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Abstract We examined the conformational preferences of the
2-O-sulfated-3,6-a-D-anhydrogalactose (compound I) and two
1,3 linked disaccharides constituting-k or t-carrageenans using
density functional and ab initio methods in gas phase and
aqueous solution. Systematic modifications of two torsion
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angles leading to 324 and 144 starting geometries for the
compound I and each disaccharide were used to generate
adiabatic maps using B3LYP/6-31G(d). The lower energy con-
formers were then fully optimized using B3LYP, B3PW91 and
MP2 with several basis sets. Overall, we discuss the impact of
full relaxation on the energy and structure of the dominant
conformations, present the performance comparison with pre-
vious molecular mechanics calculations if available, and deter-
mine whether our results are impacted, when polarization and
diffuse functions are added to the 6-31G(d) basis set, or when
the MP2 level of theory is used.

Keywords Adiabatic maps - Conformers - DFT methods -
Full optimization - Gas and solvent - 2-O-sulfated-3,6-o-D-
anhydrogalactose - Neo-k-carrabiose - Neo-t-carrabiose

Introduction

Carrageenans, which are found in the cell walls of numerous
red seaweeds (Rhodophyta), are high-molecular-weight pol-
ysaccharides made up of repeating galactose units and 3,6-
anhydro-o-D-galactose, both sulfated and nonsulfated. The
units are joined by alternating o(1—3) and 3(1—4) link-
ages [1-3]. Besides their wide applications in the food
industry as thickening and gelling agents [4], chemically
modified carrageenans can also lead to prototypes with
potential medical interest for several diseases such as her-
pes, human papillomavirus (HPV) and AIDS [4].

Since the function of polysaccharides depend on their
equilibrium conformations in the selected environment [2],
the energy landscape of mono-, di- and trisaccharides has
been subjected to energy minimizations and molecular
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dynamics (MD) simulations in gas phase or in water using
all-atom molecular mechanics (MM) force fields such as
MM3, Tripos, CHARMM and GROMOS [3-34]. More
recently, ab initio and density functional theory (DFT) cal-
culations have been performed [5, 35—45] and DFT calcu-
lations at the B3LYP/6-311++G** [24, 35, 46-50] and
B3LYP/6-31G** [51] levels of theory have shown to give
reliable energies and geometries for several carbohydrates
[24, 35, 46-50]. Vibrational frequencies of carbohydrates
were also calculated using MM and spectroscopic force
fields [52—-54] and from 27 ps DFT MD simulations [55].

The aim of this work was to determine the preferred
conformations of three carbohydrates in gas phase and
water which have never been subjected to DFT calculations.
These molecules, shown in Fig. 1, include the 2-O-sulfated-
3,6-a-D-anhydrogalactose (compound I), the 4-O-sulfated
3,6-anhydro-o-D-galactopyranosyl(1—3)3-D-galacto-py-
ranose also called neo-k-carrabiose (compound II) and the 4-
O-sulfated 3,6-anhydro-«-D-galactopyranosyl(1—3)2-O-
sulfated-3-D-galactopyranose or neo-k-carrabiose (com-
pound III).

To this end, we followed the procedure that we used
for k-carrabiose, characterized by a 1—4 linked disac-
charide in carrageenans [56]. Note that neo-k-carrabiose
is the other k-carrageenan constituting disaccharide with
a 1—-3 glycosidic linkage between the 4-O-sulfated 3,6-anhy-
dro-o-D-galactopyranosyl and the (3-D-galactopyranose
units. Specifically, we first determined the conformational
maps at the B3LYP/6-31G(d) level by systematically varying
and constraining the two dihedral angles of the glycosic
linkage for each disacharride and of the pyranose ring for
compound I, while relaxing the other degrees of freedom. A
total of 324 and 144 geometries were thus energy-minimized
for compound I and each disaccharide, respectively. The lower
energy conformers were then fully optimized using B3LYP,
B3PW91 and MP2 with several basis sets and subsequently
subject to normal mode analysis to guarantee they are actually
minima on the potential energy surface and not transition
states. This whole process was repeated for each molecule
using the Onsager model to simulate the effect of solvent
[57-60].

