in upper-
left graph); the trajectory of the total energy of the simulated system is shown in the bottom-right
graph
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culated by DISCOVER, are summarized in Table I. Similar energy curves (not shown)
were also obtained from the simulation with ε = 1 and from the two consequent simpli-
fied simulations without explicit inclusion of the cross-energy terms. The small devia-
tions from the mean values further confirm the stability of the simulation. The 4C1 chair
conformation of the pyranose ring was stable during all 16 simulations and no chair-
skew interconversions were observed. Also the CO–NH bond remained trans, with in-
significant fluctuations about the time-averaged value (see “Beta 2” in the Figures).
The same is valid for the C4=C5 double bond in the HD and ND molecules (see
“Gamma 2” in Figs 2 and 4). On the other hand, where there was a single bond between
C4 and C5 (HS and NS molecules in Figs 3 and 5), several excursions from the domi-
nant ap to ±sc orientations occurred with a longer life-time on the time-scale for the HS
molecule. The changes in the β1 and the β3 torsional angles (“Beta 1” and “Beta 3” in
the figures) are similar for the molecules studied, but with fewer transitions from the
dominating +sc region for HS and HD than for NS and ND.

The conformational flexibility around the α2 and α1 torsional angles is also similar
for all of the molecules studied. This was confirmed with both modelling protocols,
molecular mechanics (see the two-dimensional conformational energy plots for these
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FIG. 3
Trajectories of the HS molecule. Description as in Fig. 2
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angles, calculated with RAMM and shown in Fig. 6) and molecular dynamics (see the
two-dimensional representation of the 1.02 ns trajectories as α2 and α1 scattering in Fig. 7).
Both figures were obtained at low dielectric constants (1.5 for RAMM and 1 for
CVFF). Increasing the dielectric constant to 4 has no appreciable effect on the shape of
the energy curves or on the scatter of the α2 and α1 angles analyzed. In accordance with
the consequences of the exo-anomeric effect for the equatorial glycosidic bond, the –sc
region of the α2 angle defines the dominant conformation but the molecules also probe
the conformational regions directed toward the +sc orientation of the given angle. For
all the molecules studied, the main conformational region for α1 is between the +ac and
ap regions and the fluctuations from this region vary only slightly from molecule to
molecule.

The agreement of the calculated conformational preference for the α2 angle (–sc
orientation for all molecules under study) with the crystallographic data of native (–79°
and –84° for the two molecules in a unit cell of CER, ref.7) and methylated galactosyl-
ceramide (–69° in MCER, ref.4) is good. It should be pointed out that no special energy
terms were used in the RAMM calculations to account for the exo-anomeric effect. The
second conformational region for α2 is located in the +sc region. The population of this
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FIG. 4
Trajectories of the ND molecule. Description as in Fig. 2
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region is below 5.2% (Table II). Whereas there is no experimental evidence for the
occupancy of the +sc region of α2 for glycosyl-ceramides, this conformer was observed
several times for phospholipids, as demonstrated, for example, by the crystallographic
data of GPC, 64° (ref.30), LPPC, 86° (ref.31), PE, 51° (ref.31), DLPE, 58° (ref.32) and
DMPC, 68° (ref.33). Neither the differences in the chemical composition of the ce-
ramide part nor the value of the dielectric constant used in calculation affected the
preference of the dominating –sc conformational region of α2.

Table III summarizes in detail the results of flexibility of the α2, α1, Θ1 torsional
angles from all MD simulations as calculated by the DISANA program. The time-aver-
aged values from the entire simulation are indicated in bold. The mean values within
the occupied conformational regions of the α2, α1, Θ1 torsional angles are given for all
the 16 molecular dynamics simulations. If the mean value of the torsional angle, char-
acterizing the dominant conformational region, approaches the time-averaged value
from the whole simulation, low flexibility with one dominant conformation is assumed.
Several examples are given in  Table III.

The main difference in the conformational freedom of the molecules under study
appears in the flexibility of the Θ1 torsional angles. Transitions between the different
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Trajectories of the NS molecule. Description as in Fig. 2
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conformational regions of the Θ3 and γ1 angles are also predicted by the MD simula-
tions (see Figs 2–5 for illustration). But because the direct influence of these angles on
the ceramide-sugar orientation is presumably of lower importance than that of the Θ1

angle, we will not discuss the conformational changes around the Θ3 and γ1 angles in
detail.

