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Conformational analysis was performed for model glycosphingolipid molecules with a view to stu
the effect of structural variability of the lipidic part and its flexibility on the saccharide-cerar
linkage. In addition to systematic and random molecular mechanics sampling techniques (the |
program), molecular dynamics simulations (Biosym DISCOVER program) were carried out to
lyze the conformational energy surface of the model glycolipid molecules. The influence of the
tural variability and flexibility of the lipidic part is demonstrated by prediction of the stability
different conformations around the carbohydrate-ceramide linkagea Jtog and©, torsional angles
are the most important structural parameters with respect to the carbohydrate-ceramide coni
Two dominant conformations for the saccharide-ceramide linkage were observed, watfiot{i®,
dihedral angles in thesg+ad/ap and -sdap/—sc regions. While each of the calculation methods p
dicts similar flexibility in thea,/a,; space, the flexibility around th®, angle differs considerably,
reflecting the parametrization and set-up of the modelling protocol.

Key words: Glycosphingolipids; Monoglycosyl-ceramid@;Glycosidic linkage; Molecular mechanics
Molecular dynamics; Conformational analysis.

Glycolipids (GLs), in particular glycosphingolipids (GSLs), are structurally heterc
neous groups of membrane components that are found in biological species r:
from bacteria to the human organism. GSLs consists of mono- or oligosacch
whose reducing end is glycosidic-linked to ceramide. GSL molecules perform ve
biological functions in membrantsand are of interest with respect to their role
receptors for bacteria and virude3he structural heterogeneity of GSLs includes
structural diversity of both the saccharide and ceramide parts of the molecules. |
studies on GSLs suggest that not only the structure and orientation of the sacc
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chain at the membrane surface but also the structural variability of the ceramid
(i.e. unsaturation of the sphingosine chain and hydroxylation of the fatty acid cha
important for the recognition of GSLs by antibodies and bacterial adhesines, fc
binding activity and membrane stabifit}>. As yet, the role which the structural var
ability in the ceramide part of GSLs plays with respect to the orientation of the
charide head group relative to the bilayer has not been recognized. One of the r
is the difficulty in the preparation of appropriate amounts of pure and well-def
GSLs-species for experimental studies.

For few monoglycosyl-sphingolipids molecuiéd was the three-dimensional stru
ture determined by diffraction studies. NMR conformational studies are also rare
literaturé. Moreover, the saccharide head group can take two orientations — para
perpendicular — relative to the layer (cell) surface. This is why computer experin
directed to static or dynamic modelling of the conformational behaviour of glycoliy
can contribute substantially to our understanding of the driving forces that dete
the stability of the molecular conformations.

Conformational analysis o8-D-glucosylN-(2-D-hydroxyoctadecanoylp-dihydro-
sphingosine §-glucosyl-ceramide) was introduced by Wynn, Marsden and R8kasor
most a decade ago. Using empirical energy functions and the simplex methc
geometry optimisation, the authors were able to show that the lowest-energy con
tion of theB-glucosyl-ceramide assumes a parallel orientation of the monosacch
moiety to the membrane bilayer. These findings were supported by X-ray stru
studies off3-galactosyl-ceramide Wynn et aP used the simple 6-9 potential enerc
function to describe non-bonding interactions and point-charge approximation fc
electrostatic term. In recent conformational studies, Nyholm &t%t applied the
well-established molecular mechanics method of Allinger (versions MM2-872re
and MM3 (ref!®)) to analyze native and methylated monoglycosyl-ceramides
MM2/MM3 the electrostatic energy contribution is described by bond dipoles. Cot
rently, the semiempirical quantum chemical AM1 method (using the MOPAC prog
was also introduced to calculate the energies of selected conformatifsdumiosyl-
ceramidé®.

