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The solvation effect was considered in order to interpret the causative factors of the differences in gangliosides’
inhibitory effects on CD38, an enzyme nicotinamide adenine dinucleotide (NAD) glycohydrolase, as well as the mech-
anisms by which the gangliosides recognize CD38, in the biological system. We applied the two-layered our own N-lay-
ered integrated molecular orbital and molecular mechanics (ONIOM) method as well as the supermolecule method to a
large solvated system. For comparison, the conductor-like screening model (COSMO) was applied to the same system.
The orbital energy of the highest occupied molecular orbital (HOMO) was correlated with the strength of the ganglio-
sides’ inhibitory effect in both the supermolecule and ONIOM methods; this agrees with our previous results in the gas
phase. Solvation only slightly affected both the structures of tandem sialic acid residues themselves and the energy pro-
files of HOMOs of gangliosides. These results support the previously proposed recognition mechanism, in which CD38
is likely to recognize the two phosphate groups in the substrate, NAD, as well as the two carboxyl groups in ganglio-

sides’ tandem sialic acid residues.

CD38 has the enzymatic activity of nicotinamide adenine
dinucleotide glycohydrolase (NADase) in its extracellular do-
main. Gangliosides are glycosphingolipids having one or more
sialic acids. A series of gangliosides has been reported to in-
hibit the enzyme activity of CD38 as an NAD glycohydrolase.
In addition, b-series of gangliosides with tandem sialic acid
residues in the sugar chain greatly inhibited NADase.!™
Figure 1a shows a simplified illustration of the b-series gan-
gliosides and their inhibitory strength. We have attempted to
clarify the causative factors of the differences in inhibitory ef-
fects among gangliosides and the recognition mechanisms of
the enzyme based on the competitive reaction model between
NAD (Chart 1) and gangliosides. Two carboxyl groups of the
tandem sialic acid residues in gangliosides might mimic the di-
phosphate moiety of NAD as a substrate, thereby inhibiting
NADase activity. In our previous paper, we reported that the
dipole moments and orbital energies of HOMOs obtained by
quantum mechanical calculation of gangliosides and the sub-
strate were well correlated with their inhibitory effects.’ By an-
alyzing the gangliosides’ electronic structures, we also found
that CD38 was likely to recognize the two carboxyl groups in
tandem sialic acid residues of gangliosides, as well as the phos-
phate groups in the substrate. This type of recognition is consis-
tent with the crystal structure of a homologue protein of CD38,
ADP-ribosyl cyclase, with substrate analogues reported by
Love et al.5 They showed that the Glul79 residue containing
two carboxyl groups plays an important role in this enzyme
activity and is covalently bonded to the substrate analogue.

The solvation effect is an important factor when we interpret
the substrate recognition mechanisms in the biological system.
The enzyme reactions in biological systems usually contain

large molecules in a massive number of solvent molecules. Ac-
curate ab initio calculations of such biological systems are still
very challenging despite the prominent computational progress
that has been made lately. Quite a few papers concerning sol-
vation models have appeared, which should be ultimately used
for reaction mechanisms in biological systems. Such models
include, for example, the Onsager model of self-consistent re-
action field (SCRF)”® and the polarizable dielectric continuum
model (PCM). The PCM models, in which a cavity is created
via a series of overlapping spheres, was initially devised by
Tomasi and his co-workers.>!? The conductor-like screening
model (COSMO) developed by Klamt and Schuumann is one
of the PCM models and has been used to explore the solvated
system.11 Several other PCM methods, such as the static iso-
density surface polarized continuum model (IPCM) and self-
consistent isodensity PCM model, have also been reported.'?

The advantage of including the explicit water molecules has
been pointed out. In the supermolecule method, solute and sol-
vent are treated as a supermolecule. In this context, this meth-
od has already been applied to the study of solvent effects on a
nucleic acid by explicitly considering a few water mole-
cules.!>'* We applied the supermolecule method to the sys-
tems studied in this work.