There are three low energy conformational regions for the Θ1 angle: +sc located
around 60°, ap around 180°, and –sc around –60°. The localization of these regions is
evident from the RAMM modelling and is illustrated in Fig. 8 where the two-dimen-
sional α1/Θ1 conformational energy plots are presented. The conformational energy
profiles shown were calculated with a dielectric constant of 4. The influence of the

TABLE I
Averaged energy and temperature values and standard deviations (SD) of glycolipid molecules.
CVFF parametrization in 1.02 ns DISCOVER molecular dynamics simulation at 300 K with all
cross-energy terms included and dielectric constant ε = 4. The energies are in kcal/mol (1 kcal/mol =
4.1868 kJ/mol), the temperature in K

Molecule Parameter
20 ps equilibration 1 000 ps simulation

average SD average SD

HD Total energy 106.647 5.892 107.914 1.741

Potential energy  66.424 5.948  67.641 3.593

Kinetic energy  40.223 1.123  40.273 3.358

Temperature 299.868 8.369 300.241 25.034 

HS Total energy 113.047 6.263 111.768 1.742

Potential energy  71.019 6.329  69.705 3.681

Kinetic energy  42.028 1.178  42.063 3.467

Temperature 299.990 8.411 300.239 24.750 

ND Total energy 100.638 5.830 101.759 1.663

Potential energy  61.298 5.894  62.383 3.546

Kinetic energy  39.340 1.102  39.376 3.326

Temperature 299.951 8.399 300.222 25.362 

NS Total energy 106.586 6.372 105.465 1.653

Potential energy  65.466 6.450  64.299 3.621

Kinetic energy  41.120 1.216  41.166 3.429

Temperature 299.891 8.872 300.225 25.007 
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dielectric constant on the shape of the profiles, as resulted from the RAMM modelling,
is only moderate. The main conformational regions are those at ap/–sc, +ac/ap for
α1/Θ1. The population of the third region, located approximately at ap/+sc, is low due
to the higher energy of this minimum.

The MD simulation (ε = 1, no cross-energy terms) indicates that the main conformational
region for α1 is centered around 180° with the following average values: HD: 180.0°
(57.3%); HS: 175.6° (58.8%); ND: 175.5° (48.8%); NS: 175.4° (58.5%) (the values in
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FIG. 6
Conformational energy maps (α2/α1), calculated by RAMM (ε = 1.5). Energy levels up to 10 kcal/mol
above the global minimum with a 1 kcal/mol interval are shown, the low-energy contours (1–7 kcal/mol)
in white and the higher energy contours (9–10 kcal/mol) in black. The colour scale for filling the
conformational regions is opposite, i.e. dark for minima and white for regions above 10 kcal/mol. a
HD, b HS, c ND, d NS model molecules
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FIG. 7
Fluctuation of the α2/α1 torsional angles, as obtained from the 1 020 ps molecular dynamics simula-
tion (asterisks). a HD, b HS, c ND, d NS model molecules
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TABLE II
Boltzmann distribution xi (%) of the –sc and +sc rotamers of α2 at 25 °C

Molecule
ε = 1.5 ε = 4.0

–sc +sc –sc +sc

HD 98.12 1.53 97.18 1.92

HS 99.75 0.19 99.76 0.15

ND 94.64 5.19 98.03 1.42

NS 99.98 0.01 99.92 0.0 

0         60      120     180     240     300     360α2

360

300

240

180

120

 60

  0

α1 d

0         60      120     180     240     300     360α2

360

300

240

180

120

 60

  0

α1 a

0         60      120     180     240     300     360α2

360

300

240

180

120

 60

  0

α1 b

1418 Galova, Kozar:

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



brackets indicate the time proportion of the 1 020 ps interval during which the α1 angle
oscillates within the given conformational region). In accordance with the MD, addi-
tional well-defined minima for α1 are located in the +ac region around 120° and the –ac
regions around –120° (Table III).