Details of the calculations are given in Computational
details and nomenclature. For each disaccharide, we have
selected the three 6-31G(d), 6-31G(d,p) and 6-31+G(d,p)
basis sets coupled to the B3LYP and B3PW91 density
functions and the single 6-31G(d) basis set coupled to
MP2. For compound I, we also considered the 6-31G(d),
6-31+G(d) and 6-311++G(d,p) basis sets coupled to B3LYP
and B3PWO1. Our selection for the basis sets and methods
was motivated by three reasons.

First, while B3LYP is the most commonly used function-
al in sugar field [5, 24, 35, 36, 3840, 50], a recent study has
shown that B3LYP functional is not the most appropriate for
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Fig. 1 a- Structure of 2-O-sulfated-3,6-x-D-anhydrogalactose, dihe-
dral angles 6 and x; around the exocyclic angles of the hydroxymethyl
group and hydroxyls groups (compound I), b- Structure of 1,3 linked
disaccharide constituting k-carrageenans, dihedral angles ¢ and ¥
around the glycosidic linkage and exocyclic angles of the hydroxy-
methyl group and hydroxyls groups (compound II), c- Structure of 1,3
linked disaccharide constituting t-carrageenans (compound III)

conformational studies, and B3PW91 gives better results
[61]. However, B3PWO1 is still mostly restricted to the
study of well-defined conformers [30]. We recall that one
important difference between B3LYP and B3PWO1 is that
B3LYP does not respect the uniform electron gas limit,
while B3PW91 does [61].

Second, in addition to the standard 6-31G(d) and 6-31+G
(d) basis sets for disaccharides [61], we tested the B3LYP/6-
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311++G(d,p) and B3PW91/6-311++G(d,p) functionals and
basis sets [35, 36, 50, 56] to determine whether our results
are impacted when polarization or diffuse functions are
added to the 6-31G(d) basis set [56]. Third, we wanted to
determine what improvement in data quality is seen when
the MP2 [30, 62] level of theory is used. Results and
discussion reports the adiabatic maps of each compound
and compares the DFT and MP2 fully relaxed, lower poten-
tial energy conformations both in gas phase and aqueous
solution. The performance comparison with experiments
and previous MM calculations, if available, is included
and we also compare the DFT more physically relevant free
energies with rotational, translational and vibrational correc-
tions at 298 K in gas phase.

Computational details and nomenclature

The conformational space of carbohydrates is generally
described by the dihedral angles ® and ¥ of the glycosidic
linkage. Following the IUPAC recommendations [63], we
used for the two disaccharides, ?=05-C1-O1-C3’ and V=
C1-01-C3’-C4’, the primes associated with the atoms of the
non reducing sugar unit (Fig. 1b and c). For compound I, we
used the dihedral angles of the pyranose cycle: =H(2)-C2—
02-5(0)2 and x;=H(1)-C1-O1-H(O)1) (Fig. 1a).

The initial structures of the three compounds were taken
from the crystal hexa-i-carrageenan double helix conforma-
tion [64], because it has 1—3 glycosidic linkages. Crystal
data exist for k-carrabiose, but these report conformations
with 1—4 linkages [65, 66]. From this double helix, we took
the monosaccharide conformation for compound I and the
disaccharide conformation for compounds II and III and
further eliminated the sulfate atom at position C2 for com-
pound III. These conformations, after full optimization us-
ing B3LYP/6-31G(d) in gas phase, are characterized by (0,
X1) values of (36°, —68°) for compound I and (P, W) values
of (55°,53°) and (33°,61°) for compounds II and III, and
have TT, EggGGT and EggGT configurations for the exo-
cyclic groups in compounds I, II and III, respectively.