As has been shown for the native cerebrdsittee hydrogen bonding between tt
amide N-H group and the glycosidic oxygen is responsible for the orientation c
monosaccharide head-group. If this hydrogen bond is present, the monosacc
orients parallel to the layer. If the hydrogen bond is absent, e.g. in the case
permethylated structure, the monosaccharide is oriented perpendicular to the b
The ©, torsional angle (see Fig. 1) plays an essential role in the description c
orientation of the GSL structures relative to the membrane surface. Nyholrfretva.
shown that the amide-glycosidic oxygen intramolecular hydrogen bond occurs i
—scorientation of the, angle around the C1-C2 bor@, = —75). The 4sc (0, = 69)
andap (©, = -175) minima were found 2.2 and 2.0 kcal/mol less stable as the gl
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—sc minimum. A comparison of 11 crystallographic data of relevant glycolif
(glycerolipids also considered) showétat the &c: ap : —scratio of the®,; angle
is 1 : 8 : 8. Thus the prediction of preference of teecrientation, as emerged fror
the MM2 calculation, seems to be reasonable.

All of the calculations discussed were static in their nature and did not take
account the time dependence of the conformational changes in the glycolipid
cules. The necessity of including dynamic features into theoretical studies on
brane components is beyond doubt. Molecular dynamics simulations are capa
modelling the motions of molecules. They are increasingly applied to explore the
formational space of carbohydrat&sSimilarly, molecular dynamics simulations ha
been applied with success to the investigation of phosphditpfsTo our knowledge,
molecules of monoglycosyl-ceramides have not yet been studied by this tool. Th
mary aim of the presented study was to bridge the gap between the static and d
conformational search protocols for this type of glycoconjugates. This work shall

Fe. 1
Monogalactosyl-ceramide; atom numbering
according to Sundaralingh&m The torsional
angles are designated as follows; =
05"-C1"-01-Cl;0, = C1"-01-C1-C20,
01-C1-C2-C3®5 = C1-C2-C3-C4y, =
C2-C3-C4-C5y, = C3-C4-C5-C6;
C1-C2-N1-C% B, = C2-N1-C1-C2; B; =
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
ability of the ceramide part and the preferred conformational regions of the carl
drate-ceramide linkage.

COMPUTATIONAL METHODS

Molecular Mechanics

GSLs are highly flexible molecules. As indicated with Greek letters in Fig. 1, ther
over 40 rotatable bonds in a monogalactosyl-ceramide molecule around which c
mational changes can take place. Regular-grid conformational search considering
the rotational degrees of freedom is not practical even on the platform of state-c
art workstations. An alternative approach has been proposed, referred toRasnthe
dom, Molecular Mechanic* (RAMM) protocol, which optionally combines thre
independent calculation method$) (andom sampling of the-dimensional conforma-
tional energy surface 2 regular-grid conformational search for selected torsio
angles, and3) minimization of molecular energy. Combinations of all of these opti
have been used in the present study: (i) regular scanning of the conformational ¢
surface for selected pairs of torsional angles (two-dimensional sections from t
dimensional surface), (ii) random generation of ensembles with different tors
angles, (iii) simultaneous optimization of the torsional angles of low-energy confor
from randomly generated ensembles, and (iv) consequent global optimization

degrees of freedom, i.e. all internal coordinates (torsional and bond angles anc
lengths) for both the regular-grid and random-generated geometries. The energy
lation for all steps (i) through (iv) follows the well-established MM2-87 force field
Allinger*?. Bond dipoles were used in the electrostatic energy contribution. Lone

were included for all heteroatoms. No special function was added to account f
drogen bonding, which in the MM2 series is directly included in the force-field p
metrization.

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

Two independent sets of calculations were carried out. In the first, the standard
value of the dielectric constard € 1.5) was applied. In the second, a dielectric c
stant of 4 was used, a value appropriate for carbohydrates, in accordance with tt
posal of French and Dow#l The value of the dielectric constant for glucosyl-ceram
conformational analysis, performed by the MM3 method, has been teste
cently € = 1.5; 4 and 80) by Nyholm et #1 The dielectric constargt= 4 has also
been showt’to be consistent with the experimental observatitfasbetween 4 to 10)
for the head-group region of phospholipids; corresponding experimental data fo
colipids are unavailable so far.

