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Abstract The objective of the present study is to model
the analogues of monosialoganglioside (GM3) by mak-
ing modifications in its sialic acid residue with different
substitutions in aqueous environment and to determine
their structural stability based upon computational mo-
lecular dynamics. Molecular mechanics and molecular
dynamics investigation was carried out to study the
conformational preferences of the analogues of GMS3.
Dynamic simulations were carried out on the analogues
of GM3 varying in the substituents at C-1, C-4, C-5,
C-8 and C-9 positions of their sialic acid or Neuraminic
acid (NeuAc) residue. The analogues are soaked in a
periodic box of TIP3P water as solvent and subjected to
a 10 ns molecular dynamics (MD) simulation using
AMBER ff03 and gaff force fields with 30 ps equili-
bration. The analogue of GM3 with 9-N-succNeuAc
(analogue5, C9 substitution) was observed to have the
lowest energy of —6112.5 kcal/mol. Graphical analysis
made on the MD trajectory reveals the direct and water
mediated hydrogen bonds existing in these sialic acid
analogues. The preferable conformations for glycosidic
linkages of GM3 analogues found in different minimum
energy regions in the conformational maps were identi-
fied. This study sheds light on the conformational
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preferences of GM3 analogues which may be essential
for the design of GM3 analogues as inhibitors for dif-
ferent ganglioside specific pathogenic proteins such as
bacterial toxins, influenza toxins and neuraminidases.
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Introduction

Gangliosides are group of structurally heterogeneous
anionic glycosphingolipids and are characterized by the
presence of one or more acidic sugar known as N-
acetylneuraminic acid (NeuAc) or alternately as sialic
acid [1]. Gangliosides exist in several types of eukary-
otic cells, ubiquitously distributed on vertebrate plasma
membranes [2, 3]. The structure of gangliosides com-
prises a long lipophilic ceramide tail and a negatively
charged hydrophilic oligosaccharide portion [4]. De-
pending upon the number and location of sialic acid
residues in their carbohydrate moiety, they are grouped
as monosialo (GM), disialo (GD), trisialo (GT), and
tetrasialogangliosides (GQ). They are mainly found in
neural cells and in the outer-layer of plasma membranes
[5] of the animal kingdom. Gangliosides can amount to
6 % of the weight of lipids from brain, where they
constitute 10-12 % of the total lipid content (20—
25 % of the outer layer) of neuronal membranes.
GM3 is thought to be one of the key molecules of
signal transduction in mammalian cells by aggregating
to growth factor receptors in the membrane domains
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Table 1 Ganglioside GM3 ana-

logues with single substituent SNO  Ganglioside GM3 derivative Substituents
modification at C-9/C-5/C-1
positions in its NeuAc S1 S2 S3
H CH;CO HO
1. 9-Deoxy-NeuAc H CH;CO H
2. 9-Amino-NeuAc H CH;CO H,N
3. 9-Acetamido-NeuAc H CH;CO CH;CO-NH
4. 9-N-Gly-NeuAc H CH;CO H,NCH,CO0-NH
5. 9-N-Succ-NeuAc H CH;CO HOOC(CH,),CONH
6. 9-iodo-NeuAc H CH;CO 1
7. 9-thio-NeuAc H CH3CO HS
8. 9-ScH3-NeuAc H CH;CO CH;S
9. 5-N-fluoroac-neu H FCH,CO HO
10. 5-N-trifluoroac-Neu H CF;CO HO
11. 5-N-Gly-Neu H H,NCH,CO HO
12. 5-N-Succ-Neu H HOOC(CH,),CO  HO
13. NeuAc-Me-ester H5C CH5CO HO
14. NeuAc-Et-ester HsC, CH;CO HO

[6]. GM3 is abundantly expressed on a number of
tumours [7, 8] especially malignant melanoma. It has
been reported to be potential targets for breast cancer
immunotherapy [9, 10], chemotherapy [11], and radio-
therapy [12]. Gangliosides bind specifically to viruses
and to various bacterial toxins such as Escherichia coli
heat-labile entero toxin [13, 14], Helicobacter pylori
[15], Neisseria gonorrhoeae [16], swine rotavirus [17]
and interferon [18]. Several toxins like shiga toxin/
verotoxin [19] recognize GM3 and also GM3 is in-
volved with Tay-Sachs disease [20]. Staphylococcal tox-
in is bound by gangliosides mainly containing N-
acetylneuraminic acid [14]. Gangliosides serve as recep-
tors of various toxin, they were known to be even

Fig. 1 Numbering of Atoms
and dihedral angle of
Monosialoganglioside,

GM3 Abbreviations: NeuAc,
N-Acetyl Neuraminic Acid;
Gal, Galactose; Gle, Glucose

H
NH-ﬁ-CHS NeuAc

o
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incorporated for sensing those toxin [21]. Molecular
dynamics simulation methods are applicable to study
the structural and conformational aspects of biological
molecules [21-25].