In the present study, we examined the mechanism by which
gangliosides inhibit NADase in the biological system. Gan-
gliosides contain large numbers of atoms, which made it diffi-
cult to perform most of the methods described above because
of the computational limitation. Thus, the solvation effect was
considered by the use of quantum mechanics/molecular me-
chanics (QM/MM) methods. ONIOM">-17 is a QM /MM meth-
od that has been applied to the study of complex organic reac-
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Figure 1.

(a) Topological models of the b-series of gangliosides having an inhibitory effect against NADase, CD38. In addition to

the gangliosides studied experimentally, Gp, and Gy were also considered for comparison. The numerical order of the sialic
acids is depicted as the distance from the ceramide part. (b) Chemical structures of the studied methyl derivatives of component
monosaccharides, ®-N-acetylneuraminic acid (NeuAc’), B-N-acetylgalactosamine (GalNAc’), B-D-galactose (Gal’), and B-D-glu-
cose (GIc’). (c) Primary and chemical structures of ganglioside Gps.

tion systems, such as organometallic reactions, and has recent-
ly been applied to models of enzymatic reactions.'®!° ONIOM
allows us to use a combination of expensive and inexpensive
theories to make highly accurate computations possible on
large molecules. This method can also divide the system into
layers using MO and/or MM calculations with different levels
of accuracy. It has also been applied to relatively small solvat-
ed systems such as micro-solvated clusters?® and to relatively
large systems such as ethyl chlorophyllide-a and Cu/Zn super-
oxide dismutase.?!"??> Regarding solvation for biomolecules,
Zhang et al. studied the solvation system of a nucleic acid with
different levels of the ONIOM method.?* They considered sev-
en water molecules as the first hydration shell and showed that
ONIOM is an effective tool for studying solvated systems. In

this study, we applied the ONIOM method to our system in-
cluding large biomolecules of 84 to 147 atoms.

Two of the aims of this study are to model gangliosides’ in-
hibitory effect on the NAD glycohydrolase of CD38 in the
physiological environment and to illustrate the causative factor
of the recognition mechanisms more clearly. A third goal is to
analyze the solvation effect on our systems by applying the su-
permolecule and ONIOM methods to a solute—solvent system
including large solute molecules.

Computational Methods

Monosaccharides, such as B-p-glucose, B-D-galactose, B-N-
acetylgalactosamine, and «-N-acetylneuraminic acid, are the
components of gangliosides. First, we studied the methyl de-
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rivatives of -N-acetylneuraminic acid (NeuAc’), B-N-acetyl-
galactosamine (GalNAc’), B-p-galactose (Gal’), and B-p-glu-
cose (Glc’) (Figure 1b). We then studied the analogue of the
enzyme substrate, a model compound of nicotinamide adenine
dinucleotide (NAD), whose adenosine group was substituted to
the methyl group. It is designated as NAD’ (Chart 1). In addi-
tion, dimeric sialic acid (NeuAc), was taken as a model of tan-
dem sialic acid residues of gangliosides, which is thought to be
responsible for this enzyme reaction. Four gangliosides were
also studied: Gyms, Gpz, Gmip, and Gps. The chemical structure
of Gpj is depicted in Figure 1c. We concentrated on the oligo-
saccharide parts (the “head group”), since they are considered
to be extruded from the biological membrane and to interact
with the enzyme.

The procedure for making input geometries for ONIOM cal-
culations is depicted in Figure 2. First, the geometry of the iso-
lated solute molecule, which corresponds to the one in the gas
phase, was optimized by the PM3 method. Next, water mole-
cules were generated arbitrarily in a three-dimensional box of
an appropriate size for the solutes. Then, the solute molecule
having the PM3-optimized geometry was placed at the center
of the box and was replaced with several water molecules
there. This procedure was done with the aid of the TINKER
program, ver. 3.9.2* The extra water molecules outside of the
first hydration sphere were cut off manually by tracing the
space-filling model of the solute. For the system thus obtained,
two-layered ONIOM calculations were applied. The solute
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molecules studied in this work and the numbers of solvent wa-
ter molecules are listed in Table 1. The solute and the solvent
were, respectively, the first and second layers of the model.
The geometries were optimized with the ONIOM(PM3:UFF)
and ONIOM(RHF/3-21G:PM3) methods. The ONIOM energy
for a two-layer system was calculated by eq 1.