Molecular Dynamics (MD)

The DISCOVER program (Versions 2.95) of Biosym Technologies of San Diego,
ning on a Silicon Graphics workstation, was used for molecular dynamics simula
No carbohydrate or lipid-specific alteration was applied to the standandistent
ValenceForce Field?*~26(CVFF). Equation 1) illustrates the analytic forms of the er
ergy terms used optionally in CVFF:

Epot= ) Dpb—bp)? + ) He(@—BOg)*+ ) Holl +scos(nd)] +
b (€] (]
S HX+T S Fopb-b)(0 ~bg) + 5 Y Foe(@- 0@ -0 +
X b b S5
+ Z Z Fro(b = bp)(© — ©p) + Z Fooe COSP(O —Op)(O' - O'g) +
b © (]

>3 XX + 3 el 2690 + 5 qafer; - O
X X

The first four terms in Eql{ represent the energy of distortion of the bond lendihs
bond angles®), torsional term @) and out-of-plane interactions with the correspor
ing force constant® andH. The next five contributions are off-diagonal or cros
terms. The last two terms in Edl) (correspond to the non-bonding (Lennard—Jor
function) and electrostatic contributions with point-charggsid ). In addition to
the molecular dynamics simulation considering all terms in Bg.s{mulations with a
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simplified potential energy function, i.e. omitting all cross-terms from Eg.afe also
presented for the model glycolipid molecules.

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

The lowest-energy conformers from the RAMM modelling were used as the ste
geometries for the molecular dynamics simulation. At the beginning of the simule
all geometries were re-optimized to achieve low gradients in the CVFF force fiel
in the RAMM modelling, two sets of molecular dynamics simulations with dielec
constant values of = 1 ande = 4 were carried out.

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

Model

The scheme of8-galactosyl-ceramide is shown in Fig. 1 (the atom numbering and
formational variables, i.e. torsional angles, are defined in accordance with Sundz
gant’). Since the number of rotatable torsional angles is high (exceeding 40
multiple-minimum problerf? is encountered in the glycolipid molecule. As a con:
guence, a systematic conformational sampling of all degrees of freedom is diffict
the molecular mechanics level. Li and Schefdgmve shown for the Monte Carl
algorithm that the efficiency of sampling of the conformational space of biomolec
can be increased if the number of the variables (torsional angles) is reduced. In tt
of the glycolipid molecules, where the conformational behaviour of the saccharid
ramide linkage is of particular interest, several simplifications can be made to inc
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the efficiency of the molecular mechanics sampling protocol and thus to save con
time. First, assuming a high probability of the all-trans orientation of the —C—C—C(
torsional angles in the hydrocarbon chains of the lipidic part, the chains can be
ened to a few atoms. Second, it is convenient to replace the monosaccharide ma
an unsubstituted pyranose ring, that is, to substitute the glucose or galactose r
present in native, natural monoglycosyl-ceramides with a tetrahydropyran (THP) 1
cule having no primary or secondary hydroxy groups. In addition to saving com
tion time, the asset of such a model is that it represents both galacto-
gluco-ceramides; the drawback of the model is that the occurrence of the lateral
molecular hydrogen bonding between the pendant groups of the monosacchari
the lipidic part is explicitly excluded. Still, the model is physically meaningful bece
it represents the optional hydrogen bonding between the glycosidic or ring oxyge
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 substituti
the saccharide-ceramide linkage: with or without a hydroxyl group in the fatty
chain, and with or without a double bond between the C4 and C5 atoms in the sp
sine chain. The models are designated as follbiidsa glycolipid with both a hydroxy
group in the fatty acid chain and the C4=C5 double bond present in the sphing
chain of the moleculegdS a glycolipid having a hydroxy group in the fatty acid che
and with no multiple bonds in the hydrocarbon ch®i} a glycolipid without any
hydroxy group in fatty acid and with the C4=C5 double bond in the sphingosine ¢
and, finally,NS the unhydroxylated model molecule with all C—C bonds saturated.

The conformational energy profiles, calculated for all above models, are presen
two-dimensional energy maps for selected pairs of torsional angles, majrdy and
©,. The conformational space for the other torsional angles, in the case of the m
lar mechanics conformational search, was sampled in a random manner and tr
metry of the low-energy conformations was also optimized. For the molec
dynamics calculation the resulting trajectories of the torsional angles are represer
time dependences of the angles, or as two-dimensional plots, showing the distri
of the torsional angles in ttee,, a,; anda,, ©, space.