Performing MD simulations with different computational set-ups, we observed signi-
ficant differences in the flexibility around the Θ1 dihedral angles. Figure 9 shows the
two-dimensional plots of the scattering of the α1/Θ1 angles for all prototype molecules
as emerged from the 1.02 ns molecular dynamics simulation. In this example (a dielec-
tric constant of 1 was used in the electrostatic part and no cross-energy terms included
in the energy expressions), only one preferred conformational region (–sc) for the Θ1 angle
was obtained, in contrast to the molecular mechanics calculation. On the other hand,
the distribution for α1 is very similar to the prediction from molecular mechanics and is
ranging between +ac and ap with a certain spread out toward –ac.

When all cross-energy terms were included in the calculation, in the case of HD and
HS the preference of the –sc region prevailed, whereas in the case of ND and NS the
Θ1 angle jumped immediately during the equilibration period to the +sc domain. The α1

distribution was not influenced appreciably.
In the molecular dynamics simulation with the same calculation setup (i.e. cross-energy

terms included) but with a dielectric constant of 4, the α1/Θ1 scattering (not shown) was
even more diverse for the Θ1 angle: –sc for HD, ap for HS, ap and certain occupancy
of +sc for ND, and +sc becoming the main conformational region for NS. Diverse
results were also obtained for the same angles from the simulation with a dielectric
constant of 4 and with no cross-energy terms. Here, the results for the NS and ND
molecules are equivalent to the simulation with the dielectric constant of 1 and with no
cross-terms. The α1/Θ1 scattering for HD is located mainly in the ap region for Θ1.

The most interesting scattering of the α1/Θ1 angles was obtained for the NS mole-
cule, where all the three possible minima for Θ1 occur, with the approximately 60 : 32%
ratio of occurrence of Θ1 in the +sc and ap regions and a lower occupancy of the –sc
region (Table III). The dielectric constant of 4 was used in this MD simulation and the
cross-energy terms were not included. This example shows the best agreement of the
conformational behaviour of the Θ1 angle as emerged from the molecular dynamics
simulation with the findings from the RAMM modelling and from the recent conforma-
tional study of related molecules10,11.

Conformational Equilibrium

The α2, α1 and Θ1 torsional angles can be regarded as the most important parameters to
characterise the carbohydrate-ceramide connection. In the previous section, two-dimen-
sional conformational energy maps and two-dimensional scattering have been used to
obtain essential information for the distribution of these angles. The conformational
energy maps can be considered as “superposed adiabatic” profiles, because each grid
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point in the maps reflects the “best”, i.e. the lowest-energy orientation of each torsional
angle in the molecule. This was achieved by using the random-walk protocol of
RAMM for the Θ1, Θ3, γ1, γ2, β1, β3 angles when the α2, α1 map was calculated. The
equivalent protocol for α2, Θ3, γ1, γ2, β1, β3 was used during the calculation of the α1,
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FIG. 8
RAMM α1/Θ1 conformational energy maps, calculated by using a dielectric constant of 4. Colour
scheme as in Fig. 6. a HD, b HS, c ND, d NS model molecules
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Θ1 profile. All of the conformations which were indicated as local minima on the two-
dimensional surface (bordered within 10 kcal/mol above the global energy minimum of
the surface) were selected for further processing, i.e. global energy minimization. The
total numbers of final low-energy conformations which were dependent on the confor-
mational energy surface and the selection protocol (see the rms description in the
METHODS section) of the glycolipid molecule, are summarized in Table IV.

The equilibrium distribution of the conformers as a function of the α2, α1 and Θ1

torsion angle is summarized in Table V. In accordance with the RAMM two-dimen-
sional potential energy surfaces and the results of consecutive geometry optimization
(see Table V), two families of conformations are prevalent in the equilibrium mixture:

Conformers with α2/α1/Θ1 = –sc/ap/–sc (Fig. 10). This family of conformations is
stabilized by the antiparallel orientation of the C1–O1 and N1–H bond dipoles. When a

FIG. 9
Scattering of the α1/Θ1 torsional angles, as obtained from the 1 020 ps molecular dynamics simula-
tion (asterisks). a HD, b HS, c ND, d NS model molecules
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TABLE IV
Number of low-energy conformers with populations contributing to the equilibrium mixture, obtained
from RAMM conformational search calculated with different values of dielectric constants ε