Present work starts with the molecular modelling of
the GM3 analogues with the substituted NeuAc having
single and multiple substituents at C-1, C-4, C-5, C-8
and C-9 positions. Molecular mechanics and molecular
dynamics calculations are performed to have a vivid
picture about the conformational preference of
monosialoganglioside GM3 analogues in aqueous solu-
tion. The direct and water mediated hydrogen bonds
which play a major role in the structural stability of
GM3 are also analyzed.
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Table 2 Ganglioside GM3 analogues with multiple modifications at with C-1/C-4/C-8/C-9 positions in its NeuAc
S.NO  Ganglioside GM3 derivative Substituents
M1 M2 M3 M4
H H OH OH
Methyl 5-N-acetyl Neuraminate CH; H OH OH
. Benzyl 2-a-O-methyl-5-N-acetyl-8,9-O-isopropylidene Neuraminate CH,Ph H OCH; OCH;
3. Benzyl 2-a-O-methyl-4-O-Capriloyl-5-N-x-acetyl-8,9-O-isopropylidene CH,Ph  CO,(CH,)sCHj; OCH; OCH;
Neuraminate
4. Benzyl 2-a-O-methyl-4-O-Capriloyl-5-N--acetyl- Neuraminate CH,Ph  CO,(CH,)sCH; OH OCH3;
2x-0-methyl-4-O-Capriloyl-5-N-«x-acetyl- Neuraminic acid H CO,(CH,)sCH; OH OCH;
Benzyl 2-&-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-o-acetyl-8,9-O CH,Ph  CO,(CH,);O(CH,CH,),NH OCH; OCH;
Isopropylidene Neuraminate
7. Benzyl 2-x-O-methyl-4-O-(8-morpholin) Capriloyl-5-N-acetyl-Neuraminate =~ CH,Ph ~ CO,(CH,),O(CH,CH,),NH  OH OH
2-x-0O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-o-acetyl-Neuraminic acid H CO,(CH,);0(CH,CH,),NH  OH OH
5-N-Acetyl-9-amino -9-deoxy-Neuraminic acid H H OH NH,

Materials and methods

Molecular dynamics and molecular mechanics of GM3
analogues varying in the neuraminic acid substituents
at positions C-9/C-5/C-1: structural and conformational

implications

GM3 analogues with single substituents modeled in this
study are compiled in Table 1 [26]. The synthetic GM3
analogues are modelled as described by Oetke et al.,
(2002) [27]. The numbering of atoms and dihedral

Table 3 Minimum energy con-
formations of GM3 analogues
with single substituents at C-9/
C-5/C-1 Position in its NeuAc
in aqueous environment

angles involved in generating different conformational
structures for GM3 ganglioside are taken from earlier
studies [28] and shown in Fig. 1.
The initial conformations of the different dihedral angles of
GM3 analogues are as follows:
If NeuAc is involved in the linkage, the initial conformation

was defined as

®; = 0 when C1-C2 cis to O—C3 and
P, = 0 when C2-O cis to C3—H3.

S.NO Derivative Relativeenergy (kcal/mol) (®4,0) Degrees (®,,V0,) Degrees
GM3 0 (-51.07, 54.09) (81.34, 58.57)
1. 9-DeoxyNeuAc -9.2 (46.76, 4.73) (65.37, 53.39)
2. 9-AminoNeuAc -25.2 (—49.49, 63.80) (76.03, 60.53)
3. 9-AcetamidoNeuAc -35.4 (—29.32, 43.48) (69.16, 51.37)
4. 9-N-GlyNeuAc 27.5 (61.12, -27.05) (95.95, 61.81)
5. 9-N-SuccNeuAc -121.3 (46.84, 0.69) (75.24, 55.75)
6. 9-iodo-NeuAc 4.6 (—48.15, 70.24) (65.12, 47.96)
7. 9-thio-NeuAc -20.5 (—49.98, 58.78) (53.77, 42.93)
8. 9-ScH3-NeuAc —44.8 (43.40, 9.47) (80.68, 60.00)
9. 5-N-fluoroac-Neu —0.8 (-12.71, 50.72) (82.11, 62.55)
10. 5-N-Trifluoroac-Neu 75.7 (—41.32,41.29) (57.97, 44.69)
11. 5-N-Gly-Neu 51.1 (—4.6, 50.22) (50.79, 41.36)
12. 5-N-succ-Neu —46.5 (140.89, 35.13) (148.76, 39.21)
13. NeuAc-Me-ester 17.9 (—45.71, 55.72) (65.93, 55.67)
14. NeuAc-Et-ester 39.6 (—41.37, 54.75) (55.10, 47.19)
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The glycosidic conformation for the non-NeuAc involved
disaccharide fragments of the monosialoganglioside GM3
analogues were defined as

®, = 0 when H1-C1 cis to O—CX
1Py = 0 when C1-0 cis to CX—HX

(Where X represents the number of Carbon atom involved
in the glycosidic linkage).