E(High, Real) = E(ONIOM) = E(Low, Model) + size + level
= E(Low, Real) + E(High, Model) — E(Low, Model) (1)

The full molecular geometry including all atoms is referred to
as the “Real” geometry, and it is treated using a “Low” level
of theory. A subset of the atoms, called the “Model” geometry,
is treated using both the “Low” and “High” levels of theory."
The full system, containing a solute and solvent molecules as a
“Real” system, was treated using MM calculations with UFF
(universal force field) parameters? as a “Low” level of theory.
The solute, which is a subset of the atoms, as a “Model” sys-
tem was managed by MM with UFF parameters as the “Low”
level and PM3 molecular orbital (MO) calculations as a
“High” level of theory. This combination of theory levels is
referred to as ONIOM(PM3:UFF). We applied a better combi-
nation of the ONIOM method to this system: RHF/3-21G and
PM3 for the “High” and “Low” levels, respectively, which is
abbreviated as ONIOM(RHF/3-21G:PM3). The geometry of
the whole system consisting of the solute and solvent waters
was optimized as a supermolecule by the PM3 method. Then,
single-point energy calculations of the whole system were car-
ried out using a much larger basis set RHF/6-314+4-G(d,p) at
the ONIOM(PM3:UFF), ONIOM(RHF/3-21G:PM3), and Su-
permolecule(PM3) optimized geometries.

COSMO, a dielectric model calculation method'' imple-
mented in MOPAC2000, was performed for comparison. The
dielectric constant of water (78.4) was used to translate the
physiological system.

To estimate how much the solvent effect on the head group
induces structural change and consequent energy change, we
calculated the energy difference between the PM3 optimized
geometry of each ganglioside as an isolated system and the ge-
ometry of each ganglioside as a solute in the hydrated system
optimized by ONIOM(PM3:UFF).

All the ONIOM, ab initio, and PM3 calculations were car-
ried out using the Gaussian 03 program.?® The computers used
in this study were Linux PC cluster machines at Ochanomizu
University. Computer facilities at the Research Center for
Computational Science, Okazaki Research Facilities, National
Institutes of Natural Sciences, Japan, were also used.

Results and Discussion

Solvation Effect on Methyl Derivatives of Monosaccha-
rides. The geometric parameters and orbital energies of the
methyl derivatives of monosaccharides Glc’, Gal’, GalNAc’,
and NeuAc’ were investigated to compare the various compu-
tational methods of examining the solvation effect. For com-
parison, (NeuAc), and the model compound NAD’ were also
studied.

The geometric parameters of the glycoside bond for the
methyl derivatives of the monosaccharides are listed in
Table 2. The calculation methods differed only slightly in cal-
culated bond lengths 71 and 2 and bond angle 6. In contrast,
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Figure 2. ONIOM calculation procedure.

Table 1. Number of Water Molecules in the First Hydration Cell

Gangliosides® Monosaccharides® Dimeric sialic NAD'
Gws Gp2  Gps  Guiw Gal’ Gl GalNAC  NeuAc”  acid (NeuAc),
Number
of H,0 38 57 67 72 31 35 26 31 44 31
molecules

a) Head group of gangliosides was used for calculations. b) Methyl derivatives of monosaccharides were adopted as
models for the components of the studied gangliosides.

the dihedral angle ¢ differed significantly among the methods. trast with r1, 72, and 0, dihedral angle ¢ was greatly affected