Molecule
ε

1.5 4.0

HD 13 21
HS 11 22

ND 12 22

NS 10 14

TABLE V
Number of conformers, n, found for the given family characterized by the values of α2, α1 and Θ1

torsional angles, equilibrium population of the conformer family and relative energy of the lowest-en-
ergy conformation in the family related to the global energy minimum of the molecule calculated by
RAMM with dielectric constants 1.5 and 4. Only those conformations which contribute more than
1% to the equilibrium mixture (calculated at 25 °C) are given. The relative energies are in kcal/mol
(1 kcal/mol = 4.1868 kJ/mol)

Molecule
Dihedral

angle α2/α1/Θ1

ε = 1.5 α = 4.0

n xi ∆E n xi ∆E

HD –sc/+ac/ap 3 51.7 0.0 2 10.5 0.79

–sc/ap/–sc 5 46.4 0.34 4 78.8 0.0 

–sc/+ac/–ac 1  6.3 0.97

+sc/–ac/–sc 3 <1  2  1.7 1.49

–sc/ap/ap 1  1.1 1.65

HS –sc/+ac/ap 4 95.9 0.0 4 45.8 0.13

–sc/ap/–sc 3  3.9 1.41 5 49.8 0.0 

–sc/+ac/–sc 1 <1  1  3.2 1.02

ND –sc/+ac/ap 3 49.7 0.0 2 33.6 0.04

–sc/ap/–sc 3 45.0 0.18 4 63.1 0.0 

+sc/–ac/–sc 3  5.1 0.84 2  1.3 1.34

NS –sc/+ac/ap 4 98.0 0.0 4 39.2 0.38

–sc/ap/–sc 2  1.8 1.50 3 57.7 0.0 

–sc/+ac/–sc 1 <1  1  2.4 1.23

1426 Galova, Kozar:
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HD                                               HS                                      ND                                      NS

FIG. 10
Superposition of the low-energy conformers with α2/α1/Θ1 = –sc/ap/–sc as obtained from the RAMM
conformational search and subsequent geometry optimization. The intramolecular hydrogen bonding
is indicated by a broken line. Dielectric constant ε = 1.5 (top) and ε = 4 (bottom)

HD                                        HS                                ND                                  NS

FIG. 11
Superposition of the low-energy conformers corresponding to the α2/α1/Θ1 = –sc/+ac/ap family of
conformations. The intramolecular hydrogen bonding is indicated by a broken line. Dielectric con-
stant ε = 1.5 (top) and ε = 4  (bottom)
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low dielectric constant value was used during the RAMM conformational search, the
equilibrium population of the molecules with C4–C5 single bond (HS, NS) was consider-
ably reduced. On the other hand, if a double bond between the C4–C5 atoms in the
sphingosine chain is present (HD and ND), this family of conformers is populated almost
50%. The same conformational search with a dielectric constant of 4 provided quite a
different prediction of the equilibrium mixture: although the –sc/ap/–sc family remains the
main conformation for all types of molecules, the contribution is different: the lowest
value of 49.8% was obtained for the HS molecule and the highest value 78.8%, for the
HD molecule. The distributions for ND and NS are similar, near 60%.

Conformers with α2/α1/Θ1 = –sc/+ac/ap. As indicated by broken lines in Fig. 11,
many conformers in this family are stabilized by intramolecular hydrogen bonding between
the amide hydrogen and the oxygen of the pyranose ring. The population of this family
of conformers reaches almost 100% for molecules with a single bond in the sphingosine
chain (HS and NS, see Table V). This distribution is valid for conformational search
with a dielectric constant of 1.5. On the other hand, in the case of the molecules with a
double bond (HD and ND), the conformer family contributes 50% to the equilibrium.
The results of the conformational search with ε = 4 indicate a still larger decrease in the
contribution of this family to the equilibrium: 10.5% for HD, 45.8% for HS, 33.6% for
ND, and 39.2% for NS.

The structure of the hydrocarbon chains has a minor effect upon the orientation of
the sugar-ceramide linkage.