Molecular Mechanics calculations were carried out in the
Pentium IV workstation using SANDER module of AMBER
10 [29] software. The force fields AMBER ff03 and gaff
(general amber force fields) that incorporate the Cornell ef al.,
(1995) [30] force fields were used. Water molecules were
added from the solvent library of AMBER10 and care is taken
to maintain the number of water molecules same for all the
GM3 derivatives.

A periodic box enclosing the analogues in solution
was constructed to turn into a periodic system for the
simulation program and periodic boundary conditions
are applied on constant volume. The non-bonded cut
off was specified at 8 A. For initial 100 cycles
steepest descent method was used, then conjugate gra-
dient is switched on. The convergence criterion for the
energy gradient is less than 0.01 kcal mole-1. The
energy minimized structures for all the GM3 deriva-
tives are intensively analyzed through VEGA ZZ to
find out the direct and solvent mediated hydrogen
bonds.

To understand the conformational dynamics of GM3
analogues in aqueous environment, molecular dynamics
calculations were performed over a period of 30 ps
equilibrium followed by a 10 ns production run with
explicit inclusion of water molecules. The width of
integration step of the MD simulation was 1 fs. The
history of information was recorded for every 1000
steps of trajectory which resulted in 10,000 structures.
The temperature was maintained to be 300 k. The total
simulation time was around 25 h 25 min for each
molecule. The MD trajectory information collected for every
1 ps was analyzed using PTRAJ (Trajectory Analysis) module
for AMBER 10 package.

Molecular dynamics of neuraminic acid with multiple
substituents at position C-1/C-4/C-8/C-9 in the GM3
analogues: structural and conformational implications

The modeled GM3 derivatives with C-1/C-4/C-8/C-9
NeuAc substituted analogues are shown in Table 2
[26]. The GM3 derivatives are designed as described
by Sauter et al., (1992) [31] and Bianco et al., (1998)
[32]. The initial conformations of the different dihedral
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Fig. 2 Projection of global minimum energy conformer of GM3 P
analogues varying in the NeuAc Substituents a 9-deoxy-NeuAc, b 9-
AminoNeuAc, ¢ 9-AcetamidoNeuAc, d 9-N-GlyNeuAc, e 9-N-
SuccNeuAc, f 9-iodo-NeuAc, g 9-thio-NeuAc, h 9-ScH3-NeuAc, i 5-N-
fluoroac-Neu, j 5-N-Trifluoroac-Neu, k 5-N-Gly-Neu, 1 5-N-succ-Neu, m
NeuAc-Me-ester, n NeuAc-Et-ester in aqueous environment

angles of GM3 analogues are defined as mentioned ear-
lier and subjected to Molecular mechanics and molecular
dynamics calculations.

Results and discussion

Molecular dynamics and molecular mechanics of GM3
analogues varying in the NeuAc substituents at position
C-9/C-5/C-1: structural and conformational implications

Relative energy of GM3 analogues

The minimum energy conformers of GM3 analogues
with their relative molecular mechanics energy profile
are tabulated in Table 3. The relative energy is calcu-
lated for all the 14 GM3 analogues with respect to the
absolute minimum energy of GM3 (—5991.2 Kcal/mol).
The GM3 analogues with 9-N-succNeuAc (analogueS5,
C9 substitution) and 9-ScH3-NeuAc (analogue 8, C9
substitution) are observed to have minimum energy such
as —121.3 kcal/mol and —44.8 kcal/mol respectively.
The GM3 analogues with 5-N-Succ-Neu (analogue 12,
CS5 substitution) and 9-AcetamidoNeuAc (analogue3, C9
Substitution) are found to have minimum energy such
as —46.5 kcal/mol and —35.4 kcal/mol, respectively. The
GM3 analogues with 9-AminoNeuAc (analogue 2, C9
substitution) and 9-thio-NeuAc (analogue 7, C9 substi-
tution) showed minimum energy such as —25.2 kcal/mol
and —20.5 kcal/mol respectively. The GM3 analogues 9-
DeoxyNeuAc (analogue 1, C9 substitution) and 5-N-
fluoroac-Neu (analogue 9, C5 substitution) are calculat-
ed to have minimum energy such as —9.2 kcal/mol and
—0.8 kcal/mol respectively. It is apparent from Table 3
that, in the minimum energy conformation for the ana-
logues of GM3 with 9-N-succNeuAc and 9-ScH3-
NeuAc, the glycosidic angle for «-NeuAc-(2-3)-3-Gal
linkage (®;, ¥,) prefer to be around (46.84, 0.69) and
(43.40, 9.47) respectively. The minimum energy confor-
mation for the analogues of GM3 with 5-N-Succ-Neu
and 9-AcetamidoNeuAc, the glycosidic angle for «-
NeuAc-(2-3)-3-Gal linkage (P, ¥;) prefer to be around
(140.89, 35.13) and (—29.32, 43.48), respectively. The
minimum energy conformation for the analogues of
GM3 with 9-AminoNeuAc and 9-thio-NeuAc, the
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Fig. 2 (continued)
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Fig. 2 (continued)