In both sampling protocols — random molecular mechanics and molecular dyni
— only the properties of the isolated glycolipid molecule were modelled, withous
plicit inclusion of molecules of the biological environment (proteins, membranes, v
of counter ions). Because modelling of the conformational properties of the sacch
lipid linkage was the main goal of the present study aimed specially at ascertaini
existence of hydrogen bonding between the amide N-H and oxygen of the pyr
ring or glycosidic linkage, we consider the approximation of the isolated moleculs
propriate.

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



1412 Galova, Kozar:

RESULTS AND DISCUSSION

Conformational Flexibility

Four sets of molecular dynamics simulations were carried out for the four mole
under study: with and without the cross-energy terms (seelgab6th with dielectric
constants of 1 and 4. As selected examples of results of the 16 simulations, Fi
illustrate the summaries of the molecular dynamics trajectories (i.e. time depend:e
for the four model molecules, considering all cross-energy terms inlE@nl the
electrostatic part calculated with a dielectric constant of 4. As the energy profiles
onstrate (“Total E” on the right bottom in the figures), all of the simulations were f:
stable. The average temperature and energy values and the standard deviations
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Time-dependences (trajectories) of selected torsional angles and of the total energdf ritade-
cule as obtained from a 1.02 ns molecular dynamics simulation, calculated by the DISCOVE!
gram. All cross-energy terms were included in the CVFF force field simulatidn=a800 K with a
dielectric constang = 4. The starting geometry of the molecule is shown in the middle of the fig
The trajectories of the torsional angles, illustrating the conformational changes of the sugar-ce
linkage and the mobility of the lipidic chaina,{ a4, ©4, O3, V1, Yo, B1, B, and 35 starting in upper-
left graph); the trajectory of the total energy of the simulated system is shown in the botton
graph
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culated by DISCOVER, are summarized in Table I. Similar energy curves (not sh
were also obtained from the simulation wétk 1 and from the two consequent simp
fied simulations without explicit inclusion of the cross-energy terms. The small dt
tions from the mean values further confirm the stability of the simulation*Chehair
conformation of the pyranose ring was stable during all 16 simulations and no
skew interconversions were observed. Also the CO-NH bond remizares] with in-
significant fluctuations about the time-averaged value (see “Beta 2" in the Figt
The same is valid for the C4=C5 double bond in 2 and ND molecules (see
“Gamma 2" in Figs 2 and 4). On the other hand, where there was a single bond be
C4 and C5KIS andNS molecules in Figs 3 and 5), several excursions from the dc
nantap to xscorientations occurred with a longer life-time on the time-scale foH®he
molecule. The changes in tBg and thef; torsional angles (“Beta 1” and “Beta 3" i
the figures) are similar for the molecules studied, but with fewer transitions fron
dominating scregion forHS andHD than forNS andND.

The conformational flexibility around the, and a; torsional angles is also simila
for all of the molecules studied. This was confirmed with both modelling protoc
molecular mechanics (see the two-dimensional conformational energy plots for
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Trajectories of thedS molecule. Description as in Fig. 2
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angles, calculated with RAMM and shown in Fig. 6) and molecular dynamics (se
two-dimensional representation of the 1.02 ns trajectorias @asda, scattering in Fig. 7).
Both figures were obtained at low dielectric constants (1.5 for RAMM and 1
CVFF). Increasing the dielectric constant to 4 has no appreciable effect on the sh
the energy curves or on the scatter ofdh@nda, angles analyzed. In accordance wi
the consequences of thgo-anomeric effect for the equatorial glycosidic bond, the -
region of theo, angle defines the dominant conformation but the molecules also
the conformational regions directed toward ttse erientation of the given angle. Fo
all the molecules studied, the main conformational regiom fag between the ac and
ap regions and the fluctuations from this region vary only slightly from molecule
molecule.