The bond lengths r1 and 72 were almost the same for all the by solvation, and the method dependency was fairly large. The
calculations with and without solvent. As for the angle 6 of the differences in dihedral angles, Aginedra, between the solvated
glycoside bond, the 6 value of NeuAc’ was slightly affected by system treated by the ONIOM(PM3:UFF) and Supermole-
the solvent. The change in 6 was less than 1.2 degrees. In con- cule(PM3) methods and isolated systems were estimated as
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Table 2. Geometric Parameters of Glycoside Bond and O—-CH; Bond of Monosaccharides Calculated with Various Methods

Glc’ AD Gal’ AP GalNAc’ A®  NeuAc’ AY
ONIOM(PM3:UFF) rl/z&“) 1.41 0.00 1.41 0.00 1.41 0.00 1.41 0.00
rZ/Aa) 1.41 0.00 1.41 0.00 1.41 0.00 1.41 0.00
6/° 115.3 0.0 115.2 0.0 115.1 —0.1 116.7 0.2
¢/° —99.3 -53 —93.3 -7.8 —-92.7 —-2.3 90.3 0.5
ONIOM(RHF/3-21G:PM3) rl/z&a) 140 —-0.01 140 —-0.01 140 —-0.01 1.41 0.00
r2//f\ﬂ) 1.45 0.04 1.45 0.04 1.45 0.04 1.45 0.04
6/° 116.2 0.9 1159 0.7 116.4 1.2 117.4 0.9
¢/° —61.4 32.6 -59.1 324 —55.0 35.5 59.1 30.7
Supermolecule(PM3) rl//f\a) 1.41 0.00 1.41 0.00 1.41 0.00 1.41 0.00
rZ/A“) 1.41 0.00 1.41 0.00 1.41 0.00 1.41 0.00
6/° 115.2 -0.1 115.1 -0.1 115.8 0.6 117.7 1.2
b/° —94.4 —-04 —98.5 -7.0 -96.0 -5.0 84.9 —4.9
COSMO(PM3) rl /A“) 1.42 0.01 1.42 0.01 1.41 0.00 1.42 0.01
rZ/A“) 1.41 0.00 1.41 0.00 1.41 0.00 1.41 0.00
6/° 114.7 -0.6 114.5 —-0.7 115.4 0.2 117.5 1.0
@/° —1572 —-632 —1539 -624 —129.6 —39.1 740 —15.8
Isolated system (PM3) rl/;‘f‘) 1.41 — 1.41 — 1.41 — 1.41 —
r2//f\“) 1.41 — 1.41 — 1.41 — 1.41 —
6/° 115.3 — 115.2 — 115.2 — 116.5 —
¢/° —-94.0 — —-91.5 — -90.5 — 89.8 —

a) 1A = 10nm. b) A corresponds to the deviation from the isolated system (PM3).

o)
HHo H ¢H
0 CHs
OH rl1o r2
H
HO o
H

—7.8 to 1.2 degrees. It is noteworthy that the ONIOM method
using the MM parameters, UFF, gave results similar to those
obtained by the supermolecule method. The ONIOM(RHF/
3-21G:PM3) and COSMO methods gave large Agihedral Values,
approximately 30-60 degrees. In short, solvation greatly af-
fected the dihedral angle of the methoxy group, which relates
to the glycoside-bond part.

Figures 3a—3d show the orbital energies of frontier orbitals,
HOMO and LUMO (the lowest unoccupied molecular orbital),
of the solvated system of methyl derivatives of Glc¢’, Gal’,
GalNACc¢’, NeuAc’, (NeuAc),, and NAD’, which were calculat-
ed by various methods: ONIOM(PM3:UFF), ONIOM(RHF/3-
21G:PM3), PM3 with the supermolecule method, and PM3
with the COSMO method. The orbital energies of the isolated
systems are shown in Figure 3e for comparison.