Each resulting optimized structure was then used as start-
ing geometries for all geometry modifications required to
generate the conformer libraries of the molecule by rigid
rotations of the dihedral angles ® and ¥ for compounds I1
and III, and the dihedral angles 0 and x; for compound I as
described in ref. 36. Following French and Dowd [67]
recommendations, the adiabatic maps of compounds II and
III were built by varying each dihedral angle by increments
of 30 °, resulting in a total of 144 conformations. Due to its
reduced number of degrees of freedom, the map of com-
pound I was generated by varying each dihedral angle by
increments of 20 °, resulting in a total of 324 conformations.
Once the set of ® and ¥ angles for compounds II and III

was selected, (or © and x; for compound I), these angles
were kept frozen while optimizing all other degrees of
freedom [56]. Among all minima identified on the adiabatic
maps, only the lower energy minima were fully optimized in
gas phase at the B3LYP/6-31G(d), B3LYP/6-31G(d,p),
B3LYP/6-31+G(d), B3PW91/6-31G(d), B3PW91/6-31G
(d,p), B3PW91/6-31+G(d) and MP2/6-31G(d) levels for
each compound. For compound I, we also performed full
optimizations using B3LYP/6-311++G(d,p) and B3PW91/6-
311++G(d,p).

The same procedure was carried out for the three com-
pounds by simulating the presence of water using the Ons-
ager model [68]. In this model, the solute is placed in a
spherical cavity inside the solvent, which is described as a
homogeneous polarizable medium of dielectric constant
[69], set to 78 for water [29]. Using all conformers prior to
optimization, the volume algorithm in Gaussian program
yields an average cavity radius of 4.6 A for compound I,
5.5 A for compound II and 5.7 A for compound III. After
full optimization in solvent using B3LYP/6-31G(d), the
starting (0, x;) values are (29°,—67°) for compound I, and
the starting (®,¥) values are (1°,132°) and (45°,59°) for
compounds II and III. Finally, the adiabatic maps were
calculated and full relaxation of the lower energy minima
was performed with the procedure used for gas phase. It is
important to note that all calculations on compounds II and
II did not consider the rotation around the C-O or S-O
bonds of the sulfate group.

All calculations were carried out with the Gaussian
03 program (version 6.0, revision B.03) [70]. Results
were explored using the Gaussview software and the
maps drawn with the Surfer software [71]. Optimization
was considered satisfactory using the tight condition
(RMS force criterion of 1*¥107°) for the adiabatic maps
and the very tight condition (RMS force criterion of
1%10°®) along with the absence of negative vibrational
frequencies for the fully relaxed conformations.

In addition to the glycosidic torsional angles, we
examined other variables to assess the conformations.
The orientations of the hydroxymethyl groups are char-
acterized by the torsional angles w’ and X defined by
the atoms O5’-C5’-C6’-06° and C5°-C6°-06’-H6 [7],
respectively (Fig. la and b). Their rotamers are referred
to [72] as gauche-trans (gt), gauche-gauche (gg) or
trans-gauche (tg), corresponding to w values of 60°,
—60° and 180°, respectively. The orientation of the
hydroxyl hydrogens [73] is indicated by the torsional angles
Xn defined by the atoms H(n)}-Cn—On-H(O)n (Fig. 1a and b).
Their values are described by a one-letter code [74]: S for
angles between —30° and +30°, g for angles between 30-80°,
T for angles with an absolute value larger than 150°, G for
angles between —30° and —80°, and E for angles between —80°
and —150°.
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Results and discussion
2-O-sulfated-3,6-x-D-anhydrogalactose (compound I)
Adiabatic map in gas phase

The map using B3LYP/6-31G(d) and a 18 x 18 grid is shown
in Fig. 2a, with the contour line values in kcal/mol with
respect to the lowest energy point. There are three minima,
designated as A, B and C according to their (6, ;) values: A
at (—24°,152°), B at (56°,152°) and C at (—64°,32°). Their
energies are 0, 2.1 and 3.4 kcal/mol, respectively.