The agreement of the calculated conformational preference fou.tlamgle (-sc
orientation for all molecules under study) with the crystallographic data of native (
and —84 for the two molecules in a unit cell of CER, fgfand methylated galactosyl
ceramide (—69in MCER, ref?) is good. It should be pointed out that no special ene
terms were used in the RAMM calculations to account foekteanomeric effect. The
second conformational region fag is located in the scregion. The population of this
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Trajectories of theND molecule. Description as in Fig. 2
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region is below 5.2% (Table Il). Whereas there is no experimental evidence fc
occupancy of the seregion ofa, for glycosyl-ceramides, this conformer was observ
several times for phospholipids, as demonstrated, for example, by the crystallog
data of GPC, 64(ref39), LPPC, 86 (ref3!), PE, 5% (ref3l), DLPE, 58 (ref3?) and

DMPC, 68 (ref33). Neither the differences in the chemical composition of the
ramide part nor the value of the dielectric constant used in calculation affecte
preference of the dominatinge-conformational region ofi.,.

Table Il summarizes in detail the results of flexibility of thg a,, ©, torsional
angles from all MD simulations as calculated by the DISANA program. The time-¢
aged values from the entire simulation are indicated in bold. The mean values:
the occupied conformational regions of thg a,, ©; torsional angles are given for a
the 16 molecular dynamics simulations. If the mean value of the torsional angle,
acterizing the dominant conformational region, approaches the time-averaged
from the whole simulation, low flexibility with one dominant conformation is assun
Several examples are given in Table lIl.

The main difference in the conformational freedom of the molecules under
appears in the flexibility of th@®, torsional angles. Transitions between the differe
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Trajectories of theNS molecule. Description as in Fig. 2
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conformational regions of th®; andy; angles are also predicted by the MD simul
tions (see Figs 2-5 for illustration). But because the direct influence of these ang
the ceramide-sugar orientation is presumably of lower importance than that ®f tl
angle, we will not discuss the conformational changes aroun®4laady, angles in
detail.

There are three low energy conformational regions forQheangle: sc located
around 60, ap around 180, and -scaround —60. The localization of these regions |
evident from the RAMM modelling and is illustrated in Fig. 8 where the two-dim
sional a,/©, conformational energy plots are presented. The conformational er
profiles shown were calculated with a dielectric constant of 4. The influence o

TaBLE |
Averaged energy and temperature values and standard deviations (SD) of glycolipid mole
CVFF parametrization in 1.02 ns DISCOVER molecular dynamics simulation at 300 K witl
cross-energy terms included and dielectric constan4. The energies are in kcal/mol (1 kcal/mol
4.1868 kJ/mol), the temperature in K

20 ps equilibration 1 000 ps simulation
Molecule Parameter

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 mode
is only moderate. The main conformational regions are thosg/asc, +ac/ap for
04/0,. The population of the third region, located approximatelgpatsc is low due
to the higher energy of this minimum.

The MD simulationg = 1, no cross-energy terms) indicates that the main conformat
region fora, is centered around 18@vith the following average valuestD: 180.0
(57.3%);HS: 175.6 (58.8%);ND: 175.5 (48.8%);NS: 175.4 (58.5%) (the values in

0 60 120 180 240 300 360 0 60 120 180 240 300 a 360
2

0 60 120 180 240 3000(2360 0 60 120 180 240 3000(2 360
Fic. 6
Conformational energy mapeaa,), calculated by RAMM g = 1.5). Energy levels up to 10 kcal/mc
above the global minimum with a 1 kcal/mol interval are shown, the low-energy contours (1-7 kce
in white and the higher energy contours (9-10 kcal/mol) in black. The colour scale for filling
conformational regions is opposite, i.e. dark for minima and white for regions above 10 kcal/r
HD, b HS, ¢ ND, d NS model molecules
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TasLE Il

Boltzmann distributiorx; (%) of the sc and +sc rotamers ofa, at 25°C

e=15 €=4.0
Molecule
-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
360 T T . . ;
C(l b
300 1
240F . "
1801 * yer
120
60 : i
0 ‘ . ‘ . ,
60 120 180 240 300 360
ap
360 T T 360 T T T
oy c o d
300 f 300 1
240  ° 240
180 |[- . 180
120 120
60 | 60
0 L L | L L 0 L ! : | |
0 60 120 180 240 300, 360 0 60 120 180 240 300, 360
2 2
Fic. 7

Fluctuation of thex,/a torsional angles, as obtained from the 1 020 ps molecular dynamics sir

tion (asterisks)a HD, b HS, ¢ ND, d NS model molecules
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brackets indicate the time proportion of the 1 020 ps interval during whial, #rggle
oscillates within the given conformational region). In accordance with the MD, &
tional well-defined minima foa, are located in theae region around 120and the ac
regions around —12(QTable I1).