To determine the validity of using MM parameters for sol-
vent as a “Low” level of theory, we focused on the energy pro-
files of HOMO based on the ONIOM(PM3:UFF) method and
the more reliable Supermolecule(PM3) method. The profiles
of the HOMO energies in Figures 3a-1 and 3c-1 were similar
to each other. Especially, the HOMO energies of the mono-
saccharides by ONIOM (—10.8, —10.6, and —10.1 eV, respec-
tively, for Gl¢/, Gal’, and GalNAc’) were very close to those by
the supermolecule method (—11.2, —11.2, and —10.2eV). The
ONIOM values of NeuAc’, (NeuAc),, and NAD’ (—5.4, —3.0,
and —5.7eV) were similar to those by the supermolecule
method (—8.0, —6.6, and —8.2 eV). Thus, the ONIOM method
using MM parameters gave reasonable results for profiles of

the orbital energies. The two types of ONIOM methods were
also compared (Figures 3a-1 and 3b-1). When quantum meth-
ods were used instead of an UFF for ONIOM calculations, the
HOMO energies changed slightly but maintained similar ener-
gy profiles, except for that of NAD’, which decreased from
—5.7 to —8.4¢eV. Interestingly, these observations regarding
the orbital energies of frontier orbitals are also similar to those
obtained in the isolated system (see Figure 3e-1).

Further, we selected a much larger basis set for the studied
species so as to obtain better descriptions. Figures 3a-2, 3b-2,
and 3c-2 show the orbital energies obtained by RHF single-
point energy calculations with the 6-314++G(d,p) basis set as
supermolecules at the optimized geometries by the ONIOM-
(PM3:UFF), ONIOM(RHF/3-21G:PM3), and Supermolecu-
le(PM3) methods, respectively. The three energy profiles were
similar to one another, though using the larger basis set low-
ered the orbital energies of NeuAc’ and (NeuAc),, in all cases.
Orbital energies were quite close to each other among Glc/,
Gal’, and GalNAC’, and the relative energies were comparable
among NeuAc’, (NeuAc),, and NAD’. The order of the
orbital energies of HOMO was (Glc’ = Gal’) < GalNAc' <
(NeuAc’ =~ NAD’) < (NeuAc),.

In contrast, electronic features such as those mentioned
above were not observed with the dielectric method model
(COSMO), as shown in Figure 3d-1. There were only small
differences among the orbital energies of HOMO for the
monosaccharides. Since COSMO is a continuum dielectric
model, solvent water molecules are not defined explicitly.
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Figure 3. The orbital energies of frontier orbitals, HOMO and LUMO, of the studied monosaccharides as well as of dimeric sialic
acid (NeuAc), and NAD'. (a-1) in the hydration system calculated with ONIOM(PM3:UFF)//ONIOM(PM3:UFF), (a-2) in the
hydration system calculated with the supermolecule method (RHF/6-314++G(d,p)) at ONIOM(PM3:UFF)-optimized geometries,
(b-1) in the hydration system calculated with ONIOM(RHF/3-21G:PM3)//ONIOM(RHF/3-21G:PM3), (b-2) in the hydration
system calculated with the supermolecule method (RHF/6-314++G(d,p)) at ONIOM(RHF/3-21G:PM3)-optimized geometries,
(c-1) in the hydration system calculated with the supermolecule method (PM3//PM3), (c-2) in the hydration system calculated
with the supermolecule method (RHF/6-314++G(d,p)) at PM3-optimized geometries, (d-1) in the hydration system calculated
with COSMO(PM3)//COSMO(PM3), (d-2) as an isolated system using geometries optimized with the COSMO method
(RHF/6-314++G(d,p)//COSMO(PM3), (e-1) as an isolated system (PM3//PM3), (e-2) as an isolated system (RHF/
6-314++G(d,p)//PM3).

Therefore, the supermolecule method considering solvated geometry were carried out. Energy levels of frontier orbitals
molecules cannot be applied. Single-point energy calculations for the isolated system at the RHF level of theory with the
of the isolated solute system at the COSMO(PM3) optimized  6-314++4G(d,p) basis set are shown in Figure 3d-2. Even
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though geometric parameters, especially dihedral angles, were
greatly changed by the COSMO method as mentioned
above, the energy profiles were similar to those obtained by
the other methods. The similarity between Figures 3d-2 and
3e-2 suggests that the geometric change for dihedral angle ¢
does not greatly affect the orbital energies. The changes in
the dihedral angles in Table 2 and in the orbital energy profiles
in Figure 3d-1 suggest that the COSMO method itself affects
both the geometries and the orbital energies.