glycosidic angle for «-NeuAc-(2-3)-f3-Gal linkage (P,
W,) prefer to be around (—49.49, 63.80) and (—49.98,
58.78), respectively. The minimum energy conformation
for the analogues of GM3 with 9-DeoxyNeuAc and 5-N-

fluoroac-Neu, the glycosidic angle for «-NeuAc-
(2-3)-p-Gal linkage (®;, V) prefers to be around
(46.76, 4.73) and (12.71, 50.72) respectively. The glyco-
sidic angle (®,,V,) for 3-Gal-(1-4)-3-Glc linkage of the
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Fig. 2 (continued)

above said all eight molecules prefers to be around
(75.24, 55.75), (80.68, 60.00), (148.76, 39.21), (69.16,
51.37), (76.03, 60.53), (3.77, 42.93), (65.37, 53.39) and
(82.11, 62.55), respectively. It is evident from previous
research by Sharmila and Veluraja, 2004 that the glyco-
sidic linkage between galactose and glucose prefers to be
rigid, which is also proved in the present study. The
torsional angles (®,, W) revealed for «-NeuAc-
(2-3)-B-Gal linkage in the present GM3 analogues is

@ Springer

also supported by the NMR studies reported [33, 34]
for other similar gangliosides.

Role of hydrogen bonds in structural stability

Graphical analysis of the global minimum energy con-
former of GM3 analogues in aqueous environment man-
ifests that water plays a crucial role in stabilizing this
conformational state by the formation of bridging
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Fig. 2 (continued)

hydrogen bonds between different atoms. The three
dimensional structure of GM3 analogues in global min-
imum energy conformation state, which shows the water
mediated hydrogen bonds and direct hydrogen bonds are
displayed in Fig. 2a-n. The force of attraction, shown
in the Fig. 2 a—n as a dotted line, is the hydrogen bond.
Table 4 represents the hydrogen bonds predicted for
each GM3 analogue with interacting sialic acid atoms
and distances. Water mediated hydrogen bonds play a
dominant role in stabilizing the conformational struc-
tures of GM3 derivatives.

A comparison of the total number of direct together
with the water mediated hydrogen bonds in the mini-
mum energy conformers of GM3 analogues with modi-
fied NeuAc revealed that 9-N-Succ-Neu has four water
mediated hydrogen bonds and eight direct hydrogen
bonds. A total of one water mediated Bonds and six
direct hydrogen bonds has been observed for the
energy minimized structure of GM3 analogue with 9-
Acetamido-NeuAc. Energy minimized structure of GM3
analogue with 9-ScH3-NeuAc has two water mediating
hydrogen bonds and four direct hydrogen bonds. GM3
analogue with ethyl group substituted at C1 position of
5-N-succ-Neu is recorded with a single water mediating

hydrogen bond and six direct hydrogen bonds. The
energy differences between the GM3 analogues can be
well accounted for the differences in hydrogen bonding.
So it is well understood that hydrogen bonds correspond
to their stability.

Molecular dynamics of GM3 analogues

To study the conformational dynamics of GM3 deriva-
tives, molecular mechanics calculations were performed
and a 10 ns molecular dynamics simulation was carried
out. An in-depth analysis on the conformational features
of all the 14 GM3 analogues (C9, C5, C1 Substituted
NeuAc) were carried out over the frames collected for
every 1 ps in the trajectory.

C-9 substituted side chain conformation

Figure 3a—c describes the molecular dynamic trajectory
showing transitions of torsion angles (®;,¥;) of GM3
analogues 2, 5 and 8 solvated with water. Figure 4a—c
describes the molecular dynamic trajectory showing
transitions of torsion angles (®,,¥,) of GM3 analogues
2, 5 and 8 solvated with water. In GM3 analogue with

@ Springer
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Table 4 Hydrogen Bond in each GM3 analogue with single substituent modification at C-9/C-5/C-1 positions in its NeuAc

S.NO GM3 Derivative Interacting GM3 derivative atom 1 Mediating water Distance (A) Interacting GM3 derivative atom 2 Distance (A)