Performing MD simulations with different computational set-ups, we observed s
ficant differences in the flexibility around tt&®, dihedral angles. Figure 9 shows tt
two-dimensional plots of the scattering of tg®, angles for all prototype molecule
as emerged from the 1.02 ns molecular dynamics simulation. In this example (a
tric constant of 1 was used in the electrostatic part and no cross-energy terms in
in the energy expressions), only one preferred conformational regigrfq-the®, angle
was obtained, in contrast to the molecular mechanics calculation. On the other
the distribution for, is very similar to the prediction from molecular mechanics an
ranging between ac andap with a certain spread out towarde-

When all cross-energy terms were included in the calculation, in the céi2 afd
HS the preference of theseregion prevailed, whereas in the caseN@f andNS the
©, angle jumped immediately during the equilibration period to ged®émain. The;
distribution was not influenced appreciably.

In the molecular dynamics simulation with the same calculation setup (i.e. cross-e
terms included) but with a dielectric constant of 4,d®, scattering (not shown) wa:
even more diverse for th®, angle: scfor HD, ap for HS, ap and certain occupancy
of +sc for ND, and c becoming the main conformational region fdé6. Diverse
results were also obtained for the same angles from the simulation with a diel
constant of 4 and with no cross-energy terms. Here, the results foiSttaand ND
molecules are equivalent to the simulation with the dielectric constant of 1 and wi
cross-terms. The;/O, scattering foHD is located mainly in thap region for®,.

The most interesting scattering of tbhg/®,; angles was obtained for ti¢S mole-
cule, where all the three possible minima®groccur, with the approximately 60 : 329
ratio of occurrence 0®, in the 4sc andap regions and a lower occupancy of thec-
region (Table Ill). The dielectric constant of 4 was used in this MD simulation anc
cross-energy terms were not included. This example shows the best agreement
conformational behaviour of th®, angle as emerged from the molecular dynam
simulation with the findings from the RAMM modelling and from the recent confor
tional study of related molecufésg?

Conformational Equilibrium

Thea,, a, and©, torsional angles can be regarded as the most important paramet
characterise the carbohydrate-ceramide connection. In the previous section, two-(
sional conformational energy maps and two-dimensional scattering have been u
obtain essential information for the distribution of these angles. The conformat
energy maps can be considered as “superposed adiabatic” profiles, because ez
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point in the maps reflects the “best”, i.e. the lowest-energy orientation of each tor:
angle in the molecule. This was achieved by using the random-walk protoc
RAMM for the ©,, O, V4, Vo, B1, B3 angles when the,, a; mapwas calculated. The
equivalent protocol foo,, O, vy, Vs, B1, B3Was used during the calculation of thg

ay

180

120

60

0 60 120 180 240 3000( 360 0 60 120 180 240 300 360
1 o,

Fic. 8
RAMM a,/0; conformational energy maps, calculated by using a dielectric constant of 4. C
scheme as in Fig. & HD, b HS, ¢ ND, d NS model molecules
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O, profile. All of the conformations which were indicated as local minima on the t
dimensional surface (bordered within 10 kcal/mol above the global energy minimt
the surface) were selected for further processing, i.e. global energy minimizatior
total numbers of final low-energy conformations which were dependent on the cc
mational energy surface and the selection protocol (seembealescription in the
METHODS section) of the glycolipid molecule, are summarized in Table IV.