CONCLUSIONS

A similar conformational flexibility for the α2, α1 torsional angles is predicted for all
the model glycolipid molecules under study, independently of the modelling protocol
used, i.e. random molecular mechanics (RAMM) or molecular dynamics (MD). Also,
the value of the dielectric constant and other parameters used in the calculation setup
(i.e. the use of the cross-energy terms in the energy expression) does not affect appreci-
ably the conformational fluctuation in the direction of those angles.

A different conformational flexibility is predicted for the Θ1 torsional angle. Based
on the population distribution of conformers using the RAMM energies (dielectric con-
stant 1.5) we can assume that the molecules with the single bond in the sphingosine
chain strictly prefer the ap conformer for the Θ1 angle. In contrast to this, the prototype
molecules containing a double bond in the ceramide part exhibit a conformational
equilibrium between the ap and –sc conformations. Applying a dielectric constant of 4,
a conformational equilibrium between the two conformations is also obtained for the
HS and NS molecules with the single bond in the sphingosine chain.

Molecules similar to our HD and ND, namely GlcCer(h) (i.e. β-D-glucosylceramide
with 2-D-hydroxy fatty acid) and GlcCer(n) (i.e. β-D-glucosylceramide containing 4
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sphingenine), have been studied recently by Nyholm and Pascher10,11. Our prediction
for the +sc : ap : –sc population of the rotamers for Θ1 (calculated at ε = 1.5) is similar
to the results for the more complex molecules of GlcCer(h) and GlcCer(n) calculated
with ε = 4 and GlcCer(h) calculated with ε = 1.5 (refs10,11). This indicates that the presence
of hydroxylic groups in glucose may not affect the Θ1 rotamer populations considerably.
On the other hand, when compared, the results obtained with the same dielectric con-
stant are in a poorer agreement. The +sc : ap : –sc ratio of Θ1 for the two molecules,
GlcCer(h) and GlcCer(n), exhibits a similar value at ε = 80 (GlcCer(h)/10 : 56 : 34;
GlcCer(n)/11 : 55 : 33) and ε = 4 (GlcCer(h)/4 : 44 : 52; GlcCer(n)/4 : 47 : 48), whereas
at ε = 1.5 the ratios differ substantially (GlcCer(h)/0 : 49 : 51, GlcCer(n)/1 : 75 : 23)10.
Table V demonstrates that our equilibrium results for the four molecules studied are
more sensitive to the dielectric constant than the values of Nyholm and Pascher10.
The differences can be due to the different geometric models – the totally flexible
model used in the RAMM calculation while part of the molecule fixed in ex-
perimental geometry for GlcCer(h) and GlcCer(n). In addition, the dielectric
constant dependent scaling of the bond lengths of the amide group as a part of the
original MM2 parametrization can induce some changes in the geometric and
energy properties of the molecule, which are more appreciable in the fully relaxed
model.

The prediction of the conformational flexibility for the Θ1 torsional angles has also
been shown to be very sensitive to the optional parameters used in the molecular dy-
namics simulation. In the majority of the different simulations we did not observe all of
the three possible conformations, i.e. +sc, ap and –sc of Θ1, simultaneously. In fact, a
single conformational region was predicted for the Θ1 angle. The dominant conforma-
tion differed from molecule to molecule. It seems obvious that the duration of the MDs
(1ns) failed to be long enough to sample all the assumed conformational regions. This
problem of conformational sampling for the Θ1 angle could probably be overcome by
following the proposal of Sun and Kollman34, i.e. by increasing the simulation tempera-
ture. Sun and Kollman suppose that increase in the simulation temperature contributes
to the efficiency of the conformational space sampling more than the expansion of the
simulation time scale. Moreover, the influence of the force field parametrization as one
of the possible sources of diversity of the results of the conformational flexibility for
the Θ1 torsional angle, as obtained from the molecular dynamics simulations, should be
further investigated.

Finally, taking into account the complexity of the real biological membranes, the
inter- and intramolecular interactions between the large molecular assemblies com-
posed of lipids, proteins, ions and solvent molecules should be modelled and analyzed.
The “quality” of the parametrization of the force field method is equally important for
such comprehensive studies of membrane fragments. From this point of view, the test-
ing and comparison of the ability of the available computational methods to properly
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predict molecular conformations is a very important preparatory step for state-of-the-art
computer modelling of the dynamics of real membrane fragments.
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