1. 9-DeoxyNeuAc 06 WAT 309 2.56 016 240
012 010 2.63
o3 o 2.99
o3 O1 2.92
N 017 2.88
N Oo15 224
2. 9-AminoNeuAc 014 WAT 04 242 04 2.67
010 WAT 249 2.86 03 3.52
0O16 N 2.64
011 06 2.67
N 017 3.09
011 014 2.71
o7 06 2.15
3. 9-Acetamido NeuAc 016 WAT 412 1.87 N 3.01
Oo15 N 2.18
N 017 293
017 06 2.64
(O8] Ol11 2.79
O18 N1 223
04 02 2.72
4. 9-N-GlyNeuAc 016 06 2.80
0O16 (O8] 3.15
Oo15 017 2.67
012 o3 2.60
011 014 2.68
5. 9-N-Succ NeuAc 08 WAT 416 3.44 017 230
Ol1 WAT 320 3.44 016 3.48
o3 WAT 181 2.60 010 2.96
019 WAT 351 2.80 0O18 2.84
03 o 2.90
012 010 2.55
06 016 2.73
014 011 2.71
o3 01 298
06 Ol11 2.86
N 015 223
N 08 2.90
6. 9-iodo-NeuAc (O8] WAT 495 3.38 Ol11 3.21
N 0o17 2.85
06 017 3.00
O15 o8 2.70
0o13 o3 2.37
7. 9-thio-NeuAc O15 WAT 490 1.60 (O} 2.04
017 N 298
017 06 2.67
013 010 2.57
09 014 2.87
01 010 3.09
N 08 291
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Table 4 (continued)

S.NO GM3 Derivative Interacting GM3 derivative atom 1 Mediating water Distance (A) Interacting GM3 derivative atom 2 Distance (A)
8. 9-ScH3-NeuAc 014 WAT 54 3.40 04 324
015 WAT 436 3.00 08 2.79
016 06 2.94
016 05 2.96
06 Ol1 2.81
N 08 2.90
9. 5-N-fluoroac-Neu 010 WAT 379 3.36 018 3.19
(6] 03 2.82
03 Ol 2.97
o7 o11 3.74
013 010 2.67
05 017 2.75
018 017 2.83
10. 5-N-Trifluoroac-Neu O18 WAT 406 3.18 F1* 3.37
06 017 2.72
018 N 2.78
016 018 2.69
(6] 02 2.38
02 04 2.67
11.  5-N-Gly-Neu 02 04
o7 ol11 2.70
Ol1 Ol14 341
2.65
12. 5-N-succ-Neu 08 WAT 440 3.11 010 3.00
018 016 2.71
018 017 3.06
012 03 2.64
014 Ol11 2.78
(0] 02 2.38
09 04 3.30
13. NeuAc-Me-ester 015 N 2.18
017 Ol11 2.83
016 018 2.82
013 o10 2.64
012 03 2.55
14. NeuAc-Et-ester 018 ol6 2.73
018 N 2.83
06 018 2.69
05 Ol11 2.76
012 03 2.57
02 04 2.73

* is the atom from the substituent group

9-AminoNeuAc (analogue 2), the (®;, ¥,) graph shows
distribution between (=60, 60) and (=120, 0). In
Ramachandran Map, it shows as two clusters A and
B. A region is present at (—49.49, 63.80) and B region

at (=120, 0). The A region is much preferred than B
and its conformation is shown in Fig. 2b. In GM3
analogue with 9-N-Succ-NeuAc (analogue 5), there is a clear
shift in (®,, ¥,) from (46.84, 0.69) to (120, 30)
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regions. It is clearly seen in Ramachandran Map with 2
distinct domains A: (120, 30) and B: (46.84, 0.69),
However, A region is much preferred. This confirmation
of A region is shown in the Fig. 5 and B region in
Fig. 2e.

In GM3 analogue with 5-ScH3-NeuAc (analogue 8),
the (®,, ¥,) plot remains to be prominent in (43.40,
9.47) (i.e.) B region. The ramachandran plot shows 2
clusters A and B, where B region is prominent; which is
present at (43.40, 9.47) region, its conformation is shown
in Fig. 2h. It is found from literature review [35, 36] that
the glycosidic linkage between Gal-3-(1-4)-3-Glc is bit
rigid and it prefers to be in (60, 60), and it is also
observed as the same in the present results as shown in
the following Figs. 4a—c, 6b and 7a, b.

C-5 and C-1 substituted side chain conformation

Figure 6a, b represents the dynamic behavior of torsions
(®y, ¥y) and (P,, ¥,) along with distribution plot of

a 180

120

Angles
(deg)
Time (ps) 10030
b 180
120
60
Angles o
(deg)
-60
-120
-180
Time (ps) 10030
(9 180
120
60
Angles o
(deg)

-60 -
-120
-180

Time (ps)