The equilibrium distribution of the conformers as a function ofchea; and ©,
torsion angle is summarized in Table V. In accordance with the RAMM two-din
sional potential energy surfaces and the results of consecutive geometry optimi
(see Table V), two families of conformations are prevalent in the equilibrium mixt

Conformers witha,/a,/©, = —sc/ap/-sc(Fig. 10). This family of conformations i
stabilized by the antiparallel orientation of the C1-01 and N1-H bond dipoles. WI

360 . ‘ . ‘ 360 T — . T
e . e -
1 g . or" 1 . g az'. ..
300 R 1 300 v 1
g Voo Al ; [ L
. e
240 * ] 2401 i
180 1 180} .2 J
120 1 120} J
60 ) . 1 60| .o 1
0 L. L L L L 0 L ! 1 1 1
0 60 120 180 240 300, 360 0 60 120 180 240 3000360
360 T T T T 360 T T T
o . . o :
1 - e ot S, 1 P v
L oI »
300 . & 1 300 %}hb |
. Sttt i hald .
240 * 1 240+ 1
180 1 180} .
120 1 120+ J
60 E 60+ |
0 L L L I I 0 1 1 L L I
0 60 120 180 240 300 360 0 60 120 180 240 300 360
oy o
Fc. 9

Scattering of thex,/©, torsional angles, as obtained from the 1 020 ps molecular dynamics sir
tion (asterisks)a HD, b HS, ¢ ND, d NS model molecules
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TaBLE IV
Number of low-energy conformers with populations contributing to the equilibrium mixture, obte
from RAMM conformational search calculated with different values of dielectric constants

Molecule
1.5 4.0
HD 13 21
HS 11 22
ND 12 22
NS 10 14
TaBLE V

Number of conformersp, found for the given family characterized by the valuesigfa, and ©;
torsional angles, equilibrium population of the conformer family and relative energy of the lowe:
ergy conformation in the family related to the global energy minimum of the molecule calculat
RAMM with dielectric constants 1.5 and 4. Only those conformations which contribute more
1% to the equilibrium mixture (calculated at 25) are given. The relative energies are in kcal/r
(1 kcal/mol = 4.1868 kJ/mol)

. €=15 a=4.0
Molecule Dihedral
anglea,/a,/0;
n % AE n % AE
HD —sd+adap 3 51.7 0.0 2 10.5 0.79
—sdap/-sc 5 46.4 0.34 4 78.8 0.0
—sd+acd/-ac 1 6.3 0.97
+sd-ad-sc 3 <1 2 17 1.49
-sdap/ap 1 1.1 1.65
HS -sd+adap 4 95.9 0.0 4 45.8 0.13
—sdap/-sc 3 3.9 1.41 5 49.8 0.0
—sd+acd-sc 1 <1 1 3.2 1.02
ND —sd+ad/ap 3 49.7 0.0 2 33.6 0.04
—sdap/-sc 3 45.0 0.18 4 63.1 0.0
+sd-acd-sc 3 5.1 0.84 2 1.3 1.34
NS —-sd+adap 4 98.0 0.0 4 39.2 0.38
—sdap/-sc 2 1.8 1.50 3 57.7 0.0
—sd+acd-sc 1 <1 1 2.4 1.23
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Fic. 10
Superposition of the low-energy conformers watfio,/©, = -sdap/~scas obtained from the RAMM
conformational search and subsequent geometry optimization. The intramolecular hydrogen b
is indicated by a broken line. Dielectric constant 1.5 (top) anc¢ = 4 (bottom)

Fe. 11
Superposition of the low-energy conformers corresponding tafe/©, = —sd+ad/ap family of
conformations. The intramolecular hydrogen bonding is indicated by a broken line. Dielectric
stante = 1.5 (top) anct = 4 (bottom)
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low dielectric constant value was used during the RAMM conformational search
equilibrium population of the molecules with C4-C5 single batfd, NS) was consider-
ably reduced. On the other hand, if a double bond between the C4-C5 atoms
sphingosine chain is presehtl andND), this family of conformers is populated almo
50%. The same conformational search with a dielectric constant of 4 provided o
different prediction of the equilibrium mixture: although tls&/ap/—scfamily remains the
main conformation for all types of molecules, the contribution is different: the lo
value of 49.8% was obtained for th&S molecule and the highest value 78.8%, for t
HD molecule. The distributions fddD andNS are similar, near 60%.