Several computational studies have focused on the con-
figuration of the ring in monosaccharides. These works on
glucose and its epimers, methyl 3,6-anhydro-x-galactopyr-
anoside, (3-D-galactopyranose, x-D-galactopyranose, (3-D-
allopyranose and 3-D-glucopyranoside units in gas phase
have revealed minima with either chair, boat or skew forms
of the sugar ring [44, 54, 75-81]. Here, we find that A and B
display a chair 'C, form, while C has a boat B, 4 conforma-
tion. It is well established that hydrogen bonding (H-bond)
constitutes a significant factor in determining relative energies
and ring geometries in gas phase [43]. H-bond has also been
shown to be prevalent in carbohydrate crystal structures with
the hydroxyl groups, acting as both hydrogen bond donors
and acceptors [82—84]. As shown in Fig. SI.1a (see supple-
mentary data), the conformers A and C display one inter-
residue H-bond between the oxygen of the sulfate group and
the hydrogen of the neighboring hydroxyls (H(O1)), while
conformer B is free of any H-bond.

Looking at the torsions angles of the secondary exocyclic
hydroxyl groups (x; and x4) we found they are TT for con-
formers A and B, and gT for C. All hydroxyl groups confined
in dihedral x; have clockwise orientations in the three con-
formers while the hydroxyl groups confined in the dihedral x4
have a counter clockwise orientation in conformer C.

Adiabatic map in water

The map using B3LYP/6-31G(d) is shown in Fig. 2b. There
are three minima, designated as A, B’ and C’ with the
following (8, x;) values: A at (—11°, 133°), B’ at (28°,
173°) and C’ at (9°, —167°). Their energies with respect to
the lowest energy minimum are: 0, 1.55 and 3.19 kcal/mol,
respectively. Comparing with the minima in gas phase, we
find that the two lower energy minima remain nearly at the
same places, but the location of the third state shifts sub-
stantially. The three minima adopt a chair lC4 conformation,
while only two adopt this configuration in gas phase. From
Fig. SI.2a (see supplementary data), we see that conformer
A has one intra-residue H-bond between the oxygen belong-
ing to the sulfate group and the hydrogen of the neighboring
hydroxyls (H (O1)). In contrast, B’ and C’ do not contain
any H-bond. Again, this finding runs in contrast with the gas
phase results where two minima have one H-bond. The
exocyclic torsion angles correspond to various conforma-
tions: TT for A and B’ and ET for C’. In all conformers, the
secondary exocyclic hydroxyl groups indicate clockwise
orientations.

Full optimization of the lower energy conformers in gas
phase and water

One problem of using small grids is that some low energy
conformers can be missed between two points. The draw-
back of adiabatic map is that the energetics and the struc-
tural characteristics of the minima may vary upon full
optimization. To this end, we have proceeded to full opti-
mization of the three lower energy conformers using B3LYP
and B3PW91 with 6-31G(d), 6-31G(d,p) and 6-31+G(d), as
well as MP2/6-31G(d). The resulting minima in gas phase
and aqueous solution are described in Tables 1 and 2,
respectively.

Fig. 2 Relaxed iso-potential (a) (b)
maps at the B3LYP/6-31G(d) )
level of compound I: a (map 2a) 304 350 -
in the gas phase and b (map 2b) A
in water (AE in kcal/mol) 3009 300 2
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Looking at the gas phase results in Table 1, we see that the
potential energy ranking is conserved independently of the
method and basis set used and follows A <B < C. The maximal
AE between A and C ranges, however, from 1.5 (B3LYP/6-
31G(d)) to 1.9 (B3PW91/6-311++G(d,p)) kcal/mol and that
between A and B from 0.4 (MP2 and B3LYP/6-311++G(d,
p)) to 1.3 kcal/mol (B3PW91 and B3LYP with 6-31G(d)).
Similarly, the optimized © and x; values of each conformer
do not differ from one basis set to another, nor using B3LYP,
B3PWO1 and MP2. A is located at ~ (—23°, 140°), B at ~ (30°,
150°) and C at (—55°, 55°). Note there is a difference of + 20°
between the “adiabatic” and fully relaxed minima.