For comparison, the same larger basis set 6-31++G(d,p)
was used for the isolated molecule (see Figure 3e-2). The ob-
tained energy profile is similar to that of the isolated molecule
shown in Figure 3e-1. The order of the HOMO energies was
the same as that in the solvated system.

Orbital Energies of Gangliosides. RHF single-point ener-
gy calculations with a larger basis set 6-314++G(d,p) were ap-
plied to the hydrated system of a series of gangliosides and ref-
erence species such as NeuAc’, (NeuAc),, and NAD'. The
ONIOM(PM3:UFF) and Supermolecule(PM3) geometries
were adopted for the calculations. HOMOs of the solvated
gangliosides were localized at the carboxyl groups, though
they spreaded out slightly more than those of the unsolvated
case reported in our previous paper. They were not extended
to the glycoside linkages, of which the structures were affected
by solvation. It is noteworthy that the feature of the localiza-
tion of HOMOs are similar each other for the solvated and
unsolvated models.

We paid special attention to the orbital energies of HOMO
because of its nucleophilic behavior caused by the anionic sites
in these molecules. As seen in Figure 4a at the ONIOM-
(PM3:UFF) geometry, we found that the orbital energies of
HOMO for Gp, (—8.4eV) and Gp; (—8.1eV) were higher
than those for Gyz (—9.5eV) and Gyyp (—10.4eV). The orbi-
tal energy of HOMO of sialic acid (—9.8 eV) was close to that
of NAD’ (—10.9eV). The orbital energy of HOMO of dimeric
sialic acid (—6.8 eV) was higher than that of any other species.
The energy profile of the frontier orbitals of gangliosides in
Figure 4a is quite similar to that in Figure 4b at the Supermo-
lecule(PM3) geometry. In the latter case, the orbital energies
of HOMO for Gp; (—8.1eV) and Gps (—8.4eV) were higher
than those for Gyz (—9.4eV) and Gy, (—9.6eV). The orbital
energies of HOMO of sialic acid NeuAc’ and NAD’ were
almost the same as each other (—9.0eV). Dimeric sialic acid
(NeuAc); had the highest value, —8.0 eV, among them, though
that value was closer to those of Gp, and Gps compared to the
values calculated by Supermolecule(RHF/6-314++G(d,p)//
ONIOM(PM3:UFF).

Figure 4c shows the orbital energies of frontier orbitals cal-
culated with the RHF/6-314+4G(d,p) method in the gas phase,
as reported in our previous paper.’ The profiles of orbital en-
ergies of HOMO in the gas phase were found to be quite sim-
ilar to those calculated by the solvated models mentioned
above.

Our previous work regarding the isolated system revealed
that HOMO energies were correlated with the strength of the
inhibitory effects of gangliosides. For example, the inhibitory
effect of Gps was larger than that of Gyyp (Figure 1a), which
correlated well with the orbital energies of HOMO. Our find-
ings with the solvation effect agree well with the previous
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Figure 4. The orbital energies of frontier orbitals, HOMO
and LUMO, of gangliosides as well as of sialic acid
NeuAc’, dimeric sialic acid (NeuAc),, and NAD'.
(a) Calculated as a supermolecule with the RHF/6-
314++G(d,p)//ONIOM(PM3:UFF) method, (b) calculated
as a supermolecule with the RHF/6-314++G(d,p)//PM3
method, (c) calculated as an isolated molecule with the
RHF/6-31+4G(d,p)//PM3 method.

study and indicate that the proposed mechanisms are appropri-
ate even in the biological system.