10030

GM3 analogue with 5-N-Succ-Neu (analogue 12) in
aqueous environment. In GM3 analogue with 5-N-
Succ-Neu, (P, ¥,) graph, the plot remains steady in
(140.89, 35.13) region and the ramachandran plot also
shows a single domain (A) at (140.89, 35.13), which
implies that the succinamide group in glycerol side
chain (R3) does not affect the linkage (as normal in
GM3). But in amido side chain substitution, it affects
the linkage by not allowing to be normal (—60) global
minimum value. The present study reports the applica-
tion of Molecular dynamics and Molecular mechanics
simulation techniques in the determination of the three-
dimensional structures of synthetic GM3 analogues
varying in the different NeuAc substituent positions of
C-9/C-5/C-1. This study is helpful to understand their
conformational preference and structural stability to in-
teract with their natural receptors. The focus of the
present study is on the preferable conformations as well
as the minimum energy or predominant conformation of
the molecule. The preferable conformation of GM3

180

Q1

psi1 (deg) ]
P 4]
-180
phi 1 (deg) 180
180
A
. v 8
psi1 (deg) o mad
1 ) %
. - 4 ..t“ &
-180
phi 1 (deg) 180
180
psi1 (deg)
-180

phi 1 (deg) 180

Fig. 3 Molecular Dynamics trajectory and distribution plots of (®;, ¥;) a 9-AminoNeuAc b 9-N-Succ-NeuAc ¢ 5-ScH3-NeuAc in GM3 analogues
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a 180 180
120
60
Angles P2
{deg) @ psi 2 (deg)
-60
-120
-180
Time (ps 10030 -180
(ps) phi 2 (deg) 180
b 180 480
120
€0
Angles
2
(deg) o ® psi 2 (deg)
=60 w2
120
-180
-180
Time (ps) 10030 phi 2 (deg) 180
Cc 180
. B
P2
Angles R :
(deg) psi 2 (degq) .

180
Time (ps) 10030 phi 2 (deg) 180

Fig. 4 Molecular Dynamics trajectory and distribution plots of (®,, ¥,) a 9-AminoNeuAc b 9-N-Succ-NeuAc ¢ 5-ScH3-NeuAc in GM3 analogues

analogues varying in different dihedral angle linkages  correlates well with those reported for similar linkages
was observed by the present molecular dynamics study  in various x-NeuAc-(2-3)-3-Gal and Gal-3-(1-4)-3-Glc

Fig. 5 New conformation
of GM3 analogue with 9-N-
Succ-NeuAc
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-180

Time (ps)

moieties present in all the di- and tri- sialogangliosides
by earlier studies [35].

Molecular dynamics of GM3 analogues with multiple
substituents at position C-1/C-4/C-8/C-9: structural
and conformational implications

Relative energy of GM3 derivatives

The relative energy is calculated for all the 9 GM3
derivatives with respect to the absolute minimum energy
of GM3 (—5991.2 kcal/mol). The minimum energy con-
formation of GM3 derivatives with respect to their
relative energy are displayed in Table 5. The GM3
analogue with modified NeuAc such as, Analogue 9
(5-N-Acetyl-9-amino —9-deoxy-Neuraminic acid), ana-
logue5S (2x-O-methyl-4-O-Capriloyl-5-N-acetyl-
Neuraminic acid), analogue 1 (methyl 5-N-acetyl
Neuraminate) are found to have the minimum energy
—20.3 kcal/mol, —44.9 kcal/mol and —0.4 kcal/mol re-
spectively. The minimum energy dihedral angle (®,,V)
for «-NeuAc-(2-3)-3-Gal linkage for analogue9 (5-N-
Acetyl-9-amino —9-deoxy-Neuraminic acid), analogue5
(2x-0O-methyl-4-O-Capriloyl-5-N-acetyl-Neuraminic ac-
id), analogue 1 (methyl 5-N-acetyl Neuraminate) prefer
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to be around (53.08, 61.90), (66.74, 131.92) and
(—40.23, 35.47), respectively. And the glycosidic angle
($,,¥,) for Gal-f-(1-4)-3-Glc linkage prefer values
around (75.56, 58.99), (59.22, 53.33) and (74.70,
47.91), respectively.

Contribution of hydrogen bonds in structural stability

Figure 7 and Table 6 show the formation of water
mediated hydrogen bonds and direct hydrogen bonds
in GM3 derivatives. It is well known from previous
findings that water mediated hydrogen bonds formed
within the molecule plays a major role in stabilization
of the molecule [37] especially of gangliosides [38].

Fig. 7 Projection of global minimum energy conformer of GM3 P>
analogues varying in the NeuAc Substituents a methyl 5-N-acetyl
Neuraminate, b Benzyl 2x-O-methyl-5-n-acetyl-8,9-O-isopropylidene
Neuraminate, ¢ Benzyl 2x-O-methyl-4-O-Capriloyl-5-N-acetyl-8,9-
O-isopropylidene Neuraminate, d Benzyl 2x-O-methyl-4-O-Capriloyl-
5-N-acetyl-Neuraminate, e 2x-O-methyl-4-O-Capriloyl-5-N-acetyl-
Neuraminic acid, f 2-a-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-
acetyl-Neuraminic acid, g 5-N-Acetyl-9-amino —9-deoxy-Neuraminic
acid in aqueous environment
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Fig. 7 (continued)
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Fig. 7 (continued)