Including the entropy at 298 K changes the energy or-
dering of the structures. C still has the highest energy, but B
has the lowest free energy except using B3PW91 and
B3LYP with 6-31G(d). AG between A and B is very small,
however, varying between 0.0 (MP2 and B3PW91 with 6-
31G(d)) and 0.4 kcal/mol (B3LYP/6-311++G(d,p)).

The picture changes drastically from adiabatic to full opti-
mizations in solvent. As shown in Table 2, the energy ranking
follows C’ <A and B’, independently of the method used, and
A is no longer the global potential energy minimum. C’ is
located at around (20°, 155°). B3LYP and B3PW91 with 6-
31G(d) underestimate and overestimate the energy differences
between the conformers, respectively (AE max of 0.9 and
2.6 kcal/mol). They also rank A < B’. In contrast, the four
other calculations using B3LYP and B3PW91 with more
complex basis functions converge to the same energy differ-
ences and rank B’ < A. Interestingly, while the fully optimized
conformers are located in three distinct (0 and ;) basins in
gas phase, they are located in only two basins in solvent: A is
located at (—24°, 155°) and B’ is at (21°, 155°) as C’. To
explain why B’ and C’ have such close geometries in all
calculations and differ by 1.1 kcal/mol using the more com-
plex basis sets, we found that Q1, the cyclic torsional angle
06-C5-C4-0(4), varies from —168° in B’ to 84° in C’.

Fig. 3 Relaxed iso-potential (a)
maps at the B3LYP/6-31G(d) _
level of compound II: a (map i
3a) in the gas phase and b (map L i
3b) in water. (AE in kcal/mol) %0
250
, oy
200 | . —
¥ -
150 -
100 >
L
50+ L

[t -
-150
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In an experimental study on models for glucose, the methyl
3,6-anhydro-3-D-glucopyranoside and methyl 3,6-anhydro-3-
D-galactopyranoside were found in the *C; and B, 4 conforma-
tions in aqueous solution [85]. The application of the solvation
model of Tomasi and co-workers [86] to QM calculations
indicates that the chair form is stabilized by water in methyl
3,6-anhydro-3-D-galactopyranoside and 3,6-anhydro-o-D-
galactopyranoside, but the boat form is stabilized by water in
methyl 3,6-anhydro-3-D-glucopyranoside [87]. Here we found
that the chair form is preferred in water with all three minima
vs. two minima in gas phase displaying this conformation.

Neo-k-carrabiose (compound II)
Adiabatic maps in gas phase and water

The resulting maps from 12x12 grids using B3LYP/6-31G
(d) are shown in Fig. 3a-b. In gas phase, there are two
minima with (®, V) values of (85°, 113°) and (55°, 143°).
Their relative energies are: 0.00 and 2.2 kcal/mol. The two
conformers, E and F, are thus located in the same basin
(Fig. 3a). For both minima, we find two inter-residue H-
bonds (Fig. SII.1) (see supplementary data), all the hydrox-
yls groups on the galactopyranosyl and the 3,6-anhydro-oc-
D-galactopyranosyl units have clockwise orientations, and
the exocyclic torsion angles for the non-reducing unit
(X1°»X2°»We»Xs*) have EggG configuration while those for
the reducing unit (X»,x4) have GT configuration.