Structural Changes of Sugar Part of Gangliosides by
Solvation Effect. Structural change by the solvation effect
on Gp; is shown in Figures 5 and 6 by superimposing the hy-
drated structures calculated with the ONIOM and supermole-
cule methods, respectively, on the isolated system. The struc-
tural change of the solute by solvation was small (Figures 5a
and 6a). The change by the supermolecule method was only
slightly larger than that with the ONIOM method according
to their RMS values: 0.74 and 0.46, respectively. Gps consists
of a tandem sialic acid (NeuAc),, galactose (Gal), and glucose
(Glc). In order to see which parts were affected by solvation,
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Gpa: NeuAc — NeuAc — Gal — Glc — Ceramide

@

Glycoside bond between
sialic acid and galactose

Line: isolated molecule, Gps (without solvent) (PM3)
Ball and stick: hydrated system ONIOM (PM3:UFF)

Figure 5. The structural change of the head group (sugar
part) of Gps by the solvation effect with the ONIOM-
(PM3:UFF) method. (a) The structure optimized in the hy-
drated system calculated with ONIOM(PM3:UFF) (depict-
ed by a ball-and-stick model) was superimposed with the
structure optimized in the gas phase as an isolated mole-
cule with the PM3 method (depicted by a line model).
(b) The tandem sialic acid part on the left was partly su-
perimposed. (c) The galactose—glucose on the right was
partly superimposed.

the tandem sialic acid part on the left was partly superimposed
(Figures 5b and 6b), and the galactose—glucose (Gal-Glc) part
on the right was partly superimposed (Figures 5c and 6c). One
of the parts that solvation affected greatly was at the glycoside
bond, a linkage part, between sialic acid and the galactose res-
idue (see Figures 5b and 5c¢). This result partly relates to the ¢
value change by solvation listed in Table 2. In contrast, the
structure of the tandem sialic acid residue itself, which is
thought to be responsible for the inhibitory effect, did not
change significantly by the solvation effect.

According to the recognition model by Yokoyama et al.,?
the distance of the tandem sialic acid part from the membrane
is one of the important factors. Table 3 tabulates selected dis-
tances between the membrane carbon and the carboxyl group,
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Gpa: NeuAc — NeuAc — Gal — Glc — Ceramide

Glycoside bond between
sialic acid and galactose

Line: isolated molecule, Gps (without solvent) (PM3)
Ball and stick: hydrated molecule (supermolecule)

Figure 6. The structural change of the head group (sugar
part) of Gps by the solvation effect by considering the sol-
vent and solute as a supermolecule. (a) The structure opti-
mized as a supermolecule with the PM3 method (depicted
by a ball-and-stick model) was superimposed with the op-
timized structure as an isolated molecule (depicted by a
line model). (b) The tandem sialic acid part on the left
was partly superimposed. (c) The galactose—glucose on
the right was partly superimposed.

as well as those between two carboxyl groups of the tandem
sialic acid in gangliosides (Gps, Gpp, and Gyz). We defined
the membrane carbon as the carbon in the methoxy group con-
nected to C1 of glucose. The distances between the membrane
carbons and the carboxyl groups of sialic acids, which were
thought to be critical to the recognition by CD38,? are listed.
The distances between two carboxyl groups (#3 and #4) of tan-
dem sialic acid residues are also listed. The carboxyl groups of
sialic acids in gangliosides are numbered according to the
topological order of sialic acids in the sugar chain from the
ceramide side; the carboxyl #3 group is closer to the mem-
brane than the carboxyl #4 group (see Figure 1a). A compari-
son of the geometric parameters among the methods consider-
ing the solvent effect revealed that the ONIOM and supermo-
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Table 3. Selected Distances between the Membrane Carbon and the Carboxyl Groups, and Those between Two Carboxyl Groups

of the Tandem Sialic Acid in Gp,, Gps, and Gy3

Distance between the

membrane carbon and the
carboxyl group/A¥:Y)

Distance between two carboxyl groups
(#3 and #4)/AV©

C(membrane) C(membrane)
—C(carboxyl #3) —C(carboxyl #4) C#3)-C(#4) OI1#3)-0O1(#4) O02#3)-02(#4)