Comparison of water mediated hydrogen bonds with
direct hydrogen bonds revealed that GM3 analogues
having their NeuAc modified shows that, analogue 1
(methyl 5-N-acetyl Neuraminate) has three direct hydro-
gen bonds. Analogue 2 (Benzyl 2x-O-methyl-5-n-acetyl-
8,9-0-isopropylidene Neuraminate) has one water medi-
ating hydrogen bond and four direct hydrogen bonds.
Analogue 3 (Benzyl 2x-O-methyl-4-O-Capriloyl-5-N-n-
acetyl-8,9-O-isopropylidene Neuraminate) shows one
water mediating hydrogen bonds and seven direct hy-
drogen bonds. Analogue 4 (Benzyl 2alpha-O-methyl-4-
O-Capriloyl-5-N-n-acetyl- Neuraminate) has two water
mediating hydrogen bonds and four direct hydrogen
bonds. Analogue 5 (2a-O-methyl-4-O-Capriloyl-5-N-n-
acetyl-Neuraminic acid) has four water mediating

hydrogen Bonds and four direct hydrogen bonds. Ana-
logue 8 (20t-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-
n-acetyl-Neuraminic acid) shows two water mediating
hydrogen bonds and three direct hydrogen bonds. Ana-
logue 9 (5-N-Acetyl-9-amino —9-deoxy-Neuraminic ac-
id) has two water mediating hydrogen Bonds and seven
direct hydrogen bonds. It is inferred that the maximum
number of direct and water mediated hydrogen bonds
present in each GM3 derivatives are responsible for the
minimum energy and its stabilization of the molecule.

Molecular dynamics of GM3 analogues

To study the conformational dynamics of all the
neuraminic acid derivatives, a 10 ns molecular

Table S Minimum Energy conformation of GM3 analogues with multiple substituents at C-1/C-4/C-8/C-9 Position in its NeuAc

S.NO Derivative Relative energy (kcal/mol) (P4, V) degrees  (P,,V,) degrees
GM3 0 (-51.07,54.09)  (81.34,58.57)
Methyl 5-N-acetyl Neuraminate -0.4 (—40.23,3547)  (74.70,47.91)
Benzyl 2a-O-methyl-5-N-acetyl-8,9-O-isopropylidene Neuraminate 29.8 (171.29, 33.53) (102.06, 54.3)
Benzyl 2-O-methyl-4-O-Capriloyl-5-N-acetyl-8,9-O-isopropylidene 222 (175.76, 33.77) (94.87, 55.03)
Neuraminate
Benzyl 2a-O-methyl-4-O-Capriloyl-5-N-acetyl- Neuraminate 414 (67.64, 156.17) (64.64, 65.86)
2x-0-methyl-4-O-Capriloyl-5-N-acetyl- Neuraminic acid —44.9 (66.74, 131.92) (59.22, 53.33)
Benzyl 2a-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-acetyl-8, 26.1 (122.24, 56.67)  (36.17,22.17)
9-O-Isopropylidene Neuraminate
7. Benzyl 2x-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-acetyl- 27.3 (—40.44,26.50)  (78.21, 64.36)
Neuraminate
8. 2x-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-acetyl-Neuraminic acid 31.4 (75.29, 101.31) (66.94, 61.54)
9. 5-N-Acetyl-9-amino —9-deoxy-Neuraminic acid -20.3 (—53.08,61.90)  (75.56, 58.99)
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Table 6 Hydrogen Bond in each GM3 analogue with multiple modifications at C-1/C-4/C-8/C-9 Position in its NeuAc