Table 3 also reports the results of adiabatic maps obtained by
using several MM force fields and hard-sphere potentials in gas
phase. We note that our lowest energy conformer, E at (85°,
113°), is close to the predictions using a hard-sphere potential
(100°, 120°) [88], and an older version of the MM3 force field
(80°,90°) [9]. In contrast, CHARMM?2S5 (68°,72°) [22] and a
more recent version of MM3 (86°,159°) [12] force fields failed
to predict the conformer E as the ground state with A

(b)
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Table 4 Optimized conformations of compound II in water with their relative energies (kcal/mol) and @, ¥ angles (°)

Method B3LYP? B3LYP" B3PW91° B3PW91¢
conformer
G H G G H G H
AE 0.00 13.38 0.00 6.63 0.00 11.73 0.00 9.66
6, y) 87, 147 =50, 114 85, 144 1, 124 88, 148 5,129 86, 146 3,123

* B3LYP/6-31G(d)

® B3LYP/6-31+G(d)
¢ B3PW91/6-31G(d)
4 B3PW91/6-31+G(d)

deviations of 40° and the Tripos force field finds (80°,80°) [7].
Also note that the first excited state predicted by CHARMM?25
and Tripos differs substantially from the F conformer.
Looking at the adiabatic map in solvent (Fig. 3b), we also
find two minima with (®, ¥) of (61°, —168°) and (31°, 72°).
Their relative energies are: 0. and 8.7 (kcal/mol). Only, the
lowest energy conformer, G, has two inter-residue H-bonds
(Fig. SIL.2) (see supplementary data) and all hydroxyls
groups on the galactopyranosyl and the 3,6-anhydro-o-D-
galactopyranosyl units with clockwise orientations.

Full optimization in gas phase and water

We have proceeded to full optimizations of the low energy
conformers using B3LYP and B3PW91 with 6-31G(d) and
6-31+G(d) in both environments. MP2 with 6-31G(d) and
B3LYP and B3PWO91 with 6-31G(d,p) were also used in gas
phase. The resulting minima are described in Tables 3 and 4,
respectively.

Looking at the gas phase results in Table 3, the global
potential energy minimum (F) is found at ~ (87°, 111°) and
the second minimum (E) is located at ~ (92°, 126°) inde-
pendently of the method and basis set used. Thus we have a
different energy ranking with the gas phase results under the

adiabatic approximation. The energy difference between F
and E is, however, method-dependent, on the order of 0.5—
0.7 kcal/mol using B3LYP and B3PW91 with various basis
sets vs. 1.2 kcal/mol using MP2. We note that our lowest
energy conformer, F, is very close to the fiber diffraction
values with (A®, AW) of (5°, 15°) and is independent of the
inclusion of polarization or diffuse functions using both
B3LYP and B3PW91. We also note that including the en-
tropy at 298 K does not change the energy ordering of the
two structures and marginally impacts the conformational
distribution in all the calculations.

The results in Table 4 show that in water the location of the
lowest potential energy minimum, G, shifts upon full relaxa-
tion from (61°, —168°) to (85°, 144°) in the four calculations.
The relative energy and the position of the minimum H are
method-dependent. H is located around (3°, 125°) by three
calculations vs. (—50°, 114°) using B3LYP/6-31G(d). The
relative energy of H varies between 6.6 and 13.4 kcal/mol
using B3LYP and between 9.6 and 11.7 kcal/mol using
B3PWOIL. Irrespective of the method, the Boltzmann popula-
tion of H state is therefore equal to zero in aqueous solution at
room temperature.

The exocyclic torsional angles for conformer G with the
B3LYP and B3PW91 methods and the 6-31G(d) or 6-31+G(d)

Fig. 4 Relaxed iso-potential sl T N T, ] aso . TS '
maps at the B3LYP/6-31G(d) —23 ,“m"\;h-i -_// \ w&\\\
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Table 6 Optimized conformations of compound III in water with their energies (kcal/mol) and @, ¥ torsions (°)

Method B3LYP? B3LYP® B3PW91° B3PW91¢ CHARMMS, £=80
conformer
H J K H J K H J K H J K GM 1st
AE 0.50 0.73 0.00 0.00 1.20 4.56 1.31 2.29 0.00 0.00 0.77 0.13 0.0 0.5
6, y) 44,59 68,121 98,156 54,72 69,122 94,151 48,63 68.121 98,156 50,69 68.121 95,152 60,66 173, 140

* B3LYP/6-31G(d),

® B3LYP/6-31+G(d),
¢ B3PW91/6-31G(d)
4 B3PW91/6-31+G(d)
¢ (ref. 23)

basis sets are in a GggGGT configuration. They differ slightly
from the values with B3LYP/6-31G(d), EggGGT. The exocy-
clic torsional angles for conformer H have a GggGgT config-
uration in all calculations.