Gp, ONIOM(PM3:UFF) 13.1 15.7 6.6 6.3 8.0

Supermolecule(PM3) 13.1 16.0 6.5 6.5 7.6

COSMO(PM3) 12.9 15.9 6.1 6.0 7.4

Isolated system (PM3) 12.9 15.8 6.0 6.1 7.0
Gp; ONIOM(PM3:UFF) 12.7 15.0 8.3 8.5 9.9

Supermolecule(PM3) 12.1 14.2 7.9 8.2 9.7

COSMO(PM3) 12.7 15.6 7.9 7.6 9.9

Isolated system (PM3) 12.7 15.8 8.2 8.2 9.9
Gyvs  ONIOM(PM3:UFF) 11.8

OINOM(HF/3-21G:PM3) 11.5

Supermolecule(PM3) 11.7

COSMO(PM3) 12.3

Isolated system (PM3) 12.1

a) 1A = 10nm. b) The carboxyl groups of sialic acids in gangliosides are numbered according to the topological order of sialic
acids in the sugar chain from the ceramide side; that is, the carboxyl #3 group is closer to the membrane than the carboxyl #4
group. ¢) Distances between the two carboxyl groups (#3 and #4) of tandem sialic acid residues are listed.

Table 4. Energy Changes Due to the Structural Changes by
Solvent Effect on the Head Group of Gangliosides: Gpg,
Gps, Gmib, and Gums

Gn2 Gps Gwmib Gwms
AE/kJmol~!¥ 3.47 7.82 0.54 0.67
a) Structures of gangliosides used for this calculation were
those optimized in the hydrated system by ONIOM(PM3:

UFF) and those optimized as isolated molecules by the PM3
method.

lecule methods, except for the COSMO method, gave similar
results. For example, the calculated values for the distance be-
tween the membrane and carboxyl group #3 of Gy;z were 11.8
(ONIOM(PM3:UFF)), 11.5 (ONIOM(HF/3-21G:PM3)), 11.7
(Supermolecule(PM3)), and 12.3 A (COSMO). There was only
a slight difference between the obtained values in the hydrated
system and those in the isolated system, e.g., 12.1 A (PM3) for
the isolated molecule and 11.5-11.8 A (ONIOM and supermo-
lecule methods) for the solvated system. In addition, the dis-
tances between the two carboxyl groups did not change signif-
icantly between the hydrated and isolated systems (0.2—1.0 A).
This geometric stability of the tandem sialic acids supports our
findings that the tandem sialic acid residue plays a key role in
the enzyme reaction as well as in the inhibitory effects on
NAD glycohydrolase.

Table 4 lists the energy changes due to the structural
changes by the solvent effect on the head group of gangliosides
(Gpz2, Gps, Gmib, and Gys). The structures of gangliosides
used for these calculations were those optimized in the hydrat-
ed system by the ONIOM(PM3:UFF) method and those opti-
mized as isolated molecules by the PM3 method. The solvent
effect on the energy change due to the geometry change was
rather small (less than 8 kJ mol~1).

Conclusion

In this paper, we report the electronic structures of ganglio-
sides in the biological environment considering the solvation
effect. Application of the ONIOM method to the gangliosides
provided geometries and electronic structures similar to those
obtained by the supermolecule method.

The superimposition of optimized structures revealed the ef-
fects of solvation on the structures of the tandem sialic acids,
which showed only slight changes in the presence of solvent
molecules. We found that the energies of HOMO correlated
with the strength of the inhibitory effects in the solvation sys-
tem; this correlation was also seen in the isolated systems.
These results of careful study of the solvation effect indicate
that our proposed model for the recognition mechanisms of
NAD glycohydrolase is appropriate in the physiological envi-
ronment. The modeling techniques with the supermolecule and
ONIOM methods that we present in this paper will bring fur-
ther understanding of other mechanisms involving large mole-
cules in the biological system.
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