S.NO GM3 derivative Interacting GM3 ~ Mediating water ~ Distance (A)  Interacting GM3  distance (A)
derivative atom 1 derivative atom 2
1. Methyl 5-N-acetyl Neuraminate ol6 018 2.85
017 06 3.12
05 Ol11 2.65
2. Benzyl 2-a-O-methyl-5-N-acetyl-8, Ol11 WAT 4 3.20 04 3.48
9-O-isopropylidene Neuraminate 016* N 2.86
018* N 3.01
O11 014 2.78
012 03 2.60
3. Benzyl 2-a-O-methyl-4-O-Capriloyl-5-N- 010 WAT 258 2.93 03 3.10
acetyl-8,9-O-isopropylidene Neuraminate 010 012 278
010 013 2.78
03 0Ol 2.80
09 04 2.90
04 02 2.78
03 (¢} 2.99
08 N 2.93
4. Benzyl 2--O-methyl-4-O-Capriloyl-5-N- 010 WAT 71 291 O 3.38
acetyl- Neuraminate 014 WAT 4 3.07 o12 2.94
o5 0Ol11 2.68
0Ol 03 2.71
016* 018 2.67
02 04 2.78
5. 2-a-O-methyl-4-O-Capriloyl-5-N-acetyl- 015 WAT 457 3.07 019* 3.51
Neuraminic acid 010 WAT 69 3.44 0 334
018 WAT 338 3.28 014 3.21
014 WAT 5 2.54 012 3.25
018 N 2.81
05 Ol11 2.63
02 04 2.72
(0} 03 3.01
6. Benzyl 2-a-O-methyl-4-O-(8-morpholin)- 016 018 2.65
Capriloyl-5-N-acetyl-8,9-O-Isopropylidene 012 010 276
Neuraminate 02 04 271
08 N 2.93
7. Benzyl 2--O-methyl-4-O-(8-morpholin)- 04 014 2.86
Capriloyl-5-N-acetyl-Neuraminate
8. 2-a-O-methyl-4-O-(8-morpholin)-Capriloyl- 014 WAT 29 2.69 04 2.45
5-N-acetyl-Neuraminic acid 019* WAT 409 3.20 013 3.43
015 0Ol6 2.59
o5 Ol11 2.61
04 02 2.70
9. 5-N-Acetyl-9-amino —9-deoxy-Neuraminic acid 04 WAT 4 2.70 04 2.75
010 WAT 249 2.73 03 3.42
ol6 N* 2.52
017 N* 2.95
017 N 2.75
06 Ol11 2.68
012 03 2.58
08 N 2.92
015 N 2.24

* is the atom from substituent group
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Fig. 8 a, b Molecular Dynamics trajectory and distribution plots of ®;, ¥; a Benzyl 2x-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-n-acetyl-8,9-O-
Isopropylidene Neuraminate b 5-N-Acetyl-9-amino —9-deoxy-Neuraminic acid in GM3 analogues

dynamics simulation was carried out. An in-depth anal-
ysis on the conformational features of all the 9 GM3
analogues was done by collecting the frames for every
1 ps.

C-1/C-4/C-8/C-9 substituted NeuAc in GM3 analogues

Figure 8a, b describes the molecular dynamic trajectory
showing transitions of (®,,¥;) along with distribution
plot of GM3 analogue 6 having (Benzyl2x-O-methyl-
4-0-(8-morpholin)-Capriloyl-5-N-acetyl-8,9-0-
Isopropylidene Neuraminate) solvated with water.
Figure 9a, b describes the molecular dynamic trajectory
showing transitions of (®,,¥,) along with distribution
plot of GM3 analogue 9 possessing (5-N-Acetyl-9-ami-
no —9-deoxy-Neuraminic acid) solvated with water. In
GM3 analogue with Benzyl-2x-O-methyl-4-O-(8-
morpholin)-Capriloyl-5-N-acetyl-8,9-O-Isopropylidene

Neuraminate, the (®,¥,) graph indicates that, on the
onset, the (®,¥,) remains around (90°, 120°) region.
The ramachandran map also shows a clustered region
at (66.74°, 131.92°). In GM3 analogue with 5-N-
Acetyl-9-amino-9-deoxy-Neuraminic acid, (®,¥,) plot
starts at (—60, 60) and ends at (—120-30). The
Ramachandran map shows 2 domains (A and B), in
which A is present at (—60, 60) and B is present
around (—120, —30) region.

Summary and conclusion

The present study provides accessible conformational
models of Ganglioside GM3 analogues with single
substituent or with multiple substituents at positions
C-1/C-5/C-8/C-9 in aqueous environment. Direct and
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Fig. 9 a, b Molecular Dynamics trajectory and distribution plots of ®,,V, a Benzyl 2x-O-methyl-4-O-(8-morpholin)-Capriloyl-5-N-n-acetyl-8,9-O-
Isopropylidene Neuraminate b 5-N-Acetyl-9-amino —9-deoxy-Neuraminic acid in GM3 analogues

water mediated hydrogen bonding interaction play a
dominant role in stabilizing the conformational struc-
tures in these GM3 analogues. This study also reveals
dynamics trajectory and steric map for the substituent
holding side chain linkages of GM3 analogues. The
analogue of GM3 with 9-N-succNeuAc (analogue5,
C9 substitution) is observed to have the lowest energy
of —6112.5 kcal/mol when compared to other GM3
analogues with single and multiple substituents. Also
it shows good results in hydrogen bonding interactions
with four water mediated hydrogen bonds and eight
direct hydrogen bonds. The NeuAc binding sites of
various GM3 binding proteins are very important for
the mechanism of action of the proteins. If one wants

@ Springer

to inhibit the action of GM3 binding pathogenic pro-
teins towards cell membrane, one should block the
NeuAc binding site by designing a suitable drug based
on rational designing. The GM3 analogues present in
this study may be crucial for the design of GM3
analogues as inhibitors for different GM3 specific path-
ologic proteins such as viral/bacterial toxins and
neuraminidases.
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