Neo-t-carrabiose; (compound IIT)

Adiabatic maps in gas phase and aqueous solution
using 12x 12 grids

From the adiabatic map in gas phase using B3LYP/6-31G(d)
and shown in Fig. 4a, there are two minima with (&, ¥)
values close to (93°, —29°) for I and (33°, 61°) for H. Their
relative potential energies are: 0.00 and 0.96 kcal/mol, re-
spectively. Only I has one H-bond between the oxygen
belonging to the sulfate group and the hydrogen of one of
the neighboring hydroxyl groups O(S)-... H’(0’2)
(Fig. SIIIL.1) (see supplementary data). The orientations of
the primary and secondary exocyclic hydroxyl groups in the
two conformers through the dihedrals (-, X2-, We:, X6°) and
X4 are EggG and T, respectively. The hydroxyls on the
galactopyranosyl and the 3,6 anhydro-«-D-galactopyrano-
syl units have clockwise orientations. As seen in Table 5,
adiabatic maps in gas phase with CHARMM [23], Tripos
[7], MM3 [12] and hard-sphere calculations [64, 88] all
point to a global minimum around the H state, and a first
excited state to different regions, (89°, 165°) by MM3, (153,
63°) by CHARMM and (—30°, 90°) by Tripos.

From our adiabatic map in aqueous solution (Fig. 4b), we
find three low energy conformers: H at (45°, 59°), J at (75°,
119°) and K at (105°, 149°). Their relative energies are: 0,
1.15 and 1.6 kcal/mol, respectively. Note that an adiabatic
map using CHARMM force field and a dielectric constant
of 80 [23] found a global minimum at (60°, 66°) near our
conformer H (Table 6). The second CHARMM-predicted
minimum at (173°, 140°) differs, however, substantially
from our J and H conformers.

Examining the structures of our conformers in aque-
ous solution (Fig. SII.2 in supplementary data), only

@ Springer

the conformer J has one inter-residue H-bond. In the
three conformers, the orientations of the primary and
secondary exocyclic hydroxyl groups through the dihe-
drals (x;-, X2, we, Xe) and x4 are EggG and T, re-
spectively, and all the hydroxyl groups on the
galactopyranosyl and the 3,6-anhydro-«-D-galactopyra-
nosyl units have clockwise orientations.

Full optimization in gas phase and water

The gas phase results in Table 5 shows there is almost no
difference in the optimized (®, V) values of the two con-
formers using B3LYP and B3PW91 combined with 6-31G
(d) or 6-31G(d,p), with I, the global energy minimum,
located at ~ (95°, —27°), H, the second minimum located
at ~ (35°, 61°) and AE varying between 0.4 and 0.9 kcal/
mol. Using 6-31+G(d), the positions of two minima do not
change, but either they are equiprobable (AE of 0.05 kcal/
mol with B3LYP) or I becomes the global minimum with an
energy about 0.4 kcal/mol lower than that of H (B3PW91).
Finally, using MP2/6-31G(d), both H and I remain at the
same location, but [ has an energy about 0.8 kcal/mol lower
than that of H. Including the entropy at 298 K impacts both
the energy ordering and distribution of the structures. Both I
and H have very similar free energies using B3PW91 and
B3LYP with 6-31G(d) and B3PW91/6-31G(d,p). H is, how-
ever, destabilized by 0.7 and 1.4 kcal/mol using B3LYP/6-
31G(d,p) and B3PW91/6-31+G(d), respectively. In contrast,
I is destabilized by 2.5 kcal/mol using B3LYP/6-31++G(d).