Conformers witha,/a,/©, = —sc/+ac/ap As indicated by broken lines in Fig. 11
many conformers in this family are stabilized by intramolecular hydrogen bonding bet
the amide hydrogen and the oxygen of the pyranose ring. The population of this f
of conformers reaches almost 100% for molecules with a single bond in the sphin
chain HS andNS, see Table V). This distribution is valid for conformational sea
with a dielectric constant of 1.5. On the other hand, in the case of the molecules
double bond D andND), the conformer family contributes 50% to the equilibriul
The results of the conformational search veith 4 indicate a still larger decrease in tl
contribution of this family to the equilibrium: 10.5% faliD, 45.8% forHS, 33.6% for
ND, and 39.2% foNS.

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

CONCLUSIONS

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

A different conformational flexibility is predicted for th®, torsional angle. Basec
on the population distribution of conformers using the RAMM energies (dielectric
stant 1.5) we can assume that the molecules with the single bond in the sphin
chain strictly prefer thap conformer for thed; angle. In contrast to this, the prototyy
molecules containing a double bond in the ceramide part exhibit a conformat
equilibrium between thap and -sc conformations. Applying a dielectric constant of
a conformational equilibrium between the two conformations is also obtained fo
HS andNS molecules with the single bond in the sphingosine chain.

Molecules similar to ouHD andND, namely GlcCer(h) (i.e3-D-glucosylceramide
with 2-D-hydroxy fatty acid) and GlcCer(n) (i.§-D-glucosylceramide containing ¢
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sphingenine), have been studied recently by Nyholm and Pa$&héur prediction
for the 4sc: ap : —scpopulation of the rotamers f@, (calculated at = 1.5) is similar
to the results for the more complex molecules of GlcCer(h) and GlcCer(n) calcu
with € = 4 and GlcCer(h) calculated withe 1.5 (ref$®19). This indicates that the presenc
of hydroxylic groups in glucose may not affect Berotamer populations considerably
On the other hand, when compared, the results obtained with the same dielectri
stant are in a poorer agreement. Tise #+ap : —scratio of ©, for the two molecules,
GlcCer(h) and GlcCer(n), exhibits a similar valuesat 80 (GlcCer(h)/10 : 56 : 34;
GlcCer(n)/11 : 55 : 33) angl= 4 (GlcCer(h)/4 : 44 : 52; GlcCer(n)/4 : 47 : 48), where
ate = 1.5 the ratios differ substantially (GlcCer(h)/0 : 49 : 51, GlcCer(n)/1 : 75°¢.2
Table V demonstrates that our equilibrium results for the four molecules studie
more sensitive to the dielectric constant than the values of Nyholm and Pésc
The differences can be due to the different geometric models — the totally fle
model used in the RAMM calculation while part of the molecule fixed in |
perimental geometry for GlcCer(h) and GlcCer(n). In addition, the dielec
constant dependent scaling of the bond lengths of the amide group as a part
original MM2 parametrization can induce some changes in the geometric
energy properties of the molecule, which are more appreciable in the fully rel
model.

The prediction of the conformational flexibility for ti&, torsional angles has als
been shown to be very sensitive to the optional parameters used in the molecu
namics simulation. In the majority of the different simulations we did not observe &
the three possible conformations, i.esc+ap and -sc of ©;, simultaneously. In fact, &
single conformational region was predicted for @gangle. The dominant conforma
tion differed from molecule to molecule. It seems obvious that the duration of the
(1ns) failed to be long enough to sample all the assumed conformational regions
problem of conformational sampling for ti@&y angle could probably be overcome t
following the proposal of Sun and Kollm#ni.e. by increasing the simulation temper
ture. Sun and Kollman suppose that increase in the simulation temperature cont
to the efficiency of the conformational space sampling more than the expansion
simulation time scale. Moreover, the influence of the force field parametrization a
of the possible sources of diversity of the results of the conformational flexibility
the ©, torsional angle, as obtained from the molecular dynamics simulations, shot
further investigated.

Finally, taking into account the complexity of the real biological membranes,
inter- and intramolecular interactions between the large molecular assemblies
posed of lipids, proteins, ions and solvent molecules should be modelled and ane
The “quality” of the parametrization of the force field method is equally important
such comprehensive studies of membrane fragments. From this point of view, th
ing and comparison of the ability of the available computational methods to pro

Collect. Czech. Chem. Commun. (Vol. 61) (1996)
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predict molecular conformations is a very important preparatory step for state-of-tl
computer modelling of the dynamics of real membrane fragments.
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