The results of full optimization in water are shown in
Table 6. Using 6-31G(d), the energy ranking follows K <H <
J with relative energy of (0., 0.5 and 0.7) with B3LYP vs. (0.,
1.3 and 2.3) kcal/mol with B3PW91. K is located at (98°,
156°). In contrast, using 6-31+G(d), the energy ranking is H <
J <K with relative energy of (0., 1.2 and 4.6) with B3LYP and
the energy ranking is H < K <J with relative energy of (0., 0.1
and 0.8) kcal/mol with B3PW91. The addition of diffuse
functions suggests that H, located near (50°, 70°), is likely
the global energy minimum.
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Conclusions

The aim of this study was to determine the conformational
preferences of 2-O-sulfated-3,6-«-D-anhydrogalactose, and
the neo-k- and neo-i-carrabiose molecules in gas phase and
water. The choice of our molecules is relevant as these
sulfated carbohydrate molecules are important components
in the area of structural glycosciences, for which energetic
information is quite sparse. To this end, we followed a two-
step procedure: construction of adiabatic maps at B3LYP/6-
31G(d) followed by full relaxation of the lower energy
conformations using B3LYP, B3PW91 and MP2 levels of
theory and several basis sets. Our results on the three com-
pounds can be summarized as follows.

First, there is often a non-negligible deviation in the dom-
inant fully-relaxed conformations from gas phase to water,
and the potential energy landscape can change from adiabatic
to full relaxation in both environments. The global minimum
of'neo-Kk-carrabiose in water shifts from the adiabatic values of
(61°, -168°) to the fully relaxed values of (85°, 144°) using
four calculations. The three dominant states of neo-k-
carrabiose are located in three basins in gas phase vs. two in
water and the global energy minimum of 2-O-sulfated-3,6-oc-
D-anhydrogalactose shifts from (—23°, 140°) in gas phase to
(21°, 155°) in water. Whether the Onsager solvent model,
which does not take into account the formation of hydrogen
bonds between the carbohydrate molecule and water, likely to
break internal hydrogen bonds, is responsible for this change
from in vacuo to solvent remains to be determined. To clarify
this aspect, we are repeating some calculations with explicitly
present water molecules. This limitation of the Onsager model
explains why we did not report free energies in solvent.

Second, full optimization using B3LYP and B3PW91 com-
bined with our basis set has no impact on the structural char-
acteristics and the potential energy ranking of the dominant
conformations of 2-O-sulfated-3,6-«-D-anhydrogalactose and
neo-K-carrabiose in gas phase and water, and neo-i -carrabiose
in gas phase. This is consistent with previous studies [61].
However, this observation does not hold for neo-i-carrabiose
in solvent, at least with the Onsager model, where the ranking
varies from 6-31+G(d) to 6-31G(d), i.e., by the addition of
diffusion and polarization on heavy atoms to the 6-31G(d)
basis set. We also note that the potential energy difference
between the conformers and the position of the excited states
change upon addition of one diffuse function to 6-31G(d), 6-31
+G(d) and 6-311++G(d,p) for the three compounds.

Third, the MP2 level of theory does not much improve
the quality of the gas phase data for the three compounds,
although the potential energy difference between the two
minima increases by 0.5 kcal/mol for neo-k-carrabiose. In
contrast, entropy corrections at 298 K impact the ordering of
the conformers of compounds I and III, but not compound IT
in gas phase.

Finally, although the relevance of our DFT and MP2
results on the three carbohydrate molecules with respect to
the complex physiological occurrence of the native poly-
saccharides remains to be determined, we find significant
deviations with previous MM force field calculations on the
two disaccharides, providing therefore reference values in
gas phase for improving force fields that are currently used
to decipher the structures and dynamics.
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